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SUMMARY
Zika virus (ZIKV) is an emerging pathogen that causes devastating congenital defects. The overlapping epide-
miology and immunologic cross-reactivity between ZIKV and dengue virus (DENV) pose complex challenges to
vaccine design, given the potential for antibody-dependent enhancement of disease. Therefore, classification
of ZIKV-specific antibody targets is of notable value. From a ZIKV-infected rhesus macaque, we identify ZIKV-
reactive B cells and isolate potent neutralizingmonoclonal antibodies (mAbs) with no cross-reactivity to DENV.
We group these mAbs into four distinct antigenic groups targeting ZIKV-specific cross-protomer epitopes on
the envelope glycoprotein. Co-crystal structures of representativemAbs in complex with ZIKV envelope glyco-
protein reveal envelope-dimer epitope and unique dimer-dimer epitope targeting. All four specificities are sero-
logically identified in convalescent humans following ZIKV infection, and representative mAbs from all four
groups protect against ZIKV replication in mice. These results provide key insights into ZIKV-specific antige-
nicity and have implications for ZIKV vaccine, diagnostic, and therapeutic development.
INTRODUCTION

Zika virus (ZIKV) is a pathogen that causes significant neurologic

and developmental pathology and disease in developing fetuses1
This is an open access article under the CC BY-N
and, in some cases, Guillain-Barré syndrome.2–4 ZIKV was first

isolated from a sentinel rhesus monkey in Uganda in 1947 and

subsequently described in 1954 in humans.5,6 ZIKV is part of

the Flaviviridae family and is transmitted by Aedes aegypti
Cell Reports 42, 112942, August 29, 2023 ª 2023 The Author(s). 1
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Figure 1. Isolation of ZIKV-reactive antibodies from a flavivirus-naive ZIKV-infected macaque

(A) Schematic of the sequential staining strategy of ZIKV-specific B cells. (1) Incubation of PBMCs with unlabeled whole ZIKV virions followed by (2) incubation

with fusion-loop-targeting antibody 4G2-APC conjugate.

(B) Isolation of ZIKV-reactive activated B cells and plasmablasts from rhesusmacaque 10U032 peripheral blood at 14 days post infection.34 Flow cytometry gates

show the percentage of cells identified for each phenotypic population. CD19+CD38+CXCR5hi/lo4G2+ ZIKV-specific B cells sorted and sequenced are indicated in

the last gate, with cells encoding neutralizing antibodies labeled with the matching rhMZ antibody number.

(legend continued on next page)
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mosquitoes.7 ZIKV can also be transmitted by sexual contact, in

addition to perinatal and blood-borne routes.2,4,8–14 ZIKV co-cir-

culates with dengue virus (DENV) in similar geographic locations,

while most ZIKV infections that are detected in the United States

occur in flavivirus-naive travelers returning from ZIKV-endemic

areas.15,16 The ZIKV and DENV envelope (E) glycoproteins elicit

immunologic cross-reactivity due togenetic and structural similar-

ity.17 ZIKV vaccination strategiesmust avoid antibody-dependent

enhancement (ADE) of DENV infection.18–20

A vital step to understanding the specificity of protective anti-

body responses during ZIKV infection is molecular understand-

ing of ZIKV neutralizing monoclonal antibodies (mAbs); this is

critical for the development of antibody therapies and vaccines

for ZIKV.21–24 The major target of ZIKV-specific mAbs is the viral

envelope (E) glycoprotein, which mediates virus attachment, en-

try, and fusionwith endosomal membranes of host cells.25,26 The

monomeric E glycoprotein consists of three domains (DI, DII, and

DIII), which, via cross-protomer interactions, form a sophisti-

cated icosahedral symmetry on the virus surface.27 Critically,

ZIKV neutralizing antibodies target conformational and quater-

nary epitopes that require higher-order structures on intact

virions not fully available on individual E protomers.28,29

Most prior studies that have structurally characterized the epi-

topes of mAbs against ZIKV have focused on individuals with

prior flavivirus exposure.24,29–32 This approach is complicated

by B cells from pre-existing DENV immune responses.33 As

such, less is known about the immune responses to the ZIKV E

glycoprotein targeting in truly flavivirus-naive individuals. Ana-

lyses of the B cell antibody repertoire in a flavivirus-naive ZIKV-

infected human indicated that more than 60% of B cell re-

sponses targeted unknown regions of the E glycoprotein.29,31

We have shown that flavivirus-naive rhesusmacaques infected

with ZIKV developed high titers of neutralizing antibodies.34 To

characterize the antibody repertoire elicited in a naive rhesusma-

caque following primary ZIKV infection, we isolated neutralizing

antibodies using an atypical B cell sorting strategy employing

whole ZIKV virions as sorting probes and performed immunolog-

ical, biochemical, and structural characterization of these mAbs.

In addition, we assessed the ability of thesemAbs to protectmice

against ZIKV infection, and the prevalence of antibodies targeting

similar epitopes during ZIKV infection was determined. Overall,

these results revealed multiple mechanisms of immune targeting

specific to ZIKV to enable enhanced antibody efficacy and vac-

cine safety development efforts.
RESULTS

Isolation of ZIKV-reactive antibodies from a flavivirus-
naive ZIKV-infected macaque
We and others previously demonstrated that flavivirus-naive ma-

caques developed high neutralizing antibody titers following

ZIKV infection.33,34 To capture as many ZIKV-reactive B cell
(C) Genetic, binding, and neutralization characteristics of isolated ZIKV-reactive m

source, viral probe, clone, and antigenic group. V(D)J assignments were perform

highlighted in gray.

See also Figures S1, S3, and Tables S1 and S2.
specificities as possible, and particularly those recognizing qua-

ternary neutralizing epitopes, we developed a sequential cell-

staining strategy based on whole ZIKV virions (Figures 1A and

1B). Unlabeled ZIKV virions were incubated with peripheral

blood mononuclear cells (PBMCs) from a flavivirus-naive ZIKV-

infected rhesus macaque (10U032) at day 14 post-infection

when high titers of neutralization were observed.34 ZIKV-reactive

activated CD19+ B cells and plasmablasts (CD19+ CD38+,

CXCR5hi/lo) were identified by secondary staining using fluoro-

chrome-labeled mAb 4G2, a fusion-loop-targeting mAb

(Figures 1A and 1B).35 Antibody heavy- and light-chain gene

segments were amplified from B cells using nested RT-

PCR36–38 and sequenced. Immunoglobulin (Ig) G and IgM-tar-

geted PCR was used to generate a total of 40 matched heavy-

light chain pairs.

All mAbs were expressed as rhesus macaque IgG1 molecules

and screened for ZIKV neutralization and binding to ZIKV soluble

E protein (ZIKV E). Twenty-three mAbs bound to ZIKV E

(Figures 1C and S1A). Sequence analysis of the antibodies re-

vealed that these 23 ZIKV E-reactive antibodies belonged to 19

independent clonal families that displayed low levels (<10%) of

somatic hypermutation (SHM) (Figure 1C; Table S2). Antibodies

with low SHM isolated from ZIKV-reactive B cells were also pre-

viously reported from flavivirus-naive humans23,29,31 and in other

primary infections.39 TwomAbsdemonstrated high SHM levels of

more than 15% (Figure 1C), with the caveat that this high level

may be because of incorrect V gene assignment in IgBlast, due

to low coverage within the rhesus database.40 ZIKV E-reactive

antibodies showed great diversity in the Heavy Variable (VH)

gene usage and complementarity-determining region (CDR) H3

length, ranging from 10 to 30 residues (Figure 1C). ZIKV-specific

antibody Light Variable (VL) gene usage was strongly biased to-

ward VL11.42 (50% of the clones).
Antibody characteristics define four ZIKV-specific
antigenic groups
Screening in a micro-neutralization (MN) assay using Vero cell

culture-produced ZIKV revealed that 11 mAbs were capable of

ZIKV neutralization (Figures 1C, 2A, and S1A). The majority

(90%) of the neutralizing antibodies were derived from IgG-ex-

pressing B cells, with only one IgM-derived neutralizing anti-

body, rhMZ133-C, (abbreviated for rhesus MHRP ZIKV 133

group C) (Figures 1C, 2A, and 2B). We characterized the 11

neutralizing mAbs to determine specific 50% inhibitory concen-

tration values (IC50; Figures 2A and 2B). While most neutralizing

mAbs displayed modest MN activity against a Puerto Rico ZIKV

strain (PRVABC59) with IC50 in the mg/mL range, two mAbs,

rhMZ133-C and rhMZ134-B, demonstrated greater potencies,

similar to or surpassing the EDE1-C8 reference antibody41,42

(Figures 2A and 2B). Remarkably, rhMZ134-B had an IC50 of

5.8 ng/mL, similar to that of Z004, one of the most potent ZIKV

neutralizing antibodies reported to date24,43 (Figures 2A and
Abs. Antibody nomenclature is in an abbreviated form that indicates species,

ed using IgBLAST. Antibodies positive in the ZIKV (PRVABC59) MN screen are
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Figure 2. Neutralizing and binding characteristics define four ZIKV-specific epitopes targeted on the E glycoprotein

(A) Neutralization against ZIKV PRVABC59 was assessed by MN assay in Vero cells. Shown are neutralization curves compared to the EDE1-C8 and Z004

controls.

(B) Summary of mAb binding and neutralization activities. Antibodies were screened for binding to recombinant ZIKV E by BLI. Values indicate mean binding

responses calculated from two independent experiments. Neutralization IC50 values (ng/mL) are shown for MN, and flow-based assay (FlowNT) in Vero, and

U937-DC-SIGN cells, respectively. Cross-neutralization screen of a panel of seven flaviviruses (DENV1-4, JEV, WNV, and YFV). Shading represents binding or

neutralization strength ranging from strong (dark) to weak (light); NT, not tested.

(C and D) mAb binding of monomeric ZIKV sE (C) and ZIKV (D) by ELISA. Antibodies were titrated using 4-fold dilution series starting from 20 mg/mL. Values

indicate mean binding responses calculated from two independent experiments.

(E) Relative ratio of binding to Zika virions compared to E indicating quaternary targeting (calculated fromCandD). To directly compare binding activities between

the isolatedmacaquemAbs and humanmAb controls, we calculatedwhole-virus/E binding ratios by using A450 values obtained at 20 mg/mLwith their respective

secondary antibodies. Binding ratio of 2A10G6, an FLE-directed antibody, was arbitrarily set at 1 (dotted line) as this antibody binds equally well to both

monomeric E and ZIKV virion. Antibodies with ratio values >1 indicated preferential targeting of quaternary epitopes (such as EDE), whereas ratios at or below 1

were characteristic of monomeric recognition similar to FLE antibodies.

(F) Binding competition with control antibodies defined four targeting epitope groups. Left: control antibody epitopes mapped on the ZIKV E dimer structure.

Right: four distinct antibody competition profiles were identified in a BLI-based competition assay. Values represent the percentage of residual binding of the

indicated second antibody after prior saturation of ZIKV E with the indicated first antibody. Shading from dark to light indicates competition strength ranging from

strong (0%–30%), to intermediate (31%–69%), to weak/none (70%–100%). The negative control mAb was an HIV-specific mAb VRC01 that has no reactivity to

ZIKV E.

