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Potent transmission-blocking monoclonal
antibodies from naturally exposed individuals target
a conserved epitope on Plasmodium falciparum

Pfs230
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In brief

Pfs230 domain 1 represents the most
clinically advanced transmission-
blocking vaccine candidate, but how
human antibodies acquired after natural
exposure recognize the protein is
unknown. lvanochko et al. report a panel
of human mAbs targeting Pfs230 D1,
including the most potent mAbs reported
to date, and contrast structure-activity
relationships against this malarial antigen
to reveal the determinants of
transmission-reducing activity.
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SUMMARY

Pfs230 is essential for Plasmodium falciparum transmission to mosquitoes and is the protein targeted by the
most advanced malaria-transmission-blocking vaccine candidate. Prior understanding of functional epi-
topes on Pfs230 is based on two monoclonal antibodies (mAbs) with moderate transmission-reducing activ-
ity (TRA), elicited from subunit immunization. Here, we screened the B cell repertoire of two naturally exposed
individuals possessing serum TRA and identified five potent mAbs from sixteen Pfs230 domain-1-specific
mAbs. Structures of three potent and three low-activity antibodies bound to Pfs230 domain 1 revealed
four distinct epitopes. Highly potent mAbs from natural infection recognized a common conformational
epitope that is highly conserved across P. falciparum field isolates, while antibodies with negligible TRA
derived from natural infection or immunization recognized three distinct sites. Our study provides molecular
blueprints describing P. falciparum TRA, informed by contrasting potent and non-functional epitopes elicited

by natural exposure and vaccination.

INTRODUCTION

Malaria is caused by Plasmodium parasites that are transmitted
to humans by Anopheles mosquitoes. Plasmodium falciparum
(P. falciparum) causes the most fatal form of malaria, accounting
for almost all malarial deaths in sub-Saharan Africa and the ma-
jority of malarial deaths worldwide (World Health Organization
WHO, 2020). In 2021, the WHO recommended the broad imple-
mentation of the RTS,S/AS01 malaria vaccine (trade name
Mosquirix) among children in areas with moderate to high
P. falciparum transmission. RTS,S/AS01 is an anti-infection
stage vaccine targeting the P. falciparum circumsporozoite pro-
tein (PfCSP), which is expressed during pre-erythrocytic stages
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of infection. While a useful tool, efficacy from this vaccine is only
partial and rapidly wanes.' Indications for a modest reduction
in efficacy of RTS,S/AS01 against infections with mismatched
CSP alleles,” and the fact that this vaccine does not prevent on-
ward transmission to mosquitoes, further highlight the potential
benefit of transmission-blocking interventions to complement
current interventions. Vaccines that reduce infection and/or
transmission, and which are amenable to broad deployment in
affected communities, are high priority tools for accelerating ma-
laria elimination and eventual eradication.
Transmission-blocking vaccines (TBVs) are designed to elicit a
humoral response in humans capable of disrupting parasite up-
take and development in mosquitoes, impeding subsequent
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Figure 1. Genetics and binding characteristics of Pfs230-C1 antibodies

(A) Schematic representation of a fragment of Pfs230, focusing on the pro-domain and first of fourteen 6-Cys domains. Domain boundaries are indicated by
amino acid numbers. The leading Pfs230-vaccine construct (D1M'“) and recombinant constructs used in this study (C1, Pro, and D1+) are shown below.

(B) Recognition of Pfs230-C1 by plasma samples from two naturally exposed donors in enzyme-linked immunosorbent assay. Values are means of two technical
replicates, and error bars represent the SEM. TRAs of purified total IgG, tested at 1:3 dilution in the presence of complement, from both donors are shown in the
legend and are outcomes of two independent SMFAs. The raw SMFA data can be found in Table S2.

(C) Phylogenetic tree of heavy-chain gene sequences, generated with MEGA7 software using default settings.'® mAbs that were derived from the Ugandan donor
(n=>5) are underlined. mAbs that target the pro-domain are indicated with an asterisk. Names are colored according to competition data in (D), while mAbs without
available competition data are shown in black.

(D) Epitope bins were determined by competition experiments and are shown as envelopes. Competition between antibodies was tested in two orientations; one
antibody coupled to a chip and the other one in solution, and vice versa. Antibodies with data in two directions are shown in circles and those with data in one

direction as squares. Competition data were only available for ten of the C1-specific antibodies. See also Figures S1 and S2.

mosquito-to-human transmission.”® During human-to-mos-
quito transmission, male and female Plasmodium gametocytes
are ingested during a blood meal and activated in the mosquito
midgut to form fertile microgametes and macrogametes, which
are exposed to human antibodies that are also present in the
blood meal. Multiple studies have identified sexual stage anti-
gens on the gamete surface; vaccine-induced and naturally ac-
quired antibodies can bind to these antigens and block Plasmo-
dium fertilization or later sporogonic development.®'°

Pfs230 is the target of the most clinically advanced TBV candi-
date, which is currently being evaluated in a phase 2 clinical trial
(NCT03917654). Pfs230 is a 363 kDa secreted protein containing
14 six-cysteine (6-Cys) domains and is important for gamete
adherence to human red blood cells and subsequent oocyst for-
mation.""'? Transmission-reducing activity (TRA) by antibodies
elicited in mice has been found to target the N-terminal region

of the protein,'® and the clinical Pfs230-based candidate immu-
nogen contains the first 6-Cys domain of Pfs230 with a segment
of its N-terminal pro-domain (referred to as D1M, amino acids
542-736; Figure 1A)."* In the vaccine immunogen, this domain
is chemically cross-linked to the carrier protein exoprotein
A (EPA)."®

In animal and human trials, monoclonal antibodies (mAbs)
have been identified that target Pfs230D1M and possess arange
of transmission-reducing potencies.’®'”'® Previous structural
characterizations and epitope-binning assays identified two
distinct epitopes on the core Pfs230 domain 1 (D1), which are
targeted by mAbs with TRA."”"'® Importantly, in the human study
where participants were immunized with Pfs230D1M-EPA/
Alhydrogel, eight of the nine mAbs identified lacked potent
TRA and bound to separate but unspecified epitopes, compared
with the single functional mAb.'® While TRA of Pfs230-targeting
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mAbs is substantially enhanced by the presence of comple-
ment,'*"®2% why certain high-affinity mAbs of the comple-
ment-fixing isotype targeting Pfs230 D1 lack TRA is unclear.
We previously demonstrated that Pfs230-targeting polyclonal
antibodies purified from the sera of naturally exposed individuals
can possess TRA.?" Prior to this study, no mAbs targeting
Pfs230 have been identified from individuals naturally infected
with P. falciparum malaria. Delineation of epitopes of vaccine-
induced and naturally induced mAbs, integrated with a fine-
mapping of their inhibitory potencies, has the potential to inform
rational immunogen design of a next-generation Pfs230 D1 vac-
cine to preferentially elicit antibodies with potent TRA.

In this study, we present a multifaceted analysis of Pfs230 D1-
targeting human mAbs elicited by natural P. falciparum infection.
The Pfs230 D1-reactive B cell repertoire is reported for two do-
nors afflicted by recurrent malaria infections who express poly-
clonal IgG with potent TRA. To elucidate the structural basis of
antibody-mediated inhibition across a range of potencies, we
determined the crystal structures of six antibodies in complexes
with Pfs230 D1. Collectively, our study reveals a detailed struc-
ture-function understanding of transmission-blocking activity
by antibodies against Pfs230 D1.

RESULTS

Pfs230 monoclonal antibodies identified from naturally
exposed donors

We identified two donors with naturally acquired transmission-
blocking immunity and serum antibodies against Pfs230-C1
(Figures 1A and 1B): a Dutch expatriate who lived in Central Af-
rica for approximately 30 years (previously donor A’") and an
8-year-old Ugandan donor from Tororo, an area with intense ma-
laria transmission in eastern Uganda.?? We previously showed
that Pfs230-specific polyclonal antibodies from the Dutch expa-
triate blocked transmission when tested at high concentration.?’
To isolate mAbs, memory B cells from these donors were acti-
vated, and single cells were sorted using a microfluidic screening
device. Single B cells secreting Pfs230-C1-reactive antibodies
were identified using two different screening methods (Figures
S1A-S1D). Sequencing of positive hits revealed 20 unique se-
quences that were produced as human IgG1 mAbs. Sixteen of
these mAbs bound to Pfs230 C1, three of which (RUPA-135,
-136, and -137) bound to the pro-domain of Pfs230 (Figures
S1E-S1H). Four mAbs did not bind to Pfs230 C1, suggesting
that these represent non-specific hits from initial screening. All
but the pro-domain-specific mAbs recognized a conformational
epitope on native Pfs230 in western blot (Figure S2A). All Pfs230
C1-specific mAbs recognized Pfs230 on the surface of wild-type
(WT) female gametes (Figure S2B). mAbs that reacted with the
pro-domain showed cross-reactivity with other antigens in
gametocyte extract, suggesting that these either have a promis-
cuous antigen-binding site or recognized an epitope that is
conserved across multiple antigens. The 11 mAbs that were
derived from the Dutch expatriate were encoded by VH3-9 and
VH3-21 genes, whereas the 5 mAbs from the Ugandan donor
showed more genetic diversity with 4 different VH genes (Fig-
ure 1C; Table S1). Surface plasmon resonance (SPR)-based
competition experiments identified two unique bins; bin | con-
tained VH3-21-encoded antibodies from the Dutch expatriate,
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and bin Il contained VH3-9-encoded mAbs from the Dutch expa-
triate and VH1-2-encoded mAbs from the Ugandan donor
(Figure 1D). For the pro-specific mAbs RUPA-135, -136, and
-137 and domain 1-specific mAbs RUPA-33, -96, and -103, no
competition data were available. 15C5, a humanized analog of
the 15C5 mouse mADb that was elicited after immunization with
recombinant Pfs230 C1 (residues 443 to 731%°), was included
in the competition experiments. 15C5 is a non-functional mAb
occupying bin lll and does not compete with mAbs that are in
bins | or Il (Figure 1D).

