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SUMMARY
The HIV-1 Envelope glycoprotein (Env) is the sole target for broadly neutralizing antibodies (bnAbs). Env is
heavily glycosylated with host-derived N-glycans, and many bnAbs bind to, or are dependent upon, Env gly-
cans for neutralization. Although glycan-binding bnAbs are frequently detected in HIV-infected individuals,
attempts to elicit them have been unsuccessful because of the poor immunogenicity of Env N-glycans.
Here, we report cross-reactivity of glycan-binding bnAbs with self- and non-self N-glycans and glycoprotein
antigens from different life-stages of Schistosoma mansoni. Using the IAVI Protocol C HIV infection cohort,
we examine the relationship between S. mansoni seropositivity and development of bnAbs targeting glycan-
dependent epitopes. We show that the unmutated common ancestor of the N332/V3-specific bnAb lineage
PCDN76, isolated from an HIV-infected donor with S. mansoni seropositivity, binds to S. mansoni cercariae
while lacking reactivity to gp120. Overall, these results present a strategy for elicitation of glycan-reactive
bnAbs which could be exploited in HIV-1 vaccine development.
INTRODUCTION

Elicitation of broadly neutralizing antibodies (bnAbs) against

HIV-1 is thought to be one of the key steps toward the develop-

ment of an effective HIV-1 vaccine. bnAbs arise in 10%–30% of

HIV-1-infected individuals after 2–3 years of infection and can

neutralize a broad range of HIV-1 strains through binding to

conserved regions on the HIV-1 surface glycoprotein, Envelope

(Env) (Gray et al., 2011; Hraber et al., 2014; Simek et al., 2009).

Env consists of a trimer of gp120 and gp41 heterodimers that

is heavily glycosylated with host-derived N-linked glycans. The

dense clustering ofN-glycans on Env sterically limits their acces-

sibility to glycan-processing enzymes, leading to an abundance

of under-processed, oligomannose-type glycans that form a

non-self-motif termed the ‘‘mannose-patch’’ (Behrens et al.,

2016; Doores et al., 2010a; Pritchard et al., 2015; Zhu et al.,

2000). It was originally thought that the extensive glycosylation

on Env shielded conserved regions of the protein from the im-
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mune system, but recent studies have revealed that this ‘‘glycan

shield’’ can also be the target of some of the most broad and

potent HIV-1 bnAbs isolated from infected individuals.

Conserved bnAb epitopes that incorporate Env N-glycans

include the N332/V3 epitope (targeted by representative bnAbs

PGT128, PGT121, PGT135, BG18, and DH270.6) (Bonsignori

et al., 2017; Freund et al., 2017; Sok et al., 2016; Walker et al.,

2011), the N160/V2 epitope (targeted by representative bnAbs

PGT145, PG9, and CAP256-VRC26) (Burton et al., 2009; Doria-

Rose et al., 2014; Walker et al., 2011), and an epitope at the

gp120/gp41 interface (targeted by representative bnAbs

PGT151 and 35O22) (Falkowska et al., 2014; Huang et al., 2012).

Elicitation of bnAbs against these glycan-dependent epitopes

is highly desirable in a vaccine setting because of their high

neutralization breadth and their ability to protect at low serum

concentrations in simian-human immunodeficiency virus (SHIV)

challenge models (Mascola et al., 1999; Moldt et al., 2012).

Yet although anti-glycan bnAbs are elicited during natural
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infection, attempts to re-elicit them through vaccination have

thus far been largely unsuccessful (Dubrovskaya et al., 2019;

Mccoy et al., 2016; Pauthner et al., 2019; Ringe et al., 2018;

Sanders et al., 2015; Wagh et al., 2018). Immunization with

state-of-the-art immunogens, which resemble Env as displayed

on the virion surface, has not led to glycan-binding bnAbs or Abs

(Ringe et al., 2018) but has instead induced strain-specific autol-

ogous neutralizing antibodies (nAbs) targeting protein residues

within ‘‘holes’’ in the Env glycan shield rather than the glycans

themselves (Mccoy et al., 2016). A better understanding of

how glycan-reactive bnAbs arise during natural HIV-1 infection

will be important for development of immunogens aimed at

eliciting bnAbs against Env N-glycans.

Some pathogens display non-mammalian (non-self) glycans

that are highly immunogenic and that generate a robust anti-

glycan antibody (Ab) response (Astronomo and Burton,

2010; van Diepen et al., 2012; Jones, 2005; Yang et al.,

2018). These glycans form the basis of established polysac-

charide conjugate vaccines that protect against Strepto-

coccus pneumoniae, Haemophilus influenzae type b (Hib),

and Neisseria meningitidis infections (Astronomo and Burton,

2010; Jones, 2005; MacCalman et al., 2020; Mettu et al.,

2020). In contrast, some pathogens use mammalian self-gly-

cans to evade the host immune system, and these are typi-

cally poorly immunogenic and pose a greater challenge for

vaccine development. First-generation HIV-1 bnAb 2G12, a

bnAb with modest breadth and potency that binds the termi-

nal Mana1,2Man residues of Man9GlcNAc2 D1 arm, has previ-

ously been shown to cross-react with Mana1,2Man motifs on

Candida albicans (Doores et al., 2010b; Dunlop et al., 2008),

with influenza haemagglutinin (Lee et al., 2021) and with a

lipopolysaccharide (LPS) from plant bacteria Rhizobium radio-

bacter Rv3 (Clark et al., 2012). Glycan-reactive HIV-1 nAbs

isolated from simian-human immunodeficiency virus-infected

macaques have also been shown to cross-react with other

glycosylated pathogens, including Candida albicans, and

with the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) Spike protein (Williams et al., 2021). Further-

more, a recent study by Wardemann and co-workers also

demonstrated that glycan-binding human monoclonal Abs

(mAbs) isolated against Klebsiella pneumoniae efficiently

neutralize Pseudomonas luteola lipopolysaccharide in vitro

and bind HIV-1 Env (Rollenske et al., 2018). These observa-

tions lead us to hypothesize that development of HIV-1

glycan-reactive bnAbs could be guided by pre-existing

glycan-reactive B cells generated by infections with other

highly glycosylated pathogens displaying immunogenic non-

self glycans or self-glycans in a non-self context (modified-

self). In support of this hypothesis, Haynes and co-workers

showed that HIV-1 Envs from early transmitted/founder vi-

ruses bind to pre-existing B cells generated against non-

HIV-1 protein antigens on gut microflora, suggesting a role

for cross-pathogen or cross-antigen priming in HIV-1 antibody

development against protein antigens (Liao et al., 2011; Trama

et al., 2014; Williams et al., 2015).

Here we investigated the cross-reactivity of broad and potent

second-generation glycan-reactive HIV-1 bnAbs (including

PGT121, PGT128, PGT151), with self and non-self glycan struc-
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tures found on other glycosylated pathogens and explore the

role cross-pathogen priming might play in bnAb development

using plasma from the IAVI Protocol C HIV-1 infection cohort

(Landais et al., 2016). We show that glycan-binding HIV-1 bnAbs

bind to defined glycans (mammalian self and non-self) present

on the different life stages of Schistosoma mansoni, as well as

to native glycoproteins solubilized from the cercariae, adult

worm, and egg life stages. Furthermore, we demonstrate binding

of several bnAbs to intact S. mansoni cercariae by confocal mi-

croscopy. Using the IAVI protocol C HIV-1 infection cohort

(Landais et al., 2016), we examined the relationship between

S. mansoni seropositivity and development of HIV-1 neutralizing

activity targeted against glycan-dependent epitopes. Finally, we

show that the unmutated common ancestor (UCA) of the N332/

V3 PCDN76 bnAb lineage, isolated from an HIV-1 infected donor

with S. mansoni seropositivity, was found to bind to S. mansoni

cercariae while lacking reactivity to recombinant gp120 in ELISA.

These data suggest that parasite glycans could have played a

role in priming the bnAb responses in donor PC076 and present

a strategy, which could be exploited in HIV-1 vaccine

development.