See also Figures S1 and S2 and Tables S2 and S3.
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2B). Although neutralizing mAbs demonstrated significantly

higher binding responses than non-neutralizers in the Biolayer

Interferometry (BLI) assay (p = 0.0005, Mann-Whitney t test),

the magnitude of binding did not correlate with neutralization

(Figures 2, S1C, and S1D). To confirm the observed neutraliza-

tion properties in an assay that would better reflect initial ZIKV

infection events, we employed a flow cytometry-based assay

(FlowNT50) measuring single-cell infection of human monocytes

by a Brazilian strain of ZIKV (Paraiba_01) produced in mosquito

cells (Figure 2B). The antibodies typically performed similarly in

the FlowNT50 assay and the MN assay. rhMZ134-B showed

the highest neutralization potency (IC50 of 15 ng/mL) followed

by rhMZ119-D (IC50 of 36 ng/mL), while rhMZ133-C did not

perform as well (IC50 z 1 mg/mL) in the FlowNT50 neutralization

assay (Figures 2B and S2A). To compare these mAbs to others

previously described, a third neutralization assay was performed

using the plaque reduction neutralization test (PRNT) with ZIKV

(Paraiba_01), assessing five rhMZ antibodies with the highest

neutralizing potency as identified by MN or FlowNT50 neutraliza-

tion assays (Figure S2). The results showed a similar trend

compared to the other neutralization assays, with rhMZ134-B

potency (IC50 of 30 ng/mL) again being similar to Z004 (IC50 of

20 ng/mL) (Figure S2B). In addition, rhMZ134-B demonstrated

broad PRNT neutralization against Ugandan and Thai strains

with IC50 of 50 and 20 ng/mL, respectively (Figure S2C). Finally,

to investigate whether the isolated antibodies recognized ZIKV-

specific or flavivirus cross-reactive epitopes, we performed a

neutralization screen against a panel of seven flaviviruses,

including all four DENV serotypes, Japanese encephalitis virus

(JEV), West Nile virus (WNV) and yellow fever virus (YFV). None

of the mAbs displayed neutralization activity even when using

a high antibody concentration of 100 mg/mL, indicating that all

mAbs were specific for ZIKV (Figure 2B). Consistent with these

results, the neutralizing mAbs did not bind a panel of flavivirus

E proteins, including DENV1-4, JEV and YFV, confirming their

specificity for ZIKV (Figure S1B).

To understand the epitopes targeted by this set of ZIKV-spe-

cific neutralizing mAbs, we assessed binding to monomeric

ZIKV E and whole ZIKV. Binding to monomeric ZIKV E was per-

formed by ELISA where quaternary antibodies, such as EDE1-

C8, are poorly reactive,44 while antibodies to the monomeric E

protein, such as the fusion-loop epitope (FLE)-directed mAb

2A10G6, bind robustly (Figure S2D).45 In contrast, since utilizing

whole ZIKV virions in a virus-capture ELISA assay allows for the

display of monomeric and quaternary epitopes, both EDE1-C8

and 2A10G6 showed strong binding to ZIKV (Figure S2D). Inter-

estingly, binding to whole ZIKV virion mirrored the responses to

ZIKV E observed in the BLI assay (Figure S1A), suggesting that

both monomeric and E dimer epitopes (EDEs) are available.

The majority of the ZIKV-specific mAbs did not demonstrate

binding to monomeric ZIKV E in ELISA (Figure 2C). Some

reactivity was observed for rhMZ104-D, rhMZ119-D, and

rhMZ124-D, which were also identified as the strongest binders

to ZIKV E by BLI (Figures 2B and 2C). All ZIKV-specific neutral-

izing mAbs bound strongly to ZIKV virions (Figure 2D). To deter-

mine the quaternary specificity of the neutralizing antibodies, we

calculated the ZIKV virion/ZIKV E binding ratios relative to the

FLE control antibody (2A10G6); a ratio of 1 reflects an equally
strong affinity for monomeric E and ZIKV virion (Figure 2E). In

contrast, the binding of the EDE1-C8 control, with a ratio of

approximately 10, was strongly biased toward whole ZIKV virion

binding, consistent with its quaternary epitope specificity. Inter-

mediate binding ratios between 2 and 5 were obtained for group

D mAbs, rhMZ104-D, rhMZ119-D, and rhMZ124-D, indicating

that they partially bound to monomeric ZIKV E but have signifi-

cant quaternary affinity. Neutralizing antibodies from groups

A–C had binding ratios over 20 (Figure 2E), indicating preference

for quaternary epitopes found only on ZIKV virions. Intrigued by

potent neutralizing activities of these mAbs, we next tested their

binding affinities for the ZIKV E glycoprotein. Binding affinities for

group D antibodies were on par with EDE1-C8 and slightly less

for group B and C mAbs (Table S3).

We performed binding competition experiments to delineate

the antigenic sites (Figure 2F). Control mAbs against previously

identified sites of vulnerability such as the FLE (mAb 2A10G6),

DI/II (mAb Z3L145), the EDE1 (mAb EDE1-C8), and DIII (mAb

Z004) were used to assess binding to ZIKV E using BLI. When

the 11 ZIKV-specific macaque neutralizing mAbs were used in

these competition assays, their pattern of competition fell into

four groups with overlapping but discrete features (Figure 2F).

Antibodies within group A were competed by all four control

mAbs to varying degrees. Group B antibodies resembled the

competition profile obtained with the EDE1 control antibody,

suggesting that they might represent unique ZIKV-specific EDE

antibodies. Group C was competed by EDE1 and DIII mAbs,

whereas group D mAbs were only sensitive to EDE1 mAb

competition. Group C and D antibodies were of particular inter-

est as their distinctive competition profiles indicated that they

might target previously uncharacterized neutralizing epitopes.

Crystal structure of ZIKV-specific EDE antibody
rhMZ107-B Fab in complex with ZIKV E glycoprotein
To understand the structural recognition of the ZIKV-specific

EDE-like antibodies, crystal structures of representative mAbs

from each group were determined alone and in complex with

ZIKV E. Group A mAbs did not form stable complexes with

ZIKV E and failed to crystallize. However, we were able to crys-

tallize the antigen-binding fragment (Fab) rhMZ103-A alone and

determine the structure to a resolution of 1.87 Å (Figures S3A and

S3B; Table S4A). From antigenic specificity group B, we deter-

mined the crystal structure of rhMZ107-B alone (2.1 Å resolution)

and in complex with ZIKV E glycoprotein at 3.2 Å resolution

(Figures 3A and S3C; Tables S4A, S4B, S5A, and S5B). Within

the asymmetric unit, four rhMZ107-B Fab variable region (Fv)

and four ZIKV E glycoproteins were observed, with each Fv bind-

ing an epitope that spans three protomers (I–III) with protomer

contact regions of 295.3, 852.8, and 64.9 Å2 buried surface

area (BSA), respectively (Table S5B). The largest antibody con-

tact area was on the DII of protomer II, followed by recognition

of the DIII of protomer I, adjacent to the glycan-154, with minor

contacts on the DI of a third protomer (III) (Figures 3A and 3B;

Table S5B). The antibody light chain had more contacts with

ZIKV E protomers compared to the heavy chain (483.4 Å2 heavy

chain; 729.6 Å2 light chain). mAb rhMZ107-B recognition of ZIKV

E involved almost exclusively germline-encoded residues

except for two residues encoded through recombination. In the
Cell Reports 42, 112942, August 29, 2023 5
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Figure 3. Crystal structure of ZIKV-specific EDE antibody rhMZ107-B in complex with ZIKV E glycoprotein

(A) Left: top view of the co-crystal structure of rhMZ107-B in complex with ZIKV E (PRABC59). rhMZ107-B Fv heavy and light chains are shown in surface

representation and are colored dark and light green, respectively, while four ZIKV E protomers are shown in ribbon representation and colored blue and gray. Four

ZIKV E protomers, left to right, are labeled as I–IV. Right: 2Fo-Fc electron density for the rhMZ107-B (mol 1) and ZIKV E interface residues is shown as gray mesh

(contoured at 1.5s).

(B) Epitope footprint of rhMZ107-B antibody (mol 1) is shown as solid green line, displayed on four ZIKV E protomers shown in surface representation. The

rhMZ107-B epitope extends across protomers I–III. Relevant antigenic ZIKV E regions within the epitope are labeled (fusion loop is in red, b strand in blue, bc-loop

in magenta, and other loop regions are labeled). Antigenic regions of protomers I and III are marked with prime (0) and double prime (00), respectively.
(C) rhMZ107-B contact residues are shown as sticks based on (1) CDRs H1, H2, and H3; (2) CDR H3 and L2; (3) CDR L1, L3, and FR L3 antibody-contacting

regions. ZIKV E contact residues of protomers I and III are marked with prime (0 ) and double prime (00), respectively. The b strand residues 63–73 on protomer II are

colored dark blue. mAb somatic hypermutation (SHM) residues are colored bright red.

(D) Epitopes for rhMZ107-B and EDE1-C8 are represented with green and white lines, respectively. EDE1-C8 (PDB: 5LBS) antibody was overlaid onto the

rhMZ107-B ZIKV E structure to map the epitopes.

(legend continued on next page)

6 Cell Reports 42, 112942, August 29, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
light chain, a single CDR L3 residue glycine 93, which makes

main chain contact with ZIKV E, was mutated from the

VL11.42 gene-encoded residue serine (Figure S3A). Modeling

antibody recognition in the context of the mature ZIKV (PDB:

5IRE), the rhMZ107-B epitope is fully accessible and all 180 pro-

tomer epitopes are available without any E glycoprotein struc-

tural rearrangement needed (Figure S4D).

rhMZ107-B recognized the DII of ZIKV E utilizing CDRs H1–

H3 and L1–L3 focused on the b strand in the center of the

epitope (residues 65–74). Additional recognition of DIII from an

adjacent protomer I occurred through the light chain CDR L2

and framework 3 (FR3), while recognition of the DI from the third

protomer (III) was facilitated by CDR L1, L2, and FR3 (Figure 3C).

Features of the rhMZ107-B antibody recognition are reminis-

cent of EDE1-C8 recognition,42 which had reactivity against

ZIKV, as well as multiple strains of DENV (Figure 2B). In contrast

to EDE1-C8, rhMZ group B mAbs inclusive of rhMZ107-B were

ZIKV specific (Figure 2B). Comparison of the epitope-contact

residues of rhMZ107-B and EDE1-C8 showed similar contacts

(Figures 3D and S5C; Table S5) with a few notable sequence dif-

ferences. rhMZ107-B makes close contact with the DI-glycan

loop (BSA 74.0 Å2) and DE-loop (BSA 83.0 Å2) on one protomer

and the b strand (residues 65–74; BSA 400.0 Å2) on the neigh-

boring E protomer (Figure 3A). The ZIKV b strand, has no

sequence similarity with the b strand on DENV E. Moreover,

DENV E glycoprotein is glycosylated at residue N67 within the

b strand, while this glycosylation site is absent in ZIKV E. Both

the DI-glycan loop and the DE-loop in the DENV E glycoprotein

are shorter with significant sequence differences (68% and 80%

sequence similarity, respectively). Overall, these differences in

key contact residues on the E glycoproteins between the two vi-

ruses explains the ZIKV specificity. Although crystal structures

were not solved for the group B rhMZ134-B—the most potent

ZIKV-specific mAb isolated—we screened rhMZ134-B for

recognition of ZIKV E glycoprotein by shotgun alanine/serine-

scanning mutagenesis. Residues W101, F108, V257, G259,

K316, and M375 were highlighted as contact residues, similar

to the rhMZ107-B epitope (Figure 3E) and other EDE1-like anti-

bodies.42,46 The disparity in neutralization potency (ng/mL

range for rhMZ134-B and EDE1-C8, and mg/mL range for

rhMZ107-B) between these antibodies is likely due to slight dif-

ferences in epitope recognition in the viral context also indicated

by binding differences (Figure 2D). These large potency differ-

ences between antibodies targeting overlapping epitopes

have been previously observed for multiple viral neutralizing

antibodies.43,47–49

Crystal structure of inter-dimer-epitope antibody
rhMZ100-C Fab in complex with ZIKV E glycoprotein
To understand the structural basis for the group C antigenic

specificity, we determined the crystal structure of rhMZ100-C

alone (2.1 Å resolution) and in complex with ZIKV E glycoprotein
(E) Shotgun mutagenesis ZIKV E epitope analysis for rhMZ134-B antibody. Rela

which substitution to alanine causes >90% loss in binding were considered impo

mean ± SEM from two independent experiments.

