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ABSTRACT The mosquito-borne Zika virus (ZIKV) has been causing epidemic outbreaks
on a global scale. Virus infection can result in severe disease in humans, including micro-
cephaly in newborns and Guillain-Barré syndrome in adults. Here, we characterized
monoclonal antibodies isolated from a patient with an active Zika virus infection that
potently neutralized virus infection in Vero cells at the nanogram-per-milliliter range. In
addition, these antibodies enhanced internalization of virions into human leukemia K562
cells in vitro, indicating their possible ability to cause antibody-dependent enhancement
of disease. Escape variants of the ZIKV MR766 strain to a potently neutralizing antibody,
AC10, exhibited an amino acid substitution at residue S368 in the lateral ridge region of
the envelope protein. Analysis of publicly availably ZIKV sequences revealed the S368
site to be conserved among the vast majority (97.6%) of circulating strains. We validated
the importance of this residue by engineering a recombinant virus with an S368R point
mutation that was unable to be fully neutralized by AC10. Four out of the 12 monoclo-
nal antibodies tested were also unable to neutralize the virus with the S368R mutation,
suggesting this region to be an important immunogenic epitope during human infec-
tion. Last, a time-of-addition infection assay further validated the escape variant and
showed that all monoclonal antibodies inhibited virus binding to the cell surface. Thus,
the present study demonstrates that the lateral ridge region of the envelope protein is

likely an immunodominant, neutralizing epitope.
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cases (1). ZIKV infection is also associated with Guillain-Barré syndrome, a rare immune-
mediated paralytic illness (2). Perhaps the most feared consequence of ZIKV infection
is the effect it has on the developing fetus. Congenital infection is known to result in
developmental abnormalities, including microcephaly, sensorineural hearing loss, and
vision deficits, and, in some cases, fetal loss (3, 4).

There are currently no approved treatments or vaccines for ZIKV. A number of
vaccines are in development and are designed to elicit antibodies to the ZIKV envelope
(E) protein. These vaccine constructs include DNA, RNA, and purified-protein vaccines
as well as live attenuated viruses (5-9). A major concern in the field of flavivirus vaccine
development is the possibility of disease enhancement mediated by cross-reactive or
poorly neutralizing antibodies (10). While there is currently little evidence of its occur-
rence in humans, antibody-dependent enhancement (ADE) of ZIKV infection was
shown in vitro and in animal models using both polyclonal sera and monoclonal
antibodies (MAbs) (11-18).

In order to characterize the immunological determinants of antibody-mediated
protection, previous groups have isolated and characterized ZIKV-specific monoclonal
antibodies from infected patients. Many groups have identified the envelope dimer
epitope and the lateral ridge epitope of domain Ill as critical for a potent neutralizing
response (11, 19, 20). Here, we add the characterization of 12 neutralizing monoclonal
antibodies from an acutely ZIKV-infected patient. These antibodies represent the initial
plasmablast response to acute infection and exhibit low levels of somatic hypermuta-
tion. Nevertheless, four of these antibodies (AC10, AC4, AC3, and GD12) were able to
potently neutralize virus with half-maximal inhibitory concentrations at the nanogram-
per-milliliter range. We next explored the Fc-mediated functions of these antibodies.
We report that these monoclonal antibodies were able to elicit Fc-mediated ADE of
infection in vitro. However, these antibodies did not elicit Fc-mediated activation of
immune effector cells on ZIKV-infected cells as measured by an antibody-dependent
cellular cytotoxicity (ADCC) reporter assay. By generating escape variants, we identified
residue 368 of the E protein as critical for neutralization by a subset of the antibodies.
A recombinant virus with an S368R mutation was resistant to neutralization by anti-
bodies AC10, AC4, AC3, and GD12.