Monoclonal antibodies from bin | potently block parasite
transmission

To determine whether the identified mAbs blocked parasite
transmission to mosquitoes, we tested these at 100 ng/mL in
standard membrane feeding assays (SMFAs) with cultured
P. falciparum NF54 gametocytes and Anopheles stephensi
mosquitoes. The four mAbs from bin | and RUPA-103—which
is genetically similar to these four mAbs and thus likely to belong
to the same bin—reduced transmission by more than 80%,
whereas none of the other mAbs showed substantial TRA (Fig-
ure 2A). The activity did not seem to correlate with binding affinity
to the recombinant protein, as some of the mAbs with the highest
affinity showed low activity (Figures S1l and S1J). mAbs from bin
| displayed complement-dependent TRA (Figure 2B) and had
ICg values that ranged between 0.7 and 10.2 ng/mL (Figure 2C).
Together, these data suggest that the inhibitory capacity of the
Pfs230 mAbs depended on the epitope targeted and the ability
to fix complement.

Structural delineation of a potent TRA epitope on Pfs230
To elucidate the structural basis of antibodies with potent TRA
acquired following natural infection, we solved three crystal
structures of antibody-antigen-binding fragments (Fabs) for
RUPA-32, -55, and -97 bound to Pfs230 D1+ (Figure 3A) at res-
olutions of 2.6, 2.9, and 3.3 A, respectively (Figures S3A-S3C;
Table S3). As observed in previously solved crystal structures
of Pfs230 D1 (PDB IDs 60GH and 7JUM), the 6-Cys core domain
of the D1+ protein adopts a mixed B sandwich fold with two di-
sulfide bridges linking residue C593 to C611 and residue C626
to C706. We observed conformational heterogeneity of the
N-terminal pro-domain residues 562-576 directly preceding
the core 6-Cys domain, which were found packed against the
core domain in one of two biological assemblies of the Fab
RUPA-55 bound structure but not observed in the other assem-
bly (Figures S3D and S3E), suggesting that these residues may
not be necessary for domain folding or binding by potent mAbs.
In agreement with the epitope-binning data (Figure 1D), all
three Fabs bound a common antigenic site on Pfs230 D1+. Su-
perposition of the three complexes by structural alignment of
the Pfs230 D1+ core domain revealed a highly similar interaction
interface (Figure 3B). Indeed, all three Fabs bound nearly iden-
tical discontinuous conformational epitopes on Pfs230 D1+,
which comprise the following: residues from § strands 1 (amino
acids 580-583), 2 (amino acid 585), 3 (amino acids 592-594), and
4 (amino acids 608, 611, and 612); loops 2 (amino acid 584), 4
(amino acids 595, 597, 598, 600-603, and 607), 6 (amino acids
632 and 635), and 12 (amino acids 716 and 719); and the disul-
fide bridge formed by C593-C611 (Figure 3C). The three
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Figure 2. Pfs230-C1 mAbs show a range of functional activity in standard membrane feeding assay

(A) mAbs were tested at 100 ug/mL in parallel in the same membrane feeding experiment. Transmission-reducing activity (TRA) is reduction in oocyst intensity,
compared with negative control, and error bars indicate 95% confidence intervals. Antibodies are grouped and colored by domain specificity and epitope bin. No
binning data are available for RUPA-103, but it is genetically similar to RUPA-97 (VH and VL amino acid sequence homology >95%) and therefore grouped with

other antibodies from bin I.

(B) mAbs that showed >80% TRA in (A) were tested at 100 ung/mL in the presence (+C) or absence (—C) of complement in two independent membrane-feeding
experiments, except for RUPA-32 and RUPA-97 that were tested in a single experiment due to limited mAb availability. The complement-dependent rodent
a-Pfs230 mAb 2A2°* was tested at 10 ng/mL and used as positive control. Bars are estimates of the mean from two independent standard membrane feeding

experiments, and error bars represent the 95% confidence intervals.

(C) Titrations of active mAbs were tested in multiple independent membrane feeding assays in the presence of complement to calculate ICgq values, using linear
regression analysis. ICgq values with 95% confidence intervals are shown next to graph. Raw SMFA data can be found in Table S2.

antibodies are marginally distinguished by the inclusion of one or
two distinct residues present at the periphery of the core epitope
on the antigen surface (Figures S4A and S4B). The distinguishing
residues are S604 and K614, S578 and N586, and K610, for
RUPA-32, -55, and -97, respectively.

Potent antibodies bind broadly across Pfs230 D1
polymorphisms

Sexual stage antigens are typically more genetically conserved,
compared with asexual vaccine antigens, yet some non-synon-
ymous single-nucleotide polymorphisms (SNPs) have been
observed to affect the TRA of anti-Pfs230 antibodies.'® We as-
sessed the prevalence of SNPs occurring on Pfs230 D1+ and
within the epitopes of RUPA-32, -55, and -97, using sequence
data from 7,113 P. falciparum field isolates collected from 73
different locations in Africa, Asia, America, and Oceania
(MalariaGen?®) (Table 1). Of the 30 SNPs that induced amino
acid changes within Pfs230 D1+, six are located within the epi-
topes of RUPA-32, -55, and -97 (Figure 3C). Low allele fre-

quencies with no co-occurrences were observed for all six
bin | polymorphisms (A583T, 0.022%; T602K, 0.014%; E612K,
0.0072%; V632A, 0.029%; K716N, 0.022%; and N719S,
0.022%), thus indicating strong genetic conservation of this
epitope that is recognized by mAbs with potent TRA (Tables 1
and S4).

To evaluate any potential effect on binding by functional anti-
bodies, we assessed the impact of these six low-frequency
SNPs on the affinity and kinetics of the three Fabs of RUPA-
32, -55, and -97. As a control, we also measured binding of
Fab RUPA-38, which binds in a distinct epitope bin on Pfs230
D1 (Figure 1D). As expected, the binding of Fab RUPA-38 was
not affected by any of the SNP mutations, compared with WT
Pfs230 D1+ binding (Figure 3D). The binding affinities of the
Fabs of RUPA-32, -55, and -97 for Pfs230 D1+-mutant con-
structs V632A, K716N, and N719S did not change substantially
relative to the wild-type Pfs230 D1+ construct (Figure 3D). Mar-
ginal decreases in binding affinities were detected for the other
three SNPs, but importantly, all binding affinities remained in
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Figure 3. Structural delineation of a high-potency transmission-blocking epitope on Pfs230 D1+

(A) Overall structures of Pfs230 D1+ (white) bound by Fabs RUPA-32, -55, and -97 (cyan, purple, and blue, respectively).

(B) Superposition of all three Fab-antigen structures from (A) structurally aligned using Pfs230 D1+.

(C) The common epitope on Pfs230 D1+ between all three Fabs colored in marine blue. Epitope residues are labeled, and side chains are shown as sticks. SNPs
occurring within the epitope are labeled along with their allele frequency (Table 1).

(D) Relative effect of SNP mutations on the binding constants of Fabs RUPA-32, -55, and -97. RUPA-38 binds to a different epitope on Pfs230 D1+ and was used

as a control (Table S5).

(E-G) Hydrogen bonds (black) and a salt bridge (yellow) formed between E612 on Pfs230 and residues on RUPA-32, -55, and -97, respectively. The salt bridge is
drawn between resonant charge centers of the arginine and glutamate side chains. See also Figures S3-S5.

the low nanomolar range for all SNPs indicating strong binding to
all Pfs230 polymorphisms for this set of high-potency inhibitory
antibodies (Table S5). Notably, the largest binding affinity
perturbation was observed for RUPA-55 and the E612K muta-
tion, with Kp values of 2.4 and 58 nM for the WT and E612K

424 |Immunity 56, 420-432, February 14, 2023

construct, respectively (Figure 3D; Table S5). On Pfs230, E612
interacts with the complementarity-determining region (CDR)-
H2 of RUPA-32, -55, and -97 through an H bond mediated
by a germline-encoded tyrosine residue at position 56
(Figures 3E-3G). In addition, a salt bridge is mediated by
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Table 1. Coding SNPs are present in Pfs230 D1+ amino acids 552-731

Residue Coding SNP  Allele frequency (%) RUPA-32 RUPA-55 RUPA-97 4F12 RUPA-38 15C5 LMIV 230-01 LMIV 230-02
561 D561N 0.014 = - - - u _ _ _
574 V5741 0.014 - - - - - _ u _
575 S575P 0.014 = = - - - _ u _
583 A583T 0.022 u u u - - - _
602 T602K 0.014 u u u L] - - - _
605 G605S 94.4 - - - - - - _ _
612 E612K 0.0072 u u L] - - _ _
632 V632A 0.029 u u u - - - - _
637 D637N 0.014 = - - - - _ _ _
644 K644Q 0.014 - - - - u - - _
652 T652R 2.1 = = - - - - _ _
654 E654K 0.014 - - - - - _ _ _
655 E655V 0.35 = = - - - _ u _
656 T656N 0.61 - - - - - - = _
661 K661N 21.6 = = - - - _ _ _
K661T 0.029 - - - - - - - _
665 K665Q 0.0072 = - - - - - _
675 T675K 0.0072 - - - - - _ - u
687 V687l 0.036 = = - - - - _ _
697 H697Q 0.014 - - _ _ _ m _ _
699 AB99T 0.33 - _ _ _ _ m _
701 V701M 0.0072 - - _ _ _ n _
713 D713Y 2.9 = = - - - _ _ _
714 D714G 0.029 - - - - - - - _
D714N 0.014 = - - - - - - _
715 N715K 0.022 - - - - - - _ _
716 K716N 0.022 u - - _ _ _
719 N719S 0.022 u u L - - _ - _
726 Y726H 0.0072 = = - - - _ = _
727 V7271 0.014 - - - - - - _ _

Coding SNPs occurring within the epitopes reported for all known antibody-antigen structures are indicated with black squares. PDB IDs for Fab 4F12

and scFv LMIV230-01 are 60HG and 7JUM, respectively.

