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SUMMARY
Discovering potent human monoclonal antibodies (mAbs) targeting the Plasmodium falciparum circumspor-
ozoite protein (PfCSP) on sporozoites (SPZ) and elucidating their mechanisms of neutralization will facilitate
translation for passive prophylaxis and aid next-generation vaccine development. Here, we isolated a
neutralizing human mAb, L9 that preferentially bound NVDP minor repeats of PfCSP with high affinity while
cross-reacting with NANP major repeats. L9 was more potent than six published neutralizing human PfCSP
mAbs at mediating protection against mosquito bite challenge in mice. Isothermal titration calorimetry and
multiphoton microscopy showed that L9 and the other most protective mAbs bound PfCSP with two binding
events and mediated protection by killing SPZ in the liver and by preventing their egress from sinusoids and
traversal of hepatocytes. This study defines the subdominant PfCSP minor repeats as neutralizing epitopes,
identifies an in vitro biophysical correlate of SPZ neutralization, and demonstrates that the liver is an impor-
tant site for antibodies to prevent malaria.
INTRODUCTION

Malaria is a mosquito-borne parasitic disease affecting �200–

400 million people leading to �400,000 deaths annually, pri-

marily in children in sub-Saharan Africa (World Health Organi-

zation, 2018). Antimalarial drugs, insecticide-treated nets, and

other public health interventions contributed to a 50%–75%

reduction in global malaria cases between 2000–2015 (World

Health Organization, 2015). Despite these efforts, malaria inci-

dence has increased in many areas since 2015 (World Health

Organization, 2018). These data highlight the need for addi-
tional interventions to control and eliminate malaria (Cockburn

and Seder, 2018).

A long-sought goal for preventing malaria is the development

of an effective vaccine. RTS,S, a protein subunit vaccine admin-

istered with the adjuvant AS01, is the most clinically advanced

vaccine against Plasmodium falciparum (Pf), the species that ac-

counts for most malaria-associatedmortality (Kester et al., 2009;

Olotu et al., 2011). In phase III clinical trials, three vaccinations

with RTS,S/AS01 conferred �50% protection against clinical

disease at 1 year and �30% protection over 4 years in 5- to

17-month-old infants (RTSS Clinical Trials Partnership, 2015).
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High antibody titers are associated with protection but wane

over time and require further vaccine boosting (Bejon et al.,

2013; White et al., 2014, 2015). An alternative approach that

may mediate higher levels of protection for defined periods of

time is passive immunization with potent monoclonal antibodies

(mAbs).

Antibodies can prevent malaria by neutralizing sporozoites

(SPZ; the infectious form of Plasmodium parasites deposited

into the skin when a mosquito bites) before they infect hepato-

cytes in the liver (Julien andWardemann, 2019). The major target

of anti-PfSPZ antibodies is the Pf circumsporozoite protein

(PfCSP). PfCSP is the most abundant SPZ surface protein and

is essential for their motility and invasion of hepatocytes (Cerami

et al., 1992; Tewari et al., 2002). PfCSP has three domains: an N

terminus, a central region composed of repeating tetrapeptides,

and a C terminus. In the Pf reference isolate 3D7 (PfCSP_3D7),

the ‘‘junctional region’’ at the end of the N terminus and start of

the tetrapeptide repeats begins with NPDP followed by 3 inter-

spersed NANP and NVDP repeats. This junctional region is fol-

lowed by 35 NANP repeats, with a fourth NVDP inserted after

the twentieth NANP (Cockburn and Seder, 2018). Structural

studies indicate that anti-repeat antibody binding motifs are

actually DPNA, NPNV, and NPNA, derived from the joining of

major and minor repeats (Dyson et al., 1990; Ghasparian et al.,

2006; Oyen et al., 2017, 2018; Plassmeyer et al., 2009). Impor-

tantly, RTS,S includes a truncated form of PfCSP with 19

NANP repeats and the C terminus and so does not contain the

N terminus, NPDP, or NVDP repeats (Stoute et al., 1997).

Mouse and human mAbs have been characterized against all

domains of PfCSP (Julien and Wardemann, 2019). One N-termi-

nal mAb mediates some protection against SPZ challenge in

mice (Espinosa et al., 2015), while no protective C-terminal

mAbs are known (Scally et al., 2018). Most neutralizing mAbs

bind the repeat region, particularly the immunodominant NANP

repeats (Imkeller et al., 2018; Oyen et al., 2017; Triller et al.,

2017; Zavala et al., 1983). The isolation of potent human mAbs

exhibiting dual specificity for NANP repeats and the unique tet-

rapeptide, NPDP, at the junction of the N terminus and repeat re-

gion identify this subdominant ‘‘junctional epitope’’ as a site of

vulnerability (Kisalu et al., 2018; Tan et al., 2018). These data

have led to ongoing efforts to isolate more PfCSP mAbs against

epitopes in the junctional region (Oyen et al., 2020).

Here, to discover additional human mAbs against neutralizing

epitopes in the junctional region of PfCSP, a junctional probe

was used to isolate PfCSP mAbs from a subject immunized

with radiation-attenuated PfSPZ. One of these mAbs, L9 prefer-

entially boundNPNVmotifs associated with NVDPminor repeats

of PfCSP.When compared to a published panel of protective hu-

man PfCSP mAbs, L9 potently protected mice against intrave-

nous and mosquito bite SPZ challenge. To correlate the mAb

panel’s binding and functional characteristics, isothermal titra-

tion calorimetry and multiphoton microscopy were respectively

used to define mAb binding to the PfCSP repeat region and visu-

alize mAb-mediated SPZ neutralization in the livers of mice.

Collectively, these data classify the complex binding properties

of highly protective human PfCSP repeatmAbs, define the in vivo

mechanisms by which repeat mAbs neutralize SPZ in the liver,

and identify L9 as a promising clinical candidate for passive ma-

laria prophylaxis.
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RESULTS

Isolation of a Neutralizing Human mAb that
Preferentially Binds the PfCSP Minor Repeats
CIS43, a human mAb targeting the junctional epitope of PfCSP

induced by vaccination with radiation-attenuated PfSPZ (Seder

et al., 2013), protects mice from SPZ challenge (Kisalu et al.,

2018). To isolate additional and potentially more potent junctional

mAbs, sera from subjects immunized with higher doses of radia-

tion-attenuated PfSPZ were tested for reactivity against S02, a

junctional epitope mimic designed to select for CIS43-like

mAbs. One subject with the highest anti-S02 titers that was pro-

tected following controlled human malaria infection (CHMI) was

selected for mAb isolation. PfCSP-reactive memory B cells were

sorted from peripheral blood mononuclear cells collected from

this subject using recombinant full-length PfCSP (rPfCSP_FL)

and S02 probes. 28 mAbs were cloned that bound rPfCSP.

These 28 PfCSP mAbs were assessed for their ability to reduce

parasite liver burden in mice challenged intravenously (i.v.) with

transgenic P. berghei SPZ expressing PfCSP and a green fluores-

cent protein/luciferase fusion protein (Pb-PfCSP-GFP/Luc-SPZ;

hereafter Pb-PfCSP-SPZ) 2 h after passive transfer, a model used

to screenmAbs for in vivoprotection againstSPZ liver invasion (Ra-

ghunandan et al., 2020). All mAbs were benchmarked against

CIS43 at a dose of 300mg/mouse,which confersmaximumprotec-

tion in thismodel (Kisalu et al., 2018).Only oneof these 28mAbs,L9

reduced liver burden comparably to CIS43 at 300 mg/mouse. At a

more limitingdoseof100mg/mouse,L9 trended towardgreater liver

burden reduction than CIS43 (p = 0.06) at similar serummAb titers

(Figure 1A), suggesting that L9 might be more potent than CIS43.

To extend these findings and demonstrate that L9 is protective

against natural PfSPZ challenge, we assessed whether L9

reduced liver burden in human liver-chimeric (FRG-huHep)

mice challenged i.v. with PfSPZ (Foquet et al., 2018). Remark-

ably, only 50 or 10 mg of L9 (that resulted in serum titers as low

as �5 mg/mL) reduced liver burden to undetectable levels (Fig-

ure 1B). Collectively, these data show that L9 mediates high-

level protection against SPZ challenge in two complementary

mouse models of Pf malaria infection.

To define the epitope(s) recognized by L9, mapping was done

using a series of overlapping peptides spanning the repeat region

of PfCSP (peptides 20–61; Figure 1C) and compared toCIS43 as a

benchmark (Figure 1D). Consistentwithour previous report (Kisalu

et al., 2018), CIS43 preferentially bound DPNA-containing pep-

tides 20 (PADGNPDPNANPNVD) and21 (NPDPNANPNVDPNAN).

Conversely, L9 preferentially bound peptide 22 (NANPNVDP-

NANPNVD). Both mAbs had undetectable binding to peptide 29

(NANPNANPNANPNAN), which contains only NPNA. Alanine

scanning of peptide 22 demonstrated that its two NPNV motifs

were critical for L9 binding (Figure 1E). Peptide 22 is the only pep-

tide that contains two NPNV motifs (Figure 1C), likely accounting

for its strong recognition by L9. These data demonstrate that L9

preferentially binds NPNV minor repeat motifs and exhibits unde-

tectable affinity for the 3 NPNAmajor repeat motifs in peptide 29.