See also Figures S3–S5 and Tables S4 and S5.
at 2.8 Å resolution (Figures 4 and S3D; Tables S4A and S4B).

Within the asymmetric unit, two rhMZ100-C Fab molecules

and four ZIKV E glycoprotein protomers (two dimers) were

observed with both the dimers flipped at an angle of 180� with

respect to each other (Figure S4A). Within a dimer, each Fab

bound to a single protomer with a contact region of 380.8 Å2

BSA through the light chain and 138.9 Å2 from the heavy chain

that focused on DII. rhMZ100-C recognized the DII of ZIKV E uti-

lizing CDR L1-3 and heavy-chain CDR H3, centered on the ZIKV

E b strand (Figures 4B and 4C). Antibody rhMZ100-C used 95%

heavy-chain germline-encoded residues and 97% in the light

chain (Figure S3A). We modeled rhMZ100-C binding in the

context of the mature ZIKV (PDB: 5IRE) and identified additional

significant contacts in the DI/DII of an adjacent ZIKV E protomer

that would increase the light- and heavy-chain contact region to

544.0 and 975.0 Å2, respectively (Figure S4A). In this model,

rhMZ100-C recognized two molecules of ZIKV E (993.2 and

526.4 Å2 BSA) at the inter-dimer interface in a ZIKV E-tetramer

with only 60 binding sites accessible in the context of the mature

ZIKV, since this epitope spanned the center of two dimers, and

thus only half of the epitope was available on the ‘‘end’’ dimers

that form the raft-raft interface (Figure S4D). The rhMZ100-C

epitope has significant sequence difference in the DENV-2 E

(Figures 6A and S5D). Features of the rhMZ100-C antibody

recognition of ZIKV were like ZIKV-117 mAb,50,51 which is highly

potent and ZIKV specific (Figure 4D). However, ZIKV-117 recog-

nizes an inter-dimer epitope that is less centered across the in-

ter-dimer interface, with predominant recognition of one proto-

mer (total BSA, 263.9 Å2) which is distinctly different to the

rhMZ100-C epitope (Figure 4E).

Structure of inter-dimer-epitope antibodies rhMZ119-D
and rhMZ104-D in complex with ZIKV E glycoprotein
To understand the antigenic specificity group D recognition, we

determined the crystal structures of rhMZ119-D and rhMZ104-D

Fabs alone and in complex with ZIKV E glycoprotein (Figures 5,

S3E, S3F, S4B, and S4C). Crystal structures of rhMZ119-D and

rhMZ104-D complexes were determined at 3.58 and 2.80 Å res-

olutions, respectively (Figure 5; Tables S4A and S4B). While both

antibodies approach ZIKV E glycoprotein from two different an-

gles, the antibody-antigen interactions are primarily centered on

DII domain (Figures 5A, 5C, and 5G). For rhMZ119-D complex,

only one molecule of antibody and antigen were observed within

an asymmetric unit (Figure S4C), and re-construction of a sec-

ond ZIKV E molecule from crystal contacts suggests additional

contacting residues on DI and DII domains of a neighboring pro-

tomer (Figures 5A and 5B). Total BSA for rhMZ119-D/ZIKV E

interaction is 1,275.0 Å2 and heavy and light chains contribute

506.3 and 768.5 Å2, respectively. The antibody-antigen interac-

tions are centered on a region consisting of the b strand (resi-

dues S64–S72), the bc-loop (residues C74, L82-K84, D87,

Q89, and Y90), the fusion loop (residues R99, N103, and
tive binding to ZIKV prM/E for individual mutations is plotted. Residues from

rtant for binding; limit of detection: 10% (gray dotted line). Error bars indicate
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Figure 4. Crystal structure of inter-dimer-epitope antibody rhMZ100-C Fab in complex with ZIKV E glycoprotein

(A) Left: top view of the co-crystal structure of rhMZ100-C in complex with ZIKV E (PRABC59). rhMZ100-C Fv heavy and light chains are colored dark and light

raspberry, respectively, and are shown in surface representation, while two ZIKV E protomers are shown in ribbon representation colored blue and gray. ZIKV E

protomers, left to right, are labeled as I and II. Right: 2Fo-Fc electron density for the rhMZ100-C and ZIKV E interface residues is shown as gray mesh (contoured

at 1.5s).

(B) Epitope footprint of rhMZ100-C antibody is indicated with a solid raspberry-colored line displayed on two ZIKV E protomers (surface representation). Relevant

antigenic ZIKV E regions within the epitope are labeled (b strand is shown in blue and rest of the rhMZ100 epitope is shown in raspberry color).

(C) rhMZ100-C contact residues are shown as sticks based on (1) CDRs L1, L2, and L3; (2) CDR H3 antibody-contacting regions; b strand residues 63–73 on

protomer I are highlighted in dark blue color. SHM residues are colored bright red.

(D) Epitopes for rhMZ100-C and ZIKV-117 antibodies are represented with raspberry and teal colored lines, respectively. ZIKV-117 (PDB: 5UHY) antibody was

overlaid onto the rhMZ100-C ZIKV E structure to map the epitope.

(E) rhMZ100-C and ZIKV-117 epitopes are mapped onto a ZIKV E-tetramer (PDB: 5IRE).

See also Figures S3–S5 and Tables S4 and S5.
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Figure 5. Structure of inter-dimer-epitope antibodies rhMZ119-D and rhMZ104-D in complex with ZIKV E glycoprotein

(A) Left: top view of the co-crystal structure of rhMZ119-D in complex with ZIKV E (PRABC59). rhMZ119-D Fab heavy and light chains are shown in surface

representation and are colored wheat and yellow, respectively, while two ZIKV E protomers are shown in ribbon representation, colored blue and gray. ZIKV E

protomers, left to right, are labeled as I and II. Right: 2Fo-Fc electron density for the rhMZ119-D and ZIKV E interface residues is shown as gray mesh (contoured

at 1.5s).

(B) Epitope footprint of rhMZ119-D antibody is shown as solid yellow colored line, displayed on two ZIKV E protomers in surface representation.

(C) Left: top view of the crystal structure of rhMZ104-D in complex with ZIKV E (PRABC59). rhMZ104-D Fab heavy and light chains are shown in surface rep-

resentation and are colored with dark and light orange, respectively, while two ZIKV E protomers are shown in ribbon representation and colored blue and gray.

ZIKV E protomers, left to right, are labeled as I and II. Right: 2Fo-Fc electron density for the rhMZ104-D and ZIKV E interface residues is shown as gray mesh

(contoured at 1.5s).

(D) Epitope footprint of rhMZ104-D antibody is shown as solid orange colored line, displayed on two ZIKV E protomers in surface representation.

(E) rhMZ119-D contact residues are shown as sticks based on (1) CDRs L1, L2, and L3; (2) CDR FRL3; and (3) CDR H1, H2, and H3 antibody-contacting regions.

ZIKV E contact residues of protomer II are marked with prime (0); b strand residues 63–73 on protomer I are highlighted in dark blue color. SHM residues are

highlighted in bright red color.

(F) rhMZ104-D contact residues are shown as sticks based on (1) CDRs L1, L2, and L3; (2) CDR H3 antibody-contacting regions; b strand residues 63–73 on

protomer I are highlighted in dark blue color.

(G) Antibodies rhMZ119-D and rhMZ104-D are superimposed on ZIKV E protomer I. Both antibodies approach the E dimer at an angle of 90� with respect to each

other.

(H) Epitopes for rhMZ104-D, rhMZ119-D, and ZIKV-195 antibodies are represented with orange, yellow, and cyan colored lines, respectively. rhMZ104-D and

ZIKV-195 (PDB: 6MID) antibodies were overlaid onto the rhMZ119-D ZIKV E structure to map the epitopes.

(legend continued on next page)
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G104), d strand (residues C116, K118, A120, and S122), hi-loop

(residue T233), and the ij loop (residues K251 and R252), con-

tacted by side chains from all three CDRs in the heavy and light

chains (Figure 5E; Tables S5G and S5H). In addition, rhMZ119-D

contacts the N-154 glycan loop (residue M151, N154-T156,

G157, E159, and T160) of DI and the kl loop (residue D276 and

279) of DII from the adjacent subunit on the opposite side

(Figures 5A, 5B, and 5E; Table S5H). rhMZ119-D also interacts

with N-154 glycan from the neighboring protomer (BSA:

109.5 Å2; Figures 5A and 5B). Modeling of rhMZ119-D recogni-

tion in the context of the mature ZIKV suggested accessibility

of all 180 binding sites on a mature virion (Figure S4D).

The rhMZ104-D complex has one rhMZ104-D Fab, one Fv

molecule, and two ZIKV E glycoprotein protomers within the

asymmetric unit, with rhMZ104-D binding to the DII region of a

single protomer (210.4 Å2 BSA light chain and 385.0 Å2 heavy

chain) (Figures 5C, 5D, and S4B; Tables S5E and S5F). Primarily,

these contacts are to the b strand (BSA 96.1 Å2) and a helix 1

(BSA 543.0 Å2). rhMZ104-D utilized mainly heavy- and light-

chain germline-encoded residues alongside residues in the

CDR 3 loops encoded by recombination and somatic mutation

(Figure S3A). rhMZ104-D recognized DII utilizing all light-chain

CDRs and CDR H3 with the ZIKV E b strand being the major an-

tigen contact region for the light chain, alongside a continuous

stretch of residues from position 77–90 that is recognized by

both heavy and light chains (Figure 5F). We modeled

rhMZ104-D recognition on the ZIKV virion and identified signifi-

cant additional heavy-chain contacts in the DI/DII of two adja-

cent ZIKV E protomers increasing the light- and heavy-chain

contact region to 678.0 and 2,159.0 Å2, respectively (Figure S4B).

Similar to rhMZ100-C, only 60 binding sites were accessible

when modeled within the context of the mature ZIKV since the

rhMZ104-D epitope spanned the center of two dimers and only

half of the epitope was available on the end dimers (Figure S4B).

Antibody recognition by the D-epitope group of mAbs were

similar to ZIKV-195mAb,50,51 which ismoderately potent against

ZIKV with IC50 values in a range of 77–600 ng/mL (Figure 4H).

However, there were distinct differences, with the D group of an-

tibodies making more extended contacts with the DII domain

residues compared to ZIKV-195 (Figure 4H).

In addition to the structural data describing the rhMZ119-D

and rhMZ104-D epitope, we also screened all group D anti-

bodies rhMZ104-D, rhMZ119-D, and rhMZ124-D for common in-

teracting residues and recognition of ZIKV E glycoprotein by

shotgun alanine scanning mutagenesis (Figures 5I and S6) to

determine common residues. The scanning mutations identified

six or seven residues per antibody that significantly altered ZIKV

E recognition. In all of the antibodies in this antigenic group, res-

idues S66, D67, D71, and K84 were identified as significant con-

tact residues, and R73, D83, and G228 residue mutations

knocked out binding of two of the three group D mAbs

(Figures 5I and S6).
(I) Group D antibodies were assessed for binding using shotgun mutagenesis epito

antibody binding, are shown in sphere representation on the ZIKV E structure and

highlighted in orange.