Additionally, we mapped escape mutations from five other less potently neutralizing
antibodies and found a majority of the mutations to be on solvent-exposed residues
located on domain Il of the envelope protein. Finally, we performed a time-of-addition
infection assay to determine the mechanism and kinetics by which these antibodies
neutralize virus. We show that all of the neutralizing antibodies were able to inhibit viral
infection when added prior to or at the infection step. However, these antibodies did
not completely neutralize virus when added postinfection. We can therefore conclude
that these antibodies inhibit binding of virion to the cell surface and/or fusion of the
virus with the host cell membrane.

Our results underscore the importance of the lateral ridge region as a putatively
immunologically dominant epitope on the Zika virion. In particular, the serine residue
at site 368 is ZIKV specific and conserved among ZIKV strains, indicating this site to be
a viable target for a ZIKV vaccine if the neutralization potency of antibodies against this
site overcomes their potential ADE properties. Furthermore, we demonstrated that
escape mutations in this region result in attenuated viral growth in vitro, suggesting
that the 368 site is important for efficient virus replication.

RESULTS

Generation of human ZIKV antibodies from an infected patient. To investigate
the antibody response to acute ZIKV infection, we isolated peripheral blood mononu-
clear cells (PBMCs) from a patient who was infected by ZIKV while traveling in Central
America. This patient was likely not preexposed to dengue virus, and these antibodies
were likely associated with a primary immune response (21). We adapted a previously
established protocol to generate fully human monoclonal antibodies specific to ZIKV
(22). First, we single-cell-sorted plasmablasts isolated during acute infection and se-
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FIG 1 Neutralizing ZIKV-specific antibodies are induced by ZIKV-infection. (A to C) ELISAs were performed against MR766 ZIKV supernatant,
recombinant MR766 envelope protein, or recombinant MR766 NS1 protein to assess binding activities. ELISAs were performed as duplicates, and
results are reported as values of the area under the concentration-time curve (AUC). Error bars represent standard errors of the means (SEM). (D)
Neutralization activity of 12 antibodies against MR766 ZIKV. (E) Neutralization activity shown as IC,, values. Nonneutralizing antibody AA12 is

designated n.n.

quenced the variable regions of the immunoglobulin genes. Next, we cloned the genes
into a human IgG1 expression vector and transfected HEK293F cells to generate fully
human monoclonal antibodies.

We previously reported four antibodies obtained from the same patient that bound
the nonstructural protein NS1 and that are nonneutralizing in vitro but protected
against ZIKV infection in the mouse model (21). Here, we report an additional 12
antibodies that bound and neutralized ZIKV. These antibodies were initially identified
by their ability to bind to proteins present in supernatants of ZIKV-infected cells (Fig.
1A). Next, antibodies were tested for binding to recombinant envelope protein (Fig. 1B).
Only one of the 12 antibodies, FC3, was able to potently bind recombinant envelope.
Quaternary epitopes are known to play an important role in anti-flavivirus antibody
responses, and we suspect that the other 11 antibodies are only able to bind the
properly folded structural proteins on intact virions (11, 23-25). As we reported
previously (21), antibodies to the nonstructural protein NS1 are also elicited by acute
ZIKV infection. We confirmed that these 12 antibodies did not bind to recombinant NS1
protein by enzyme-linked immunosorbent assay (ELISA) (Fig. 1C). Finally, plaque re-
duction assays were performed in Vero cells to determine the potency of neutralization
of these antibodies (Fig. 1D and E). We found antibodies neutralized to various degrees,
with 50% inhibitory concentration (ICs,) values ranging from 10 wg/ml to approxi-
mately 2 ng/ml. In contrast, the NS1-specific antibody AA12 was not able to neutralize
infectious virus at the highest concentration tested, confirming our previous findings
(21). All of these isolated antibodies were encoded by heavy/light-chain combinations

July 2019 Volume 93 Issue 14 e00405-19

jviasm.org 3


https://jvi.asm.org

Bailey et al.

with low degrees of somatic hypermutation (Table 1). Additionally, 9 of the 12 anti-
bodies were of the IgG1 isotype, while antibody AC4 belongs to the IgG2 isotype, FA12
to IgA1, and FC3 to IgM.