CIS43 and L9 Preferentially Bind Peptides in the
Junctional Region of PfCSP
Having established L9 as an neutralizing PfCSP mAb, we

next compared its binding characteristics to six of the
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Figure 1. L9 Is a Neutralizing Human mAb that Binds the NPNV Motif of PfCSP

(A) Left: liver burden reduction (bioluminescence; total flux, photons/sec) in B6-albino mice 40 h post-infection (hpi; n = 15/group; data pooled from three in-

dependent experiments) mediated by 100 mg CIS43 or L9 administered 2 h before i.v. challenge with 2,000 Pb-PfCSP-GFP/Luc-SPZ. p values were determined

by comparing L9 to CIS43 and untreated control using the Kruskal-Wallis test with Dunn’s post hoc correction. Right: serummAb titers 2 h after administration of

100 mg CIS43 or L9 in separate mice (n = 5/group) determined through ELISA. Differences between CIS43 and L9 were determined using the two-tailed Mann-

Whitney test.

(B) Left: liver burden reduction (Pf 18S rRNA normalized to number of human hepatocytes) in FRG-huHep mice (n = 5/group) administered 50 or 10 mg L9 24 h

before i.v. challenge with 100,000 PfSPZ. Right: serum mAb titers in challenged FRG-huHep mice. Differences between VRC01 (anti-HIV-1 isotype control IgG)

and L9 (50 versus 10 mg) were determined using the two-tailed Mann-Whitney test.

(C) Schematic of PfCSP_3D7 depicting the N terminus, repeat region (with color-coded overlapping 15-mer peptides 20–61), andC terminus. Every NPNVmotif in

each peptide is underlined.

(D) ELISA (MFI, median fluorescence intensity) of CIS43 and L9 binding to peptides 20–61.

(E) Competition ELISA (AUC, area under the curve) of L9 binding to rPfCSP_FL in the presence of varying concentrations of peptide 22 (wild-type [WT], leftmost

bar) or variant peptides (subsequent bars) where the indicated residue was mutated to alanine or serine. (A and B) lines represent geometric mean.

See also Figure S1.
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most potent human PfCSP mAbs published to date (CIS43,

mAb10 [Kisalu et al., 2018], MGU12 [Tan et al., 2018], 1210

[Imkeller et al., 2018], 311, and 317 [Oyen et al., 2017]). All

mAbs were expressed in the same IgG1 vector and bound

comparably to rPfCSP_FL (Figure S1A) and Pb-PfCSP-SPZ

(Figure S1B).

The mAb panel’s specificities were mapped by competition

ELISA using peptides 20–61 (Figure S1C). All mAbs except

CIS43 and L9 preferentially bound peptides with R2 NPNA re-

peats (i.e., peptides 27, 29, and 61). Conversely, CIS43 and L9

preferentially bound peptide 21 and 22, respectively, and ex-

hibited no binding to peptide 29. The mAbs’ peptide preferences

were substantiated using biolayer interferometry to directly mea-
sure their binding response and apparent avidity to peptides 21,

22, and 29 (Figures S1D–S1F).

Additionally, (NANP)1 to (NANP)9 peptides were used to deter-

mine the minimal number of NPNA motifs required for binding

(Figure S1G). Consistent with previous reports that the minimum

epitope of NPNA-preferring mAbs is 2 NPNA repeats (Imkeller

et al., 2018; Oyen et al., 2017, 2018), mAb10, MGU12, 1210,

311, and 317 bound peptides with R2 NPNA repeats

[(NANP)3–9] with greater affinity than CIS43 and L9. Interestingly,

L9 binding increased from nearly undetectable for (NANP)3 to

(NANP)9 binding that was comparable to CIS43, although still

less than the other mAbs. Together, these data show that all

mAbs except CIS43 and L9 prefer NPNA motifs and that,
Immunity 53, 733–744, October 13, 2020 735
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Figure 2. mAb Two-Step Binding to rPfCSP Is Associated with High Junctional Affinity

(A) ITC analyses of L9 IgG binding to wild-type rPfCSP (rPfCSP_WT or FL) and rPfCSP with all four NVDP mutated to NANP (rPfCSP_DABCD); N and C termini in

schematics were omitted. Top: dQ/dt (heat flow, Q, as a function of time). Bottom: the integrated heat associated with each IgG injection shown as a function of

(legend continued on next page)
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although CIS43 and L9 respectively prefer DPNA and NPNVmo-

tifs, they could bind NPNA when these motifs were sufficiently

concatenated to form long peptides.
PfCSPmAbswithHigh Junctional Affinity Bind rPfCSP in
Two Distinct Steps
To correlate the mAb panel’s peptide specificities to their recog-

nition of full-length protein, we used isothermal titration calorim-

etry (ITC) to characterize the affinity and stoichiometry (i.e., va-

lency) of their binding to rPfCSP. CIS43 IgG binds rPfCSP_FL

in two sequential high-affinity events by ITC (termed ‘‘two-step

binding’’): the first binding event involves �1 binding site to

NPDP and the second involves�5 binding sites to NANP repeats

(Kisalu et al., 2018).

Remarkably, L9 IgG also showed two high-affinity binding

events to rPfCSP_FL: the first event involved �2 binding sites

(dissociation constant KD1 = 22 nM) and the second event

involved �9 binding sites (KD2 = 47 nM) (Figure 2A). Based on

L9’s preference for NPNV, we assessed whether the first binding

event targeted this motif. The four NVDP repeats in rPfCSP_FL

(denoted A, B, C, D) were mutated to NANP in all possible com-

binations (Figure S2A). L9 binding was reduced to a single event

only when all four NVDP were mutated to NANP

(rPfCSP_DABCD), suggesting that the first high-affinity binding

event targeted NPNVmotifs and required at least oneNPNV (Fig-

ure 2A). Furthermore, the affinity of L9 for rPfCSP_DABCD

decreased 3-fold compared to wild-type (KD1 = 73 nM versus

22 nM, respectively) while the total stoichiometry (N) was not

appreciably perturbed (N = 12.7 versus 11.2), substantiating

that L9 could bind concatenated NPNAmotifs. L9 demonstrated

two-step binding, as well as similar affinity and stoichiometry, for

all other NVDPmutants (Figure S2A). As controls, the affinity and

stoichiometry of mAb10 and 317 for rPfCSP_DABCD were

similar (Figure S2B), suggesting that mutating all NVDP to

NANP repeats in rPfCSP did not perturb the binding of these

NPNA-preferringmAbs. Together, these data show that L9 binds

rPfCSP in two steps: the first high-affinity step targets NPNVmo-

tifs and the second lower-affinity step involves NPNA motifs.

Because L9 displayed two-step, high-affinity binding to

rPfCSP_FL if one NVDP repeat was present, we assessed

NVDP conservation in a large number of Pf field isolates (Table

S1). While there was considerable variation in both the number

and position of NVDP repeats, all isolates contained at least

one NVDP and every NVDP was preceded by an NANP or ANP

sequence that would give rise to NPNV. Similar to PfCSP_3D7,

most (34 of 39, 87%) African isolates contained 4 NVDP repeats.

These data show that the NPNV motif is highly conserved, sug-

gesting that L9 should react broadly with circulating Pf strains.
the molar ratio between IgG antigen binding sites and rPfCSP in the calorimetric c

data. Dissociation constant (KD) and stoichiometry (N) of binding are shown for b

titrant bound to two sets of sites with different affinity values. The first set of high

lower-affinity sites.

(B) ITC analyses of CIS43, 311, 317, mAb10, MGU12, and 1210 IgG binding to r

(C) Schematics of rPfCSP_FL and rPfCSP mutants with truncated repeat regions

(D) Aggregate stoichiometry (binding events 1+2; no. of antigen binding sites) o

Affinity (binding events 1 versus 2; KD, nM) of mAb binding to 5/3, 19/3, 23/4, an

independent experiments; (D) and (E) reflect an average of these experiments.

See also Figures S1 and S2 and Tables S1, S2, and S4.
To complete the comparative ITC analyses, the binding affinity

and stoichiometry of CIS43,mAb10,MGU12, 1210, 311, and 317

to rPfCSP_FL were determined. All mAbs bound rPfCSP_FL with

high affinity (KD1 = 2–29 nM) and stoichiometry (�7–16 binding

sites) (Figure 2B). Interestingly, 311 and 317 also exhibited

two-step binding to rPfCSP_FL while 1210, mAb10, and

MGU12 bound in a single step.

To further define the mAbs’ binding affinity and stoichiometry,

ITC was performed using three rPfCSP constructs with identical

N andC termini but truncated repeat regions containing 23/4, 19/

3, and 5/3 NANP/NVDP repeats (Figure 2C; Table S2). As the

number of repeats were increased, stoichiometry increased lin-

early for all mAbs except for CIS43, which showed no appre-

ciable binding to the last 15 NANP repeats (Figure 2D), consis-

tent with its lower total stoichiometry (N = 7.2 for FL;

Figure 2B). This suggests that the binding of every mAb except

CIS43 is evenly distributed across the repeat region.

Notably, the stoichiometry of binding event 1 (N1) for CIS43,

L9, and 311 was relatively unchanged as the repeat region was

truncated (Table S2), suggesting that the epitopes recognized

by these mAbs in binding event 1 were located in rPfCSP_5/3.