See also Figures S3–S5 and Tables S4 and S5.
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Comparison of DENV and ZIKV antibody specificity
Many epitopes targeted by the ZIKV-specific mAbs curiously

overlapped with the glycan at position 67 present on DENV E

glycoprotein (Figures 6A and S5). Therefore, we assessed the

role of the glycan at position 67 on antigenic recognition of

ZIKV compared to DENV. In the case of DENV E, this glycan is

highly prevalent in virus sequence datasets and has been shown

to interact with Dendritic Cell-Specific Intercellular adhesion

molecule-3-Grabbing Non-integrin (DC-SIGN).52 We assessed

our set of 11 mAbs for neutralization of wild-type ZIKV (H/PF/

2013) and a ZIKV E mutant (D67N, A69T) that contains a neo-

glycan at position 67. For all mAbs, the introduction of the glycan

at position 67 resulted in loss of neutralization ranging from a

2-fold reduction for rhMZ133-C, to 10-fold for rhMZ134-B, and

complete ablation of neutralization for the remaining eight anti-

bodies, inclusive of all group D mAbs (Figure 6B). The presence

of this glycan did not alter DIII-targeting antibodies such as ZV67

but reduced EDE1-C8 neutralization potency. Modeling of rhMZ

antibodies in the context of DENV-2 E, which contains a

glycan at residue N67, also suggests that all the ZIKV-specific

antibodies (rhMZ antibodies and ZIKV-117) clash with N67

glycan, whereas ZIKV-DENV cross-reactive mAbs (EDE1-C8

and EDE2-A11) can bind with minimal clashing (Figures S5A

and S5B).

To understand immune responses to ZIKV compared to

DENV, all ZIKV- or DENV-related antibody-antigen complex

structures (resolution below 6 Å) available in the PDB were

analyzed, and epitopes or antibody contact residues were deter-

mined (Tables S6A and S6B). These contact residues were map-

ped onto four ZIKV or DENV protomers (Figure 6C). The vast ma-

jority of DENV-targeting antibodies recognize the E glycoprotein

DII and DIII regions in areas distal to the N67 glycan site on DENV

(Figure 6C; Table S6), which surprisingly leaves a significant re-

gion on DENV E that has not been described in antibody-antigen

structural studies to date. In contrast, structures of antibody-an-

tigen recognition for ZIKV describing the natural antibody

response show that the full surface of the ZIKV E glycoprotein

is available (Figure 6C).

Prevalence and protection of ZIKV-specific neutralizing
mAbs
We next evaluated the prevalence of similar antibodies in other

ZIKV-infected rhesus macaques and humans. We also included

plasma from humans with verified DENV experience (DENV+/

ZIKV+) to assess whether pre-exposure to DENV would influ-

ence the specificity of the antibody responses following infection

with ZIKV. We carried out binding competition to the ZIKV E pro-

tein, between plasma samples and representative mAbs from

each group (Figure S7). Remarkably, binding of group A–D anti-

bodies was almost completely abrogated in the presence of

ZIKV E-immune plasma complexes, suggesting that antibodies

with similar specificities are commonly elicited during the course
pe mapping. Alanine or serine mutations, which dramatically affected group D

indicated on the right. Residues important for binding for all group DmAbs are
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Figure 6. Comparison of DENV and ZIKV anti-

body specificity

(A) Sequence differences between ZIKV E and

DENV-2 E are mapped onto the ZIKV structure

(PDB: 5IRE). Sequence and positional differences

between ZIKV and DENV-2 are colored light

red, while identical residues are colored white.

Glycan-154 and DENV glycan-67 are shown in

sphere representation colored brown and raspberry,

respectively. The antibody binding footprints of

rhMZ107-B, rhMZ100-C, and rhMZ119-D anti-

bodies are shown as green, raspberry, and yellow

solid lines, respectively.

(B) Neutralization (IC50, mg/mL) of wild-type (WT) and

D67N-A69T mutant ZIKV performed in the ZIKV/H/

PF2013 background using a reporter virus particle

(RVP) assay. The addition of glycan-67 to ZIKV

interfered with epitope recognition and abrogated or

eliminated neutralization.

(C) Epitope mapping of structurally defined anti-

bodies mapped onto four protomers of DENV (left)

and ZIKV (middle). Residues contacted by previ-

ously described mAbs are colored dark gray, and

residues not previously identified prior to this study

are indicated in white. Only previously identified

mAb structures with resolution greater than 4 Å were

used since the contact residues are clearly inter-

pretable. Newly identified residues contacted by

rhMZ mAbs described in this study are colored red

(right). Glycan sites at positions 153 or 154 are

indicated in rose color.

See also Figures S5 and S7 and Table S6.
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of natural ZIKV infection (Figure S7B). Similarly, plasma from

DENV/ZIKV-experienced donors efficiently inhibited binding of

our ZIKV-specific neutralizing antibodies, indicating that pre-

exposure to DENV had little effect on the generation of these

ZIKV-specific responses. Comparable observations were seen

from ZIKV-infected rhesus macaques at day 14 post infection

(Figure S7B).

Finally, we conducted passive protection experiments in mice

to determine whether group-representative neutralizing mAbs

would prevent viral replication in vivo. Six neutralizing antibodies

of various potencies were infused into groups of naive Balb/c

mice (n = 5/group) at a single dose (10 mg/kg). Mice were then

challenged with 105 viral particles (102 plaque-forming units) of

ZIKV-BR intravenously and viral replication was monitored

using RT-PCR53 (Figure 7A). The mAbs identified with the

highest potency in neutralization, rhMZ134-B, rhMZ133-C, and

rhMZ119-D, conferred total protection from ZIKV replication

compared to control mice, where ZIKV viral load peaked at

day 3 post challenge (Figure 7B). Partial protection was also

observed with the less potent neutralizing antibodies (IC50 within

the 1- to 3-mg/mL range in FlowNT50 assays), with one

(rhMZ103-A, rhMZ100-C) or two (rhMZ107-B) mice out of five

showing delayed but detectable viremia. Next, we assessed

the viral spread in the brain, spleen, and lymph node tissues

of animals that received rhMZ134-B, rhMZ133-C, and

rhMZ119-D mAbs compared to the control group (Figure 7C).

While no viral RNA was detected in the brain tissues of any of
the groups, saline-infused control mice exhibited moderate to

high levels of viral RNA in the spleen and lymph node tissues.

Once again, mAbs rhMZ134-B, rhMZ133-C, and rhMZ119-D

conferred total protection with no viral RNA in their spleen or

lymph nodes.
DISCUSSION

The development of a ZIKV vaccine is a major public health prior-

ity. Since the geographic distributions of DENV and ZIKV overlap

considerably, it is important to develop immunization strategies

that elicit ZIKV-specific antibodies that do not cross-react with

DENV and thus limit potential for ADE.54,55 Despite sequence

and structural similarity betweenDENVandZIKV, and some sero-

logical overlap between these viruses, ZIKV does maintain anti-

genic distinction from DENV. Previously, we determined that fla-

vivirus-naive rhesus macaques did not demonstrate frequent or

potent neutralization of DENV after ZIKV infection.34 From one

of these animals, we sorted ZIKV-specific B cells using a sequen-

tial staining strategy with whole ZIKV. We were able to identify a

set of strikingly potent ZIKV-specific neutralizing antibodies that

targeted quaternary epitopes, with one mAb, rhMZ134-B, having

an IC50 in the low ng/mL range. Analysis of the Ig-gene sequences

indicated a low level of somatic hypermutation in these antibodies

at 14 days post infection, in agreement with previous reports in

humans.29,31
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Figure 7. Protection of ZIKV-specific neutral-

izing mAbs

(A) Schematic of passive protection study experi-

mental design. Antibodies were infused intrave-

nously into groups of naive recipient Balb/cmice (n =

5/group) prior to ZIKV-BR challenge. Mice received

200 mg of antibody (10 mg/kg) and were challenged

with 105 viral particles (102 plaque-forming units) of

ZIKV-BR intravenously 2 h after infusion.

(B) Complete or partial protection from ZIKV repli-

cation were observed for six representative

neutralizing mAbs. Following infusion with the indi-

cated antibody or saline (Sham), ZIKV viral loads

were measured in serum post challenge by RT-PCR

daily until day 7. Viral load peaked at day 3 or 4. The

six antibodies were tested in two sets of experi-

ments, and a representative Sham group from one

experiment is shown.

(C) Viral dissemination in brain, spleen, and lymph

nodes (LNs) was assessed at day 3 post challenge

for three of the most potent mAbs (black circles) as

compared to the Shamgroup (red circles). Error bars

indicate mean ± SEM.

See also STAR Methods.
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To delineate their specificities, we carried out competition ex-

periments using previously identified mAbs known to target

defined viral epitopes within FLE, EDE, DI/DII, and DIII. This re-

vealed that our 11 neutralizing antibodies could be categorized

into four antigenic groups, labeled A–D. Group A displayed

a complicated antigenic competition profile competing with

all control antibodies, and strong ZIKV-binding preference

compared to monomeric E, indicating a quaternary epitope. Un-

fortunately, this group of antibodies eluded crystallization partly

due to low affinity to E. Group B antibody epitopes overlapped

with the known EDE specificity of EDE1-C8,42 and groups C

and D mAbs defined two ZIKV inter-dimer epitopes that have

not previously been described to our knowledge. The

rhMZ100-C and rhMZ104-D antibody epitopes from groups C

and D, respectively, bind two dimers in an almost equal manner.

Similarly, mAb ZIKV-117 targets an epitope with some overlap

with rhMZ100-C and rhMZ104-D inter-dimer epitopes. However,

the ZIKV-117 epitope differs by primarily contacting one

protomer.51

Our results demonstrate that antibody responses during acute

ZIKV infection without prior DENV exposure target multiple proto-

mers across the ZIKV dimer-dimer interface with a recognition

pattern differing from that seen with DENV infection. Utilizing

whole ZIKV in the sorting strategymay be a key factor contributing

to these differences. We found the ZIKV specificity was due to a

combination of the presence of the N67-glycan in DENV and
12 Cell Reports 42, 112942, August 29, 2023
sequence differences between DENV and

ZIKV. Swapping the glycan loop (N154) of

ZIKV with DENV has previously been re-

ported to enhance the ZIKV neutralization

by DII-FL antibodies,56 suggesting the sig-

nificance of glycan in the antigenic structure

of ZIKV. Here, using structural information,

we found that the addition of the N67-
glycan to ZIKV abrogated ZIKV neutralization. This glycan interfer-

ence of an antigenic site is analogous to that seen in mAbs recog-

nizing different influenza or HIV-1 strains where the presence of a

glycan adversely affects antigenicity.49,57 Significantly, a study

focused on characterizing potential ZIKV variants using sequential

in vivo passage of a clinical isolate SZ-WIV01 (SW01) in neonatal

mice identified a ZIKV variant harboring anE glycoprotein Asp-67-

Asn mutation that resulted in about 100- to 1,000-fold increase in

its neurovirulence.58

In this study, we observed genetically divergent antibodies

that target overlapping epitopes, highlighting the fact that mul-

tiple pathways to generate these antibodies are possible, and

equivalent mAbs likely can be generated in humans. Further-

more, the mAbs reported here have low SHM levels. The high

potency of such mAbs is advantageous because of the relative

ease of development and lack of genetic hurdles compared

with antibodies with high SHM seen with influenza or HIV-1.59

Additionally, the inter-dimer epitopes can facilitate the design

of ZIKV-specific immunogens with reduced cross-reactivity.