RESULTS

Binding of HIV-1 glycan-reactive bnAbs to a synthetic
parasite glycan microarray
To address the hypothesis that cross-pathogen priming could

play a role in development of glycan-reactive HIV-1 bnAbs,

we first measured binding of glycan-reactive bnAbs PGT121,

PGT123, PGT128, PGT130, PGT151, and a CD4-binding site

bnAb, PGV04, to a synthetic glycan microarray with a focus

on helminth and plant N-glycan structures (Brzezicka et al.,

2015; Echeverria et al., 2018). The glycan array displayed

chemically synthesized N-glycans found on the blood trema-

tode S. mansoni and, because of the stepwise chemo-enzy-

matic buildup of glycan structures, also included N-glycan

fragments not typically found in nature (Figure S1). We

observed binding of N332/V3 bnAb PGT121, and somatic

variant PGT123, to mammalian glycans including bi-, tri-, and

tetra-antennary complex glycans (59–62) as well as non-

mammalian, non-self bi-antennary complex-glycan structures

(24, 25, 28, 29, 37, 63, and 80) displaying terminal LacDiNAc

motifs and/or core xylose and bis-core fucosylation (Figure 1A).

The pattern of PGT121 glycan binding suggests that the

minimal glycan structure required for binding is the core penta-

saccharide (Man3GlcNAc2) as well as a complete a3 arm.

However, modifications to the non-reducing end of this arm

and to the glycan core are tolerated in binding. Gp41/gp120

interface bnAb, PGT151, bound to self tri- and tetra-antennary

complex-glycans (60 and 62), as previously observed (Falkow-

ska et al., 2014) (Figure 1A). No binding was observed for N332/

V3 bnAbs PGT128 and PGT130 (data not shown), which have

previously been shown to bind to high-mannose glycans that

are not present on this synthetic glycan microarray (Doores

et al., 2015; Walker et al., 2011). No binding was observed

for control bnAb PGV04 (data not shown) (Falkowska et al.,

2012). Therefore, HIV-1 glycan-binding bnAbs bind glycans

found in the glycome of the S. mansoni parasite.



Figure 1. Binding of HIV-1 bnAbs toS.mansoni parasite-

derived glycans on glycan microarrays

(A) Synthetic glycan microarray displaying S. mansoni-derived

N-glycans and fragment structures as previously described

(Brzezicka et al., 2015; Echeverria et al., 2018). No high-

mannose glycan structures are present on this array. Glycans

bound by the HIV-1 bnAbs PGT121, PGT151, and PGT123 are

displayed. Mammalian ‘‘self’’ and ‘‘non-self’’ glycans are shown

in gray and blue, respectively. Binding is reported in relative fluo-

rescence units (RFU). Each histogram represents the average

RFU values for four replicates spots and the error bars represent

the SD of the mean. A full list of glycan structures present on the

synthetic glycan array can be found in Figure S1.

(B) Shotgun glycan microarray of S. mansoni-extracted glycans

as previously described (De Boer et al., 2007; van Diepen et al.,

2012, 2015). Binding of HIV-1 bnAbs PGT121, PGT151, and

PGT128 determined. Each line represents the average mean

fluorescence intensity (MFI) values for three replicates spots.

Glycans bound are displayed on the right and mammalian

‘‘self’’ glycans and non-mammalian ‘‘non-self’’ glycan motifs

are indicated. The life stage and type of glycan (N-, O-, or glyco-

sphingolipid [GSL] glycan) are reported. Glycan structures with

‘‘s’’ indicate structures only found on the shotgun glycan micro-

array. Man, green circle; GlcNAc, blue square; GalNAc, yellow

square; Gal, yellow circle; sialic acid, purple diamond; fucose,

red triangle; xylose, star.
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Binding of selected HIV-1 glycan-reactive bnAbs to a S.
mansoni shotgun glycan microarray
We next used a shotgun glycan microarray displaying N- and

O-glycans and glycolipid glycans isolated from different life

stages of S. mansoni (cercariae, worm and egg) to further assess

cross-reactivity between HIV-1 glycan-reactive bnAbs PGT121,

PGT151, and PGT128 and S. mansoni glycans and life stages.

Unlike the synthetic glycan microarray, the shotgun array also

included high-mannose glycans, which are known targets for

several highly potent glycan-binding HIV-1 bnAbs, including

PGT128 (Bonsignori et al., 2017; Walker et al., 2011). Each

glycan fraction contained one or more glycan structures that

were assigned by mass spectrometry (De Boer et al., 2007;

van Diepen et al., 2012, 2015). PGT128 bound Man8GlcNAc2
(142M8) and Man9GlcNAc2 (143M9) isolated from the worm,

cercariae, and egg life stages (Figure 1B); PGT121 bound to

mono-antennary glycans 136s and 137s displaying a terminal

LacDiNAc motif and non-galactosylated bi-antennary glycans

48 and 64 also found in worms, cercariae and eggs (Figure 1B).

PGT151 bound bi- and tri-antennary self-glycans 140s–141s

and terminal fucosylated non-self bi-antennary glycans 138s–

139s isolated from worms and eggs (Figure 1B). Therefore,

selected glycan-reactive HIV-1 bnAbs bind N-glycans ex-

pressed by the life stages of S. mansoni that humans are

exposed to during infection.

PGT121 binds non-self bi-antennary N-glycans in a
similar mode to self N-glycans
PGT121 binds two N-linked glycans on HIV Env, the high-

mannose glycan at N332 and a complex N-glycan from the V1

loop, as well as interacting with the V3 loop (Julien et al.,

2013a). To determine whether the cross-reactivity of PGT121

to non-self parasite-derived glycans is mediated by similar Fab

interactions as those already reported for the self complex-

type N-glycan 144SIA (Julien et al., 2013b), binding of PGT121

to core-xylosylated mono-antennary LacDiNAc N-glycan

(glycan 28) was studied using saturation-transfer difference-nu-

clear magnetic resonance (STD-NMR) in combination with

computational methods (Schrödinger, 2016) (Friesner et al.,

2004; Halgren et al., 2004). The intensities in the STD 1H NMR

spectrum correlate with the proximity of the 1H nuclei of the

glycan 28 to the surface of PGT121 in the bound state, hence

providing structural information on the molecular recognition

by depicting the proximity of ligand-protein contacts in the com-

plex (the so-called STD binding epitope mapping of the ligand)

(Angulo and Nieto, 2011; Mayer and Meyer, 2001). Here, the

binding epitope map of glycan 28 as bound to PGT121

(Figures S2 and S3) showed that the terminal GalNAc and

GlcNAc rings (residues 7 and 8 in Figure 2A) have the closest

contacts to the protein surface, while the rest of the glycan

shows a lower but homogeneous degree of proximity to the sur-

face of PGT121, supporting that all the sugar residues of the

glycan are involved in the interaction with PGT121. The binding

epitope map obtained by STD-NMR allowed to experimentally

validate a computational three-dimensional (3D) model obtained

by docking calculations followed by molecular dynamics (MD)

simulations. The lowest energy docking solution (Figure 2A)

showed very good agreement with the experimental STD binding
4 Cell Reports 38, 110611, March 29, 2022
epitopemapping. A 100 nsMD simulation run (Figure 2B) starting

from the docking model showed that the central region of glycan

28 lower mobility with all the sugar residues making contact to

the PGT121 surface, whereas the reducing end shows a higher

degree of flexibility, explaining the slightly lower STD values

observed at the reducing GlcNAc. Structural analysis of

PGT121 Fab binding to the self bi-antennary glycan 144SIA

has been previously reported (Julien et al., 2013b). Globally,

the results strongly support that glycan 28 binds to PGT121 in

a comparable manner to this self-glycan (Figure 2C) and that

the non-self components of glycan 28 are not only tolerated in

the binding site but form contacts with the antibody Fab region.