As the repeats were truncated down to 5/3, the KD1 of two-

step binding mAbs (CIS43, L9, 311, and 317) improved or was

unchanged, while the KD1 of single-step binding mAbs

(mAb10, MGU12, and 1210) worsened (Figure 2E). Overall, these

data suggest that the epitope(s) bound by CIS43, L9, and 311 in

binding event 1 are located in the junctional region encom-

passed by rPfCSP_5/3 and that two-step binding is associated

with high affinity for rPfCSP_5/3.
CIS43, L9, 311, and 317 Mediate the Greatest In Vivo

SPZ Neutralization in the Liver
Having classified the mAbs based on their binding to PfCSP

peptides and proteins, we next evaluated their ability to pre-

vent SPZ invasion of hepatocytes in vitro or in vivo following

i.v. challenge. All mAbs comparably and significantly reduced

invasion in vitro (Figure 3A). Conversely, only CIS43, L9, 311,

and 317 significantly reduced liver burden following i.v. chal-

lenge at limiting mAb doses (Figure 3B), substantiating that

in vitro hepatocyte invasion assays do not predict in vivo liver

protection (Kisalu et al., 2018).

To determine the potential in vivomechanisms contributing to

the differences in liver burden reduction meditated by the mAb

panel, we developed a multiphoton microscopy assay to quan-

tify SPZ neutralization in the liver following i.v. inoculation of

Alexa 405-labeled mAbs, rhodamine-labeled dextran, and Pb-

PfCSP-SPZ (Figure 3C). SPZ were imaged as they exited sinu-

soids, traversed hepatocytes, and invaded a hepatocyte.
ell. The red line represents the result from best nonlinear least-squares fit of the

inding events 1 and 2. ITC data were fit to a two-step binding model if the IgG

-affinity sites is saturated at lower IgG concentrations before the second set of

PfCSP_WT (or FL).

(23/4, 19/3, 5/3 NANP/NVDP repeats) and identical N and C termini.

f mAb binding to 5/3, 19/3, 23/4, and rPfCSP_FL determined through ITC. (E)

d rPfCSP_FL determined through ITC. All ITC plots are representative of 2–3

Immunity 53, 733–744, October 13, 2020 737
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Figure 3. Cytotoxic PfCSP mAbs Prevent SPZ from Accessing and Invading Hepatocytes

(A) Inhibition of PfSPZ invasion of HC-04 hepatocytes by 10, 1.0, and 0.1 mg/mL PfCSPmAbs. Data were combined from two independent experiments (triplicate

wells/mAb). Bars represent the mean ± SEM; dotted lines indicate the highest mAb-mediated inhibition at each concentration. Each mAb was compared to the

corresponding concentration of VRC01 using a two-way ANOVA with Bonferroni’s correction.

(legend continued on next page)
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Complete prevention of hepatocyte infection was not expected

due to the high SPZ inoculum required for these imaging studies.

Consistent with the i.v. challenge data (Figure 3B), mice that

received 311, L9, CIS43, and 317 had the highest percentages

(47%–67%) of Pb-PfCSP-SPZ in the sinusoids and the lowest

percentages (5%–8%) of SPZ infecting hepatocytes (Figures

3C, S3A and S3B). SPZ traversed several hepatocytes before

productively invading a hepatocyte, and traversal was detected

by dextran uptake into hepatocytes with compromised mem-

branes (Mota et al., 2001; Yang et al., 2017). Only L9, CIS43,

and 317 significantly prevented Pb-PfCSP-SPZ from initiating

traversal (35%–45% traversing versus 73% in control), while

311 trended toward traversal inhibition (p = 0.07) (Figures 3D

and S3C). Furthermore, CIS43 and L9 significantly lowered the

average number of hepatocytes traversed by the �40% of

SPZ that initiated traversal (Figure S3D). Together, these data

show that the four most protective mAbs against i.v. challenge

(CIS43, L9, 311, and 317) limit hepatocyte infection by prevent-

ing Pb-PfCSP-SPZ egress from sinusoids and subsequent

traversal of hepatocytes.

Anti-CSP repeat antibodies directly kill SPZ in vitro and in the

skin in a process called ‘‘dotty death,’’ which manifests as the

gradual disappearance of cytosolic GFP accompanied by a

persistent fluorescent dot at the parasite’s posterior pole. Dotty

death occurs downstream of the circumsporozoite precipitation

reaction (CSPR), wherein antibodies crosslink CSP on SPZ and

cause the shedding of CSP as thread-like precipitates (Alipran-

dini et al., 2018; Vanderberg et al., 1969). Because no studies

have assessedwhether this cytotoxic process occurs in the liver,

we quantified the percentage of Pb-PfCSP-SPZ that underwent

a CSPR (Figure 3E). L9 induced �70% of SPZ to undergo a

CSPR, which was significantly higher than all mAbs except 311

(51%) and mAb10 (48%) (Figures 3E and S3E). mAbs induced

the CSPR primarily while SPZ were migrating through sinusoids

or traversing hepatocytes (57% and 36%, respectively) and

rarely after infecting hepatocytes (7%) (Figure S3F).

Subsequently, dotty death was quantified by determining the

percentage of immobilized, mAb-bound Pb-PfCSP-SPZ that

became fragmented and by counting the number of fragments

per dead SPZ (Figure 3F). Only 317, L9, mAb10, and 311 signif-

icantly induced dotty death (Figures 3F, S3G, and S3H). Like the

CSPR, SPZ underwent dotty death while migrating through sinu-

soids and traversing hepatocytes (50% and 46%, respectively)

and rarely after invading hepatocytes (4%) (Figure S3I). Interest-

ingly, we observed a cytotoxic phenomenon distinct from dotty
(B) Liver burden reduction in mice 40 hpi (n = 10/group; data pooled from two ind

mean) mediated by 75 (squares) or 25 (circles) mg/mouse mAb administered 2 h b

the geometric mean of the background and untreated controls. p values were dete

Dunn’s post hoc correction.

(C) Left: schema for intravital liver imaging in mice (N = 3/group) sequentially a

dextran, and 100,000 Pb-PfCSP-GFP-SPZ. The number of SPZ (No. of SPZ) o

analysis. The locations of individual Pb-PfCSP-SPZ were noted; traversal was de

depict discrete Pb-PfCSP-SPZ in the sinusoid, traversing a dextran+ hepatocyte, o

calculated as the percentage of total SPZ observed.

(D–F) Left: representative time-lapse images (min:s:ms) of discrete Pb-PfCSP-SP

PfCSP tail in a CSPR, and (F) undergoing dotty death. Right: percentages of Pb

derwent a CSPR, and (F) underwent dotty death. (C–F) p values were determined

Bonferroni’s correction. (E and F):Arrow and star, respectively, indicate anterior

See also Figure S3 and Table S4.
death in which mAb-bound Pb-PfCSP-SPZ rapidly lost mem-

brane integrity and burst, releasing GFP into the surrounding tis-

sue (Figure S3J). This ‘‘bursting’’ was a rare event and only

observed with 317 and L9. Collectively, these data demonstrate

that PfCSPmAbs induce theCSPR and cytotoxic death of SPZ in

the liver and substantiate that most mAb-mediated SPZ neutral-

ization occurs prior to hepatocyte invasion.

L9, 317, and CIS43 Mediate Potent Protection against
Mosquito Bite Challenge
The gold standard for assessing the in vivo functional activity

of anti-SPZ mAbs are natural transmission studies wherein

mice are challenged with infected mosquitos and assessed

for parasitemia (Raghunandan et al., 2020). Thus, sterile pro-

tection from parasitemia mediated by the mAbs in the panel

was assessed across several mAb doses in multiple blinded,

independent studies wherein mice were challenged with five

mosquito bites 3 days after passive transfer (Figures S4A

and S4B).

Within each dose, L9 was compared to the other mAbs for

sterile protection (Figure 4A). At 600 mg/mouse, 94% of L9-

treated mice were sterilely protected, which was comparable

to 317 (100%) and CIS43 (94%), trended higher than mAb10

(67%) and 311 (50%), and was significantly greater than 1210

(18%) and MGU12 (0%). At 300 mg/mouse, sterile protection

by L9 (64%) trended higher than 317 (44%) and was significantly

greater than CIS43, mAb10, 1210 (�20%), 311 (13%), and

MGU12 (0%). At 100 mg/mouse, L9 (40%) was significantly

more protective than CIS43 (10%) and 317 (0%). To determine

whether differences in mAb titers may have contributed to differ-

ences in protection, serum mAb titers were measured one day

prior to challenge in all challenged mice (Figure 4B). Notably,

L9 titers were similar to 317 at 300 and 100 mg/mouse despite

L9 providing improved protection. Furthermore, mAb10 titers

were significantly lower than the other mAbs at 300 mg/mouse.

Based on the mosquito bite protection and mAb titers data

(Figures 4A and 4B), dose-response curves were generated us-

ing 2-parameter logistic (2PL) regression models (Figure 4C).