RUPA-55 CDR-H2 residue R55 and E612 on Pfs230 (Figure 3F).
An electrostatic repulsion introduced by the E612K mutation
likely explains why binding by RUPA-55 was more perturbed,
compared with RUPA-32 and -97 (Figure 3D; Table S6).

Germline-encoded residues contribute to potent Pfs230
D1 epitope recognition

In this study, antibodies with potent TRA arose from one of the
two donors and utilized a common heavy-chain germline lineage
(IGHV3-21), which was diversified across two kappa light-chain
germline lineages. Our three structures captured this kappa
light-chain diversity, wherein RUPA-32 and -97 arose from the
IGKV3-11 germline lineage, while RUPA-55 arose from the
IGKV3-15 germline lineage. Comparison of the variable gene-en-
coded CDR-H2, -K1, and -K3 sequences that contact the Pfs230
antigen indicates a high degree of conservation with the corre-
sponding germline sequences (Figure S5A). Furthermore, exam-
ination of the paratopes revealed analogous structural configu-
rations (Figure S5B), which facilitate a conserved network of H

bonds (Figures S5C-S5E; Table S6). Indeed, several germline-
encoded residues were found to be involved in side-chain-medi-
ated H bonds. For example, in CDR-K1, the side chain and back-
bone of germline-encoded residues S28 and S30 found in
RUPA-32, -55, and -97 were observed to form conserved H
bonds with the D597 and K600 side chains of Pfs230 (Fig-
ure S5C-S5E, column 3; Table S6). One point of difference
was observed in CDR-H3, where the peak buried surface area
(BSA) contributions of RUPA-32 and RUPA-97 occur at position
100 but was offset to position 100a (Kabat numbering) in the
RUPA-55 structure (Figure S5B, yellow panel). These offset
CDR-H3 loops adopted equivalent H-bonding networks,
wherein the CDR-H3 residues with the largest BSA contributions
(M100, L100a, and L100 for RUPA-32, -55, and -97, respectively)
all formed a backbone-mediated H bond with the side chain of
Pfs230 Q598 (Figures S5C-S5E, column 2; Table S6). The similar
BSA signatures of all paratope CDRs, except for CDR-H3, illus-
trate the unique structural characteristics often observed for the
CDR-H3 loop.?®
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Delineation of a low-potency epitope recognized by a
naturally acquired mAb

To understand why some mAbs against Pfs230 D1 acquired
following natural infection lack potent TRA, we expanded our
analysis to a low-potency mAb from bin Il by determining the
crystal structure of the Fab of RUPA-38 bound to Pfs230 D1+
(Figure 4A) at a resolution of 2.1 A (Figure S3F; Table S3).
RUPA-38 bound to a discontinuous conformational epitope on
Pfs230 D1+, composed of residues from B strands 6, 8, 10,
and 11 and loops 1, 7, 8, and 13 (Figure 4B). Pfs230 D1+ residues
involved in the interaction with RUPA-38 were found to be fully
distinct from the residues that form the potent TRA epitope of
bin I mAbs bound by RUPA-32, -55, and -97 (Figures 3C and 4B).

Non-inhibitory mAbs bind the C terminus of recombinant
Pfs230 D1 immunogens

To further explore why some mAbs lack potent TRA, we deter-
mined the crystal structures of two additional antibody-antigen
complexes, using Fabs derived from previously reported studies
with recombinant Pfs230 immunogens. The first mAb, 15C5, did
not recognize Pfs230 on the surface of female gametes (Fig-
ure S2C) and was previously described to lack detectable TRA
at 375 ug/mL by SMFA. The second mAb, LMIV230-02, was
identified in the same study as LMIV230-01 from an individual
immunized with Pfs230 D1 (Pfs230D1M-EPA/Alhydrogel), but
unlike LMIV230-01, LMIV230-02 showed negligible activity with
only ~59% TRA at 1,000 ug/mL in SMFA.'® After generating
Fabs, we determined the crystal structures of Fab 15C5 and
Fab LMIV230-02 bound to Pfs230 D1+ (Figures 4C and 4D) at
resolutions of 3.3 and 2.0 A, respectively (Figures S3G and
S3H; Table S3). Neither epitope overlapped with any protective
epitopes described here and so far. Notably, the epitopes of
both Fabs are directly adjacent to one another, with Pfs230 res-
idue 1672 shared between them (Figure 4E). While both Fabs
were bound to a discontinuous conformational epitope on
Pfs230 D1+, both epitopes primarily consist of loops proximal
to the C terminus of D1.

We hypothesized that the low/absent TRA of 15C5 and
LMIV230-02 might be explained by their binding to a Pfs230
epitope either fully or partially inaccessible on the native protein.
Indeed, similar to 15C5, LMIV230-02 was also previously shown
to be incapable of labeling the surfaces of live P. falciparum gam-
etes in immunofluorescent assays. '® Testing this hypothesis, we
employed a theoretical modeling approach to examine the
accessibility of the 15C5 and LMIV230-02 epitopes on a struc-
tural model of a Pfs230 fragment containing domains 1 and 2
(residues 552-889; referred to as Pfs230 D1D2). We relied on
theoretical models since, up to this point, recombinant Pfs230
fragments other than D1 were unavailable partly because of
inadequate expression and purification strategies that preserve
proper folding. To evaluate the theoretical disposition of D2 rela-
tive to D1, our highest resolution crystal structure of Pfs230 D1+
(Figure 4F) was compared with the theoretical models of Pfs230
D1D2 generated by RoseTTAFold?” (Figure 4G), AlphaFold2,%® I-
Tasser,”® and RaptorX*° (Figure S6). All Pfs230 D1D2
models have domain 2 in the same orientation relative to D1
(Figures 4G, S6A, and S6B). Fabs 15C5 and LMIV230-02 over-
lapped with domain 2 in all the theoretical models (Figures 4H,
41, S6C, and S6D), suggesting that the epitopes of both anti-
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bodies may be sterically occluded by domain 2, which could
contribute to their lack of potent TRA.

DISCUSSION

Here, we are characterizing a diverse panel of Pfs230 D1-target-
ing mAbs and presenting a multifaceted structure-function anal-
ysis describing the mechanism of TRA against this leading TBV
antigen. By examining mAbs that were elicited from natural
P. falciparum infections, we identified one family of antibodies
that target a highly conserved epitope on Pfs230 D1 and possess
the most potent TRA described for human Pfs230 antibodies to
date. By expanding our analysis to previously identified non-
functional mAbs (15C5 and LMIV230-02) and comparing them
with the only other two functional mAbs previously reported
(4F12'4"7 and LMIV230-01'%), we have identified three general
epitope bins on Pfs230 D1 (Figures 5A and 5B). Together, our
structural studies generate molecular insight into functional
and non-functional epitopes on Pfs230 and provide a roadmap
for improved immunogen design.

Complement-mediated killing is the putative mechanism of
TRA observed for anti-Pfs230 D1 antibodies,'*'*?° including
the functional mAbs that we have identified in this study and
those elicited by the Pfs230D1M-EPA/Alhydrogel vaccine candi-
date.'®?° All mAbs in the present study were expressed as com-
plement-fixing human IgG1 antibodies, which allowed us to
establish other factors that affect potency, such as affinity and
targeted epitope. Our comparative analysis indicates that the
potent TRA mAbs derived from natural infection, which bind at
epitope bin |, have superior TRA to rh4F12"7 (Figure 5C), even
though they bind to a mutually inclusive epitope with a similar
antibody angle of approach (Figures S4C and 4D). This differ-
ence may be attributed to the stronger affinity of these mAbs
derived from natural infection, compared with rh4F12
(Table S5). Prior to our study, LMIV230-01 was the only other hu-
man D1-directed mAb reported to possess TRA.'® By compari-
son, the epitope bin Il mAb RUPA-38 possesses sub-nanomolar
binding affinity for Pfs230 D1+ but lacks detectable TRA (Fig-
ure 5C). While the RUPA-38 and LMIV230-01 competitively
bind to Pfs230 D1 with partially overlapping epitopes, the angles
of approach differ considerably (Figures 5A, S4E, and S4F).
Additionally, unlike all other bin Il mAbs, LMIV230-01 does
possess modest complement-dependent TRA, with an
observed ICgq value similar to that of rh4F12 (Figure 5C), indi-
cating high affinity and complement-fixing subclass together
may not be sufficient to impart potent TRA. Instead, the angle
of antibody approach toward Pfs230, in addition to high affinity
and complement-fixing subclass, may be critical for functional
activity. Similarly, recent studies in an unrelated system have
also observed that antibody angle of approach toward CD20
can establish an optimal geometry necessary for complement
recruitment.®'*? Altogether, our multifaceted structure-function
analysis strongly emphasizes the diversity of determinants of
complement-dependent antibody function regarding the mech-
anism of action of Pfs230 D1-targeting mAbs with potent TRA.

Structure-based immunogen design continues to enable the
elicitation of potent humoral responses that target biologically
relevant epitopes across pathogens. A recent successful
example of this approach, stemming from previous advances
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Figure 4. Structural delineation of antibodies bound to low-potency Pfs230 D1+ epitopes

(A) Overall structure of Pfs230 D1+ (gray) bound by Fab of RUPA-38 (orange).

(B-D) The RUPA-38 epitope on Pfs230 D1+ is colored in orange. Overall structures of Pfs230 D1+ (white) bound by (C) Fab 15C5 (green) and (D) Fab LMIV230-
02 (pink).