Neutralizing antibodies do not activate ADCC on infected cells but can enhance
uptake of virions. Besides neutralization, antibodies might be able to elicit effector
functions via interactions between their Fc regions and Fcy receptor (FcyR)-expressing
myeloid cells. We previously reported that ZIKV NS1-specific antibodies were able to
elicit Fc-mediated immune effector functions on infected cells (21). Additionally, these
NS1-specific antibodies did not induce antibody-dependent enhancement of disease
when tested on Zika viral particles. Here, we evaluated whether our panel of virion-
binding antibodies could induce Fc-mediated immune effector functions on infected
cells and if these antibodies could mediate virus internalization into susceptible cells.

To determine the activation of ADCC, we used a genetically modified Jurkat cell line
that expresses human FcyRllla and a luciferase reporter gene under a nuclear factor of
activated T cells (NFAT) promoter (21). This surrogate assay examines the ability of
antibodies to engage and activate Fc-mediated effector functions. We infected Vero
cells with the MR766 virus and found that none of the neutralizing ZIKV antibodies were
able to activate effector functions of FcyR-expressing Jurkat cells. In contrast, the
positive-control NS1-specific antibody AA12 was able to potently elicit these Fc-
mediated effector functions (Fig. 2A). We posit that the inability of neutralizing anti-
bodies to elicit these functions is due to the lack of their ability to bind virus-infected
cells.

ADE of disease is commonly thought to be caused by antibodies binding to the
surface of virions at nonneutralizing concentrations, which enhances viral uptake into
Fc receptor-bearing myeloid cells (10). To determine whether our antibodies can
enhance entry in myeloid cells, we utilized human leukemia K562 cells which are poorly
permissive to ZIKV infection in the absence of virion-bound antibody (12). We mea-
sured the level of ADE of infection by using a flow cytometry-based assay in which serial
dilutions of each of the 12 monoclonal antibodies was preincubated with MR766 ZIKV
prior to addition to K562 cells, as done previously (12). The cells were fixed and
intracellularly stained with the murine monoclonal antibody 4G2 at 48 h postinfection
(hpi) to determine the proportion of infected cells. Fold induction was calculated as the
percentage of infected cells in the presence of antibody divided by the percentage of
infected cells in the absence of antibody. We found that most neutralizing antibodies
were able to facilitate viral internalization to some degree (Fig. 2B). Antibodies AC11,
FA12, and EA7 poorly mediated the internalization of Zika virus in K562 cells. Repre-
sentative flow cytometry data of antibody AD5 and the control antibody are shown as
well (Fig. 2Q).

Generation of escape mutants. To identify residues critical for antibody neutral-
ization, we generated ZIKV escape mutants. We serially passaged MR766 ZIKV with
increasing concentrations beginning at 0.5 ng/ml to 500 ng/ml of antibodies AC10,
GD12, AC4, AC11, GA3, FC11, FC3, and FA12 in duplicates. To account for adaptations
to growth in cell culture, we serially passaged ZIKV with no antibody in parallel as a
control. After 7 to 12 serial passages, we grew viruses from the last passage in 1 to
10 ng/ml of antibody and plaque purified six escape variant viruses from each mono-
clonal antibody (MAb) and another six from the control. We inoculated these plaques
in Vero cells supplemented with the appropriate antibody at 1 to 10 wg/ml to obtain
sufficient virus for RNA sequencing. Next, we isolated viral RNA and performed whole-
genome sequencing from the six plaque-purified escape variants from the last passage.
We then compared the sequences of the viruses passaged in the presence of antibody
(escape variants) to the sequence of the control. Analysis of the E coding regions from
the six plaque-purified escape variants to MAb AC10 or AC4 showed mutations in
residues 162, 301, 368 and/or 451 (Fig. 3A and B). Residues 162, 301, and 368 are
located on the ectodomain of the E protein, while site 451 resides within the trans-
membrane domain. Escape variants to AC10 had point mutations in site 162 located in
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FIG 2 Neutralizing antibodies cannot elicit ADCC but can elicit ADE in vitro. We examined the ability of neutralizing antibodies to elicit Fc-mediated effector
functions either on the surface of infected cells or against the virion itself. (A) Vero cells were infected with MR766 ZIKV and used as targets for measuring
Fc-FcyR effector functions with a genetically modified Jurkat cell line expressing human FcyRllla with an inducible luciferase reporter gene. Fold induction was
measured in relative light units, and results were compared to infected cells with no antibody added. Error bars represent standard error of the means (SEM).
(B) To examine whether enhancement of flavivirus infection in vitro is observed, monoclonal antibodies were incubated with ZIKV and added to FcyR-bearing
K562 cells. All monoclonal antibodies were tested at a starting concentration of 3.3 ug per ml and serially diluted 4-fold. Both assays were run in duplicate,
and fold induction was measured as the percentage of infected cells as determined by flow cytometry divided by the percentage of infected cells with no
antibody added (virus alone). (C) Representative flow cytometry plots for antibody AD5 and control IgG are shown.