From these models, protection elicited by each mAb can be

summarized across all doses by the effective dose and serum

concentration required for 50% inhibition (ED50 and EC50,

respectively). The ED50 and EC50 for MGU12, 1210, and 311

were not estimated, as these mAbs elicited %50% protection

at the maximum dose of 600 mg/mouse. Additionally, we as-

sessed the odds of protection among mice receiving L9
ependent experiments, solid versus open symbols; line represents geometric

efore i.v. challenge with 2,000 Pb-PfCSP-GFP/Luc-SPZ. Dotted lines indicate

rmined by comparing eachmAb to untreated using the Kruskal-Wallis test with

dministered 30 mg Alexa405-labeled mAb (blinded), 1 mg rhodamine-labeled

bserved across the 3 independent experiments per mAb were combined for

tected by dextran uptake into wounded hepatocytes. Representative images

r invading a dextran� hepatocyte. Right: locations of Pb-PfCSP-SPZ in the liver

Z (D) exiting a sinusoid and traversing a hepatocyte, (E) shedding a mAb-bound

-PfCSP-SPZ that (D) initiated traversal (i.e., traversed R1 hepatocyte), (E) un-

by comparing each mAb to VRC01, L9, or 317 using the chi-square test with

and posterior ends of SPZ.
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Figure 4. L9 Is More Potently Protective than Several Published PfCSP mAbs

(A) Survival curves of mice challenged with five infected mosquito bites 3 days after passive transfer of 600, 300, or 100 mg PfCSP mAbs (n = number of mice/

group; data were combined from seven independent blinded experiments). p values were determined by comparing L9 to every other mAb and untreated control

using the log-rank test.

(B) Serum mAb titers 1 day prior to challenge in mice from (A). p values were determined by comparing mAbs to each other using the Kruskal-Wallis test with

Dunn’s post hoc correction.

(C) Dose-response relationship of infection probability (percent protected) versus mAb dose (mg) and pre-challenge serum titers (mg/mL) for L9, 317, CIS43, and

mAb10 estimated by a 2PL regression model. Thick line denotes average relationship across all experiments; lighter lines denote individual experiment re-

lationships predicted from the model.

(D) ED50 and EC50 with 95% confidence interval (CI) of L9, 317, CIS43, and mAb10 estimated from the 2PL model.

See also Figure S4 and Tables S3 and S4.
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compared to mice receiving other mAbs, adjusting for either

dose or pre-challenge mAb titers.

L9 had the lowest ED50 and EC50 (181.6 mg and 80.3 mg/mL,

respectively) among all mAbs in the panel (Figure 4D; Table

S3). mAb10 had a higher ED50 but lower EC50 than CIS43 due

to its poorer pharmacokinetics (Figure 4B), suggesting that

mAb10 was more potent than CIS43 but required higher dosing.

Among the three mAbs that elicited R80% protection (L9, 317,

and CIS43), L9 had the lowest ED80 and EC80 (325.7 mg and

145.1 mg/mL, respectively) (Table S3). Furthermore, the odds

of L9-treated mice being protected from challenge were signifi-

cantly higher than all other mAbs, adjusted across dose or

pre-challenge titers (Table S3). Thus, L9 provides more potent

protection than all mAbs in the panel against mosquito bite chal-

lenge. A thorough classification of the mAbs in the panel based

on their gene usage, binding characteristics, and in vivo func-

tional activity was compiled in Table S4.
740 Immunity 53, 733–744, October 13, 2020
DISCUSSION

This study defined a highly potent human mAb, L9 that preferen-

tially bound the NPNV motif associated with NVDP minor repeats

of PfCSP. There are other mAbs that react with NVDP repeats:

2B6, amousemAb that recognizesNVDPNANPbut was not func-

tionally assessed (S€allberg et al., 2002), and 311, which binds

DPNANPNVDPNA and NPNVDPNANPNV in the mM range but

has 5-fold greater affinity for NANP repeats (Oyen et al., 2017,

2018). Compared to 311, L9 binding to rPfCSP_FL was �6E5-

fold more potently outcompeted by peptide 22 (NANPNVDP-

NANPNVD). The unique preference of L9 for NPNV motifs was

further underscored by the demonstration that every NVDP had

to be mutated to NANP to disrupt two-step binding of L9 to

rPfCSP. These data suggest that L9 should bind all circulating

strains, as 100% of known Pf field isolates have R1 NVDP and

L9 maintained high-affinity binding to rPfCSP with R1 NVDP.
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While PfCSP repeat mAbs preferentially target either DPNA/

NPNV/NPNA, they can promiscuously bind peptides composed

of all three tetrapeptides due to paratopes that accommodate

the subtle differences between these motifs (Imkeller et al.,

2018; Kisalu et al., 2018; Oyen et al., 2017; Scally and Julien,

2018). For example, while MGU12 has been reported to have

dual specificity for the junctional epitope and NPNA repeats

(Tan et al., 2018), this study’s peptide mapping classified

MGU12 as an NPNA-preferring mAb with minimal junctional af-

finity. Similarly, a recent study describes two dual-specific

mAbs (667 and 668) that demonstrate some affinity for a junc-

tional peptide KQPADGNPDPNANPNV (12 mM and 206 nM,

respectively) but far greater affinity for a peptide containing

only NPNA (176 nM and 55.6 nM, respectively) (Oyen et al.,

2020). Consistent with these and other reports (Imkeller et al.,

2018; Kisalu et al., 2018; Oyen et al., 2017), our data classified

mAb10, 1210, 311, and 317 as NPNA-preferring mAbs that can

bind DPNA- and NPNV-containing peptides, albeit with much

lower affinity. In contrast, CIS43 and L9 respectively exhibited

�1.4E4-fold and �2.5E6-fold greater preference for DPNA-con-

taining peptide 21 and NPNV-containing peptide 22 compared

to peptide 29, which contains only NPNA. Given their binding

promiscuity, PfCSP repeat mAbs are more accurately classified

based on their preferred peptides, which is stringently deter-

mined by competition ELISAs with short peptides across a range

of concentrations. Finally, the observation that the three most

protective mAbs in this study (CIS43, L9, and 317) are respec-

tively DPNA-, NPNV-, and NPNA-preferring mAbs demonstrates

that peptide preference may not predict in vivo protection but is

useful for classification.

Despite their different peptide preferences, these three mAbs

(CIS43, L9, 317) and 311 demonstrated two-step binding to

rPfCSP_FL and high-affinity binding to rPfCSP_5/3 by ITC.While

CIS43 and L9 were cloned from subjects immunized with radia-

tion-attenuated PfSPZ presenting PfCSP_FL, 311 and 317 are

from subjects immunized with RTS,S/AS01 (Oyen et al., 2017),

which does not include the junctional region in rPfCSP_5/3.

These data suggest that two-step binding is exhibited by pro-

miscuous repeat mAbs that preferentially bind a specific epitope

(e.g., DPNA or NPNV) but have achieved significant cross-reac-

tivity to other epitopes (e.g., NPNA), resulting in two binding

events to rPfCSP_FL with distinct affinities. Of note, previous

ITC analyses of 311 and 317 using peptides did not report

two-step binding (Oyen et al., 2017), highlighting the importance

of additionally classifying repeat mAbs based on their binding to

rPfCSP proteins by ITC.

The most protective mAbs against i.v. challenge (CIS43, L9,

311, and 317) demonstrated two-step binding to rPfCSP_FL

and high affinity for rPfCPS_5/3. In contrast,mAbswith high-affin-

ity, multivalent binding to rPfCSP_FL (mAb10,MGU12, and 1210)

showed no protection at limiting doses. These data suggest that

high-affinity,multivalent binding to rPfCSP_FLmaybe necessary,

but is not sufficient, for potent in vivoSPZneutralization in the liver.

Notably, a recent analysis also finds that high PfCSP affinity is a

prerequisite for SPZ neutralization and that NANP-preferring

mAbswith cross-reactivity to junctional peptides aremore potent

(Murugan et al., 2020). Although further studies are needed to un-

derstand the relationship between two-step binding, junctional

and NANP region cross-reactivity, and SPZ neutralization, our
data suggest that ITC might be useful for down-selecting two-

step binding PfCSP mAbs for functional testing in vivo.

In terms of elucidating how antibodies neutralize SPZ in vivo,

our study extended upon prior mechanistic studies in the skin

(i.e., the first site for CSP antibodies to neutralize SPZ) (Alipran-

dini et al., 2018; Flores-Garcia et al., 2018; Vanderberg and Fre-

vert, 2004) by showing that PfCSP mAbs mediated in vivo pro-

tection in the liver by killing SPZ and preventing their egress

from sinusoids to traverse and invade hepatocytes. CSP anti-

bodies are known to prevent SPZ traversal and invasion of HC-

04 hepatocytes, a commonly used in vitro neutralization assay

(Rodrı́guez-Galán et al., 2017; Tan et al., 2018; Triller et al.,

2017). However, this in vitro assay did not predict in vivo protec-

tion against i.v. challenge likely due to its lack of liver sinusoids,

which are a major barrier that SPZ must cross to access hepato-

cytes (Tavares et al., 2013; Yang et al., 2017). Effective SPZ

neutralization in the vasculature and liver may be critical to pre-

vent malaria, as a low number of SPZ are directly inoculated into

the vasculature following mosquito bites (Krettli andMiller, 2001;

Sidjanski and Vanderberg, 1997) and even a single SPZ that in-

vades a hepatocyte can initiate a blood-stage infection (Frisch-

knecht and Matuschewski, 2017).

In conclusion, mAb L9 is a promising clinical candidate for ma-

laria prophylaxis in travelers and aid workers, as well as seasonal

control and elimination campaigns. Moreover, the NPNV minor

repeat motif of PfCSP presents a neutralizing epitope not

included in RTS,S that might improve next-generation malaria

vaccines.