(E) Adjacent (green and pink) and partially overlapping (black) residues on Pfs230 D1+ are shown. All epitope residues from (B) and (E) are labeled, and side chains
are shown as stick representation. SNPs occurring within the epitopes are labeled along with their allele frequency (Table 1).

(F-1) The high-resolution structure of Pfs230 D1+ (2.0 A) from the LMIV230-02 complex and (G) a theoretical model of Pfs230 domains 1 (D1) and 2 (D2) (residues
552-889) generated using RoseTTAfold.?” Superposition of Fabs (H) 15C5 and (1) LMIV230-02 on the model of Pfs230 D1D2, based on the binding sites shown in
(C) and (D), shows clear clashing between the Fabs and D2. See also Figures S3 and S6.
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Figure 5. Epitope delineation of known Pfs230-D1-binding antibodies

(A) Heatmap of binding competition experiments. High signal responses for the second binding event (white) represent low competition, whereas low signal

responses (black) correspond to high competition.

(B) Superposition of all known structures of mAbs bound to Pfs230 D1. RUPA-97 serves as an exemplar of the bin | mAbs from natural infection. Binding affinity
measured by biolayer interferometry is also indicated in Table S5. PDB IDs for Fab 4F12 and scFv LMIV230-01 are 60HG and 7JUM, respectively.

(C) mAbs from different epitope bins were tested in multiple independent SMFAs to calculate ICgq values (1g/ml), using linear regression analysis. ICgg values with
95% confidence intervals are shown in inset. TRA, transmission-reducing activity (reduction in oocyst intensity, compared with negative control). Colors

correspond to (B). Raw SMFA data can be found in Table S2.

in the field,*>** is the leading SARS-CoV-2 spike protein immu-
nogen, which possesses two designed proline mutations that
stabilise the spike in its pre-fusion conformation to preferentially
elicit antibody responses against the most potent epitopes pre-
sent in this state.>® The discordance between natural and sub-
unit-based humoral responses uncovered in our study suggests
that Pfs230 D1 as a target may lend itself to further immunogen
improvements. Indeed, mAb LMIV230-01 derived from the
Pfs230D1M-EPA clinical trial was the only one of nine mAbs
found to possess moderate TRA, as shown in a recent study.'®
Further, non-functional mAbs LMIV230-02 and 15C5 elicited
from Pfs230 D1 subunit vaccines bind to epitopes at the C termi-
nus of Pfs230 D1 (Figures S4G and S4H). Theoretical models
indicate that these epitopes could be partially buried at the inter-
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face between Pfs230 D1 and D2 in the native protein, which ex-
plains their lack of TRA and clarifies the deficiency of LMIV230-
02 to recognize native Pfs230 in immunofluorescent assays.'®
No antibodies derived from natural infection in our dataset bound
to this site. Thus, structural studies characterizing antibody re-
sponses elicited by either natural infection or immunizations
with subunit vaccines have the potential to inform rational immu-
nogen design efforts for immunofocusing the most potent epi-
topes. By example, broadly neutralizing mAbs elicited during
chronic HIV-1 infection have been found to target conserved
areas on the HIV-1 Env protein such as the trimer apex,*®’
CD4 interface,*®°° gp41 interface,® and glycan-dependent in-
terfaces.”'*? By contrast, the non-neutralizing mAbs elicited
from recombinant HIV-1 Env trimer subunit vaccines*® often
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target non-native epitopes, such as the trimer base,** exposed
V3 loop,***® and artificial glycan holes.*” Immunofocusing
through the introduction of N-linked glycosylation sites or by
epitope scaffolding has shown promise for HIV-1 Env,*®~*C influ-
enza hemagglutinin,®’ and RSV F immunogens®*°® and may be
viable strategies that should be explored for a next-generation
Pfs230D1-based immunogen to focus away from an exposed
C terminus and more toward the exquisitely potent bin | epitope
delineated in detail in this study. Antigen scaffolding of different
TBV immunogens also offers another opportunity to prioritize
epitopes with potent TRA, which potentially elicit an additive or
synergistic humoral response and should be explored in future
studies.

Three sexual stage antigens, Pfs230, Pfs48/45, and Pfs25,
are currently in active phase 2 (NCT03917654), phase 1
(NCT04862416), and phase 1 (NCT04271306) clinical trials,
respectively. Accordingly, Pfs230 is the most clinically advanced
TBV candidate, with Pfs230D1M-EPA/Alhydrogel showing su-
perior clinical efficacy to Pfs25 in comparative studies in humans
and Rhesus macaques.”®°>* Importantly, the humoral response
to gametocyte TBV immunogens such as Pfs230 may be rein-
forced by prior and/or subsequent natural infection.®® Humoral
responses against Pfs230 are common in malaria endemic re-
gions,’®®” and we have recently shown that affinity-purified
Pfs230-specific antibodies can indeed block transmission.”’
LMIV230-01 is the only other human-derived mAb reported to
date with observed TRA'® (Figure 5C) and is encoded by
IGHV1-69 and IGKV1-5, which were the most common germline
genes identified from the memory B cells sequences obtained
from the eight vaccinees in Coelho et al.'® IGHV1-69 and
IGKV1-5 were not common to any of the mAbs identified in this
study. Together, these considerations highlight a need for the
discovery of the most potent antibody clones directed toward
Pfs230 D1. Immunogen designs capable of preferentially elicit-
ing such potent antibodies will have the potential to aid ongoing
malaria eradication efforts. In summary, the data presented here
provide a compelling rationale for further analysis of mAbs
derived from naturally exposed populations to better understand
responses to current TBV candidates under clinical evaluation
and inform the design of next-generation TBV immunogens.

Limitations of the study

This study presents the most potent Pfs230 D1-directed mAbs
described to date, with structural and functional contrast to
several lower-potency mAbs; however, it is limited in terms of
the scope of participants. Here, we took advantage of B cells
derived from two individuals who were repeatedly exposed to
malaria in order to examine the immune repertoire of antibodies
targeting Pfs230 in much greater detail. While we have identified
mADbs with potent TRA, the scarcity of individuals with naturally
acquired transmission-blocking immunity may stem from low
circulating antibody concentrations that are insufficient to block
transmission. Indeed, while the mAbs in the study were isolated
from two donors, all potent mAbs, as well as the non-functional
RUPA-38, were derived from a single donor (the Dutch expa-
triate). Future studies with larger cohort sizes may clarify the
epidemiological determinants of humoral transmission-blocking
immunity by examining the interplay between participant demo-
graphics, germline usages, and extent of parasite exposure.

¢ CellP’ress

Furthermore, while this study focused exclusively on Pfs230
D1 and its pro-domain, further molecular characterization of
potent and non-functional antibodies directed to the other 13 do-
mains in full-length Pfs230 will enlarge our understanding of
P. falciparum biology and potentially enable expanded vaccine
design efforts.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

RUPA-32 (IgG1) This paper N/A
RUPA-33 (IgG1) This paper N/A
RUPA-38 (IgG1) This paper N/A
RUPA-39 (IgG1) This paper N/A
RUPA-55 (IgG1) This paper N/A
RUPA-62 (IgG1) This paper N/A
RUPA-73 (IgG1) This paper N/A
RUPA-96 (IgG1) This paper N/A
RUPA-97 (IgG1) This paper N/A
RUPA-103 (IgG1) This paper N/A
RUPA-115 (IgG1) This paper N/A
RUPA-126 (IgG1) This paper N/A
RUPA-133 (IgG1) This paper N/A
RUPA-135 (IgG1) This paper N/A
RUPA-136 (IgG1) This paper N/A
RUPA-137 (IgG1) This paper N/A
LMIV230-01 (IgG1) Coelho et al.’® N/A
LMIV230-02 (IgG1) Coelho et al.'® N/A
15C5 (IgG1) Lee et al.”® N/A
hu4F12 (IgG1) MacDonald et al.'* N/A
TB31F (IgG1) Kundu et al.”® N/A
hu2A2 (IgG1) This paper N/A
RUPA-32 (Fab) This paper N/A
RUPA-38 (Fab) This paper N/A
RUPA-55 (Fab) This paper N/A
RUPA-97 (Fab) This paper N/A
LMIV230-01 (Fab) Coelho et al.'® N/A
LMIV230-02 (Fab) Coelho et al."® N/A
15C5 (Fab) Lee et al.”® N/A
hu4F12 (Fab) MacDonald et al." N/A

Alexa Fluor® 488 AffiniPure F(ab’),
fragment goat anti-human IgG, Fcy

fragment specific

AffiniPure Rabbit Anti-Human IgG, Fcy

fragment specific
2544 (IgG1)

399 (IgG1)
anti-Human IgG-HRP

Jackson Laboratories

Jackson Laboratories

McLeod et al.*®
Pholcharee et al.®°
ThermoFisher

Cat#109-546-098

Cat#309-005-008

N/A
N/A
Cat# 31412

anti-human IgG-AF488 Invitrogen Cat# A-11013
Biological samples

PBMCs and plasma from Ugandan donor Kamya et al.?? N/A

PBMCs and plasma from Dutch expatriate Stone et al.?’ N/A
Chemicals, peptides, and recombinant proteins

Pfs230 C1 Lee et al.”® N/A

Pfs230 Pro Singh et al.®’ N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Pfs230 D1+ (C terminal 6x STREP Il tag) This paper N/A

Pfs230 D1+ (C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (N719S; C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (K716N; C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (V632A; C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (E612K; C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (T602K; C terminal 6x HIS tag) This paper N/A

Pfs230 D1+ (A583T; C terminal 6x HIS tag) This paper N/A
GIBCO™ FreeStyle™ 293 Expression Thermo Fisher Scientific Cat#12338026

Medium

FectoPRO DNA Transfection Reagent
DyLight™ 488 NHS Ester

DyLight™ 650 NHS Ester

Pierce IgG elution buffer

10X HBSTE running buffer

0.1 M MES

10 mM sodium acetate buffer

10 mM glycine pH 2.0
Sulfo-N-hydroxysuccinimide (sulfo-NHS)
1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)