To support the NMR and modeling analysis, IgG variants of

PGT121 containing alanine mutations at positions previously

identified as important for glycan recognition were tested on

the synthetic parasite glycan microarray (Figure 2E) (Julien

et al., 2013b). Paratope mutations D31A, K53A, D56A, H97A,

and R99A were previously shown to greatly reduce binding to

self bi-antennary sialylated complex N-glycans (Julien et al.,

2013b) (Figure 2D). However, these mutations did not universally

abolish glycan binding to the synthetic parasite glycan struc-

tures. Although K53A, D56A, H97A, and R100A abolished

binding to the majority of glycan structures, binding to mono-

and bi-antennary glycans 28, 59, 63, 126, 128, and 133 was

retained with the R99A and D31A mutants. Interestingly, muta-

tion of K53, which was acquired during somatic hypermutation

(Garces et al., 2015), abolished binding to all but 128, which

has a non-self terminal LacDiNAc motif, suggesting that binding

to the non-self sugar could have been present prior to self-glycan

recognition.

Binding of HIV-1 glycan-reactive bnAbs to whole
cercariae and soluble glycoproteins extracted from the
different S. mansoni life stages
Having shown that glycan-reactive bnAbs bind to both mamma-

lian self and non-self glycan motifs present on different

S. mansoni life stages in the context of glycan microarrays, we

next investigated whether these bnAbs also recognized these

glycan structures in a more native form by performing western

blot (WB) analysis and ELISA with solubilized glycoprotein anti-

gens from different life stages. Because of the heterogeneous

nature of the pathogen lysates, these assays were used to

provide a qualitative assessment of cross-pathogen reactivity.

Solubilized antigens from cercariae (SCA) and adult worms

(AWA) (Figures 3A and S4A), as well as recombinant gp120

(Figure S4B), were separated using SDS-PAGE and transferred

onto a cellulose membrane for staining. Sera from an

S. mansoni-infected individual detected numerous bands in the

SCA and AWA lysates (Figure S4A). Glycan-reactive mAbs

2G12, PGT121, PGT128, and PGT151 showed reactivity to

both SCA and AWA with different patterns of antigen binding

(Figure 3A). V3-specific HIV-1 mAb F425-b4e8, which does not

bind glycans, showed no reactivity. BnAbs PGT121, PGT128,

2G12, PGT151 VRC01, and F425-b4e8 all showed binding to

gp120 (Figure S4B).

Although denatured and reduced soluble antigens were used

for the western blot, soluble antigens were kept in a native

state for ELISA. N332/V3-specific bnAbs 2G12 and PGT121



Figure 2. Binding mode of PGT121 to a xylosylated parasite N-glycan with terminal LacDiNAc and glycan-array binding of PGT121 alanine

mutants

(A) Model after the solved STD-NMR structure of parasite N-glycan 28 with terminal LacDiNAc occupying the secondary binding pocket of PGT121, which is

usually occupied by a bi-antennary complex-typeN-glycan. Interactions were determined by STD-NMR (see Figures S2A–S2C and S3; Table S1). The conserved

core of the N-glycan is indicated in orange. The part contacted by PGT121 is indicated in blue.

(B) Molecular dynamics and superposition of the parasiteN-glycan 28 occupying the secondary binding pocket of PGT121. PDB files of representative frames of

the MD simulation represented in (B) are found Data S1–S3.

(C) Structure of the complexN-glycan 144SIA, bound by the secondary binding pocket of PGT121 (PDB: 4FQC) (Mouquet et al., 2012). The conserved core of the

N-glycan is indicated in orange. The part contacted by PGT121 is indicated in blue.

(D) Structure of glycan 144SIA bound in the secondary, open face of PGT121 (PDB: 4FQC) (Mouquet et al., 2012) with paratope residues color-coded according

to alanine mutants used in (E).

(E) Alanine-knockout mutants covering the complex-glycan binding, open face of IgG PGT121 were screened on the synthetic glycan array for parasite glycan

recognition. Binding is reported in relative fluorescence units (RFU). Each histogram represents the average RFU values for four replicates spots and the error

bars represent the SD of the mean. Man, green circle; GlcNAc, blue square; GalNAc, yellow square; Gal, yellow circle; sialic acid, purple diamond; fucose, red

triangle; xylose, star.
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Figure 3. Cross-reactivity of HIV-1 bnAbs with S. mansoni

(A) Western blot of S. mansoni-soluble cercariae antigen (SCA) and adult worm antigen (AWA) (both at 25 mg per lane) with glycan-binding bnAbs 2G12, PGT128,

PGT121, and PGT151 and V3-specific mAb F425-b4e8 (all at 50 mg/mL). A control western blot stained with sera from S. mansoni-infected humans or rabbits

immunized with SCA/AWA is shown in Figure S4A. Binding of HIV-1 bnAbs to recombinant gp120 is shown in Figure S4B.

(B) Optical density at 450 nm of 2G12, PGT128, PGT121, and PGT151 (at 50 mg/mL) determined by ELISA using S. mansoni-soluble egg antigen (SEA), SCA, and

AWA. V3-specific mAb F425-b4e8 and CD4-bnAb VRC01 (at 50 mg/mL), as well as healthy human serum, and S. mansoni-positive human serum as positive

control. Error bars represent data from repeated experiments. The horizontal dotted line indicates the cut-off for the positive control provided with the assay kit

(see STAR Methods). Bar graphs show the mean of the OD values from at least 3 repeat experiments, and the error bars represent the SD.

(C–F) Binding of HIV-1 bnAbs to S. mansoni cercariae. HIV-1 bnAbs binding was detected with Alexa Fluor 488 (green), actin was detected with rhodamine (red),

and DNA was stained with DAPI (blue). Black and white images show projections of bnAb staining only, while colored images show overlays. (C) Binding of 2G12

to S.mansoni cercariae. 2G12 bound to putative ciliated sensory papillae (1), superficial neural projections (2), and the duct opening on the oral sucker and dotted

fractions of glycoprotein on the oral sucker (3). (D) Binding of PGT128 to S. mansoni cercariae. PGT128 recognized spines, ciliated sensory papillae, and

basement membrane/tegument/glycocalyx structures (1), similar to ConA (Figure S5A). PGT128 also recognized surfacemotifs (spines, ciliated sensory papillae,

and basement membrane/tegument/glycocalyx structures) above the actin layer (2) and the duct opening on the oral sucker and dotted fractions of glycoprotein

on the oral sucker (3). (E) Binding of PGT121 to S. mansoni cercariae. PGT121 recognizes the pre- and post-acetabular gland system, which is sits interior of the

parasite (1) and surface motifs of ciliated sensory papillae and basement membrane/tegument/glycocalyx structures above the actin layer (2). The green arrow

indicates ciliated sensory papillae reaching outside while being anchored to the outer surface by actin (red arrow). PGT121 also bound the duct opening on the

oral sucker and dotted fractions of glycoprotein, co-locating with actin on the oral sucker (3). (F) Binding of PGT151 to S. mansoni cercariae. PGT151 recognized

surface motifs of ciliated sensory papillae above the actin layer with high intensity (1) and ciliated tufts of the flame cells and on the protone phridial tubules (2).

Binding of glycan-independent HIV-1 bnAbs F425-b4e8 and VRC01 is shown in Figures S6A and S6B. Confocal microscopy staining was performed twice on

different cercariae preparations. Representative images are shown from one experiment.
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recognized SCA, AWA, and soluble egg antigen (SEA) with

mean optical densities (OD) above the cut-off (3-fold above

background) (Figure 3B). In contrast, N332/V3-specific bnAb

PGT128 and gp41/gp120 interface bnAb PGT151 showed very

weak binding. The lower binding of PGT151 to soluble antigens

compared with the shotgun glycan microarray is likely related to

the difference in glycan density and/or presentation of glycan

ligands between the microarray and on native antigens. Glycan

presentation has been shown to be critical for recognition by

some HIV-1 bnAbs (Walker et al., 2011; Wang et al., 2008).