Limitations of Study
While this study showed that L9 induced a high degree of CSPR

in the liver, the molecular mechanisms for how L9 binding results

in increased PfCSP shedding by SPZ and whether this cyto-

pathic process alone accounts for its enhanced potency are

not fully understood. Future studies are required to elucidate

the structural basis for NPNV recognition by NPNV-preferring

mAbs like L9, as well as how two-step binding to rPfCSP and

cross-linking of native PfCSP on SPZ contribute to functional in-

hibition. Furthermore, it remains unclear whether SPZ neutraliza-

tion by L9 requires cross-recognition of both NPNV and NPNA

motifs, or is solely dependent on its preferential targeting of

NPNV. In vivo protection studies with transgenic SPZ lacking mi-

nor repeats should provide insight into this question. Last, this

study did not assess whether the addition of NPNV motifs im-

proves current PfCSP-based vaccines.

The finding that high serum mAb titers were required to pre-

vent malaria in mice infected with Pb-PfCSP-SPZ, compared

to the substantially lower mAb titers required to mediate protec-

tion against PfSPZ in FRG-huHep mice, raises important ques-

tions as to which model will be more predictive of protection in

humans. Furthermore, the half-life of PfCSP mAbs will be a crit-

ical variable for how this approach will be used.
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S.-W., Sinnis, P., and Zavala, F. (2015). Proteolytic Cleavage of the

Plasmodium falciparum Circumsporozoite Protein Is a Target of Protective

Antibodies. J. Infect. Dis. 212, 1111–1119.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD3 APC/Cy7 (clone OKT3) BioLegend Cat#317341

Anti-human CD8 V450 (clone RPA-T8) BD Biosciences Cat#560347

Anti-human CD14 BV785 (clone M5E2) BioLegend Cat#301839

Anti-human CD20 Alexa Fluor 700/PE

(clone 2H7)

BioLegend Cat#302322

Anti-human IgM PE/Cy5 (clone G20-127) BD Biosciences Cat#551079

Anti-human IgG APC (clone G18-145) BD Biosciences Cat#550931

Anti–human IgG, HRP conjugated Bethyl Laboratories Cat#A80-119P

Anti–human IgG, Sulfo-tag Meso Scale Discovery Cat#R32AJ-1

Anti-human IgG-Alexa Fluor� 647 Thermo Fisher Scientific Cat#A-21445

Anti-PfCSP antibody, 3SP2-FITC Verhave et al., 1988 N/A

Chemicals, Peptides, and Recombinant Proteins

Recombinant PfCSP constructs with

truncated repeat regions and minor repeat

mutations

This Paper GenBank Accession Numbers MT891160 -

MT891178

Fluorescein Isothiocyanate Streptavidin BD Biosciences Cat#554060

BrilliantTM Violet 605 Streptavidin BD Biosciences Cat#563260

Dextran, Rhodamine B Thermo Fisher Scientific Cat#D1824

Bir A Avidity Cat#BirA500

RNaseOUT Recombinant Ribonuclease

Inhibitor

Thermo Fisher Scientific Cat#10777019

IgePAL Millipore Sigma Cat#I8896

Alexa Fluor 405 NHS Ester

(Succinimidyl Ester)

Thermo Fisher Scientific Cat#A30000

1-Step Ultra TMB-ELISA Thermo Fisher Scientific Cat#34029

Accudenz density gradient Accurate Chemical Cat#AN7050

E-64 Millipore Sigma Cat#E3132

D-Luciferin Perkin Elmer Cat#1227991

eBioscience Fixable Viability Dye eFluor

506/780

Thermo Fisher Scientific Cat#65-2860-40

Avertin Alfa Aesar Cat#A18706

Critical Commercial Assays

SuperScript First-Strand Synthesis System

for RT-PCR

Thermo Fisher Scientific Cat#11904018

LIVE/DEAD Fixable Aqua Dead Cell

Stain Kit

Thermo Fisher Scientific Cat#L34966

Expi293 Expression System Kit Thermo Fisher Scientific Cat#A14635

FreeStyle 293 Expression System Thermo Fisher Scientific Cat#K900001

rProtein A Sepharose� Fast Flow Millipore Sigma Cat#GE17-1279-03

SAIVI Alexa Fluor 647 Antibody/Protein

Labeling Kit

Thermo Fisher Scientific Cat#S30044

Deposited Data

Human PfCSP mAb heavy and light chain

sequences

This Paper GenBank Accession Numbers MT811859 -

MT811914

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Human: HC-04 hepatoma cells Sattabongkot et al., 2006 N/A

Human: Expi293 cells Thermo Fisher Scientific Cat#A14527

Human: 293F cells Thermo Fisher Scientific Cat#R79007

Experimental Models: Organisms/Strains

Mouse: B6(Cg)-Tyrc-2J/J albino The Jackson Laboratory Cat #000058

Mouse: C57BL/6 Charles River Laboratories Cat#027

Mouse: Swiss Webster Charles River Laboratories Cat#024

Mouse: FRG huHep Yecuris Corp Cat#10-0006

Sporozoite: P. berghei sporozoite

expressing PfCSP, GFP, and luciferase

Flores-Garcia et al., 2019 N/A

Sporozoite: P. berghei sporozoite

expressing PfCSP and GFP

This Paper N/A

Sporozoite: P. falciparum sporozoite,

strain NF54

Delemarre-van de Waal

and de Waal, 1981

N/A

Oligonucleotides

PCR primers for amplification of antibody

heavy, kappa, and lambda genes

This paper GenBank Accession Numbers MT811859 -

MT811914

Recombinant DNA

Plasmodium falciparum circumsporozoite

protein (clone 3D7)

PlasmoDB PF3D7_0304600.1

pVRC8400 huIgG1 Genscript N/A

pVRC8400 huIgK Genscript N/A

SBShuLambda Genscript N/A

Software and Algorithms

FlowJo 9 software FlowJo https://www.flowjo.com;

RRID:SCR_008520

The International Immunogenetics

Information System

IMGT https://imgt.org; RRID:SCR_006931

GraphPad Prism 7 software GraphPad Software https://www.graphpad.com;

RRID:SCR_002798

RStudio RStudio https://rstudio.com/; RRID:SCR_000432

Octet Software, version 7.0 FortéBio http://www.fortebio.com;

Living Image Software, version 4.5 Perkin Elmer http://perkinelmer.com; RRID:SCR_014247

Imaris Bitplane https://imaris.oxinst.com/;

RRID:SCR_007370

Rosetta Rosetta Commons https://www.rosettacommons.org/

software;

Geneious Prime Geneious http://www.geneious.com;

RRID:SCR_010519

lme4 R package https://cran.r-project.org/web/packages/

lme4/index.html; RRID:SCR_015654

arm R package https://cran.r-project.org/web/packages/

arm/index.html

tidyverse R package https://cran.r-project.org/web/packages/

tidyverse/index.html

Other

BD LSRFortessa II BD Biosciences N/A

BD FACSAria II cell sorter BD Biosciences N/A

SECTOR Image 2400 Meso Scale Discovery N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

U-PLEX Assay Platform Meso Scale Discovery N/A

Octet HTX FortéBio N/A

VP-ITC microcalorimeter Malvern Panalytical N/A

Gallios Flow Cytometer Beckman Coulter N/A

IVIS� Spectrum In Vivo Imaging System Perkin Elmer N/A

Fluoview FVMPE-RS Multiphoton

Microscope System

Olympus N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert

Seder (rseder@mail.nih.gov).

Materials Availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
The heavy and light chain gene sequences of anti-PfCSP human monoclonal antibodies isolated in this study, along with the se-

quences of PCR primers used to amplify the antibody genes, were deposited in GenBank (Accession Numbers MT811859–

MT811914). Sequences of synthetic rPfCSP constructs created in this study were deposited in GenBank (Accession Numbers

MT891160 –MT891178).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human clinical specimens
Clinical specimens were derived from malaria-naive, healthy adults (18-45 years of age) in the VRC 314 clinical trial (https://

clinicaltrials.gov/; NCT02015091) after obtaining written informed consent. Briefly, VRC 314 was a multi-institution, phase 1,

open-label, dose-escalation trial with controlled humanmalaria infection (CHMI) that was designed to assess the safety, immunoge-

nicity, and protective efficacy of the Sanaria PfSPZ Vaccine administered by intravenous or intramuscular injection (Lyke et al., 2017).

The Sanaria PfSPZ Vaccine is composed of radiation-attenuated, aseptic, purified, cryopreserved Plasmodium falciparum sporozo-

ites derived from the NF54 strain (Seder et al., 2013).

Mice
Female 6- to 8-weeks old B6(Cg)-Tyrc-2J/J albino mice and female 6- to 12-weeks old C57BL/6 mice were obtained from The Jack-

son Laboratory. Female 6- to 8-weeks old C57BL/6 mice and female 8-weeks old Swiss Webster mice were obtained from Charles

River Laboratories. Female 8-9 month old FRG-huHep were obtained from Yecuris Corp. All mouse research was performed accord-

ing to National Institutes of Health (NIH) guidelines for use and care of live animals approved by the institutional animal care and use

ethics committees of the Vaccine Research Center (Animal Study Protocol VRC-17-702), Johns Hopkins University (Approved pro-

tocol permit no. MO18H419), Radboud University Medical Center (ADV103002016452), and Australia National University (A2016/17

& A2019/36).