domain | or in site 368 (Fig. 4A) in domain lll. Escape variants to AC4 had point
mutations in sites 162, 162, and 368 or in 162 and 301 (Fig. 4B). The majority of the
escape variants to AC10 and AC4 had either a glutamic acid or a glycine at site 162
(domain 1) and an arginine or asparagine at site 368 (domain Ill), which suggest that
these positions had critical roles in neutralization. However, it is interesting that the
wild-type virus (Fig. 3A) passaged in the absence of antibody also had amino acid
variability in site 162. A survey of the escape variants to the other MAbs yielded a
variety of E-specific sites that are putatively important for resistance. For example, GD12
variants had mutations at site 161 or 162 (domain I) (Fig. 3C and 4C), FA12 had a
combination of mutations in domain Il only (site 66, 84, or 251) or an additional
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FIG 3 Whole-genome sequencing of escape variants. Panels A to H show sequence alignments of escape mutations generated by antibodies AC10, AC4, GD12,
FA12, AC11, FC3, FC11, and GA3, respectively. The corresponding protein is labeled at the top with the relevant amino acid. Six plaque-purified viruses
(numbered 1 to 6) were sequenced, and amino acids are shown in red (mutated) or black (control; CTL). Six plaque-purified wild-type viruses were sequenced
in parallel after an identical number of passages in Vero cells. pr, premembrane.

mutation in domain | (site 154) (Fig. 3D and 4D), and AC11 had changes in sites in
domain Il (at residues 83/84, 84, or 68/84) (Fig. 3E and 4E). Escape variants to MAb FC3
had mutations only in domain | at site 165 or 154 (Fig. 3F and 4F), while FC11 escape
variants yielded mutations in domains | and/or Il in sites 68, 69, 166, 279, and/or 281

A AC10 E

FIG 4 Escape mutants are mapped to a crystal structure of the ZIKV E protein. Panels A to H show graphical representations of the
envelope protein with relevant mutations found on plaque-purified viruses 1 to 6 used for the experiment shown in Fig. 3 indicated in
red. PDB accession number 5JHM was used to generate the three-dimensional model using UCSF Chimera.
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FIG 5 Sequence alignment of ZIKV E protein. (A) A sequence alignment and a consensus sequence were generated from 173 publicly available sequences from
the Virus Pathogen Resource. Each amino acid position was then assigned a polymorphism score based on Crooks et al. (46). The polymorphism score represents
the normalized entropy of an observed allele distribution. Amino acid scores can have values of 0 (no observed polymorphism) to 439 (20 alleles and an indel,
~4.7% frequency each). The red line indicates amino acid position 368. (B) The residue at site 368 (highlighted in red) has a polymorphism score of 38, where
the majority of amino acids (n = 164) are serines. Of note, Xaa indicates a missing or ambiguous amino acid.