Control bnAbs, VRC01, and F425-b4e8, as well as control

healthy human sera provided with the kit, did not show binding

above the cut-off.
6 Cell Reports 38, 110611, March 29, 2022
Next, to examine HIV-1 bnAb cross-reactivity in amore biolog-

ical setting, whole cercariae were stained with glycan-reactive

bnAbs (PGT121, PGT128, PGT151, and 2G12), VRC01, F425-

b4e8, ConA (a lectin specific for high-mannose and some hybrid

glycans), or PHA-L (a lectin specific for non-sialylated tri- and

tetra-antennary complex glycans), and binding was visualized

using confocal microscopy. ConA recognized surface glycans

with high intensity (Figure S5A), whereas PHA-L recognized

structureswithin the cercariaewith a lower intensity (Figure S5B).

Glycan-binding bnAbs showed different patterns of binding.

The binding pattern of PGT128 to cercariae was similar to

that of ConA (Figure 3D) with binding observed to the oral

sucker as well other surface motifs on the spines and sensory
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papillae, suggesting a high density of high-mannose glycans. For

PGT121, which binds complex-type N-glycans (Julien et al.,

2013b), a different binding pattern was observed (Figure 3E),

with binding predominantly observed against surface motifs of

ciliated sensory papillae and basement membrane/tegument/

glycocalyx structures, as well as the internal pre- and post-

acetabular gland system. 2G12 bound to the ciliated sensory

papillae and superficial neural projections, and duct opening

on the oral sucker and dotted fractions of glycoprotein on the

oral sucker (Figure 3C). PGT151 showed intense binding to the

ciliated tufts of the flame cells and ciliated regions on the protone

phridial tubules (Figure 3F). No specific binding was observed for

control mAbs F425-b4e8 (Figure S6A) and VRC01 (Figure S6B).

Overall, HIV-1 glycan-binding bnAbs cross-react with a range

of S. mansoni glycoproteins in both soluble and native

conformations.

S. mansoni seroreactivity in the IAVI Protocol C bnAb
cohort
Having demonstrated cross-reactivity of glycan-reactive HIV-1

bnAbs with S. mansoni, we next used plasma from an HIV-1

infection cohort to investigate whether a previous or current

S. mansoni infection might associate with development of

glycan-reactive HIV-1 bnAbs and/or enhanced neutralization

breadth and potency. The International AIDS Vaccine Initiative

(IAVI) Protocol C longitudinal HIV-1 infection cohort was selected

for this analysis, as many of the trial locations were in S. mansoni

endemic areas, and the development of neutralization breadth

and the epitopes targeted by the bnAbs have been extensively

studied previously (Landais et al., 2016). Neutralization breadth

was previously measured on a cross-clade panel of HIV-1 pseu-

doviruses (92TH021 [CRF0-AE], 94UG103 [clade A], 92BR020

[clade B], JRCSF [clade B], IAVIC22 [clade C, also named

MGRM-C026] and 93IN905 [clade C]) and a neutralization score

representative of breadth and potency calculated.

Fifty-nine donors were selected from individuals measuring

weak (neutralization score < 0.5), medium (neutralization

score < 1 andR0.5), or top (neutralization scoreR 1) neutraliza-

tion scores as defined by Landais et al. (Landais et al., 2016) and

were representative of the full cohort (n = 439). To determine a

previous or current S. mansoni infection, we used a commercial

ELISA kit to measure presence of IgG specific to soluble egg an-

tigen (SEA). The presence of SEA-reactive antibodies was

measured at three time points following HIV-1 infection (median

of 24, 96, and 216 weeks post-infection) (Table S2). Forty-one

percent (24/59) had S. mansoni SEA-reactive IgG detectable in

at least one time point (Figure S7A). At time point 3 (TP3), the

S. mansoni-reactive donors (termed SH1) had a higher percent-

age of top and medium neutralizers (75%) compared with non-

S. mansoni-reactive donors (termed SH0) (54%) (Figure 4A).

When considering the overall peak neutralization score detected

for each donor as defined by Landais et al. (Landais et al., 2016),

although the percentage of top neutralizers was similar between

the SH0 and SH1 groups (37% and 42%, respectively), the per-

centage of weak neutralizers was 3 times higher in the SH0 group

compared with the SH1 group (37% and 13% respectively).

Overall, these differences were not statistically significant for

this small cohort. The neutralizing activity in SH1 and SH0 donors
was targeted toward similar neutralizing epitopes and showed

similar levels of single and multi-epitope targeted specificity

(Figure 4B).

Comparison of the neutralization score, neutralization breadth

and geometricmean serumdilution that inhibits infection by 50%

(ID50) between SH1 and SH0 donors did not reveal statistically

significant differences at any of the time points studied here

(Figures 4C, S7B, and S7C), and thosewithS.mansoni seroreac-

tivity at TP1 did not develop bnAbs at a faster rate. However,

higher viral loads at setpoint (p = 0.038; Figure 4C) and longer

time to anti-retroviral therapy (ART) (p = 0.0082; Figure 4C) for

SH1 donors in comparison with SH0 donors were observed.

There was no difference in CD4+ T cell count at viral setpoint be-

tween these donor groups (Figure 4C). This is consistent with

previous observations showing pre-existing S. mansoni infec-

tions raise the viral load at HIV-1 seroconversion (Downs et al.,

2017), while donors with S. mansoni infection at seroconversion

have been reported to progress to AIDS slower than those

without, supporting these observations (Colombe et al., 2018).

Overall, we observed a higher proportion of S. mansoni seror-

eactive donors (SH1) with medium or top neutralization

compared with SH0 donors.

PCDN76 N332/V3 bnAb lineage cross-reacts with
S. mansoni

IAVI protocol C donor PC076 has previously been shown to

generate an N332/V3 bnAb response (Macleod et al., 2016),

and our analysis showed that this donor was also S. mansoni

SEA seropositive (standard units > 30) at 47, 95, and 216 weeks

after HIV-1 infection (Table S2). PC076 had a neutralization

score of 1.2 (geometric mean titer [GMT] 88 and neutralized 4

of 6 viruses in the indicator panel) and was therefore within

the Protocol C top neutralization category. We therefore

selected this donor to examine further whether S. mansoni anti-

body reactivity might contribute to glycan-reactive HIV-1 bnAb

development. The bnAb lineage responsible for the plasma

neutralizing activity, PCDN76, has been described previously

(Macleod et al., 2016) and the predicted UCA (UCA-S and

UCA-P, referring to last amino acid in CDRH3) were unable to

bind autologous or heterologous gp120s (Macleod et al.,

2016). Antibody lineage members isolated at >16 months

post-infection were shown to bind Man9GlcNAc2 (glycan

142M9) but not glycan 142M8 (Man8GlcNAc2) (Macleod et al.,

2016).

To determine whether development of the PCDN76 bnAb line-

age might have been directed by pre-existing glycan-reactive

Abs raised against S. mansoni, we measured the reactivity of

PCDN76 bnAb lineage members against S. mansoni-soluble an-

tigens in ELISA and whole cercariae using confocal microscopy.

Although UCA-P and UCA-S did not bind to HIV-1 gp120 (Fig-

ure 5A), both UCAs bound soluble S. mansoni antigens (SCA,

AWA, and SEA) on ELISA (Figure 5B), as well as whole cercariae

(Figures 5C and 5D). More highly mutated lineage members

showed reduced binding to soluble S. mansoni antigens but

strong binding to gp120 (Figures 5A and 5B). Binding to whole

cercariae was observed for some mutated lineage members.

22A (Figure 5F) (VHJH-mutation 10%) showed a pattern of bind-

ing similar to the UCA and ConA (Figures 5C and 5D; compare
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Figures 4. Analysis of HIV-1 neutralization

and S. mansoni seroprevalence in IAVI

Protocol C donors

(A) Comparison of neutralization score between

donors with S. mansoni SEA seroreactivity (SH1)

and no seroreactivity (SH0) at different time points

after HIV-1 infection (TP2, TP3, and the time point

with highest neutralization score [Best]). Neutrali-

zation score (Score) is a numerical representation

of neutralization breadth and potency against a

HIV-1 cross-clade virus panel and categorized by

‘‘TOP’’ (score R 1), ‘‘MEDIUM’’ (score < 1 and

R0.5), and ‘‘WEAK’’ (score < 0.5) as determined

by Landais et al. (Landais et al., 2016). Groups

were compared using a chi-square test, but no

statistical differences were observed.