VWR

Thermo Fisher
Thermo Fisher
Thermo Fisher
Carterra
Carterra
Carterra
Carterra
Thermo Fisher
Thermo Fisher

Cat#10118-444
Cat#46403
Cat#62265
Cat#21004
Cat#3630
Cat#3625
Cat#3801
Cat#3640
Cat#24510
Cat#22980

Critical commercial assays

Ni-NTA biosensors ForteBio Cat#18-5102
Anti-human Fab-CH1 biosensors ForteBio Cat#18-5125
HC30M chip Carterra Cat#4279
Deposited data

Crystal structure of Pfs230 domain 1 bound This paper PDB: 7UVH
by RUPA-32 Fab

Crystal structure of Pfs230 domain 1 bound This paper PDB: 7UVO
by RUPA-38 Fab

Crystal structure of Pfs230 domain 1 bound This paper PDB: 7UVI
by RUPA-55 Fab

Crystal structure of Pfs230 domain 1 bound This paper PDB: 7UvVQ
by RUPA-97 and 15C5 Fabs

Crystal structure of Pfs230 domain 1 bound This paper PDB: 7UVS
by LMIV230-02 Fab

Experimental models: Cell lines

FreeStyle™ 293-F Cells Thermo Fisher Scientific Cat#R79007
Experimental models: Organisms/strains

Parasite: P. falciparum ; NF54 strain Ponnudurai et al.®® N/A
Mosquito: Anopheles stephensi (Nijmegen Ponnudurai et al.®” N/A

strain)

Recombinant DNA

pcDNAS.4_RUPA-32 (Fab) This paper N/A
pcDNAS.4_RUPA-38 (Fab) This paper N/A
pcDNA3.4_RUPA-55 (Fab) This paper N/A
pcDNAB.4_RUPA-97 (Fab) This paper N/A
pcDNA3.4_LMIV230-01 (Fab) Coelho et al.'® N/A
pcDNA3.4_LMIV230-02 (Fab) Coelho et al.'® N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3.4_15C5 (Fab) Lee et al.”® N/A

pcDNA3.4_hu4F12 (Fab) MacDonald et al.'* N/A

pcDNA3.4_RUPA-32 (Fab) This paper N/A

pcDNAS.4_RUPA-38 (Fab) This paper N/A

pcDNABS.4_RUPA-55 (Fab) This paper N/A

pPcDNA3.4_Pfs230 D1+ (C terminal 6x This paper N/A

STREP |l tag)

pPcDNABS.4_Pfs230 D1+ (C terminal 6x This paper N/A

HIS tag)

pcDNAB.4_Pfs230 D1+ (N719S; C terminal This paper N/A

6x HIS tag)

pPcDNA3.4_Pfs230 D1+ (K716N; C terminal This paper N/A

6x HIS tag)

pcDNAB.4_Pfs230 D1+ (V632A; C terminal This paper N/A

6x HIS tag)

pcDNA3.4_Pfs230 D1+ (E612K; C terminal This paper N/A

6x HIS tag)

pcDNA3.4_Pfs230 D1+ (T602K; C terminal This paper N/A

6x HIS tag)

pcDNAB.4_Pfs230 D1+ (A583T; C terminal This paper N/A

6x HIS tag)

Software and algorithms

PRISM Graphpad

Phenix
Aimless

XDS

Coot

PyMOL
Bcftools
RoseTTAFold

AlphaFold2

|-Tasser
RaptorX
Kinetics analysis software

Epitope analysis software

MetaXpress

R (version 4.1.2)

GraphPad Software, LLC

Adams et al.®®

Evans et al.®

Kabsch et al.®®

Emsley et al.®®

Schrédinger, LLC.
|.67

Lieta

Baek et al.””

Jumper et al.?®

Yang et al.>®
Xu et al.*°
Carterra

Carterra

Molecular Devices

The R Foundation

https://www.graphpad.com/scientific-
software/prism/
http://www.phenix-online.org/
https://www.mrc-Imb.cam.ac.uk/harry/
pre/aimless.html
https://xds.mr.mpg.de/html_doc/
downloading.html
https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

The PyMOL Molecular Graphics
System, v2.3.4.
https://samtools.github.io/bcftools/
bcftools.html
https://robetta.bakerlab.org/collabfor
https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/
AlphaFold2.ipynbl
https://zhanggroup.org/I-TASSER/
http://raptorx.uchicago.edu/
https://carterra-bio.com/applications/
kinetics-software/
https://carterra-bio.com/applications/
epitope-binning-software
https://www.moleculardevices.com/
products/cellular-imaging-systems/
acquisition-and-analysis-software/
metaxpress
https://www.r-project.org/foundation/

Other

QuantumPlex™ optically encoded beads
Polystyrene beads

Bangs Laboratories
Bangs Laboratories

Cat#235
Cat#PCO6N
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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, Jean-
Philippe Julien (jean-philippe.julien@sickkids.ca).

Materials Availability
All unique reagents generated in this study are available via the lead contact upon a request.

Data and Code Availability
® Antibody sequences are available in Table S1. Crystal structures have been deposited in the Protein Data Bank and are publicly
available as of the date of publication. PDB IDs are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Donor selection and PBMC collection

Plasma samples and peripheral blood mononuclear cells (PBMCs) were collected from a 69-year-old male Dutch expatriate and from
volunteers enrolled in the East African International Centers of Excellence in Malaria Research “PRISM” Tororo study cohort in Tor-
oro, Uganda between 2013 and 2017; at enrolment 46% of participants were female, the age range was 6 months-68 years and none
were symptomatic.”> PBMCs from the Dutch expatriate were isolated in 1994, using a Percoll gradient. For the selected Ugandan
donor, an asymptomatic 8-year-old female who at the moment of phlebotomy had an uncomplicated malaria infection with self-re-
ported fever and a P. falciparum parasite density of 2080 parasites/ul, PBMCs were isolated from blood collected in acid citrate
dextrose (ACD) tubes by Ficoll gradient. Written informed consent was obtained from the parent/guardian of the study participant,
and study protocols were approved by the Uganda National Council of Science and Technology (HS 1019), the Makerere University
School of Medicine Research and Ethics Committee (Rec No. 2011-167), and the University of California, San Francisco Committee
on Human Research (11-05995).

Human cell line culture

For expression of recombinant proteins, a female human cell line (HEK 293F, FreeStyle™ 293-F cells, Thermo Fisher Scientific) was
cultured in suspension in GIBCO™ FreeStyle™ 293 Expression Medium (Thermo Fisher Scientific) for 6-7 days at 37°C, with 70%
humidity and 8% CO, and rotating at 150 RPM. The HEK 293F cells were not further authenticated as they were used for routine
expression of mAbs and antigens.

METHOD DETAILS

Single B-cell screening and recovery

Single B cell screening and recovery was done as previously described.®® Briefly, cells were thawed, activated in culture to generate
memory B cells, and enriched for antibody secreting cells before injection into AbCellera’s microfluidic screening devices with either
91,000 or 153,000 individual nanoliter-volume reaction chambers. Single cells secreting Pfs230-C1-specific antibodies were identi-
fied and isolated using two screening assays. In the multiplexed bead assay, multiple optically encoded beads were each conjugated
to a different Plasmodium antigen. Unique mAbs binding specifically to the antigens on beads were detected by a fluorescently
labeled anti-human IgG secondary antibody. In the soluble antigen assay, beads conjugated with anti-human IgG antibody were
used to capture secreted IgG via the Fc region (Figure S1). Beads were flowed into microfluidic screening devices, incubated
with single antibody-secreting cells, and unique mAbs binding to cognate antigens were detected by soluble Plasmodium antigens
labeled with fluorophores. Positive hits were identified using machine vision and recovered using automated robotics-based
protocols.

Single B-cell sequencing, bioinformatic analysis and antibody expression

Single-cell polymerase chain reaction (PCR) and custom molecular biology protocols generated next-generation sequencing
libraries (MiSeq, lllumina) using automated workstations (Bravo, Agilent). Sequencing data were analyzed using a custom bioinfor-
matics pipeline to yield paired heavy and light chain sequences for recovered antibody-secreting cells.®® Antibody sequences can be
found in Table S1. Each sequence was annotated with the closest germline (V(D)J) genes and degree of somatic hypermutation. An-
tibodies were considered members of the same clonal family if they shared the same inferred heavy and light V and J genes, and had
the same CDRS3 length. The variable (V(D)J) region of each antibody chain was synthesized and inserted into expression plasmids and
produced as recombinant human IgG (GenScript).
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Affinity measurements and epitope binning

All high-throughput SPR binding and epitope binning experiments were performed on a Carterra LSA instrument equipped with an
HC-30M chip type (Carterra-bio) using a 384-ligand array format as previously described (https://www.biorxiv.org/content/10.1101/
2021.04.30.442182v3.full.pdf and®®). For all experiments, antibodies were coupled to the HC-30M chip: the chip surface was first
activated by flowing a freshly prepared 1:1:1 activation mix of 100 mM MES (pH 5.5), 100 mM sulfo-N-hydroxysuccinimide, and
400 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide for 7 min, and antibodies diluted to either 10 or 1 ug/mlin 10 mM NaOAc
(pH 4.25) buffer + 0.01% Tween were injected and printed simultaneously onto the chip surface for 10 min by direct coupling.
The chip surface was quenched by flowing 1 M EtOHamine for 7 min, followed by two wash steps of 15 s each in 25 mM MES
(pH 5.5) buffer. Relevant benchmarks and negative control antibodies were also printed on the chip surface.