(Fig. 3G and 4Q). Last, escape variants to GA3 had a number of mutations in domain |,
domain I, and/or domain Il (Fig. 3H and H).

We also detected other mutations outside the E protein, such as site 57 on the
premembrane (prM region) (AC10, GD12, FA12, FC3, FC11, and GA3), residues 6 and 15
on membrane (M) (FA12), residues 113 (GD12), 114 (MAb AC10), and 121 (AC11) on
NS2A, residues 80 (AC10), 466 (GD12), and 587 (FC11) on NS3, and residue 96 (AC4) on
NS5. As these mutations arose outside the E protein, the importance of these mutations
is still unknown.

To further characterize how viruses escape antibody-mediated neutralization, we
focused on site 368 (domain Ill) of the E protein, where mutations were found in the
escape variants to AC10 and AC4, our most potent neutralizing MAbs. This amino acid
residue is located in the lateral ridge epitope of domain Ill of the ZIKV E protein and is
conserved among almost all circulating ZIKV strains (11, 26). We quantified the variation
of amino acids in the ZIKV E protein by performing a sequence alignment of 173
publicly available sequences from the Virus Pathogen Resource (Fig. 5). We found that
164 of 168 sequences (97.6%) with identifiable amino acids had a serine at position 368
with a polymorphism score of 38, suggesting a very high level of sequence conserva-
tion. An asparagine occurred twice, arginine occurred once, and a glycine occurred
once. Of note, a site with no polymorphism has a score of 0, while a maximum score
of 439 equates to an equal distribution of 21 alleles (20 amino acids and an indel) at
~4.7% each.

To determine whether the mutation at site 368 was sufficient for escape from
antibody binding, we utilized an established plasmid-based rescue system for the
MR766 ZIKV isolate that efficiently produces infectious virus upon transfection into
human embryonic kidney (HEK) 293T cells (27). Using site-directed mutagenesis, we
mutated the serine at envelope position 368 to an arginine. To generate recombinant
virus, we transfected 293T cells with the wild-type or the S368R mutant plasmid, and
supernatant was harvested 3 days posttransfection. The titer of the supernatant was
then determined by plaque assay, and virus with the S368R escape mutant had a
significantly lower rescue titer (5.2 X 106 PFU per milliliter) than the wild-type virus
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FIG 6 A recombinant MR766 ZIKV with an S368R point mutation escapes neutralization by AC10 in vitro. Serial passaging of MAb AC10 led to the
identification of critical residue $S368, which lies in the lateral ridge epitope of domain Il of the ZIKV envelope protein. Site-directed mutagenesis was
performed to generate recombinant MR766 ZIKV with the S368R point mutation. (A) Rescue titer after 72 h posttransfection demonstrates a reduction in viral
titer. The dotted line represents the limit of detection. (B) Multicycle growth curves were performed to compare viral fitness between wild-type (WT) and
S368R viruses. Supernatants were collected at the indicated time points, and titers were determined by plaque assays. Data points represent the means for
two biological replicates, and error bars represent standard errors of the means (SEM). (C) To confirm that the S368R mutation is sufficient for escape from
neutralization by MAb AC10, a plaque reduction neutralization test was performed with equivalent amounts of wild-type or S368R MR766 ZIKV. The assay
was performed in duplicate, and error bars represent SEM. (D and E) Antibodies GA3 and AA1, which induce escape mutations in different sites, were tested
by the same plaque reduction neutralization test. The assay was performed in duplicate, and error bars represent SEM. *, P < 0.05.

rescued in parallel (3.1 X 107 PFU per milliliter) (Fig. 6A). As the rescue titer of the
mutant antibody was nearly 10-fold lower than that of the wild type, we considered the
possibility of viral attenuation in the escape mutant.