(B) Distribution of neutralizing epitopes targeted in

sera (as determined by serum mapping studies;

Landais et al., 2016) across S. mansoni status is

displayed in a bar chart with the sum of each spec-

ificity overall. Single specificities are displayed in

orange, while the distribution of mixed specificities

is stacked on top in blue.

(C) Comparison of geometric mean ID50 at TP3, the

number of viruses neutralized (breadth) at TP3,

neutralization score at TP3, best neutralization

score (from all time points in the study) (Landais

et al., 2016), CD4 count at setpoint (cells permicro-

liter), viral load (log RNA copies per milliliter) at set-

point, and time to ART in years from setpoint be-

tween donors with S. mansoni seroreactivity

(SH1) and no S. mansoni seroreactivity (SH0).

p values (Mann-Whitney test) are reported as fol-

lows: not significant (ns), *p < 0.0332,

**p < 0.0021, ***p < 0.0002, and ****p < 0.00001.

Additional cohort analysis can be found in

Figures S7A–S7C.
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Figure S4A), whereas 22C (VHJH-mutation 18%) bound the

spines and ciliated sensory papillae (Figure 5G). 16A (VHJH-mu-

tation 8%) (Figure 5E) and 38A (VHJH-mutation 23%) (Figure 5H)

displayedweak binding towhole cercariae, and no reactivity was

observed for the most mutated bnAb 38B (VHJH-mutation 26%)

(Figure S6D). Therefore, despite the lack of gp120 binding, the

UCA of the PCDN76 lineage shows reactivity toward

S. mansoni antigens.

DISCUSSION

Elicitation of glycan-reactive HIV-1 bnAbs through vaccination is

highly desirable, and although they are frequently found in

sera/plasma of HIV-1-infected individuals displaying high

neutralization breadth and potency, current state-of-the-art im-

munogens typically elicit Abs that bind the holes in the glycan

shield rather than the glycans themselves. A key challenge in

eliciting glycan-reactive bnAbs is the poor immunogenicity of

the N-glycans on Env. In contrast, non-self glycans on other

highly glycosylated pathogens can be strongly immunogenic.
8 Cell Reports 38, 110611, March 29, 2022
Glycan-mediated cross-pathogen reac-

tivity was previously described between

HIV-1 bnAb 2G12 and C. albicans
(Doores et al., 2010b; Dunlop et al., 2010; Luallen et al., 2008,

2009) and influenza (Lee et al., 2021). Although attempts were

made to use yeast-derived immunogens to generate a glycan-

reactive neutralizing antibody response, the lack of success

was attributed to the specific requirement of antibody-domain

exchange for 2G12 neutralizing activity (Doores et al., 2010b;

Dunlop et al., 2010; Huber et al., 2010). Here we report the

cross-reactivity of the more potent and broad second-genera-

tion glycan-reactive HIV-1 bnAbs with different life stages of

S. mansoni. The observed cross-pathogen reactivity of HIV-1

bnAbs is facilitated by high-mannose and complex-type

mammalian glycans as well as non-self glycan structures ex-

pressed by S. mansoni. For example, PGT128 binds high-

mannose glycans on the shotgun parasite glycan array, to solu-

ble S. mansoni antigens on ELISA and WB, and has a similar

binding pattern with whole cercariae as the mannose-specific

lectin ConA. In contrast, PGT121 binds to self- and non-self

complex-type glycans on worms and to a lesser extent on

cercariae and egg life stages of S. mansoni. STD-NMR and

modeling of PGT121 binding to the non-self parasite N-glycan
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Figure 5. Cross-reactivity of N332/V3

PCDN76-lineage mAbs with S. mansoni

isolates

(A) Binding of PCDN76 38A and 38B and their less

mutated precursors UCA-P, UCA-S, 22A, and 22C

to recombinant JR-CSF gp120 was measured us-

ing ELISA. Experiments were performed in dupli-

cate and repeated twice. A representative dataset

is shown. Error bars represent the range of the

value for experiments performed in duplicate (not

shown when smaller than symbol size).

(B) Binding of PCDN76 38A and 38B and their less

mutated Ab precursors to S. mansoni SEA, SCA,

and AWA on ELISA (at 50 mg/mL). N-glycan-inde-

pendent HIV-1 mAbs F425-b4e8 and VRC01 were

used as negative controls and S. mansoni-positive

human serum as positive control. Error bars repre-

sent data from repeated experiments. Bar graphs

show the mean of the OD values from at least 3

repeat experiments, and the error bars represent

the SD.

(C–H) Binding of lessmutated PCDN76 precursors

(UCA-P, UCA-S, 22A, 22C, and 38A) to S. mansoni

cercariae. HIV-1 mAbs were detected with Alexa

Fluor 488 (green), actin was detected with rhoda-

mine (red), and DNA was stained with DAPI

(blue). Black and white images show projections

of mAb staining only, while colored images show

overlays. (C) UCA-P recognizes superficial neural

projections and ciliated sensory papillae (1),

similar to 2G12. UCA-P recognized motifs of su-

perficial neural projections and ciliated sensory

papillae are located above the actin layer (2).

Similar to 2G12, UCA-P displays binding to duct

opening on the oral sucker (3). (D) UCA-S recog-

nizes surface motifs (spines, ciliated sensory

papillae, and basement membrane/tegument/gly-

cocalyx structures) above the actin layer (1), and

basement membrane/tegument/glycocalyx struc-

tures similar to ConA and PGT128 (2). (E) 16A

binds to glycoproteins on the body, which could

be ciliated tufts of the flame cells and/or ciliated

regions on the protone phridial tubules and to

ciliated sensory papillae on the tail and the body

(1). Furthermore, binding to the duct opening

on the oral sucker is observed (2). (F) 22A recog-

nizes spines, ciliated sensory papillae and base-

ment membrane/tegument/glycocalyx structures,

similar to ConA and PGT128 (1). 22A recognizes

surface motifs (spines, ciliated sensory papillae

and basement membrane/tegument/glycocalyx

structures) above the actin layer (2). 22A binds

dotted fractions of glycoprotein on the oral sucker

(3). (G) 22C recognizes spines, ciliated sensory

papillae, and basement membrane/tegument/

glycocalyx structures (1). (H) 38A recognizes

spines, ciliated sensory papillae, and basement

membrane/tegument/glycocalyx structures. Confocal images showing staining of PGT128 and PCDN76 38B are shown in Figures S6C and S6D, respectively.

Confocal microscopy staining was performed twice on different cercariae preparations. Representative images are shown from one experiment.
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28 revealed that the non-self LacDiNAc and xylose motifs were

not only tolerated but contributed to the antibody-glycan interac-

tion in the secondary, open face binding site of PGT121.

Previous studies indicate that the predicted UCA of an HIV-1

bnAb lineage does not always interact with HIV-1 Env (Liao
et al., 2013; Macleod et al., 2016), and therefore which antigen

initially activated the UCA remains unclear in some cases.

Although the predicated UCA of PCDN76 was previously shown

to not bind autologous gp120 present at 5 months post-infection

(Macleod et al., 2016), we demonstrated binding to whole
Cell Reports 38, 110611, March 29, 2022 9
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cercariae by confocal microscopy and soluble SCA, SEA,

and AWA in ELISA. Furthermore, as the bnAb lineage un-

dergoes affinity maturation against HIV-1 Env through somatic

hypermutation, the cross-reactivity toward S. mansoni de-

creases, while the reactivity toward HIV-1 increases. These

data could suggest that the PCDN76 germline was originally

selected against another glycosylated pathogen, such as

S. mansoni and that, upon infection with HIV-1, was re-activated

because of cross-reactivity between glycan epitopes on HIV-1

Env. This lineage could then have undergone additional affinity

maturation against HIV-1 Env to develop HIV-1-specific neutral-

ization breadth and potency facilitated by viral escape and anti-

body somatic hypermutation. Additional experiments are

needed to investigate this hypothesis further for donor PC076.