For binding kinetics and affinity measurements, a threefold dilution series of the antigen of interest, starting at 500 nM in HEPES-
buffered saline containing 0.05% Tween 20 and 3 mM EDTA (HBSTE) + 0.05% BSA running buffer, was sequentially injected onto the
chip surface. For each concentration, the antigen was injected for 5 min (association phase), followed by running buffer injection for
15 min (dissociation phase). Two regeneration cycles of 60 s were performed between each dilution series by injecting Pierce IgG
elution buffer (Thermo Fisher Scientific) + 1 M NaCl on the chip surface.

High-throughput epitope binning experiments were performed in a classical sandwich assay format. Antibodies were immobilized
to the chip at 10 ug/mL as outlined above and antigen at 40 nM was injected for 3 min followed immediately by an antibody analyte at
30 pg/ml for 4 min (both antigen and antibody diluted in 1x HBSTE + 0.05% BSA running buffer). Surfaces were regenerated with
10 mM glycine (pH 2.0) using two 20 s regeneration cycles. An antigen-only injection (40 nM concentration in running buffer) was
performed every 8 cycles. The data were analyzed using the Carterra Epitope analysis software for heatmap and competition network
generation. Binding responses were normalized to 1 at the end of the antigen binding step. A report time point was set at the end of
the antibody analyte step to read out the competition response, relative to the response of the buffer blank analytes at this time point
that was nominally set to zero. A threshold was set above this value, such that normalized responses <0.2 were considered blockers
and normalized responses >0.3 were considered sandwichers. Normalized responses falling within these limits (0.2-0.3) were
considered ambiguous. Antibodies with low coupling to the chip, poor regeneration, or absence of self-blocking were excluded
from the binning analysis. Like-behaved antibodies were automatically clustered to form a heatmap and competition plot.

Enzyme-linked immunosorbent assay (ELISA)

Microtiter plates (Nunc MaxiSorp, ThermoFisher) were coated with 1 ng/ml Pfs230-C1 (amino acids 443-731)*° or Pfs230-Pro (amino
acids 443-590)°" in PBS. Plates were washed with PBS, blocked with 5% milk in PBS for 1 h at room temperature, and washed again.
Plates were then incubated with plasma or monoclonal antibodies that were diluted in 1% milk in PBS + 0.05% Tween-20 (PBST), for
3 h atroom temperature. Plates were washed and incubated with anti-Human IgG-HRP in PBST (1:60,000 dilution, ThermoFisher, cat
no. 31412) for 1 h at room temperature. After a final washing step, BioFX TMB substrate (Surmodics) was added. The reaction was
stopped with 0.2 M H,SO,4 and the optical density was read at 450 nm with an iMark plate reader (Bio-Rad).

Western blot

Plasmodium falciparum NF54 gametocytes were cultured in vitro as previously described.®® Fourteen-day old mature gametocytes
were then purified with 2 centrifugation steps of 15 min each, at 1,250 g; in the first step gametocytes were passed through a 40%
Percoll + PBS layer, and in the second step the resuspended gametocytes were loaded on a 63% Percoll + PBS layer and after centri-
fugation purified gametocytes were collected from the Percoll interface. Gametocyte extract was generated by incubating gameto-
cytes with 1% Sodium Deoxycholate + 5 uM PMSF + 20 mM NaCl + 20 mM TrisHCI pH 8.0. Solubilized proteins were separated on a
4-12% SDS PAGE gel (NOVEX), transferred to a nitrocellulose membrane and strips were cut, each strip containing extract of
250,000 gametocytes. Strips were blocked with 5% milk in PBST, washed, incubated with 5 ug/ml monoclonal antibody in PBST,
washed, incubated with anti-human IgG-HRP (1:5,000 dilution, Pierce, Cat no. 31412) and washed again. Strips were developed us-
ing Clarity Western ECL (BioRad) and imaged with an ImageQuant LAS 4000 system (GE Healthcare).

Surface immunofluorescence assay (SIFA)

In vitro cultured Plasmodium falciparum NF54 gametocytes were activated to generate female gametes, which were purified with
Nycodenz.®® Per condition 10,000 female gametes were incubated with monoclonal antibodies diluted in SIFA buffer (1% heat-in-
activated FCS, 0.05% sodium azide in PBS) for 1 h at 4 C. Samples were washed 3 times with SIFA buffer. Gametes were stained
with Hoechst 33342 DNA stain (1:200 dilution) (Invitrogen, cat no. H3570) and anti-human IgG-AF488 (1:400 dilution) (Invitrogen, cat
no. A-11013) for 1 h at 4 C in the dark. Gametes were then washed 3 times with SIFA buffer, fixed with 4% paraformaldehyde and
imaged with an ImageXpress Pico automated cell imaging system (Molecular devices). Gametes were then analyzed with
MetaXpress software (Molecular devices). Hemozoin and Hoechst-positive gametes were selected and positivity for human anti-
bodies was determined using signal from negative control antibodies as a threshold.

Standard membrane feeding assays (SMFA)

SMFA experiments were conducted as previously described and used either Plasmodium falciparum NF54 wildtype gametocytes
with oocyst count readout® or P. falciparum NF54-L1 with oocyst expressed luciferase readout,’® which can be used interchange-
ably with assay controls. Purified IgGs from naturally exposed donors were tested with wildtype or luciferase expressing parasites,
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depending on availability. Monoclonal antibodies were tested with wild type parasites and oocysts counts only. Blood meals con-
taining cultured P. falciparum gametocytes were fed to Anopheles stephensi mosquitoes (Nijmegen colony). All SMFA experiments
were conducted in the presence of active complement unless stated otherwise, in which case complement was inactivated by incu-
bating at 56 C for 30 min. For each condition 20 fully-fed mosquitoes were analyzed. Reported antibody concentrations are concen-
trations in the total blood meal volume. Transmission reducing activity was calculated as the reduction in oocysts compared to a
negative control. mAb 2A2, which is a complement-dependent mouse antibody that targets Pfs230 Domain 4'%?* was used to
confirm that complement was successfully inactivated.

Fab and antigen expression and purification

Variable light (VL) and heavy (VH) chains of Fabs used in these studies were gene synthesized and cloned (GeneArt) into custom
pcDNAB3.4 expression vectors immediately upstream of human Igk and Igy1-CH1 domains. Fab heavy chain and Fab light chain plas-
mids were co-transfected at a 2:1 ratio into FreeStyle 293-F cells (Thermo Fisher Scientific) at a cell density of 0.8 x 10° cells/ml for
transient expression using FectoPRO DNA transfection reagent (Polyplus). Cells were cultured in GIBCO FreeStyle 293 Expression
Medium for 7 days, and supernatants were isolated by centrifugation and filtered through a 0.22-um membrane. Fabs were purified
following a scheme of HiTrap KappaSelect affinity chromatography (Cytiva), cation exchange chromatography (MonoS, Cytiva), and
size-exclusion chromatography (Superdex 200 Increase 10/300 GL, Cytiva).

The Pfs230 D1+ amino acid sequence (552-731), containing an N585Q mutation to remove a potential N-glycosylation site,”" was
back-translated, codon-optimized for expression in human cells, appended to a C-terminal TEV cleavage site followed by a Strep-tag
Il sequence, and cloned in a pcDNA3.4 expression vector. Pfs230 D1+ plasmid was transfected into FreeStyle 293-F cells (Thermo
Fisher Scientific) at a cell density of 0.8 x 108 cells/m| for transient expression using FectoPRO DNA transfection reagent (Polyplus).
Cells were cultured in GIBCO FreeStyle 293 Expression Medium for 7 days, and supernatants were isolated by centrifugation and
filtered through a 0.22-pm membrane. Pfs230 D1+ was purified using StrepTrap HP affinity chromatography (Cytiva) and size-exclu-
sion chromatography (Superdex 200 Increase 10/300 GL, Cytiva) into a final buffer of 20 mM Tris and 150 mM sodium chloride at pH
8.0. Purified Pfs230 D1+ protein was concentrated to 1 mg/ml and immediately frozen and stored at -80 °C.

Crystallization and structure determination

Purified Fabs were mixed with Pfs230 D1+ (Strep-tagged) in a 2:1 molar ratio and excess Fab was separated from Fab-antigen
complexes using size-exclusion chromatography (Superdex 200 Increase 10/300 GL, Cytiva) in 20 mM Tris and 150 mM sodium
chloride at pH 8.0. For the ternary complex of Fab 97 and Fab 15C5 bound to Pfs230 D1+, a 2:2:1 molar ratio of Fab:Fab:antigen
was used. Purified Fab 32 and Pfs230 D1+ complex was concentrated to 7.6 mg/ml and mixed in a 1:1 ratio with crystallization
buffer (0.2 M ammonium sulfate and 30 % (w/v) PEG 8000). Crystals grew from a sitting-drop, vapour diffusion scheme at 20 °C
and were cryoprotected in crystallization buffer supplemented with 15% ethylene glycol, before being flash-frozen in liquid nitro-
gen. Purified Fab 38 and Pfs230 D1+ complex was concentrated to 5.0 mg/ml and mixed in a 1:1 ratio with crystallization buffer
(19% v/v isopropanol, 20% (w/v) PEG 4000, 0.1 M sodium citrate pH 6.5). Crystals grew from a sitting-drop, vapour diffusion
scheme at 20 °C and were flash-frozen in liquid nitrogen. Purified Fab 55 and Pfs230 D1+ complex was concentrated to
3.8 mg/ml and mixed in a 1:1 ratio with crystallization buffer (1.2 M sodium dihydrogen phosphate, 0.8 M dipotassium hydrogen
phosphate, and 0.2 M lithium sulfate). Crystals grew from a sitting-drop, vapour diffusion scheme at 20 °C and were cryoprotected
in crystallization buffer supplemented with 20% ethylene glycol, before being flash-frozen in liquid nitrogen. Purified Fab LMIV230-
02 and Pfs230 D1+ complex was concentrated to 9.6 mg/ml and mixed in a 1:1 ratio with crystallization buffer (20 mM dihydrogen
phosphate, 20% (w/v) PEG 3350). Crystals grew from a sitting-drop, vapour diffusion scheme at 20 °C and were cryoprotected in
crystallization buffer supplemented with 20% ethylene glycol, before being flash-frozen in liquid nitrogen. Purified Fab 97, Fab
15C5 and Pfs230 D1+ complex was concentrated to 8.3 mg/ml and mixed in a 1:1 ratio with crystallization buffer (0.2 M di-ammo-
nium hydrogen citrate, 17.5% (w/v) polyethylene glycol 3350). Crystals grew from a sitting-drop, vapour diffusion scheme at 20 °C
and were cryoprotected in crystallization buffer supplemented with 15% ethylene glycol, before being flash-frozen in liquid nitro-
gen. Data were collected at the 23-ID-D or 23-ID-B beamlines at the Argonne National Laboratory Advanced Photon Source. All
datasets were processed and scaled using XDS®® and Aimless.®” The structures were determined by molecular replacement using
Phaser.”? Structural refinements were performed using PHENIX®® and models were manually checked and improved with Coot.®®
Images were generated using PyMOL (The PyMOL Molecular Graphics System, v2.3.4, Schrodinger, LLC.). Access to all software
was supported through SBGrid.”®