Next, we performed multicycle growth curves to compare viral fitness levels be-
tween the S368R mutant and wild-type MR766 (Fig. 6B). Vero cells were infected at a
multiplicity of infection (MOI) of 0.001, and virus titers were determined at 24-h time
points. Again, we found the S368R mutant to be attenuated in vitro, displaying
significantly reduced viral titers at the 48-h and 72-h time points. Differences in the
titers at the 96-h time point, however, were not statistically significant. Sequencing of
the viral genome at the 96-h time point revealed that the S368R mutation remained
intact, ruling out that the virus reverted to express the wild-type envelope protein.
Nevertheless, there may be undetected compensatory mutations in other regions of
the genome that could have arisen to increase viral fitness.

To determine the effect that the S368R mutation has on virus neutralization, we next
performed plaque reduction assays on these recombinant viruses. We found that while
antibody AC10 was able to neutralize wild-type virus, it was unable to neutralize the
S368R variant (Fig. 6C). Antibodies GA3 and AA1, which are of a different germ line
variant from AC10 and do not induce mutations at the S368 site, were also tested for
their abilities to neutralize both wild-type and S368R variant viruses (Fig. 6D and E). We
find that these two antibodies neutralize both viruses to the same degrees, suggesting
that they bind an epitope independent of position 368. From this we can conclude that
the antibody AC10 potently neutralizes ZIKV and that a critical residue at position 368
of the E protein is required for complete neutralization.

Time-of-addition infection assay. Finally, we sought to determine the mechanism
by which these antibodies neutralize the wild type and the S368R variant virus as
described previously (28). To this end, we compared the neutralization activities of our
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FIG 7 Neutralization occurs at a binding step. Analysis of the timing of antibody neutralization activity was performed. The results for synchronized infections
of Vero cells with wild-type or S368R MR766 virus are shown. Vero cells were equilibrated to 4°C at —3 h, and virus plus antibody or virus alone was added
to the cells. At 0 h Vero cells were washed twice with PBS, warm medium was added with the relevant antibody, and cells were moved to 37°C. For each assay,
results are normalized to those of infections performed without any antibody added. Antibody was added at a concentration of 10 IC,,s as determined by
plagque reduction neutralization test. Infection was measured by 4G2 anti-envelope staining at 48 h postinfection. Assays were performed in duplicate, and

error bars represent SEM. *, P < 0.05; ns, not significant.

antibodies at different stages of viral entry for either the wild-type MR766 or the S368R
variant (Fig. 7). Briefly, we incubated virus with cells for 3 h at 4°C, a temperature at
which the virion attaches to the surface but is not internalized. At time zero (0 h),
unattached virus was removed from cell culture by two washes with phosphate-
buffered saline (PBS), and the cells were moved to 37°C for internalization to occur.
Antibodies were added at a concentration of 10 IC, at either —3 h, 0 h, or 6 h in order
to test inhibition of antibody at the stages of viral attachment, postattachment, or
postentry, respectively. Once the antibody was added, it remained in culture for 24 h.
Flow cytometry analysis was performed after 4G2 anti-envelope staining 48 h postin-
fection.

All of our antibodies were able to neutralize wild-type virus when added at —3 h
(Fig. 6), with about 1 to 30% infection. A lower degree of neutralization was observed
when antibody was added at 0 h, with observed values of infection between 10% and
70%, which suggests that at least some of the neutralization activity was derived
through blocking the binding of virus to host cells. Little to no neutralization was
observed when the antibody was added at 6 h postinfection, with observed values
between 70 and 100%, indicating that the inhibitory activity was derived mostly at the
entry stage of the viral life cycle. Because of the stark difference between results for
antibody added at —3 h and antibody added at 6 h postinfection, we concluded that all
tested antibodies inhibited virus binding to the cell surface or fusion with the host
endosomal membrane. We also were able to show that antibodies AC10, AC4, AC3, and
GA12, all of which were derived from the same germ line, were unable to neutralize the
S368R variant (Fig. 7A to D). On the other hand, antibodies GA3, AD5, FC11, and FC3
were able to neutralize the S368R variant at a level comparable to that of the wild-type
virus (Fig. 7E to H).