A similar pattern on glycan-reactive bnAb evolution in SHIV-in-

fectedmacaques has been reported by Haynes and co-workers,

where the precursor antibodies of two glycan-reactive bnAb lin-

eages (DH851 and DH898) bound to C. albicans and had very

weak reactivity to HIV-1 Env (Williams et al., 2021). Class-

switched and mutated clonally related VH genes were identified

prior to SHIV infection, suggesting that other glycosylated anti-

gens could have initiated these bnAbs lineages. They also iden-

tified a glycan-reactive antibody lineage (DH717) from Man9-V3

glycopeptide-immunized macaques. Clonally related antibodies

isolated prior to vaccination bind toC. albicans but lack reactivity

with the Man9-V3 immunogen, further supporting this hypothe-

sis. Structural studies revealed that the DH851 and DH898

antibodies defined a new category of glycan-reactive dimerized

antibodies where the mechanisms of Fab dimerization included

disulfide bonds, hydrophobic interactions and hydrogen

bonding rather than domain exchange observed for HIV-1

bnAb 2G12. Similar Fab-dimerized glycan-reactive (FDG) anti-

bodies were also identified in SHIV-infected macaques, as well

as HIV-1-naive individuals and SHIV-naive macaques. Structural

studies of the PCDN76 lineage are required to determine the

mechanism of PCDN76 UCA glycan recognition and whether

Fab-dimers are formed that enhance the affinity of the glycan-

antibody interaction.

A further example of cross-pathogen priming in the context of

glycan antigens is suggested from sequence analysis of

glycan-binding human mAbs isolated against Klebsiella pneu-

moniae that also efficiently neutralize Pseudomonas luteola

lipopolysaccharide in vitro and bind HIV-1 Env (Rollenske

et al., 2018). Unlike germline-encoded ‘‘natural Abs’’ that

recognize glycan epitopes through low affinity, the cross-reac-

tive K. pneumoniae mAbs had a high degree of somatic hyper-

mutation (median 24 bp per IGVH gene), suggesting that the

B cells have undergone repeated rounds of reactivation.

Whether these reactivation events were achieved through re-

infection with K. pneumoniae or from infection with another

pathogen displaying similar glycan motifs is not known but

could be suggestive of cross-pathogen priming.

Cross-antigen priming in the context of protein antigens or

environmental antigens has also been reported for gp41-spe-

cific antibody development in HIV-1 infection (Liao et al.,

2011; Trama et al., 2014) and vaccination (Williams et al.,

2015). The initial antibodies elicited during the acute phase of

an HIV-1 infection were shown to target gp41 and despite a
10 Cell Reports 38, 110611, March 29, 2022
relatively high level of SHM, were non-neutralizing. The UCA

of these antibodies did not bind the early transmitted/founder

virus but were polyreactive and bound non-HIV-1 protein anti-

gens on gut microflora or host antigens, suggesting that the

early gp41-specific antibody response arises from a pre-exist-

ing pool of mutated B cells. Haynes and co-workers studied

these gp41 antibodies in the context of Env vaccination (Env

DNA prime and Env rAd5 boost) and showed that gp41-specific

non-neutralizing antibodies, derived from gp41-intestinal

microbiota cross-reactive B cells, dominated the vaccine (Wil-

liams et al., 2015) response. Unlike the studies outlined above

for glycan antigens, the pre-existing gp41 reactive B cells divert

the antibody response generated by Env vaccination to non-

neutralizing epitopes on HIV-1 Env.

Although a higher frequency of HIV-1-infected individuals with

S. mansoni seropositivity developed an HIV-1 neutralizing anti-

body response, the data presented does not suggest that this

would be a dominant mechanism in which HIV-1 glycan-binding

bnAb arise, as S. mansoni-seropositive donors generated bnAbs

targeting a range of Env epitopes. However, the observations re-

ported here could be applicable in HIV-1 vaccine development

aimed at eliciting glycan-binding bnAbs. Taking advantage of

the molecular mimicry observed between HIV-1 Env N-glycans

and S. mansoni N-glycans, S. mansoni glycoprotein antigens

or immunogens displaying non-self parasite glycans could be

used to prime a glycan-specific antibody response that is subse-

quently boosted and shepherded to become HIV-1 broadly

neutralizing with Env-based immunogens. Therefore, an impor-

tant next step will be to determine whether immunogens

displaying parasite glycans (either glycoproteins derived from

S. mansoni or chemically modified HIV-1 Env-based immuno-

gens) are able elicit an antibody response that cross-reacts

with HIV-1 Env glycans.
Limitations of the study
This study focuses on cross-reactivity of HIV-1 bnAbs with

S. mansoni, which is not globally endemic. Therefore, further

research is needed to study cross-reactivity of HIV-1 glycan-

binding bnAbs with more widely prevalent highly glycosylated

pathogens, which could also play a role in the development of

glycan-binding HIV-1 bnAbs. A further limitation of this study is

that binding to multimeric forms of autologous trimers by the

UCA of PCDN76, which may have higher affinity for precursor

B cells, have not been tested.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human-IgG-Cy3 Sigma Aldrich RRID: AB_258804

Cat#: C2571-1ML

PGT128, PGT121, PGT151, PGT130, PGT123 (Walker et al., 2011) N/A

VRC01 (Zhou et al., 2010) N/A

F425-b4e8 (Cavacini et al., 2003) N/A

2G12 (Trkola et al., 1996) N/A

PCDN76 UCA-S, PCDN76 UCA-P, PCDN76 16-A,

PCDN76 22-A, PCDN76 22-C, PCDN76 38-A or

PCDN76 38-B

(Macleod et al., 2016) N/A

Goat a-human-Alexa Fluor 488 Jackson ImmunoResearch RRID:AB_2337833

Cat#:109-545-008

Protein G-HRP Abcam Cat#: ab7460

Goat-anti-human IgG H+L 800CW Li-Cor Cat#: 926-32232

Goat-anti-human-Fc-AP Jackson RRID: AB_2337608

Cat#:109-055-098

Biological samples

International AIDS vaccine initiative IAVI Protocol C cohort (Landais et al., 2016) N/A

Chemicals, peptides, and recombinant proteins

Biotinylated Phaseolus vulgaris Leucoagglutinin (PHA-L) Vector laboratories Cat#: B-1115

Biotinylated Concanavalin A (Con A) Vector laboratories Cat#: B-1005

DAPI Sigma Aldrich Cat#: D9542-1MG

Rhodamine phalloidin Life technologies Cat#: R415

Gp120 (JR-CSF) This manuscript N/A

Critical commercial assays

SignalFireTM ECL Reagent Cell Signaling Technology Cat#: 6883P3

Human Anti-Schistosoma mansoni IgG ELISA Kit Abcam Cat#: ab108769

Experimental models: Organisms/strains

Cercariae were shed from Biomphalaria

glabrata snails infected with Schistosoma

mansoni (strain NMRI)

NIAID Schistosomiasis Resource Center N/A

Software and algorithms

Prism Graphpad https://www.graphpad.com/

scientific-software/prism/

PyMol The PyMOL Molecular Graphics System,

Version 2.0 Schrödinger, LLC

https://www.pymol.org/

GenePix Pro 6.0 software Molecular Devices N/A

Fiji Image J N/A

Other

VictorTM X3 multilabel reader Perkin Elmer N/A

Agilent G2565BA microarray scanner system Agilent Technologies, Santa Clara, USA N/A

Nikon A1 inverted confocal microscope Nikon Centre, KCL N/A

Li-Cor Odyssey XF Imaging System Li-Cor N/A

ProScanArray� Express Perkin Elmer, Shelton, USA N/A

ImageQuant Detector GE Life Science N/A

e1 Cell Reports 38, 110611, March 29, 2022

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.pymol.org/


Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Katie J

Doores (katie.doores@kcl.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Microscopy data reported in this paper will be shared by the lead contact upon request.

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 MODEL AND SUBJECT DETAILS

Human subjects
The gender and age of participants in the IAVI Protocol C participants can be found in Table S2.