This could improve the safety profile of vaccine candidates

for DENV-endemic geographical regions where the potential

for ADE is a major challenge.18 We postulate that neutralization

by these groups of mAbs occurs via locking of the E proteins

and thus a reduced ability of the E proteins to transition to a

fusion-compatible ternary structure. The mAb cross-linking of

E molecules likely blocks or inhibits the large conformational
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changes required for viral membrane fusion to facilitate flavivi-

rus entry and will differ depending on the location of the cross-E

epitope.

This study provides detailed epitope targeting of neutralizing

antibodies specific to ZIKV that occurred 14 days after ZIKV

infection in a flavivirus-naive scenario. Given the sophisticated

nature of flavivirus inter-molecular contacts, there may be other

epitopes elicited during ZIKV infection that have not yet been

described, including those from antigenic group A, or located

on pentameric or inter-raft vertices. Although potently neutral-

izing antibodies against ZIKV have been described previously,

this work defines four ZIKV-specific neutralization antigenic

sites, with two sites not previously described in ZIKV infection.

Moreover, we have shown that divergent antibody pathways

could be exploited during vaccine design to elicit these potent

and specific antibodies. It will be of value to assess the presence

of these antibody classes in DENV-experienced donors prior to

or following ZIKV infection or vaccination to understand the po-

tential of differential targeting of flaviviruses due to B cell priming.

As the flavivirus immunology and vaccine development fields

progress toward development of effective ZIKV vaccines, it is

encouraging to see the potential for induction of either homolo-

gous or heterologous responses depending on patient history

and immunogen selection. The mAb data specificity described

here will be critical in the design of ZIKV vaccines and therapeu-

tics that are effective, irrespective of the flavivirus exposure

history.

Limitations of the study
Further studies to delineate the mechanism of mAb neutraliza-

tion activity are needed. Structural definition of the group A

mAbs would further inform the sites of vulnerability on ZIKV.

Identification and characterization of equivalent human mono-

clonal antibodies would be highly informative. Further animal

protection studies would inform the protective capacity of these

mAbs, including neurocognitive protection,60 or blocking

placental transmission in both naive or DENV-experienced

backgrounds.61,62
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Crystal structure of an NHP anti-ZIKV
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complex with ZIKV E glycoprotein
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Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ104-D in

complex with ZIKV E glycoprotein

This manuscript PDB: 8EEE

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ107-B in

complex with ZIKV E glycoprotein

This manuscript PDB: 8EED

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ119-D in

complex with ZIKV E glycoprotein

This manuscript PDB: 8EE5

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ100-C

This manuscript PDB: 8EEZ
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Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ103-A

This manuscript PDB: 8EF1

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ104-D

This manuscript PDB: 8EF0

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ107-B

This manuscript PDB: 8EF2

Crystal structure of an NHP anti-ZIKV

neutralizing antibody rhMZ119-D

This manuscript PDB: 8EF3

Anti-Zika virus E antibody, rhMZ100-C Heavy chain This manuscript GenBank: OR232903

Anti-Zika virus E antibody, rhMZ100-C This manuscript GenBank: OR232904

Anti-Zika virus E antibody, rhMZ101-B Heavy chain This manuscript GenBank: OR232905
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Anti-Zika virus E antibody, rhMZ115 Heavy chain This manuscript GenBank: OR232919

Anti-Zika virus E antibody, rhMZ115 This manuscript GenBank: OR232920

Anti-Zika virus E antibody, rhMZ118 Heavy chain This manuscript GenBank: OR232921

Anti-Zika virus E antibody, rhMZ118 This manuscript GenBank: OR232922

Anti-Zika virus E antibody, rhMZ119-D Heavy chain This manuscript GenBank: OR232923

Anti-Zika virus E antibody, rhMZ119-D This manuscript GenBank: OR232924

Anti-Zika virus E antibody, rhMZ120 Heavy chain This manuscript GenBank: OR232925

Anti-Zika virus E antibody, rhMZ120 This manuscript GenBank: OR232926

Anti-Zika virus E antibody, rhMZ121-A Heavy chain This manuscript GenBank: OR232927

Anti-Zika virus E antibody, rhMZ121-A This manuscript GenBank: OR232929

Anti-Zika virus E antibody, rhMZ123-A Heavy chain This manuscript GenBank: OR232930

Anti-Zika virus E antibody, rhMZ123-A This manuscript GenBank: OR232931

Anti-Zika virus E antibody, rhMZ124-D Heavy chain This manuscript GenBank: OR232932

Anti-Zika virus E antibody, rhMZ124-D This manuscript GenBank: OR232933

Anti-Zika virus E antibody, rhMZ125 Heavy chain This manuscript GenBank: OR232934

Anti-Zika virus E antibody, rhMZ125 This manuscript GenBank: OR232935

Anti-Zika virus E antibody, rhMZ129 Heavy chain This manuscript GenBank: OR232936

Anti-Zika virus E antibody, rhMZ129 This manuscript GenBank: OR232937

Anti-Zika virus E antibody, rhMZ130 Heavy chain This manuscript GenBank: OR232938

Anti-Zika virus E antibody, rhMZ130 This manuscript GenBank: OR232939

Anti-Zika virus E antibody, rhMZ132 Heavy chain This manuscript GenBank: OR232940

Anti-Zika virus E antibody, rhMZ132 This manuscript GenBank: OR232941

Anti-Zika virus E antibody, rhMZ133-C Heavy chain This manuscript GenBank: OR232942

Anti-Zika virus E antibody, rhMZ133-C This manuscript GenBank: OR232943

Anti-Zika virus E antibody, rhMZ134-B Heavy chain This manuscript GenBank: OR232944

Anti-Zika virus E antibody, rhMZ134-B This manuscript GenBank: OR232945

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Zika virus E antibody, rhMZ136 Heavy chain This manuscript GenBank: OR232946

Anti-Zika virus E antibody, rhMZ136 This manuscript GenBank: OR232947

Anti-Zika virus E antibody, rhMZ140 Heavy chain This manuscript GenBank: OR232948

Anti-Zika virus E antibody, rhMZ140 This manuscript GenBank: OR232949

Experimental models: Cell lines

D1-4G2-4-15 mouse hybridoma ATCC Cat# HB-112; RRID:CVCL_J890

C6/36 ATCC Cat# CRL-1660; RRID:CVCL_Z230

Vero ATCC Cat# CCL-81; RRID:CVCL_0059

Expi293F ThermoFisher Scientific Cat# A14527

S2 ThermoFisher Scientific Cat# R69007

U937-DC-SIGN ATCC Cat# CRL-3253; RRID:CVCL_2Z95

Experimental models: Organisms/strains

Balb/c mice Jackson Laboratories Cat# 000651; RRID:IMSR_JAX:000651

Recombinant DNA

Macaque IgG1, Igk and Igl expression vectors Saunders et al.66 Saunders et al., 201566

Oligonucleotides

Primers for antibody nested PCR Sundling et al.36 Sundling et al., 201236

Primers for antibody nested PCR Meng et al.37 Meng et al., 201537

Primers for antibody nested PCR Mason et al.38 Mason et al., 201638

ZIKV.Cap.RT.probe AGTTCAAG

AAAGATCTGGCTG

Larocca et al.53 Larocca et al. 201653

ZIKV.Cap.RT.fwd GGAAAAAAGA

GGCTATGGAAATAATAAAG

Larocca et al.53 Larocca et al. 201653

ZIKV.Cap.RT.rev CTCCTTCCTA

GCATTGATTATTCTCA

Larocca et al.53 Larocca et al. 201653

Software and algorithms

Biorender Biorender https://biorender.com/

IgBlast Ye et al.71 https://www.ncbi.nlm.nih.gov/igblast/

Ye et al.71

Protein Repair One-Stop Shop

(PROSS) server

Goldenzweig et al., 201667 https://pross.weizmann.

ac.il/step/pross-terms/

Goldenzweig et al., 201667

Octet Data Analysis software FortéBio v11.1

GraphPad Prism Graphpad v9.0

https://www.graphpad.com/

PyMol Schrödinger v2.3.2

COOT Emsley and Cowtan.68 http://bernhardcl.github.io/coot/

Emsley and Cowtan, 200468

SnapGene Insightful Science https://www.snapgene.com/

Other

Superdex 200 increase 10/300 GL Cytiva Cat# 28990944

Enrich SEC 650 column Bio-Rad Cat# 7801650
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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 M. Gordon

Joyce (gjoyce@eidresearch.org).

Materials availability
All reagents will be made available on request after completion of a Materials Transfer Agreement.
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Data and code availability
d All data supporting the findings of this study are found within the paper and its Supplemental Information. The accession

numbers for the Protein DataBank coordinates, and structure factors determined in this paper are PDB: 8EE8, 8EEE, 8EED,

8EE5, 8EEZ, 8EF1, 8EF0, 8EF2, and 8EF3, the GenBank accession numbers for the antibody sequences are GenBank:

OR232903-OR232948.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Rhesus macaque
Monoclonal antibodies were isolated from a flavivirus-naive macaque infected with Brazil ZK2015 (ZIKV-BR) previously described in

McCracken et al., 2017.34 This study was approved by the Institutional Animal Care and Use Committee, and research was conduct-

ed in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals. Experiments involving

animals adhered to principles stated in theGuide for theCare andUse of Laboratory Animals, NRCPublication, 2011 edition, National

Research Council. The Walter Reed Army Institute of Research (WRAIR) is fully accredited by the Association for Assessment and

Accreditation of Laboratory Animal Care International.

Balb/C mice
Female Balb/c mice were purchased from commercial vendors and housed at Beth Israel DeaconessMedical Center. This study was

approved by the Institutional Animal Care and Use Committee, and research was conducted in compliance with the Animal Welfare

Act and other federal statutes and regulations relating to animals.

In vivo protection studies
Female Balb/c mice were purchased from commercial vendors and housed at Beth Israel Deaconess Medical Center. The indicated

macaque mAb was infused intravenously into groups of naive recipient Balb/c mice (N = 5/group) prior to ZIKV-BR challenge. Mice

received 100 mL (200 mg) of a 2mg/mL solution of purifiedmAb and 2 h after infusion,micewere challengedwith 105 viral particles (VP)

[102 plaque-forming units (PFU)] ZIKV-BR intravenously. RT-PCR assays were utilized to monitor viral loads.53 RNA was extracted

from serum samples with a QIAcube HT (Qiagen). The wildtype ZIKV BeH815744 Cap gene was utilized as a standard. RNA was pu-

rified (Zymo Research). Log dilutions of the RNA standard were reverse transcribed and included with each RT-PCR assay. Viral

loads were calculated as virus particles (VP) per mL with a sensitivity of 100 copies/ml.

Cell lines
D1-4G2-4-15 mouse hybridoma (ATCC #HB-112), C6/36 (ATCC #CRL-1660), Vero (ATCC #CCL-81), Expi293F (ThermoFisher Sci-

entific #A14527), DS-2 (ThermoFisher Scientific #R69007), and U937-DC-SIGN (ATCC #CRL-3253, ATCC) cell lines were utilized in

this study. These lines were verified to be authentic, using short tandem repeat profiling, morphology, and cytochrome c oxidase I

testing, and free of contamination by mycoplasma prior to use.