Cell Lines
Expi293 and 293F cells used were from Thermo Fisher Scientific. The human hepatoma cell line HC-04 (MRA-965, deposited by Jet-

sumonSattabongkot) (Sattabongkot et al., 2006) was obtained through theMalaria Research and Reference Reagent Resource Cen-

ter as part of the Biodefense and Emerging Infections Research Resources Repository.

Sporozoites
Transgenic P. berghei (strain ANKA 676m1c11, MRA-868) expressing full-length P. falciparum CSP and a green fluorescent protein/

luciferase fusion protein (Pb-PfCSP-GFP/Luc-SPZ) were obtained as previously described (Flores-Garcia et al., 2019). GFP-labeled

P. berghei SPZ expressing PfCSP (Pb-PfCSP-GFP-SPZ) were generated by crossing the parental Pb-PfCSP-SPZ line (Espinosa

et al., 2017) with the previously described P. berghei-ConF parasite line that expresses GFP under the control of a HSP70 promotor

(Amino et al., 2008). Briefly, C57BL/6 mice were coinfected with Pb-PfCSP-SPZ and P. berghei-ConF at a ratio of 10:1. Anopheles

stephensimosquitoes were allowed to feed on themice, and subsequently, sporozoites dissected from thesemosquitoes were used
Immunity 53, 733–744.e1–e8, October 13, 2020 e3
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to infect naive animals. Parasites expressing the GFP transgene were sorted from the blood of these mice by use of a FACSAria cell

sorter and used to infect mice. Subsequently, the GFP+ progeny was cloned, and the clones screened for the insertion of the PfCSP

knock-in via measurement of anti-PfCSP antibody binding to progeny SPZ. P. falciparum NF54 sporozoites were isolated from an

individual near Schiphol Airport (the Netherlands) (Delemarre-van de Waal and de Waal, 1981).

METHOD DETAILS

Generation of junctional probe
S02, a 43-residue structurally stabilized peptide mimicking the junctional epitope (MPESSSNPDCNANPNVDPNEDLIKKCEKINVP

TEEIKKEIEEKK), was designed using Rosetta (Chevalier et al., 2017) by modifying the junctional peptide 21 with flanking sequences

to stabilize the peptide in a conformation that retains binding by the neutralizing junctional antibodyCIS43, but which is unfavorable to

binding by the poorly neutralizing junctional antibody CIS42 (Kisalu et al., 2018). Sera from 14 protected subjects in group 6 of VRC

314 who received a total of three doses of radiation-attenuated PfSPZ (9.03 105) intravenously at weeks 0, 8, and 16 were screened

for antibody titers against S02 using ELISA. A subject whose sera demonstrated the highest reactivity against S02 at theweek 20 time

point, 4 weeks after the last immunization, was chosen for memory B cell sorting and mAb isolation.

Production of recombinant PfCSP constructs
The amino acid sequence of PfCSP in the 3D7 clone of the NF54 isolate (PlasmoDB ID: PF3D7_0304600.1) was used to generate a

codon-optimized synthetic gene for expression in mammalian cells (GenScript). The DNA construct corresponding to the full-length

rPfCSP, in which the leader peptide residues 1–20 were replaced with a mammalian secretory signal peptide derived from the modi-

fied bovine prolactin (MDSKGSSQKGSRLLLLLVVSNLLLPQGVLA) and the glycosylphosphatidylinositol (GPI) anchor residues 376–

397 were excluded, was cloned into a CMV/R-expression vector with a C terminal AviTag, HRV3C-processing tag, and a 6X histidine

tag. This construct, termed PfCSP_SAmut_C5S, encodes the N terminal domain (with four amino acid mutations that removed pro-

cessing sites and prevented dimerization upon solubilization to increase yield and facilitate consistent analyses), the central domain

consisting of 38 NANP tandem repeats interspersed with 4 NVDP repeats, and the C terminal domain. Truncated (Oyen et al., 2018)

and NVDP repeat mutant rPfCSP synthetic constructs were created in the same expression vector with identical N and C termini to

full-length PfCSP_SAmut_C5S, expressed through transient transfection in 293F cells using the Freestyle 293F expression system

(Thermo Fisher Scientific) at 37�C, 8%CO2 for 6 days, and purified from culture supernatants through polyhistidine-tag affinity chro-

matography followed by size-exclusion chromatography on an ÄKTATM start (GE Healthcare). Monomer-containing fractions were

pooled, concentrated, snap frozen, and stored at �80�C.

rPfCSP and S02 probe generation
For tetramer probe generation, rPfCSP or S02-DsbC (S02 fused to the disulfide bond C protein) were first biotinylated and then

respectively conjugated to the fluorophores FITC (fluorescein isothiocyanate) and BV605 (BrilliantTM Violet 605) (BD Biosciences).

Biotinylation was performed using ligase Bir A (Avidity) at 30�C for 4 h prior to buffer exchange with 1X PBS (pH 7.4) over a 30-

kDa Centricon Plus-70 Centrifugal Filter (Millipore) to remove excess free biotin. Biotinylated rPfCSP and S02-DsbC were fluores-

cently labeled through sequential addition of streptavidin conjugated to FITC (SA-FITC) or BV605 (SA-BV605), respectively, in a

4:1 molar ratio.

Isolation of PfCSP-specific memory B cells
Probe-specific memory B cells were isolated from cryopreserved peripheral blood mononuclear cells stained with the following

panel: Aqua LIVE/DEAD (Thermo Fisher Scientific), rPfCSP-FITC and S02-BV605 tetramer probes, and antibodies against CD3-

APC/Cy7 (BioLegend), CD8-V450 (BD Biosciences), CD14-BV785 (BioLegend), CD20-Alexa Fluor 700/PE (BioLegend), IgM-PE/

Cy5 (BD Biosciences) and IgG-APC (BD Biosciences). Cells were sorted using a BD FACS Aria II (BD Immunocytometry Systems),

and flow cytometry data were analyzed using FlowJo software (Tree Star). PfCSP-reactive (rPfCSP+ and/or S02+) CD20+CD3-CD14-

memory B cells were single-cell sorted into 96-well PCR plates containing lysis buffer (RNase OUT, 5X First-Strand buffer, DTT, Ige-

PAL, and water; SuperScript III First-Strand Synthesis System, Thermo Fisher Scientific).

Production of recombinant immunoglobulins
Immediately following single cell sorting and lysis of probe-specific memory B cells, all RNA transcripts were reverse transcribed to

cDNA (SuperScript III First-Strand Synthesis System; Thermo Fisher Scientific). Amplification of the genes encoding the immuno-

globulin variable regions heavy chains, as well as kappa or lambda light chains, was performed using a cocktail of primers followed

by sequencing (ACGT) and cloning into the pVRC8400 huIgG1, pVRC8400 huIgK, or SBShuLambda expression vectors (GenScript)

containing the relevant constant region. Sequence analysis was performed using The International Immunogenetics Information Sys-

tem (IMGT, http://www.imgt.org/). Matched heavy and light chain constructs were co-transfected into Expi293 cells using the Expi-

FectamineTM 293 Transfection Kit (Thermo Fisher Scientific) and cultures were incubated at 37�C, 8% CO2 for 6 days. Supernatants

were harvested and purified using rProtein A Sepharose Fast Flow resin (GE Healthcare) and buffer exchanged with 1X PBS (pH 7.4)

before being concentrated using Amicon Centrifugal Filters (Millipore). Purified mAb concentrations were determined using a

Nanodrop spectrophotometer. The sequences of CIS43, mAb10 (Kisalu et al., 2018), MGU12 (Tan et al., 2018), 1210 (Imkeller
e4 Immunity 53, 733–744.e1–e8, October 13, 2020
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et al., 2018), 311, and 317 (Oyen et al., 2017) were retrieved from PDB or GenBank and produced and purified as described above.

Fluorescent antibody labeling
Antibodies were conjugated to Alexa Fluor-405 molecules using a SAIVI Antibody Labeling Kit according to the manufacturers’ di-

rections (ThermoFisher Scientific) but using Alexa Fluor-405 NHS ester (ThermoFisher Scientific), which was mixed with each anti-

body at an 8:1 molar ratio for 1 h at room temperature. The reaction was then purified over the SAIVI column, with fractions collected

to determine the location of the conjugate. Resulting PfCSPmAb conjugates had degree of labeling (DOL) ratios between 1.4-2.2. For

determination of concentration and DOL of Alexa Fluor-405 conjugates: absorbance correction factor = 0.7; extinction coefficient

(ε) = 34,500. Prior to use, conjugate binding was compared to unlabeled mAbs by rPfCSP ELISA and/or Pb-PfCSP-SPZ flow cytom-

etry to confirm binding was not dramatically altered.

ELISA for binding of mAbs to rPfCSP_FL
Immulon 4HBX flat bottom microtiter plates (Thermo Fisher Scientific) were coated with 100 mL per well of antigen (1.0 mg/mL) in bi-

carbonate buffer overnight at 4�C. Coated plates were blocked with 200 mL of PBS + 10% FBS for 2 h at room temperature, followed

by incubation for 2 h at 37�C with 100 mL of PfCSP or control mAbs at varying concentrations (5x10�7 – 5.0 mg/mL, 10-fold serial

dilutions). Plates were incubated with 100 ml/well of 0.1 mg/mL HRP-conjugated goat anti–human IgG (Bethyl Laboratories). Plates

were washed six times with PBS-Tween between each step. After a final wash, samples were incubated for 10 min with 1-Step Ultra

TMB-ELISA Substrate (Thermo Fisher Scientific). The optical density was read at 450 nm after addition of stopping solution (2N sul-

furic acid, 100 ml/well).