Ethics for protocol C
The International AIDS vaccine initiative IAVI Protocol C program was conducted between 2006 and 2011 at nine research centers in

Kenya, Rwanda, South Africa, Uganda, and Zambia. (Amornkul et al., 2013) The aim was to document and describe immunological,

virological and clinical HIV-1 disease progression. A total of 615 participants with documented HIV-1 infection within 12months were

recruited from seroincidence cohorts in Africa. Participants were followed in 3-6 months intervals. Development of broadly neutral-

izing antibodies (bnAbs) in relation to clinical and virological factors was studied in depth by Landais et al. (Landais et al., 2016). Here,

60 donors were selected to study Schistosoma cross-reactivity in the context of bnAb development. Neutralization breadth was

measured on a cross-clade panel of HIV-1 pseudoviruses (92TH021 (CRF0-AE), 94UG103 (Clade A), 92BR020 (Clade B), JRCSF

(Clade B), IAVIC22 (Clade C, also named MGRM-C026) and 93IN905 (Clade C)). The level of neutralizing activity of an individual

sample was determined by a neutralization score defined as a weighted average of log-transformed 50% neutralization end point

dilutions across the reference pseudoviruses neutralization screening panel and excluding the negative and positive con- trols,

aMLV and NL43 respectively: (Score = Average (log3 (dilution/100)+1)). All titers below the limit of detection were assigned a value

of 33 for purposes of calculating a neutralization score.

The donors selected represent the distribution of the cohort from low neutralization to high (weak (neutralization score <0.5),

medium (neutralization score <1 and R0.5) or top (neutralization score R1) neutralization scores). To assess longitudinal

seroreactvity with S. mansoni three timepoints (early, mid-study and late) were chosen. The study was ethically approved by

the Republic of Rwanda National Ethics Committee, Emory University Institutional Review Board, University of Zambia

Research Ethics Committee, Charing Cross Research Ethics Committee, UVRI Science and Ethics Committee, Kenyatta

National Hospital Ethics and Research Committee, KEMRI Scientific and Ethics Review Unit, University of Cape Town Research

Ethics Committee, University of Kwazulu-Natal Biomedical Research Ethics Committee, Mahidol University Ethics Committee,

Sanford-Burnham Medical Research Institutional Review Board, Veterans Affairs San Diego Institutional Review Board, LIAI

Human Subjects Committee, and Scripps Institutional Review Board (Amornkul et al., 2013; Landais et al., 2016). Ethical

approval to study pathogen seroreactivity of these samples was granted by King’s College London BDM Research Ethics Panel

(LRS- 18/19-11221).

METHOD DETAILS

bnAbs incubation on a synthetic glycan microarray
Glycan microarrays were prepared as previously described (Brzezicka et al., 2015; Echeverria et al., 2018). A solution of bnAb

(PGT121, PGT123, PGT128, PGT130, PGT151 and PGV04) at 10 mg/mL (final concentration) was incubated with secondary

anti-human IgG-Cy3 (1:1000 final dilution, Sigma Aldrich, C2571-1ML) in PBS containing 0.5% bovine serum albumin (BSA)

and 0.01% Tween-20 at room temperature for 2 hr in the dark. Glycan microarrays were compartmentalized using an 8 well

ProplateTM slide module, 200 mL of the bnAbs/secondary antibody mix was applied to each well and incubated at 4�C overnight

under gentle shaking. The microarray slides were washed with PBS+0.01% Tween 20, distilled water and dried in a slide spinner.

Fluorescence was analyzed on an Agilent G265BA microarray scanner system (Agilent Technologies, Santa Clara, USA) and quan-

tified with ProScanArray� Express (Perkin Elmer, Shelton, USA) and Microsoft Excel. After local background subtraction the

average of mean RFU values and standard deviation of four replicates spots was represented as histograms with Microsoft Excel

software.
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bnAbs incubation on a shotgun parasite glycan microarray
Glycans were released from glycolipids and glycoproteins from homogenized S. mansoni life-stages (cercariae, worms and eggs) by

ceramide and PNGaseF treatment, respectively (De Boer et al., 2007; van Diepen et al., 2012, 2015). Glycans were labelled with

2-anthranilic acid (2-AA), fractionated with hydrophobic interaction liquid chromatography (HILIC) and printed on an array slide

with an Omnigrid 100 microarrayer (Genomic solutions), as described before. The slides were briefly rinsed with PBS and blocked

with 2% BSA in PBS with 50 mM ethanolamine for 1 hour. After a brief rinse with PBST0.05 (0.05% Tween20 in PBS) and PBS,

they were diluted in PBST0.01 (0.01% Tween20 in PBS) with 1% BSA and added to the slide and incubated for 1 hr at room temper-

ature. The slide was rinsed with PBST0.05 and PBS. a-human-IgG-Cy3 (1:1,000, Sigma Aldrich, C2571-1ML) in PBST0.01 with 1%

BSAwas used as secondary antibody and incubated at room temperature for 30minutes. The slide waswashedwith PBST0.05, PBS

and double distilled H2O and read on a G2565BA scanner (Agilent Technologies) at 532 nm. The analysis was performed using

GenePix Pro 6.0 software (Molecular Devices).

NMR spectroscopy
Compound 28 for STD NMR studies was prepared chemo-enzymatically as previously described (Brzezicka et al., 2015). All exper-

iments were performed at 278 K on a Bruker Avance III 800MHz spectrometer equippedwith a 5-mmTXI 800MHzH-C/N-D-05 ZBTO

probe. A glycan 28 sample was prepared at 1.4mMand 30 uMPGT121 in PBS 137mMat pH 7.4 in D2O and assigned using standard

COSY (cosydfesgpph), TOCSY (mlevphpr), and 1H-13C HSQC (hsqctgpsp) experiments. The residual water signal was used as a

reference for chemical shifts. STD NMR experiments were performed using a train of 50 ms Gaussian pulses (0.4 mW, B1 field

strength 78 Hz) applied on the f2 channel at 0 ppm (on-resonance) or 40 ppm (off resonance). A spoil sequence (2 trim pulses of

2.5 and 5 ms followed by a 40 % z-gradient applied for 3 ms at the beginning of the experiment) was used to destroy unwanted

x,y-magnetization from previous scan and a spinlock (1.55 W, 40 ms) was used to suppress protein signals (stddiff.3). To obtain

the binding epitopes of the ligands, STD NMR experiments were carried out at different saturation times, D20, (0.5, 0.75, 1.0, 1.5,

2.0, 2.5, 3.0, 3.5, 4.0, 5.0, and 6.0 s) and the resulting building curves were fitted mathematically to a mono-exponential equation,

from which the initial slopes were obtained. From these values, the binding epitope mapping was obtained by dividing all by the

largest value, to which an arbitrary value of 100% was assigned.

Molecular docking and molecular dynamics simulations
A molecular model of glycan 28 was produced using the Schrodinger Maestro software, and the conformational flexibility of the

model was considered by performing a conformational search using Schrodinger’s MacroModel software (Schrödinger, 2016). Con-

formers were generated by Monte Carlo torsional sampling, eliminating structures with RMSD <5 Å from existing structures or with a

potential energy >5 kcal mol�1 from the minimum energy structure according to the OPLS3 forcefield. Restraints of 100 kcal mol�1

were applied to all internal ring torsions so that the favoured 4C1 ring conformation was preserved along the docking calculation.

Generated structures were minimised by the conjugate gradient method, converging on a threshold of 0.05 kcal mol�1. Docking cal-

culations were performed using Schrodinger’s Glide software (Friesner et al., 2004; Halgren et al., 2004). A cubic receptor grid was

generated around the model of PGT121. Glide docking of glycan 28 conformers was performed using standard precision, enhanced

sampling, and a distance-dependent dielectric constant of 2. The resulting poseswere clustered using the hierarchical agglomerative

average linkage algorithm.