Human samples
Plasma fromDENV-experienced ZIKV-infected individuals were provided from ZIKABRA cohort. ZIKABRA is an observational cohort

study in Brazil that recruited non-pregnant participants aged 18 years and above with a confirmed ZIKV infection and the study

team investigators are provided below.69,70 All authors have complied with the ethical regulations regarding these studies. The study

protocol and procedures have been reviewed and approved by WRAIR Institutional Review Board and Research Ethics

Review Committee (WHO ERC), Protocol ID: ERC.0002786; Brazilian National Research Ethics Commission (CONEP)(CAAE:

62.518.016.6.1001.0008); Institutional Ethics and Research Committee of the Evandro Chagas National Institute of Infectious Dis-

eases, Fiocruz, Rio de Janeiro (CAAE: 62.518.016.6.2002.5262); Institutional Ethics and Research Committee of the Aggeu Mag-

alh~aes Research Center, Fiocruz, Recife (CAAE: 62.518.016.6.2001.5190) and Institutional Ethics and Research Committee of the

Tropical Medicine Foundation, Manaus, Amazonas (CAAE: 62.518.016.6.2003.0005). Written informed consent was obtained

from all participants. The investigators have adhered to the policies for protection of human participants as prescribed in AR

70–25. Healthy, flavivirus-naı̈ve plasmas originated from theWRAIR RV229 study and commercial source (Seracare). Other plasmas

from ZIKV-infected donors were obtained commercially (AccuSet Zika performance panel, cat# 0845-0142, Seracare).

ZIKABRA Study Team (in alphabetical order): Abreu, André Luiz de (General Coordination of Public Health Laboratories (CGLAB/

DAEVS/SVS/MS), Brası́lia-DF, Brazil); Bermudez, Ximena Pamela Diaz (Department of Public Health, University of Brası́lia, Brası́lia-

DF, Brazil); Bôtto-Menezes, Camila Helena Aguiar (Department of Malaria, Tropical Medicine Foundation Doctor Heitor Vieira Dour-

ado (FMT-HVD), Manaus, Amazonas, Brazil & School of Health Sciences, Amazonas State University (UEA), Manaus, Amazonas,

Brazil); Brasil, Patrı́cia (Acute Febrile Illnesses Laboratory, Evandro Chagas National Institute of Infectious Diseases, Oswaldo

Cruz Foundation, Rio de Janeiro, Rio de Janeiro, Brazil); Brito, Carlos Alexandre Antunes (Clinical Hospital of Federal University,
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Department of Internal Medicine, Recife, Pernambuco, Brazil); Broutet, Nathalie Jeanne Nicole (Department of Sexual and Repro-

ductive Health and Research, World Health Organization, Geneva, Switzerland; Evandro Chagas National Institute of Infectious Dis-

eases, Oswaldo Cruz Foundation, Rio de Janeiro, Rio de Janeiro, Brazil); Castilho, Marcia da Costa (Department of Malaria, Tropical

Medicine Foundation Doctor Heitor Vieira Dourado (FMT-HVD), Manaus, Amazonas, Brazil); Fernandes, Tatiana Jorge (Acute Febrile

Illnesses Laboratory, Evandro Chagas National Institute of Infectious Diseases, Oswaldo Cruz Foundation, Rio de Janeiro, Rio de

Janeiro, Brazil); Giozza, Silvana Pereira (Department of HIV/AIDS, Tuberculosis, Viral Hepatitis and Sexually Transmitted Infections,

Health Surveillance Secretariat, Ministry of Health, Brazil); Habib, Ndema (Department of Sexual and Reproductive Health and

Research, World Health Organization, Geneva, Switzerland); Kara, Edna Oliveira (Department of Sexual and Reproductive Health

and Research, World Health Organization, Geneva, Switzerland); Lacerda, Marcus Vinicius Guimar~aes (Department of Malaria, Trop-

ical Medicine Foundation Doctor Heitor Vieira Dourado (FMT-HVD), Manaus, Amazonas, Brazil & Instituto Leônidas & Maria Deane,

Oswaldo Cruz Foundation, Manaus, Amazonas, Brazil); Lima, Morganna Costa (Department of Virology and Experimental Therapy,

Institute Aggeu Magalh~aes, Oswaldo Cruz Foundation, Recife, Pernambuco, Brazil); Neto, Armando Menezes (Department of

Virology and Experimental Therapy, Institute Aggeu Magalh~aes, Oswaldo Cruz Foundation, Recife, Pernambuco, Brazil); Pereira,

Gerson Fernando (Department of HIV/AIDS, Tuberculosis, Viral Hepatitis and Sexually Transmitted Infections, Health Surveillance

Secretariat, Ministry of Health, Brazil), Pimenta, Cristina (Department of HIV/AIDS, Tuberculosis, Viral Hepatitis and Sexually Trans-

mitted Infections, Health Surveillance Secretariat, Ministry of Health, Brazil).

METHOD DETAILS

Preparation of ZIKV and DENV
C6/36 mosquito cells were grown in T75 flasks and infected with ZIKV strain (Paraiba_01 strain, GenBank KX280026) or DENV-2

(S16803, GenBank GU289914) at a multiplicity of infection of approximately 0.1 PFU/cell. The infected cell culture supernatant

was harvested on day 5 post-infection. Cell debris was removed by centrifugation at 5,000 rpm for 30 min at 4�C. The supernatant

was layered on top of a 30% sucrose solution containing 10 mM Tris, 100 mM NaCl, and 1 mM EDTA. The virus was pelleted by

ultracentrifugation in a swinging-bucket rotor at 26,000 rpm for 4 h at 4�C to remove low-molecular-weight contaminants such as

soluble proteins. The supernatant was removed, and the tubes were briefly left upside down on chromatography paper in order

to remove excess liquid from the side of the tubes. The virus pellet was resuspended in phosphate-buffered saline. The purity of

the viral preparations was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Sorting of ZIKV positive B cells
Approximately 10 million cryopreserved peripheral blood mononuclear cells (PBMCs) were obtained from a flavivirus-naı̈ve, five-

year-old male, rhesus macaque (#10U032) previously described.34 This animal was not previously infected with ZIKV, JEV, WNV,

YFV, or DENV1-4 and this was confirmed by testing for antibodies by a sensitive screening virus neutralization assay prior to initial

infection.34 The PBMC sample was collected 14 days following challenge with ZIKV (Brazil-ZKV2015 strain, GenBank KU497555).

PBMCs were thawed in warm medium containing benzonase, then washed with phosphate-buffered saline (PBS) and stained for

viability using Invitrogen Aqua Live/Dead stain. Cells were incubated at 4�C for 30 min with a cocktail of antibodies including CD3

BV510, CD14 BV510, and CD56 BV510 (BioLegend) as dump channel markers, and CD19 ECD (Beckman Coulter), CD20 APC-

Cy7 (BioLegend), CD38 PE (NHP Reagent Resource, a gift from Diane Bolton) and CXCR5 PE-Cy7 (eBioscience) as positive gating

markers. To obtain monoclonal antibodies that target quaternary epitopes, primary staining also included a 1/10 dilution of live whole

ZIKV virions (Paraiba_01) produced in C6/36 cells (see above). ZIKV-reactive B cells were identified by secondary staining using

4G235 (Biovest) conjugated to APC (Thermofisher). Cells were selected by sorting based on negative expression of CD3, CD14

and CD56, positive expression of CD19, mid to high expression of CD38, and positive sequential staining with 4G2 (Figures 1A

and 1B). Cells were sorted directly into lysis buffer (murine RNAse inhibitor (New England Biolabs), DTT and SuperScript III First

Strand Buffer (ThermoFisher), Igepal (Sigma) and carrier RNA (Qiagen)) at one cell per well into polypropylene PCR plates using a

FACSAria (Becton Dickinson) and stored at �80�C until subsequent reverse transcription.

Antibody sequencing and production
RNA from single B cells was reverse-transcribed using random primers and the SuperScriptIII kit (ThermoFisher). Antibody V (D) J

geneswere amplified from the cDNAby nested PCR, using the HotStar TaqDNAPolymerase kit (Qiagen) and a combination of primer

sets.36–38 V (D) J gene assignment, somatic hypermutation and CDR3 determinations was performed with IgBlast.71 Antibody var-

iable regions were synthesized and cloned (Genscript) into CMVR expression vectors (a gift from Kevin Saunders) between a murine

Ig leader (GenBank DQ407610) and the constant regions of rhesus macaques IgG1 (GenBank AAF14058), Igk (GenBank AAD02577)

or Igl (GenBank ADX62855).66 Variable regions for control antibodies EDE1-C8,42 Z3L1,45 2A10G6,64 and Z00443 were synthesized

as mentioned above and cloned into CMVR expression vectors carrying human IgG1 (Swiss-Prot: P0DOX5.1), Igk (Swiss-Prot:

P01834.2) and Igl (Swiss-Prot: P0DOY2.1) constant regions. Plasmids encoding heavy and light chains were co-transfected into Ex-

pi293F cells (ThermoFisher) according to the manufacturer’s instructions. After 5 days, antibodies were purified from cleared culture
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supernatants with Protein A agarose (ThermoFisher) using standard procedures, buffer exchanged to Phosphate-buffered saline

(PBS) and quantified from A280 measurements. SDS-PAGE and Coomassie staining in both reducing and non-reducing conditions

assessed purity and stability of the purified antibodies.

Fab production
Freshly prepared Fab digestion buffer containing 20 mM sodium phosphate, 10 mM EDTA and 20 mM of cysteine-HCl, pH 7.4 was

added to papain slurry (Thermo Scientific) and incubated with rhMZ antibodies (IgGs) at 20mg/mL. Reaction was allowed to proceed

(for 5 h to overnight) in a shaker incubator at 37�C temperature and 100 rpm shaking speed. Resin was separated from the super-

natant by centrifugation at 30003g. Digestion was assessed by SDS-PAGE, and upon completion, the reaction mixture was passed

over protein A agarose (0.5–1 mL beads) 3 times and the final flow through was assessed by SDS-PAGE for purity.

Production of recombinant proteins
Recombinant ZIKV soluble E (sE) protein (amino acid 1–404) from strain PRVABC59 (GenBankKX087101) andDENV-2 E (amino acid 1–

396) fromstrain 16681 (GenBankM84727)was producedwithC-terminal AviTag and polyhistidine tags fromExpi293F cells. The coding

sequence for prM/sE was synthesized (Genscript) and cloned into the pcDNA3.4 vector (ThermoFisher) downstream of a murine Ig

leader sequence. Following transient co-transfection with a human furin (GenBank BC012181) expression vector, mature E proteins

were purified from cell culture supernatants using a Ni-NTA (Qiagen) affinity column. Cleavable twin-strep-tagged ZIKV E WT and

L107C/A319C mutant (disulfide-stabilized dimer) version were also expressed from stably transfected S2 cells using the Drosophila

Expression system (ThermoFisher) according to the manufacturer’s instructions. Briefly, a DNA fragment encoding for the first 405 res-

idues of E from strain PRVABC59 was synthesized (Genscript) with a C-terminal human rhinovirus 3c protease (HRV-3c) cleavage site

followed by a twin-strep tag (IBA) and cloned into the pMT-BiP vector (ThermoFisher). The L107C and A319C mutations were intro-

duced using the Quikchange Lightning site-directed mutagenesis kit (Agilent). S2 cells were co-transfected with the pMT-BiP-ZIKV

E WT and mutant expression vector and the pCoBlast selection vector at a 19:1 (w/w) ratio. Stably transfected cells were selected

with Blasticidin and adapted to suspension and serum-free medium (Lonza Insect Xpress). ZIKV E expression was induced with

0.5mM CuSO4 and culture supernatants were harvested after 7 days. The insect-produced ZIKV E was purified on a StrepTactin XT

column (IBA) following themanufacturer’s instructions followedbygel filtration on anEnrich SEC650 column (Bio-Rad) orGESephadex

S200 column to obtain pure monomeric (WT sE) or dimeric (mutant sE) ZIKV E proteins. C-terminally Avi-tagged versions of ZIKV

(PRVABC59), DENV-1 (GenBank AAK60418), DENV-2 (GenBank AAC59274), DENV-3 (GenBank UCQ65256), DENV-4 (GenBank

UXX63133), JEV (GenBank AAK11279) and YFV (GenBank AFQ32465) E proteins were also produced in the Drosophila S2 expression

system, as described above, and purified by Ni-NTA affinity and size exclusion chromatography.