ELISA for binding of mAbs to NANP peptides
MSD Gold microtiter plates (Meso Scale Discovery) were blocked with PBS + 5% BSA (20 ml/well). Blocked plates were coated with

10 ml/well of NANP biotinylated peptides (240 pmol, Genscript) in PBS + 1%BSA for 1 h at room temperature. The coated plates were

incubated for 2 h at room temperature with 10 mL of PfCSP or control mAbs at varying concentrations (5x10�7 – 5.0 mg/mL, 5-fold

serial dilutions). Plates were then incubated with 10 ml/well of 1.0 mg/mL Sulfo-tag goat anti–human IgG (Meso Scale Discovery)

for 1 h at room temperature. Plates were washed six times with PBS-Tween between each step. After a final wash, 35 mL of 1X

MSD Read T Buffer (Meso Scale Discovery) was added to each well and plates were analyzed on an MSD Sector Image 2400

instrument.

Epitope mapping and competition ELISAs
Epitope mapping of CIS43 and L9 was performed using PfCSP overlapping peptides (peptides 20-61) that were 15 amino acids in

length (GenScript) and overlapped by 11 residues spanning the central repeat region of PfCSP using the MSDU-Plex Assay platform

(Meso Scale Discovery) according to the manufacturer’s instructions, with all mAb concentrations at 0.01 mg/mL. Competitive ELISA

was also performed using peptides 20-61. Briefly, ELISA plates were coated with 10 mL of rPfCSP (200 ng/mL) for 1 h at room tem-

perature. After coating, PfCSP-specific monoclonal antibodies (10 ng/mL) preincubated overnight with varying concentrations (0 –

1,000 mg/mL) of selected PfCSP peptides in PBS + 1% BSA were added to the rPfCSP-coated plates, and ELISA was performed on

the MSD platform as described above. For the alanine scanning mutagenesis experiments, competitive ELISA was performed as

described above using peptide 22 variants where each residue was mutated to an alanine or a serine if the original residue was

an alanine (GenScript).

Biolayer interferometry kinetic binding assay
Antibody binding kinetics were measured using biolayer interferometry on an Octet HTX instrument (FortéBio) using streptavidin-

capture biosensors (fortéBio). PfCSP mAb solutions were plated in black tilted-bottom 384-well microplates (fortéBio); assays

were performed with agitation at 30�C. mAb serial concentrations used are as follow: 1.25, 0.625, 0.3125, and 0.15625 mg/mL.

Loading of biotinylated peptides 21, peptide 22, and peptide 29 (GenScript) was performed for 300 s, followed by dipping of biosen-

sors into buffer (PBS + 1% BSA) for 60 s to assess baseline assay drift. Association with whole IgG (serially diluted from 16.67 to

1.04 mM) was done for 300 s, followed by a dissociation step in buffer for 600 s. Background subtraction of nonspecific binding

was performed throughmeasurement of association in buffer alone. Data analysis and curve fitting were performed using Octet soft-

ware, version 7.0. Experimental data were fitted with the binding equations describing a 1:1 analyte-ligand interaction. Global ana-

lyses of the complete datasets, assuming binding was reversible (full dissociation), were carried out using nonlinear least-squares

fitting allowing a single set of binding parameters to be obtained simultaneously for all concentrations of a given mAb dilution series.

Isothermal titration calorimetry
Isothermal titration calorimetry was carried out using a VP-ITCmicrocalorimeter (Malvern Panalytical). In all titration experiments, the

rPfCSP constructs and mAbs were prepared in PBS, pH 7.4. Each antibody solution, prepared at a concentration of �40 mM (ex-

pressed per antigen binding site), was injected in 5 or 7 ml aliquots into the calorimetric cell containing the respective rPfCSP

construct at a concentration of �0.4 mM except for rPfCSP_5/3, which was prepared at 0.8 mM. All titrations were performed at

25�C. The exact concentrations of the reactants in each experiment were determined from the absorbance at 280 nm. The heat

evolved upon each injection of antibody was obtained from the integral of the calorimetric signal. The heat associated with binding
Immunity 53, 733–744.e1–e8, October 13, 2020 e5
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to the different rPfCSP constructs 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, DH, the association constant, Ka (the dissociation constant, Kd = 1/Ka) 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. Gibbs energy, DG, was calculated from the rela-

tion DG = -RTlnKa, where R is the universal gas constant, (1.987 cal/(K3mol)) and T the absolute temperature in Kelvin. The entropy

contribution to Gibbs energy, -TDS, was calculated from the known relation DG = DH - TDS. The results were expressed per mole of

antigen binding sites and the stoichiometry, N, denotes the number of antigen binding sites per mole of the respective rPfCSP

construct.

FACS analysis of mAb binding to sporozoites
Freshly isolated Pb-PfCSP-GFP/Luc-SPZ were purified across an Accudenz density gradient (Accurate Chemical) to remove mos-

quito debris as previously described (Kennedy et al., 2012) and resuspended in PBS containing the protease inhibitor E64 (Sigma-

Aldrich) to prevent proteolytic processing of PfCSP. 8,000 SPZ were aliquoted to each well of a 96-well V-bottom plate (50 ml/well)

and incubated for 30 min at 4�C with various concentrations (0.02 - 20 mg/mL) of PfCSP-specific or control mAbs in PBS+E64,

washed with 200 mL PBS+E64, and stained for 20 min at 4�C with goat anti-human IgG-Alexa Fluor� 647 secondary antibody

(Thermo Fisher Scientific) at a 1:1,000 dilution in PBS+E64. After washing with 200 mL PBS+E64 and fixation in 250 mL PBS with

0.5% paraformaldehyde, events were acquired on a modified LSR II (BD Biosciences).

In vitro hepatocyte invasion inhibition assay
The human hepatoma cell line HC-04 was used to evaluate the in vitro capacity of the PfCSP mAbs to block hepatocyte invasion by

PfSPZ NF54. HC-04 cells were seeded at 50,000 cells/well in rat tail collagen pre-treated 96 well plates for 16-24 h. Salivary gland

PfSPZwere pre-mixed with heat-inactivated human serum and varying concentrations of PfCSPmAbs (10, 1 or 0.1 mg/mL) for 30min

on ice and then seeded in triplicate (50,000 sporozoites/well) onto the HC-04 cells. Plates were centrifuged for 10 min at 3000 xg and

incubated for 3 h at 37�Cwith 5%C02. Cells were washed with PBS (Gibco) and treated with trypsin (0.05%Trypsin-ethylenediamine

tetra acetic acid (EDTA); Gibco) to generate a single-cell suspension. Subsequently, cells were fixed and impermeabilized (eBio-

science) for 30min at 4�C. The staining was done with a cell viability dye (1:2,000; Fixable viability dye (FVD) eFluor 780, eBioscience,

Thermo Fisher Scientific) and a fluorescently-labeledmouse anti-PfCSP antibody (1:400; 3SP2-FITC) for 30min at 4�C. After washing

with 2% FCS/PBS, cells were fixed with 1% paraformaldehyde (PFA) and analyzed by flow cytometry using Gallios (Beckman

Coulter) and FlowJo software (version 10.0.8, Tree Star).

IV challenge with Pb-PfCSP-SPZ
TomeasuremAb neutralization of SPZ and reduction of parasite burden in vivo, specified amounts of PfCSP-specific or control mAbs

diluted in sterile filtered 1X PBS (pH 7.4; total volume 200 ml/mouse) were injected into the tail veins of female 6- to 8-week old B6(Cg)-

Tyrc-2J/J albinomice (The Jackson Laboratory). Mice were then intravenously challenged in the tail vein with 2,000 freshly harvested

Pb-PfCSP-GFP/Luc-SPZ (Flores-Garcia et al., 2019) 2 h after mAb administration. 40-42 h post-challenge, mice were injected intra-

peritoneally with 150 mL of D-Luciferin (30 mg/mL), anesthetized with isoflurane and imaged with the IVIS� Spectrum in vivo imaging

system (PerkinElmer) 10 min after luciferin injection. Liver burden was quantified by analyzing a region of interest (ROI) in the upper

abdominal region and determining the total flux or bioluminescent radiance (photons/sec) expressed by Pb-PfCSP-GFP/Luc-SPZ

using the manufacturer’s software (Living Image 4.5, PerkinElmer).

Mosquito bite challenge with Pb-PfCSP-SPZ
Anopheles stephensi female mosquitoes were allowed to feed on female 8-week old Swiss Webster mice (Charles Laboratories) in-

fected with blood-stage Pb-PfCSP-SPZ. Twenty days after infected bloodmeal, the proportion of infected mosquitoes was between

70%–80%, as assessed by microscopic observation of 20 salivary glands. Based on this observation, we determined that 6-7

mosquitoes were needed to expose mice to the bites of �5 infected mosquitoes. 6-8 week old C57BL/6 female mice (Charles Lab-

oratories) were injected IV with PfCSP mAbs (100, 300, or 600 mg mAb/mouse; blinded and in differing orders per experimental repli-

cate) diluted in 1X PBS (pH 7.4) in a total volume of 200 mL. 48 h after mAb administration, mice were subjected to a small tail vein

bleed to ascertain pre-challenge mAb serum titers. 72 h after mAb administration, test and control mice were anesthetized with 2%

Avertin (Alfa Aesar,Ward Hill, MA).Mosquitoes were allowed to feed onmice for 10min. Following feeding,mosquito abdomenswere

inspected to confirm the blood meal. Mouse parasitemia was assessed daily through Giemsa staining of blood smears starting on

day 4 and up to day 10-12 after exposure to infected mosquito bites.