Single nucleotide polymorphism detection

Single nucleotide polymorphisms were obtained from the MalariaGEN Catalogue of Genetic Variation in P. falciparum - version
6.0,° which contains genotype calls on >6 million SNPs and short indels observed in 7,113 P. falciparum samples from 29
countries (73 different locations in Africa, Asia, America, and Oceania). Genotype calls for chromosome 2 (Pf3D7_02_v3) were
downloaded (ftp://ngs.sanger.ac.uk/production/malaria/pfcommunityproject/Pf6/Pf_6_vcf/Pf_60_public_Pf3D7_02_v3.final.vcf.gz)
and Bcftools®” was used to subset calls between nucleotide positions 369,351 and 380,156(+) that coincide with Pfs230 and calcu-
late the allele frequency of all polymorphism occurrences. SNPs calls below MalariaGEN’s quality filter (Low_VQSLOD) and all silent
mutations were removed. The analysis of missense polymorphisms was restricted to the amino acid boundaries of Pfs230 D1+ (552—
731) and 30 mutations were identified.
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Biolayer interferometry

Direct binding kinetics measurements were conducted at 25 °C using an Octet RED96 instrument (Sartorius ForteBio). To assess the
binding kinetics of Fabs for Pfs230 D1+, Fab proteins at 10-20 png/ml were loaded onto Anti-Human Fab-CH1 2" Generation (FAB2G)
biosensors (Sartorius ForteBio) to reach a BLI signal response of 1.0 nm. Association rates were measured by transferring the loaded
biosensors to wells containing Pfs230 D1+ with a C-terminal TEV cleavage site followed by a Strep-tag Il in two-fold dilution series
from 250 to 16 nM and then dissociation rates were measured by dipping the biosensors carrying Fab-antigen complexes into
kinetics buffer (137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate dibasic dihydrate, and 1.8 mM po-
tassium dihydrogen phosphate, 0.02% Tween-20, and 0.1% BSA). To assess the impact of coding SNP on the binding of antibodies
Pfs230D1+, uncleavable C-terminally His-tagged Pfs230D1+ constructs with either the wildtype or single mutant (V632A, T602K,
N719S, K716N, E612K, and A583T) sequences were expressed in FreeStyle 293-F cells. Supernatants containing overexpressed
proteins were isolated by centrifugation, filtered through a 0.22-pm membrane, and mixed at a 1:1 ratio with kinetics buffer. His-
tagged protein from clarified supernatant was loaded onto Ni-NTA (NTA) biosensors (Sartorius ForteBio) to reach a BLI signal
response of 1.0 nm. Association rates were measured by transferring the loaded biosensors to wells containing Fab proteins of
RUPA-32, 55, 97, or 38, in two-fold dilution series from 125 to 8 nM, and then dissociation rates were measured by dipping the bio-
sensors carrying Fab-antigen complexes into kinetics buffer. Data analysis was performed using the Octet software (Sartorius
ForteBio, version 8.2.0.7) and the sensograms were fit using a 1:1 binding model. Binding competition assays were performed using
wildtype Pfs230D1+ protein with Fab proteins following a two-step binding sequence in kinetics buffer. C-terminally His-tagged
Pfs230D1+ was purified using size exclusion chromatography and loaded onto Ni-NTA (NTA) biosensors (Sartorius ForteBio) at a
concentration of 20 ug/ml to reach a BLI signal response of 1.0 nm. Next the Pfs230D1+-loaded biosensors were dipped into wells
containing the first antibody (Fab 1) at 50 pug/ml for 300 s and then sensors carrying Fab 1 bound to Pfs230D1+ were dipped into wells
containing the second antibody (Fab 2) at 50 pg/ml for an additional 300 s. Data analysis was performed using the Octet software
(Sartorius ForteBio, version 8.2.0.7) and the binding competition was quantified as percent ratio of each antibody’s BLI signal at
each stage of the two-step binding sequence (i.e. Fab2/Fab1 measured in nm).

In silico structure modeling

Theoretical models of Pfs230 domain 1 and 2 (residues 552-889) were generated using RoseTTAFold,?” AlphaFold2,?® |-Tasser,*’
and RaptorX.%° The RoseTTAFold, |-Tasser, and RaptorX platforms, were accessed from their respective publicly available online
servers, while a publicly available, accelerated implementation of AlphaFold2 was accessed from the Colabfold server using default
parameters (https://www.biorxiv.org/content/10.1101/2021.08.15.456425v2.full). All five output models from each method were
visually inspected in PyMOL, while only the highest-ranking output model was selected for analysis with Fabs 15C5 and
LMIV230-02. All domain 1 theoretical models structurally overlapped with the experimentally derived Pfs230 domain 1, while both
domains 1 and 2 possessed expected disulfide bridges indicating a high confidence in the theoretical model predictions. The position
of domain 2 relative to domain 1 was consistent across all models indicating further confidence in the predictions.

QUANTIFICATION AND STATISTICAL ANALYSIS

TRA values were calculated using a negative binomial regression model for samples that were tested in a single SMFA experiment
and using a mixed-effects negative binomial regression model for samples that were tested in multiple independent SMFA experi-
ments.”*"® ICgq values were calculated by linear regression analysis on the logso transformed ratio of mean oocyst count in control
and test sample, and square root of antibody concentration, and the 95% confidence intervals for the ICgq values were calculated
with the delta method.”® SMFA data analyses were done in R (version 4.1.2).

For binding kinetics measured by surface plasmon resonance, data was analyzed using the Carterra Kinetics analysis software
using a 1:1 Langmuir binding model to determine apparent association (k) and dissociation (kg) kinetic rate constants and apparent
binding affinity constants (Kp). For binding kinetics calculated by biolayer interferometry, data was analyzed using the Octet software
(Sartorius ForteBio, version 8.2.0.7) according to the manufacturer’s instructions.
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Fig S1. Single B cell screening assays, domain-specificity of identified mAbs, and affinities of
mAbs for Pfs230-C1. Related to Fig 1 and Fig 2. (a, ¢) Representations of the multiplexed bead-
based and soluble antigen assays using during primary screening. (b, d) Representative
microscopic screening images of antibodies assessed for specificity to Pfs230 C1 in each assay.
Enzyme-linked immunosorbent assays were performed with Pf230-C1 and Pfs230-Pro constructs to
determine domain specificity. Previously identified mAbs against Domain | recognized Pfs230-C1
(e), but not Pfs230-Pro (g). 16 of the 20 identified mAbs bound to Pfs230-C1 (f). Three of these
antibodies also react with Pfs230-Pro (h). All mAbs were tested at 10 ug/mL. Values are means of
three technical replicates and error bars show s.e.m. Dashed lines represent the mean signal +
three standard deviations of eight non-Pfs230 mAbs and were used as cutoff to determine positivity.
(i) Affinity and (j) binding kinetics were determined using surface plasmon resonance with
immobilized antibodies and antigen as analyte. Black bars and dots represent mAbs with high
transmission reducing activity. Ky, binding affinity; k,, association constant; k., dissociation
constant.
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Fig S2. Antibody recognition of native Pfs230 by Western blot and surface
immunofluorescence assay. Related to Fig 1. (a) Gametocyte extract was separated on an SDS-
PAGE gel under reducing (+) and non-reducing (-) conditions and transferred to a nitrocellulose
membrane. Membrane strips were then incubated with different mAbs. Pfs230 band is indicated by
asterisks. Neg: non-targeting mAb. (b) For SIFAs, all antibodies were tested at 5 yg/mL, except for
mADbs against Pfs25 (2544, 1 yg/mL), Pfs48/45 (TB31F, 0.1 yg/mL) and Pfs230 (Hu2A2, 1 pg/mL).
Anti-PfCSP mAb 399, which is sporozoite specific and does not recognize female gametes, was
used for background correction. Values represent means of two technical replicates after
background correction, and error bars show s.d. (c) For the micrograph showing that 15C5 does not
react with female gametes in surface immunofluorescence assay, TB31F and PBS were included as
a positive and negative control respectively. Both TB31F and 15C5 were tested at 3.2 yg/mL. Bound
human antibody was detected with anti-human IgG-AF488. Gametes in brightfield channel are
indicated with red arrows. Scale bar represents 50 micrometers.



Table S3. X-ray crystallography data collection and refinement statistics.

(Related to Fig 3 and Fig 4.