Biolayer interferometry mAb binding and competition assays
All real-time interactions between purified E proteins and antibodies were monitored on an Octet RED96 instrument (Pall ForteBio) at

30�C. Avi-tagged purified ZIKV or DENV-2 E proteins, biotinylated with the BirA biotinylation kit (Avidity), were diluted in kinetics

buffer (0.1% [w/v] bovine serum albumin (BSA), 0.02% [v/v] Tween 20 in PBS; Pall ForteBio) and immobilized on streptavidin (SA)

biosensors (Pall ForteBio) at �50% of the sensor maximum binding capacity. Baseline was established in kinetics buffer. In the

screening assay, loaded biosensors were then dipped into wells containing the antibodies diluted to 400 nM in kinetics buffer. Bind-

ing responses were measured after 450 s of association using the data analysis software 9.0 (Pall ForteBio). In the binding compe-

tition assay, sensors loaded with ZIKV E as described above were immersed into wells containing the first competing antibody at a

concentration (ranging from 100 to 800 nM) necessary to reach binding saturation after 900 s. Next, biosensors were dipped into

wells containing the second antibody, in presence of the first competing antibody, and binding was measured after 900 s of asso-

ciation. Residual binding signal of the second antibody was expressed as a percent of the signal obtained in presence of a non-

competing control antibody (VRC01), assessed in parallel. As some competing antibodies did not reach saturation after the first

900 s association and continue to contribute to binding signal together with the second antibody, a set of controls were run indepen-

dently with all first competing antibodies alone for 1800 s of association. The difference in signal obtained between t = 1800 s and

t = 900 s was subtracted from the signal obtained in presence of the second antibody to generate a corrected residual binding signal.

Antibodies were defined as competing when binding signal of the second antibody was reduced to less than 30% of its maximum

binding capacity and non-competing when binding was greater than 70%. Intermediate competition was defined by binding levels of

30–70%. Control monoclonal antibodies included 2A10G6, expressed with a human Fc domain, Z3L1, EDE1-C8, and Z004, ex-

pressed and purified from Expi293F cells as described above. The HIV-1 specific VRC01 monoclonal antibody,63 also expressed

in Expi293F cells, served as negative control.

Plasma competition assays were performed similarly to the mAb competition assays described above with the following modifi-

cations. Sensors loaded with ZIKV E were immersed into wells containing plasma from ZIKV infected macaques34 and humans, as

well as control naive plasmas from the two species at dilutions (ranging from 1/10 to 1/200) necessary to reach near binding satu-

ration after 900 s. Next, biosensors were dipped into wells containing the indicated monoclonal antibody, in presence of competing

plasma, and binding wasmeasured after 30 s of association. Residual binding signal of themonoclonal antibody was expressed as a

percent of the signal obtained in presence of a non-competingmatrix control of IgG-depleted human serum (BBI solutions), assessed

in parallel. Binding of monoclonal antibodies was further corrected for the binding signal obtained with the matching plasma in the
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presence of negative control antibody (VRC01) assessed simultaneously. Finally, results were expressed as percentage of binding

inhibition defined as the inverse of residual binding.

Measurement of antibody binding affinity
Determination of affinity constant was performed on the Octet RED96 instrument. Disulfide-stabilized ZIKV E was biotinylated at a

2:1 M ratio using EZ-link NHS-PEG4-biotin (ThermoFisher), following manufacturer’s instructions. A single buffer (1X kinetics buffer

(Pall ForteBio)) was used for all dilution, baseline and dissociation steps. Streptavidin biosensors, loaded with ZIKV E dimer at�50%

of maximum binding capacity, were dipped into wells containing 2-fold serial dilutions of the antibody Fab fragments for 450 s with

starting concentrations ranging from 1 to 10 mM. ZIKV sE:Fab complexes were then allowed to dissociate for 1200 s in buffer. After

reference subtraction, binding kinetic constants were determined, from at least 4 concentrations of Fab, by fitting the curves to a 1:1

binding model using the data analysis software 9.0 (Pall ForteBio).

ELISA
Binding of antibodies to whole ZIKV or DENV-2 viruses described above was measured using a capture ELISA assay. ELISA plates

were coated overnight at 4�C with the capture antibody 4G2 at 100 ng per well in borate saline pH 9.0 buffer. After washes in PBS-T

(PBS with 0.05% [v/v] Tween 20), plates were blocked with 1% (v/v) normal goat serum, 0.25% (w/v) BSA, 0.1% (v/v) Tween 20 for

30 min at 37�C. Washes in PBS-T were performed after each subsequent step and all dilutions were made in blocking buffer. ZIKV

and DENV were diluted and added at 50 mL per well and incubated for 2 h at 37�C. Serial 4-fold dilutions of antibodies starting at

20 mg/mL were added to the plate and incubated for 2 h at 37�C. Secondary HRP-conjugated antibodies anti-human and simian

IgG were added for 1 h at 37�C and plates were developed using 3,30,5,50-Tetramethylbenzidine (TMB) peroxidase substrate

(KPL) and read at 650 nm. The binding curves were fitted using a 4-parameter logistic regression model in the Prism 7 software

(GraphPad).

Binding of antibodies to recombinant ZIKV or DENV-2 E proteins was also performed in a standard ELISA assay. ELISA plates were

coated overnight at 4�C with 100 ng of purified ZIKV or DENV-2 E (as described above) in sodium bicarbonate/carbonate pH 9.4

buffer. Plates were then blocked with 5% (w/v) nonfat dry milk, 1% (w/v) BSA in PBS for 1 h at 37�C. Washes in between each

step were performed with 0.1% (v/v) Triton X-100 in PBS. Serial 4-fold dilutions of antibodies starting at 20 mg/mL in 5% (v/v) Fetal

Bovine Serum, 2% (w/v) BSA, 1% (v/v) Triton X-100 in PBS were added to the plate and incubated for 1 h at RT. Secondary HRP-

conjugated antibodies, substrate and data analysis were as described above for the whole virus ELISA.

Multiplex antibody binding assay
A high-throughput bead-based antibody binding assay was performed72,73 with modifications to adapt to flavivirus antigens. Briefly,

purified monoclonal antibodies were diluted and loaded into 384-well assay plates by use of a Biomek NXP automated liquid handler

(Beckman Coulter). A cocktail of 7 flavivirus antigens and 1 control protein (HIV-1 antigen), produced internally, were covalently

coupled to uniquely coded magnetic microspheres (Luminex) per manufacturer’s protocol and added to the plate in a final volume

of 50 mL/well. Following a 2 h incubation with vigorous shaking, microspheres were washed using a magnetic 384-well automated

plate washer (Bio-Tek) to remove unbound sample. Microspheres were then resuspended with 0.5 mg/mL mouse anti-human

IgG-PE (Southern Biotech), vortexed for 1 min with a microplate vortex at 3,000 rpm, sonicated for 1 min and then incubated with

vigorous shaking for 1 h. After a final wash to remove unbound detection reagent, microspheres were resuspended in 40 mL sheath

fluid (Luminex). Data were collected on a Bio-Plex3D Suspension Array system (Bio-Rad) running xPONENT v.4.2 (Luminex). Signal

to Noise (S/N) ratio were calculated by the dividing the MFI for each sample by an isotype control antibody (WRAIR-5002, a SARS-

CoV-2 rhesus IgG1 antibody).

Shotgun mutagenesis epitope mapping
Epitope mapping was performed by shotgun mutagenesis.74 A ZIKV prM/E expression construct (strain ZIKV SPH2015) was sub-

jected to high-throughput alanine scanningmutagenesis to generate a comprehensive library of individual mutations where each res-

idue within prM/E was changed to alanine, with alanine mutated to serine. In total, 672 ZIKV prM/E mutants were generated (100%

coverage), sequence confirmed, and arrayed into 384-well plates. Each prM/E mutant was transfected into HEK-293T cells and al-

lowed to express for 22 h. Cells were fixed in 4% (v/v) paraformaldehyde (Electron Microscopy Sciences), permeabilized with 0.1%

(w/v) saponin (Sigma-Aldrich) in PBS plus calcium and magnesium (PBS++), then incubated with purified mAbs diluted in PBS++,

10% (v/v) normal goat serum (NGS) (Sigma), 0.1% (v/v) saponin. Primary mAb screening concentrations were determined using

an independent immunofluorescence titration curve against wild-type ZIKV prM/E to ensure that signals were within the linear range

of detection. mAb bindingwas detected using 3.75mg/ml AlexaFluor488-conjugated secondary antibody (Jackson ImmunoResearch

Laboratories) in 10%NGS/0.1% saponin. Cells were washed 3 times with PBS++/0.1% saponin followed by 2 washes in PBS. Mean

cellular fluorescence was detected using a high throughput flow cytometer (HTFC, Intellicyt). mAb reactivities against each mutant

prM/E clone were calculated relative to wild-type prM/E reactivity by subtracting the signal from mock-transfected controls and

normalizing to the signal from wild-type prM/E-transfected controls. Mutations within clones were identified as critical to the mAb

epitope if they did not support reactivity of the test mAb, but supported reactivity of other ZIKV mAbs. This counter-screen strategy

facilitates the exclusion of prM/E mutants that are locally misfolded or have an expression defect.
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Neutralization assays
Microneutralization (MN)

High-throughput ZIKVmicroneutralization (MN) assaywas performed.53 Briefly, plasmaor purified antibodies at 1 to 2mg/mLwere seri-

ally diluted 3-fold in 96-well micro-plates, and 100 mL of ZIKV containing 100 PFU were added to 100 mL of each serum dilution and

incubated at 35�C for 2 h. Supernatants were then transferred to microtiter plates containing confluent Vero cell monolayers (World

Health Organization, NICSC-011038011038). After incubation for 4 days, cells were fixed with absolute ethanol: methanol for 1 h at

�20�C and washed three times with PBS. The pan flavivirus mAb 6B6-C1 conjugated to HRP (6B6-C1 was a gift from JT Roehrig,

CDC) was then added to each well, incubated at 35�C for 2 h, and washed with PBS. Plates were washed, developed with TMB sub-

strate for 50min at room temperature, stopped with 1:25 phosphoric acid, and absorbancewas read at 450 nm. Assays were validated

using the following criteria: the average absorbance at 450 nmof three non-infected control wells had to be%0.5, and virus-only control

wells had to beR0.9. Normalized absorbance values were calculated, and the concentration to achieve 50% neutralization (IC50) titer

was calculatedusing ana five-parameter logistic regressionanalysis performedwith theN-Parameter LogisticRegression (nplr) R pack-

age version 0.1–7.75 Reported IC50 values are geometric means calculated from at least two independent experiments.

FlowNT50

Serial dilutions of mAb or plasma were mixed with an equal volume of virus, diluted to achieve 10–15% infection of cells/well, and

incubated for 1 h at 37�C. After 1 h of incubation, an equal volume of medium (RPMI-1640 supplemented with 10% FBS, 1% peni-

cillin/streptomycin, 1% L-glutamine (200 mM), and 1% non-essential amino acids (10 mM)) containing 5x104 U937-DC-SIGN cells

were added to each serum-antibody mixture and incubated 18–20 h overnight in a 37�C, 5% CO2, humidified incubator. Following

overnight incubation, the cells were fixed, permeabilized and immunostained with flavivirus group-reactive mouse mAb 4G2 (Envigo

Bioproducts) and secondary polyclonal goat anti-mouse IgG PE-conjugated antibody. The percentage of infected cells was quan-

tified on a BDAccuri C6 Plus flow cytometer (BDBiosciences). Reported IC50 values are the geometricmeans calculated from at least

two independent experiments using a five-parameter logistic regression analysis, as described for the MN assay.