For the molecular dynamics simulations, the complex was parametrised using AMBER ff14SB (Maier et al., 2015) and

GLYCAM_06j for protein and carbohydrate moieties respectively. Model systems were generated by solvating with explicit TIP3P

water molecules within a truncated octahedron bounding box buffered from the complex by 10 Å and neutralizing with Na+ ions. Con-

jugate gradient minimisation was run with 20 kcal mol�1 Å�2 restraints on solute atoms, converging on a threshold of 1 x 10�4 kcal

mol�1 Å�1, before repeatingwith no restraints. The restraints were reapplied to solute atoms before heating at constant volume to 310

K over a period of 500 ps. The systemwas then equilibrated at constant pressure (1 atm) over a period of 1.3 ns, with restraints being

released slowly over the last 800 ps. In all cases periodic boundary conditions and the particle mesh Ewald method were applied. A

Langevin thermostat with a collision frequency of 5 ps�1 and a Berendsen barostat with a relaxation time of 2 ps were used. The

SHAKE algorithm was used to restrain all bonds involving hydrogen, allowing a timestep of 2 fs to be used. A cutoff of 8 Å was

used for non-bonded interactions. For production dynamics, simulations were run for 100 ns, saving coordinates every 10 ps.

PBD files of representative frames of the MD simulation represented in Figure 3, panel B are found Data S1–S3.

Measurement of SCA, AWA and gp120 binding by Western blot
Before loading the gels (Mini-PROTEAN� TGXTM Precast Gels 4-20%, BioRad), they were placed in aMini-PROTEAN Tetra Cell (Bio-

Rad) and submerged in running buffer (0.1% SDS, 25 mM tris-Base, 200 mM glycine, pH 8.8). Precision Plus ProteinTM Dual Colour

standard (BioRad) was loaded on all tris-glycine gels to reference protein sizes and the SDS-PAGE was performed using a power-

pack (BioRad) at 200 V until the desired progress was reached. Separated proteins were transferred onto a nitrocellulose membrane

(Amersham Protran 0.45), using Mini-PROTEAN Tetra Cell submerged in transfer buffer (20% ethanol, 25 mM Tris-Base and 200mM

Glycine). The transfer was performed at 100 V for 1 hour under cooling and the quality of transfer accessed by brief Ponceau staining

(Sigma-Aldrich). The membrane was blocked with 3% BSA in PBS for 1 hour. After the blocking buffer was discarded, the primary

antibody (VRC01, F425-b4e8, 2G12, PGT128, PGT121, PGT151) was added (50 mg/mL, diluted in 3% BSA in PBST (1x PBS, 0.05%
e3 Cell Reports 38, 110611, March 29, 2022
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Tween20)) and incubated for 1 hour at room temperature with rocking. Themembrane was washed three times for 5 minutes in PBST

and secondary conjugate added (Protein G-HRP, Abcam, ab7460; 1:1,000, diluted in 5%milk in PBST) and incubated for 1 hr at room

temperature with rocking. The membrane was washed 3x (PBST) and SignalFireTM ECL Reagent (Cell Signaling Technology) was

used to detect chemiluminescence on an ImageQuant Detector (GE Life Science).

For gp120-JRFL western blot, 0.5 mg of gp120 was loaded in each lane. The membrane was blocked with 3% BSA in PBS for 1

hour. Primary antibody binding (VRC01, F425-b4e8, 2G12, PGT128, PGT121, PGT151 or a bnAb cocktail) was added (50 mg/mL) was

detected using secondary antibody (Goat-anti-human IgG H+L 800CW (926-32232, Li-Cor), 1:1,000, diluted in 5% milk in PBST)

membrane read using a Li-Cor Odyssey XF Imaging System.

ELISA for SEA
For soluble egg antigen (SEA) ELISAs, the Human Anti-Schistosoma mansoni IgG ELISA Kit (ab108769, Abcam) was used and ex-

periments were performed according to themanufacturer’s instructions. Human Anti-Schistosomamansoni IgG provided with the kit

was used as a positive control. Serum/plasma samples were inactivated with TritonX (0.1%) and diluted to 1:100 before adding to the

wells. mAbs were used at 50 mg/mL in sample diluent.

ELISA for SCA and AWA
Soluble cercarial antigen (SCA) and adult worm antigen (AWA) were coated on 96-well Half Area Clear Flat Bottom Polystyrene High

Bind Microplates (Corning) at 1 mg per well overnight at 4�C. Wells were washed with PBST and blocked with 5% milk (5% non-fat

milk in PBST). Serum/plasma samples were inactivated with TritonX (0.1%) and diluted to 1:100 before adding to the wells. mAbs

were used at 50 mg/mL in sample diluent (ab108769, Abcam) and serum standards provided in the Human Anti-Schistosomamansoni

IgG ELISA Kit (ab108769, Abcam) were used as controls. The assay was performed with 100 mL per well for all steps, except washing

which was performed at 300 mL per well. After the samples were added to the wells the assay plate was incubated at 37�C for 1 hour.

After the plate was washed 3x with 1x washing solution, Protein A-HRP solution (provided with the kit) was added. The plate was

incubated for 30 minutes at room temperature and washed 3x with washing solution. TMB substrate solution was added to the wells

and incubated at room temperature for exactly 15 minutes. The reaction was stopped with stop solution and the OD determined at

450 nm. The kits include a cut-off, positive and negative control. Standard units were determined for serum-samples and are the

10-fold ratio of OD to cut-off OD.

S. mansoni cercariae staining
Live S. mansoni cercariae were fixed with 4% para-formaldehyde (PFA) for 20 minutes at room temperature. The cercariae were

washed with PBSTx (PBS, 0.3% TritonX100) by allowing them to settle on ice and re-suspension in PBSTx. After permeabilization

with 1% SDS in PBS (20 min, room temperature) cercariae were washed with PBSTx and re-suspended in 200 mL staining dilution.

The staining dilution was made up with primary HIV-1 antibody at 50 mg/mL (VRC01, F425-b4e8, 2G12, PGT128, PGT121, PGT151,

PCDN76 UCA-S, PCDN76 UCA-P, PCDN76 16A, PCDN76 22A, PCDN76 22C, PCDN76 38A, PCDN76 38B) or lectin at 50 mg/mL

(PHL-A or Con-A), secondary (Goat a-human-Alexa Fluor 488, Jackson ImmunoResearch; 37.5 mg/mL), DAPI (Sigma, D9542-

1MG; 0.1 mg/mL) and Rhodamine phalloidin (Life technologies, R415, used at 1:500). After incubation for 1 hour at 37�C, cercariae
were rinsed with PBSTx (3x) and PBS. Cercariae were re-suspended in 7 mL liquefied DAKO mounting medium (Agilent), put on a

glass-slide, covered with a coverslip and sealed with clear nail polish. The slides were imaged on a Nikon A1 inverted confocal

microscope (Nikon Centre, KCL) and images were analysed with Fiji (Image J) (Collins et al., 2011).

Gp120 ELISA
96-well Half Area Clear Flat Bottom Polystyrene High BindMicroplates (Corning) were coated with gp120-JR-CSF (125 ng per well) in

PBS at 4�Covernight. Plates were washedwith PBST (1 x PBS, 0.05%Tween20) and blockedwith 5%milk (5%non-fat milk in PBST)

for 1 hour (RT). The 5%milk was emptied from the wells and antibody dilutions (in 5%milk) added to the wells. Plates were incubated

for 2 h at RT and then washed with PBST (5x) and the secondary antibody (anti-human-Fcg, AP-conjugated; Jackson

ImmunoResearch), diluted in 5%milk (1:1,000) was added (1 h, RT, rocking). The plate was washed 5x with PBST and phosphatase

substrate (one p-nitrophenyl phosphate tablet dissolved per 5 mL of AP-buffer (10 mM MgCl2, 80 mM NaCO3, 15 mM NaN3, sterile

filtered)) was added to the wells. OD was detected on a spectrophotometer at 405 nm. Curves were plotted using MS Office Excel

and GraphPad Prism 8.

QUANTIFICATION AND STATISTICAL ANALYSIS

All ELISA experiments were performed in duplicate. Statistical analyses (Chi-squared test and Mann-Whitney U tests) were

performed using GraphPad Prism 8. P-value significances were assigned as described.
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