DISCUSSION

With recent advancements in isolating human monoclonal antibodies (22), a num-
ber of groups have characterized the antibody response to ZIKV infection (11, 19, 26,
29). However, additional work is required to map the epitopes targeted by neutralizing
antibodies and to understand whether a potent dominant neutralizing response cor-
relates with a particular germ line rearrangement (30). In the current study, we
characterized monoclonal antibodies generated from the PBMC compartment of a
ZIKV-infected individual. In prior work, we identified four nonneutralizing but protec-
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tive antibodies that bind to the ZIKV NS1 protein (21). Here, we examined the
neutralizing antibody response from the same patient.

We isolated 12 antibodies with various neutralizing potencies and binding proper-
ties, as shown in Fig. 1 and Table 1. Numerous germ line rearrangements were found
in the antibodies isolated from this patient, suggesting a polyclonal response targeting
distinct epitopes. The rearrangement VH1-2/VL2-8 (where VH and VL are heavy and
light variable regions, respectively) was most common and was found in 4 of the 12
antibodies: AC4, AC10, AC3, and GD12. These antibodies were all potently neutralizing,
with IC,, values below 25 ng/ml. An additional potently neutralizing antibody, GA3, had
a distinct rearrangement, using the VH3-21/VK1-9 genes (where VK is the kappa
light-chain variable region). All of these potently neutralizing antibodies contained a
motif of at least three tyrosine residues in the complementarity-determining region 3
(CDR3) fragment of the heavy chain. This unusual motif in the CDR3 sequence was
reported in mouse anti-idiotypic monoclonal antibodies; however, the significance of
this motif remains unknown (31, 32). AD5 and FC11 were moderately neutralizing, with
IC5o values close to 50 ng/ml, and contained the same VH1-18/VL2-14 germ line
rearrangements. Moderate to poorly neutralizing antibodies with IC, values greater
than 50 ng/ml included antibodies AC11, AA1, EA7, FC3, and FA12, all of which had
distinct germ line rearrangements. This lack of high neutralizing activity may also be
due to the absence of somatic hypermutation. Of note, antibody FC3 was the only
antibody that bound soluble envelope protein by ELISA. With the finding that only 1
out of 12 antibodies isolated bound recombinant protein, we speculated that a large
number of epitopes that elicit neutralizing antibodies are quaternary structures on the
surface of the virion.

Similar work by Robbiani et al., was performed by isolating memory B cells from
ZIKV-seropositive cohorts in Brazil and Mexico (20). In this study, the VH3-23/VKL1-5
rearrangement was found in five of the six donors and exhibited the largest degree of
clonal expansion in three of the six donors. The authors were able to map the binding
sites of these antibodies to the lateral ridge epitope of domain Ill of the envelope
protein and found a similarly high potency of neutralization in the nanogram-per-
milliliter range. We were not able to isolate any antibodies with the same rearrange-
ment, despite mapping our antibodies with VH1-2/VL2-8 rearrangements to the lateral
ridge of the envelope protein as well. This suggests that germ line rearrangements may
vary from person to person and that distinct germ line rearrangements may target the
same epitopes.

Next, we wanted to explore the role of Fc-mediated functions exhibited by these
neutralizing antibodies. Fc-mediated functions can generally be divided into two
categories. First, antibodies that target virally infected cells can direct the clearance of
these infected cells by activating natural killer cells, macrophages, or neutrophils via
Fc-FcyR interactions (33). Alternatively, antibodies can facilitate internalization of viri-
ons via Fc-mediated endocytosis into innate immune cells. In this context, antibody-
mediated uptake of virus may increase viral replication and potentially enhance dis-
ease. The phenomenon of antibody-dependent enhancement (ADE) of disease was
shown in vitro with Zika and dengue viruses and also for a number of other virus
families, including the Filoviridae and Togaviridae (34, 35).