IV challenge with PfSPZ
Female 8-9 month old FRG-huHep mice with engrafted human hepatocytes from two different donors (HHM19027 and HHM13022)

were purchased from Yecuris Corp. Repopulation of human hepatocytes were confirmed by the level of serum albumin and ranged

between 4000 to 8000 mg/mL, evenly divided between the different experimental groups. Mice were intravenously injected with the

indicated dose of VRC01 or PfCSP mAbs (100 mL per mouse) 24 h before sporozoite challenge. On the day of sporozoite challenge,

Anopheles stephensi mosquitoes infected with Pf NF54 (on day 14-18 post blood meal) were harvested into Dutch modified RPMI

1640 media (ThermoFisher). 100,000 sporozoites (in a total volume of 100 ml) were injected IV in the tail vein of each mouse. Six
e6 Immunity 53, 733–744.e1–e8, October 13, 2020



ll
Report
days following challenge, serumwas collected via cardiac bleed and livers of eachmice were harvested as previously described (Fo-

quet et al., 2013; Yang et al., 2017). Briefly, lobes were pooled and emulsified to obtain single-cell suspensions for subsequent

genomic DNA (gDNA) extraction. gDNA were extracted from roughly 25% of the chimeric livers and used to quantify parasite

load using oligonucleotides specific for Pf 18S rRNA as previously described (McCall et al., 2017; Yang et al., 2017). qPCR was

used to quantify the relative amount of human hepatocytes engrafted onto the mouse liver, as previously described (Alcoser

et al., 2011).

ELISA for quantitation of mAb serum titers
ELISA was performed on serum from mice passively transferred human PfCSP mAbs as previously described (Kisalu et al., 2018)

using rPfCSP-coated plates (200 ng/mL). A standard curve for each mAb was generated using eight two-fold serial dilutions of

mAb starting at 10 ng/mL. Serum samples were applied at various dilutions in dilution/blocking buffer. For datapoints in the linear

range of the standard curve, the average of the calculated concentration values was used for each individual sample.

Intravital liver imaging of Pb-PfCSP-SPZ
Female 6- to 12-weeks old C57BL/6 mice (The Jackson Laboratory) received sequential IV injections of Alexa Fluor-405-labeled

mAbs (30 mg, blinded), 13 105 Pb-PfCSP-GFP-SPZ, and rhodamine-labeled dextran (20 mg/mL, 50 mL). Mice were immediately pre-

pared for multiphoton microscopy as previously described (McNamara et al., 2017). Briefly, mice were anaesthetized with a mix of

Ketamine (100 mg/kg) and Xylazine (10 mg/kg). The mouse temperature was maintained at 37�C using a heating mat attached to a

feedback probe inserted in themouse rectum throughout the surgery and imaging procedure. A lateral incision wasmade over the left

lobe of the liver and any vessels cauterized by applying light pressure to the vessel until clotting occurred naturally. The mouse was

then placed in a custom-made holder. The liver was exposed and directly adhered to a coverslip that was secured in the holder. Once

stable, the preparation was transferred to a Fluoview FVMPE-RS multiphoton microscope system (Olympus) equipped with a

XLPLN25XWMP2 objective (25x; NA1.05; water immersion; 2mmworking distance). For quantification of parasites, damaged hepa-

tocytes, and shedding of PfCSP, a single 50 mmZ stack (2 mm/slice) was acquired using a resonance scanner. Fluorescence of Alexa

Fluor-405, GFP and rhodamine were detected using an 860nm wavelength laser. For videos of traversal or shedding, a sequence of

between 1,000-2,000 50 mm Z stacks (2 mm/slice) was acquired using a resonance scanner. Images were acquired using FV30 soft-

ware (Olympus) and exported to Imaris (Bitplane) for downstreamprocessing. Sporozoites and shed PfCSPweremeasured using the

measurement function on Imaris. Sporozoites were classified as either sinusoid-bound, traversing hepatocytes, or having infected a

hepatocyte based on the following criteria. Any sporozoite located within a sinusoid and not within 40 mm (i.e., diameter of a hepa-

tocyte)of a rhodamine+ hepatocyte was considered to be vessel bound in the sinusoid. Any sporozoite within 40 mm of at least one

rhodamine+ hepatocyte and still in contact with the traversed hepatocyte was considered to be traversing. Any sporozoite within

40 mm of at least one rhodamine+ hepatocyte, but not in a sinusoid nor in contact with a rhodamine+ hepatocyte, was considered

to have established infection. Additionally, any sporozoite with a discontinuation (i.e., fragmentation) of GFP along its lengthwas clas-

sified as undergoing ‘‘dotty death,’’ and any sporozoite with a length of Alexa Fluor-405 not colocalized with GFP was considered to

be shedding itsmAb-bound PfCSP coat and undergoing a CSPR. Parasite death in any of the resonance videoswas characterized as

bursting if a sudden loss of membrane integrity and release of GFP into the surrounding tissue was observed.

NVDP conservation in global field isolates
PfCSP sequences and country in which the sequences were isolatedwere retrieved fromGenBank. N andCterminal sequenceswere

trimmed in Geneious Prime (Geneious) and the central repeat region sequences were exported into Microsoft Excel. All NPDP tet-

rapeptides were transformed into 0, NANP repeats into 1, and NVDP repeats into 2; sequences were numerically ordered based on

number of NVDP repeats and the geographic region in which they were isolated was indicated.

Heatmap classifying the panel of PfCSP mAbs
Numerical values for each parameter describing each of the seven mAbs in the panel were collated and ranked using conditional

formatting (Microsoft Excel), with darker colors denoting improved performance and lighter colors indicating poorer performance.

All numerical values that varied logarithmically were log-transformed into linear values to facilitate consistent analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests used, exact value of n, what n represents, and precision measures can be found in figure legends. Unless otherwise

stated, all mAbs were compared for significance to untreated/isotype control or to each other using the Kruskal-Wallis test with

Dunn’s post hoc test correcting for multiple comparisons. For the PfSPZ challenge and L9 titers in FRG-huHep mice and the com-

parison of L9 andCIS43 serum titers, the two-tailedMann-Whitney test was used. For the in vitro hepatocyte invasion assay, two-way

ANOVA was used to compare each mAb to the isotype control at each respective concentration and adjusted for multiple compar-

isons using Bonferroni’s post hoc test. For the intravital liver imaging data (locations, traversal, CSPR, and dotty death), all mAbswere

first compared to each other using an omnibus chi-square test; if the distribution varied significantly, then each individual mAb was

compared to isotype control (or the best performing mAb) and adjusted for multiple comparisons using Bonferroni’s post hoc test.

Formeasurement of PfCSPmAbs inmouse serum, standard curves were fittedwith a hyperbolic parameter curve, and concentration
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values in the linear range of the standard curve were interpolated. For the ITC stoichiometry data, errors with 95% confidence were

estimated from the fits of the data. Unless otherwise indicated, all data were plotted using GraphPad Prism, version 7.0. For themos-

quito bite challenge experiments, L9 was tested for superiority against the other mAbs (one-sided tests) and pvalues were corrected

using the Holmmethod (Holm, 1979). For the Kaplan–Meier curves, comparisons were tested using the log-rank test; an exact pvalue

was calculated when the sample size did not exceed 15 in either group (Hothorn et al., 2008). The relationship between dose or circu-

lating serum mAb concentration prior to challenge and protection were modeled using two-parameter logistic (2PL) models with the

following functional form: y = 1/1 + (x/ED50)
h) (Raghunandan et al., 2020). The ED50 (or EC50 for concentration) is the effective dose

that elicits 50%protection and the hill slope, h, determines the steepness of the logistic curve. The 2PLmodel was fit to the data using

logistic regression with a log-transformed dose or concentration covariate. For mAbs eliciting at least 50%protection, a single model

was fit assuming a common hill slope and a mixed model was used with a random intercept specified for each experiment. ED50,

EC50, ED80, and ED80 with 95%confidence intervals were estimated from these fittedmodels using parametric simulation. Protection

was compared between L9 and the other mAbs using the dose-adjusted or concentration-adjusted odds ratio from these models.

For mAbs eliciting less than 50%protection, separate logistic models with small-sample size corrections (Firth-correction) were fit for

each paired adjusted odds ratio comparison (Kosmidis and Firth, 2009). pvalues of odds ratios were corrected together within dose

or concentration comparisons. Protection analyses were conducted in R programming language (CRAN) (R Development Core

Team, 2020). Mixed effects logistic regression models were implemented with the lme4 package (Bates et al., 2015), simulations

were implemented with the arm package (Gelman et al., 2020), and data manipulation and visualization were implemented with

the tidyverse packages (Wickham et al., 2019; Wilke, 2019).
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