PRNT50

Serial dilutions of mAb were mixed with an equal volume of virus and incubated for 1 h at 37�C followed by infection of Vero-cell

monolayers in triplicate. Plaques were visualized by staining with neutral red. Neutralization curves were graphed in Prism and re-

ported IC50 values were calculated using a five-parameter logistic regression analysis, as described for the MN assay.

Reporter virus particle (RVP)

Neutralization of wildtype and mutant ZIKV (strain H/PF/2013) by mAbs was measured using a reporter virus particle (RVP) assay.76

Briefly, mAbswere serially diluted 5-fold from 50 mg and incubated with 100 mL of virus for 1 h at 37�C, after which 50 mL of target Vero

cells (400,000 cells/ml) was added. Input virus dilution was calculated from titration experiments to ensure sufficient luciferase output

within the linear portion of the titration curve. Cell only and virus only controls were included on each plate, and all mAbs (and virus-

only) were run in triplicate. After a 48 h incubation, luciferase activity was measured, and neutralization curves were calculated by

averaging luciferase units from triplicates, subtracting cell-only control background and calculating the percent difference in serum

samples to virus-only controls. Data were fit by nonlinear regression using the asymmetric five-parameter logistic equation in

GraphPad Prism. The 50%, 80% and 90% inhibitory dilutions (ID50, ID80 and ID90, respectively) were defined as the reciprocal

sera dilution resulting in a 50%, 80% or 90% reduction in infectivity.

X-Ray crystallography and structure analysis
All proteins were crystallized by hanging-drop vapor diffusion at 273 K. Purified rhesusmacaque Fabs and their complexes with ZIKV

E glycoprotein were screened against a set of 1200 crystallization conditions using an Art Robbins Gryphon crystallization robot, and

0.2 mL drops. Crystal drops were observed daily using a Jan Scientific UVEX-PS with automated UV and bright field drop imaging.

Initial crystallization conditions were optimized manually by mixing protein and reservoir solutions in 1:1 (v/v) ratios. Purified Fabs

were concentrated to 7–10 mg/mL and used directly for crystallization screening. For complexes, Fabs and ZIKV E glycoprotein

were mixed in an equimolar ratio at �7 mg/mL and incubated at 4�C for 1 h prior to crystallization screening.

Crystals of the rhMZ103-A Fabwere obtained at 8mg/mL protein concentration and a reservoir solution containing 20%PEG 4000,

0.2M sodium acetate, 0.1M sodium citrate (pH 5.6). Crystals of the rhMZ107-B Fab were obtained at 7 mg/mL protein concentration

and a reservoir solution containing 23.5% PEG 4000, 0.2 M (NH4)2SO4. Crystals of the rhMZ107-B Fab in complex with ZIKV E were

obtained at 7 mg/mL protein concentration and a reservoir solution of 15% PEG 6000, 5%MPD, 0.1 M MES (pH 6.5). Crystals of the

rhMZ100-C Fab were obtained at 8.1 mg/ml protein concentration and a reservoir solution containing 22.5% PEG 4000, 22.5% iso-

propanol, 0.1Msodiumcitrate (pH 5.6). Crystals of the rhMZ100-C Fab in complexwith ZIKVEwere obtainedwith a 7.5mg/mLprotein

concentration and a reservoir solution of 12% PEG 8000, 0.2 M (NH4)2SO4, 0.1M Tris (pH 8.5). Crystals of the rhMZ104-D Fab were

obtained at 8 mg/mL protein concentration and a reservoir solution containing 26% PEG 8000, 0.2M zinc acetate, 0.1M Tris-HCl (pH

8.5). Crystals of the rhMZ104-D Fab in complex with ZIKV E were obtained at 7 mg/mL protein concentration and a reservoir solution

of 12%PEG 8000, 0.2 M (NH4)2SO4, 0.1M Tris-HCl (pH 8.5). Crystals of the rhMZ119-D Fab were obtained at 8.5 mg/mL protein con-

centration and a reservoir solution containing 18% PEG 8000, 0.2M calcium acetate hydrate, 0.1M sodium cacodylate trihydrate (pH

6.5). Crystals of the rhMZ119-D Fab in complexwith ZIKVEwere obtained at 6.0mg/mLprotein concentration and a reservoir solution

containing 0.06M Nitrate Phosphate Sulfate, 0.1M Sodium HEPES and MOPS (acid) pH 7.5, 20% Ethylene glycol, 10% PEG 8000 +

2%w/v Benzamidine hydrochloride. All crystals were cryoprotected with mother liquor supplemented with 25% (v/v) glycerol prior to
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flash-cooling in liquid nitrogen. rhMZ119-D/ZIKV E complex formed soft and thin plate like crystals which did not survive high beam

intensities and diffracted poorly (�10Å) at low beam intensity. Initial crystals of rhMZ107-B/ZIKV E complex also diffracted poorly with

a limited resolution up to 8 Å. To improve the crystal quality crystallization condition, pH, ionic strength, and precipitant concentrations

were varied. rhMZ119-D/ZIKV E complex was further screened for additives to improve the crystal quality. Addition of 2% w/v Ben-

zamidine hydrochloride significantly improved the diffraction quality and produced thicker plate like crystals that weremore resilient to

the X-ray beam. The best crystals for rhMZ107-B/ZIKV E complex and rhMZ119-D/ZIKV E complex diffracted to a resolution of 3.5

and 3.58 Å, respectively.

Diffraction data were collected at Advanced Photon Source (APS), Argonne National Laboratory beamlines, and at National Syn-

chrotron Light Source II (NSLS-II). Diffraction data for rhMZ103-A Fab, rhMZ100-C Fab, rhMZ100-C Fab/ZIKV E glycoprotein com-

plex, rhMZ104-D Fab and rhMZ104-D Fab/ZIKV E glycoprotein complex were collected at APS 19-ID beamline to a final resolution of

1.87Å, 2.19Å, 2.8Å, 2.48Å and 2.8Å, respectively, using a Pilatus 33 6M detector. Diffraction data for rhMZ107-B Fab crystals were

collected at APS 24-ID-E beamline, and measured using a Dectris Eiger 16M PIXEL detector to a final resolution of 2.1 Å. Diffraction

data for rhMZ107-B Fab/ZIKV E complex were collected at APS 22-BM beamline, and measured using a MX300HS CCD detector to

a final resolution of 3.2Å. Diffraction data for rhMZ119-D Fab were collected at APS 19-BM beamline, and measured using an ADSC

Quantum 210r CCD detector to a final resolution of 1.67Å. rhMZ119-D/ZIKV E complex diffraction data were collected at beamline

NSLS-II AMX 17-ID-1 and measured using a Eiger 9M PIXEL detector to a final resolution of 3.58Å. rhMZ119-D/ZIKV E complex

diffraction data reduction and scaling were carried out utilizing the XDS based automated data processing pipeline, DIMPLE, at

the AMX 17-ID-1 beamline. For all other crystals, diffraction data indexing, integration, and scaling were carried out using the

HKL2000 suite.77 Data collection statistics are reported in Tables S4A and S4B.

All the crystal structures described in this study were solved bymolecular replacement using PHASER, and iterativemodel building

and refinement were performed in COOT68 and Phenix.78 Phenix xtriagewas used to analyze all the scaled diffraction data output from

HKL2000 and XDS. Primarily, data were analyzed for measurement value significance, completeness, asymmetric unit volume, and

possible twinning and/or pseudotranslational pathologies. Fab datasets diffracted to resolution ranging from1.67Å to 2.48Å, and phe-

nix xtriage did not identify any data quality issue. PGT121-GL Fab structure (PDB code: 4FQQ) was used to solve the crystal structure

of rhMZ103-A Fab. The rhMZ103-A Fab structure was used to solve the crystal structures of other Fabs reported in this study. Diffrac-

tion data for the rhMZ107-B/ZIKV E and rhMZ104-D complexes were mildly anisotropic whereas diffraction data for the rhMZ100-C/

ZIKV E complex were significantly anisotropic and corrected using the UCLA Diffraction Anisotropy Server79 prior to structure solu-

tion. Although we processed the rhMZ100-C/ZIKV E complex data at 2.8Å resolution, the resultant resolution after anisotropy correc-

tion was 2.9 Å. Phenix xtriage did not identify any other data quality issues for the rhMZ107-B/ZIKV E and rhMZ104-D/ZIKV E com-

plexes. However, diffraction data for the rhMZ100-C complex crystal were significantly anisotropic and showed pseudo-merohedral

twinning pathology at the 2-fold axis. To determine the structure of the Fab-ZIKV E structures, we divided the ZIKV E (PDB code: 5IRE)

into smaller domains (DI, DII and DIII) and used a sequential search procedure. Crystal structures of the rhMZ Fabs determined in this

study, were used as search models as is, or were further divided into Fv and Fc domains to find the molecular replacement solution.

This search strategy was critical in finding the right solution for all the complexes. All the structures were refined using Phenix refine

with positional, global isotropic B-factor refinement and defined TLS groups. Manual model building was performed in COOT. The

final stages of refinement were performed with release of all non-crystallographic symmetry (NCS) restraints. The Ramachandran

plot as determined by MOLPROBITY80 showed 90–97% of all residues in favored regions and 98–100% of all residues in the allowed

regions. Data collection and refinement statistics are reported in Tables S4A andS4B.We also compared our structures, using Rfree as

the basis, to the other structures of similar resolution in the RCSB database and our structures were better than 14.5 to 88.5% of the

reported structures. The percentile values from this analysis for the individual structures are also reported in the Tables S4A and S4B.

Interactive surfaces were analyzed using PISA (www.ebi.ac.uk/pdbe/pisa/). Structure figures were prepared using PyMOL (The

PyMOL Molecular Graphics System (DeLano Scientific)).

Modeling differences between surface sites of dengue and ZIKV E protomers
An initial multiple sequence alignment including a recent Brazil ZIKV E (GenBank accession: AMA12087) and E of DENV1-4 (GenBank

accession: DENV1, NP_059433; DENV2, NP_056776; DENV3, YP_001621843; DENV4, NP_073286) was established using

MAFFT.81 After manual adjustment of the alignment, differences between amino acids on corresponding sites of E of ZIKV and

DENV1-4 were calculated as BOLOSUM62 score82 and mapped on ZIKV E (PDB: 5IRE) for illustration. A residue pair is considered

as similar (or identical) if the BOLOSUM62 score is greater than or equal to 1; otherwise the residue pair was considered different.

QUANTIFICATION AND STATISTICAL ANALYSIS

Binding experiments are presented as the mean values ±s.e.m. calculated from two independent experiments. Neutralization is the

geometric mean of the IC50 values calculated using five-parameter regression, performed in R (version 3.5.1), from at least two in-

dependent experiments performed in triplicate. Independent groups were compared usingMann-Whitney tests, andmatched paired

data from wildtype (WT) and D67N-A69T ZIKV mutant RVP assays were analyzed by Wilcoxon signed rank test. Spearman’s coef-

ficient was used for correlation analyses. The threshold for statistical significance was set to p < 0.05 for all analyses. Data were

graphed using PRISM software (version 7, Graphpad Software, La Jolla, CA, USA).
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