Pfs230D1+ and

Pfs230D1+ and

Pfs230D1+ and

Pfs230D1+, Fab

Pfs230D1+ and

Fab RUPA-32 Fab RUPA-38 Fab RUPA-55 RUPA-97, and | coi | MIv230-02
Fab 15C5
PDB ID 7UVH 7UVO 7UVI 7UVQ 7UVS
Beamline APS 23-ID-D APS 23-ID-B APS 23-ID-B APS 23-ID-D APS 23-ID-B
Wavelength (A) 1.033190 1.033192 1.033167 1.033190 1.033167
Space group C2 C2 1222 P6, C2
Cell dimensions
ab.c (A) 154.87, 80.47, 163.71, 42.85, 91.02, 100.78, 155.00, 155.00, 92.36, 132.47,
Y 124.96 95.30 425.75 92.90 125.07
a, B,y (°) 90.0, 111.8, 90.0 90.0, 102.4, 90.0 90.0, 90.0,90.0 90.0, 90.0,120.0 90.0, 102.3, 90.0
Resolution (A) 29.43 - 2.59 29.06 — 2.09 29.67 — 2.92 29.76 — 3.29 29.85 - 2.03
(2.68 - 2.59) (2.16 — 2.09) (3.02 - 2.92) (3.41-3.29) (2.10 - 2.03)
. 1,157,261
Total reflections 540,791 (54,145) 465,926 (34,888) (118.833) 324,685 (32,881) 651,789 (52,806)
Unique reflections 44,578 (4413) 38,739 (3849) 43,033 (4247) 19,432 (1925) 93,278 (8599)
Multiplicity 12.1 (12.3) 12.0 (9.1) 26.9 (28.0) 16.7 (17.1) 7.0 (6.1)
R, ... 0.222 (2.156) 0.219 (1.630) 0.277 (3.627) 0.150 (2.009) 0.124 (1.160)
R 0.064 (0.615) 0.062 (0.526) 0.054 (0.679) 0.036 (0.481) 0.046 (0.458)
<l/o |I> 9.5 (1.6) 7.7 (1.6) 11.5(1.7) 14.7 (1.7) 11.1 (1.6)
CCy» 0.995 (0.696) 0.995 (0.622) 0.998 (0.786) 0.999 (0.648) 0.998 (0.667)
Completeness (%) 100 (100) 99.8 (99.4) 99.8 (99.8) 100 (100) 98.6 (90.6)
Refinement Statistics
Ryond Ricee (%) 19.6/23.3 21.7/23.5 21.8/23.7 21.5/26.3 17.4/21.5
Reﬂe;tf'::‘s for 1999 1937 2233 987 2019
Molecules in ASU 2 1 2 1 2
Non-H atoms 9382 4861 9476 8062 10,235
Macromolecule 9254 4743 9476 8062 9521
Water 88 142 0 0 713
Heteroatom 40 6 0 0 1
RMSD bonds (A) 0.011 0.0068 0.0042 0.014 0.0079
RMSD angles (°) 1.39 1.01 0.94 1.64 1.05
Ramachandran statistics
Favored (%) 97.9 95.9 95.8 96.4 97.7
Allowed (%) 2.1 4.1 4.2 3.6 2.3
Qutliers (%) 0 0 0 0 0
B-factors (A?)
Wilson B-value 57.4 36.7 75.7 121.8 31.6
Average B-factors 77.6 64.1 106.5 150.7 49.3
Average 777 64.9 1065 150.7 49.6
macromolecule
Average water 62.0 40.3 - - 455
molecule
Average 80.8 29.1 - - 52.2

heteroatom
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Fig S3. Experimental details of Fab-antigen interactions and Pfs230 D1 structures. Related to Fig 3
and Fig 4. Stereo images of representative composite omit maps depicting electron density contoured at
1.0 sigma around Pfs230 D1+ bound by high potency Fabs (a) RUPA -32, (b) RUPA-55, and (¢) RUPA-
97, coloured in cyan, purple, and blue, respectively. Composite omit maps depicting electron density
contoured at 1.0 sigma around the two biological assemblies of Pfs230 D1+ from the Fab RUPA-55
bound structure observed in (d) chain C and (e) chain F. The unigue residue sequence (amino acids 562
to 576) is highlighted in red. Stereo images of representative composite omit maps depicting electron
density contoured at 1.0 sigma around Pfs230 D1+ bound by low potency Fabs, (f) RUPA-38, (g) 15C5,
and (h) LMIV230-02, coloured in orange, green, and pink, respectively.



a  Pfs230D1+ (RUPA-32) Pfs230D1+ (RUPA-55) Pfs230D1+ (RUPA-97)




Fig S4. Epitopes of high potency transmission-reducing mAbs and other overlapping
epitopes on Pfs230 D1. Related to Fig 3. The epitopes on Pfs230 D1+ of RUPA-32, -55, and -97
are coloured in cyan, purple, and blue, respectively, shown as (a) cartoon and (b) surface
representations. Unique residues within each epitope are labeled. (c) Structural superposition on
Pfs230 domain 1 of the Fab RUPA-97 structure with the structure of 4F12 (PDB ID 60HG). (d)
Surface representation of Pfs230 D1+ showing the epitopes of RUPA-32, -55, and -97 (light blue)
and 4F12 (olive). (e) Structural superposition on the Pfs230 domain 1 of the RUPA-38 structure with
the structure of scFv LMIV230-01 (PDB ID 7JUM). (f) Surface representation of Pfs230 D1+
showing the epitopes of RUPA-38 (orange) and LMIV230-01 (yellow). (g) Structural superposition
on Pfs230 domain 1 of the Fab LMIV230-02 structure with the structure of Fab 15C5. (h) Surface
representation of Pfs230 D1+ showing the epitopes of LMIV230-02 (pink) and 15C5 (green). All the
overlapping epitopes are coloured in dark gray, and residues are labeled.



Table S4. Co-occurring SNPs present in Pfs230 D1+ amino acids 552 - 731. Related to
Table 1. No SNPs within epitope bin | (A583T, T602K, E612K, V632A, K716N, and N719S) were
found to co-occur with each other, while E612K, A583, and K716 (indicated in bold) co-occurred
with SNPs found on other regions of D1+. Since G605S occurs with an allele frequency of
94.4%, the 5.6% of G605 alleles are reported herein.

Co-occurring SNPs Freq (%)
K661N + D713Y 1.912
T652R + K661N 1.814
G605 + K661N 0.998
T656N + K661N 0.689
E655V + K661N 0.323
K661N + A699T 0.056
K661N + V6871 0.056
G605 + D713Y 0.042
ABG99T + D713Y 0.014
D561N + K661N 0.014
D637N + K661N 0.014
E612K + K661N 0.014
E654K + K661N 0.014
G605 + N715K 0.014
K644Q + K661N 0.014
K661N + H697Q 0.014
K661N + N715K 0.014
K661N + T675K 0.014
K661N + V701M 0.014
K661N + Y726H 0.014
T652R + D713Y 0.014
T652R + K665Q 0.014
V5741 + K661N 0.014
T652R + K661N + D713Y 0.351
G605 + T652R + K661N 0.267
E655V + K661N + D713Y 0.070
T652R + T656N + K661N 0.070
K661N + A699T + D713Y 0.042
T652R + E655V + K661N 0.028
T652R + K661N + A699T 0.028
A583T + G605 + K661N 0.014
E655V + K661N + A699T 0.014
G605 + K661N + A699T 0.014
G605 + K661N + D713Y 0.014
K661N + D713Y + K716N 0.014
K661N + T675K + D713Y 0.014
T656N + K661N + A699T 0.014
T656N + K661N + D713Y 0.014
T652R + K661T + K661N + D713Y 0.042
G605 + E655V + K661N + D713Y 0.014
G605 + T652R + K661N + D713Y 0.014
G605 + T652R + T656N + K661N 0.014
T652R + T656N + K661N + D713Y 0.014

T656N + K661N + A699T + D713Y 0.014
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Fig S5. Detailed interactions of high potency Pfs230 D1+ binding mAbs. Related to Table S3
and Fig 3. (a) Amino acid sequence alignments of antigen-interacting CDRs with the predicted
germline precursor sequences. Residues forming H-bonds are highlighted in color. Kabat
numbering is used. (b) Superposition of all antigen-interacting CDRs of RUPA-32, 55, and 97 in
complex with Pfs230 D1+. (c) Plots of buried surface area (BSA) contributions by CDR residue. (d-
f) Detailed interaction interfaces of CDRs K1, K3, H3, and H2 (coloured green, pink, yellow, and
tan, respectively) for RUPA-32, 55, and 97. H-bonding interactions are indicated with dashed lines.



Table S6. Hydrogen-bonding interactions between high TRA mAbs and Pfs230 D1+. Related
to Fig 3. The asterisk (*) denotes a salt bridge.

Pfs230 RUPA- RUPA- RUPA-

D1+ 32 55 97
K581 S55 R55

K581 Y58 Y58 Y58
Y582 W94 W94 W94
A583 S99 L100a L100
S584 S100

D597 S30 S30 S30
D597 131

D597 S92 S92
D597 N93 N93 N93
Q598 S92 A92 S92
Q598 N93

Q598 W94 W94 W94
Q598 M100 L100
Q598 L100a

K600 S28 S28 S28
K600 S30

K600 N93

P601 Q27 Q27

T602 El

E603 El

K609 N93

K609 W94 W94 W94
E612* R55*

E612 Y56 Y56 Y56
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Fig S6. Pfs230 domain 2 sterically occludes low-potency epitopes on domain 1. Related to
Fig 4. (a) The crystal structure of Pfs230 D1+ (from the LMIV230-02 complex) contrasted against
highest ranked theoretical models of domains 1 and 2 produced by RoseTTAFold?6, AlphaFold2,
I-Tasser?’, and RaptorX28, (b) Superposition at domain 1 of all five output models from each in
silico modeling approach demonstrates a general convergence for the position of domain 2.
Superposition of Fabs (c) 15C5 and (d) LMIV230-02 onto their respective domain 1 epitopes on
the theoretical models of domains 1 and 2 show clashing, independent of which modeling
software is used.
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