Antibodies targeting the ZIKV NS1 protein were shown previously to induce pro-
tective Fc-mediated effector functions by an in vitro reporter assay (21). This is likely due
to the high abundance of NS1 expressed at the surface of virally infected cells (36). In
contrast, the ZIKV envelope protein is less accessible at the cell surface as ZIKV particles
bud internally from the Golgi apparatus rather than from the plasma membrane. Here,
we demonstrated that neutralizing monoclonal antibodies were unable to elicit ADCC
as measured by an in vitro reporter assay (Fig. 2). On the other hand, ADE of infection
occurs when antibody binds virion and facilitates internalization into innate immune
cells that allow for viral replication. By measuring ADE of infection in vitro, we were able
to show that many neutralizing antibodies had the ability to induce ADE at low
concentrations. Neutralizing antibodies are superior to NS1-binding antibodies in

July 2019 Volume 93 Issue 14 e00405-19

Journal of Virology

jviasm.org 11


https://jvi.asm.org

Bailey et al.

providing sterilizing immunity to ZIKV, but they also bear the potential risk of inducing
ADE. Additionally, these neutralizing antibodies were unable to elicit protective Fc-
mediated effector functions on infected cells, suggesting the limited utility of E-specific
antibodies in clearing virally infected cells. Antibodies FA12 and EA7 were both poor
neutralizers of ZIKV and exhibited very little activity in our ADE in vitro assay. Antibody
AC11 was a rather potent neutralizer, with activity in the nanogram-to-milliliter range,
but was a poor inducer of ADE. We speculate that the location of the epitope may
impact the ability of an antibody to optimally engage and activate the Fcvy receptors,
similar to our observations with antibodies that bind the influenza virus hemagglutinin
(37). However, this would require further characterization.

We passaged wild-type virus with increasing concentrations of neutralizing antibod-
ies to identify critical amino acid residues required for neutralization of virus. We
passaged the antibodies with the MR766 strain of ZIKV as a reverse genetics system
based on this strain was available to us (27). In Fig. 4, we show mutations of escape
mutants from eight antibodies mapped onto crystal structures of the E protein. We
found that, by and large, the moderately neutralizing antibodies tended to induce
escape mutations in solvent-exposed residues in domain Il, while potently neutralizing
antibodies induced escape mutations in the lateral ridge region of domain Ill and
domain I. We also found that for antibody AC10, the S368R mutation correlated with
the appearance of a D57N mutation in the premembrane gene of the virus. This residue
at site 57 may play a compensatory role in viral replication. Our hypothesis will require
further investigation in future studies. We conclude that, consistent with previous
reports, the lateral ridge region of the envelope protein tends to induce more potently
neutralizing antibodies than domain Il (30). To determine if the serine residue at site
368 was sufficient to mediate viral escape or whether compensatory mutations are
required, we generated a recombinant virus displaying only the S368R point mutation.
Upon analysis of publicly available sequences from the Virus Pathogen Resource, we
found that 164 of 168 sequences (97.6%) with identifiable amino acids had a serine at
site 368. However, one strain contained an S368R mutation, suggesting that this
variant, although very uncommon, does occur in nature. We found that the MR766
variant with this mutation displayed reduced growth in vitro, suggesting that this
mutation caused attenuation of the virus, which was confirmed by multicycle growth
curves. By analyzing the whole genomes of plaque-purified escape mutants, we
observed that the immunological pressure induced by MAbs did not always result in
the same mutation although they were generally located in the same region. Further-
more, we identified escape variants with multiple mutations; we speculate that there
may be mutations in the same epitope close to each other or that there are compen-
satory mutations that are required for proper viral replication. Notably, we also de-
tected mutations outside the E coding region located in other structural domains, such
as the prM, and in regions encoding nonstructural proteins NS2A, NS3, and NS5. More
work is required to fully characterize the significance of these mutations in the overall
fitness of these escape variants.

By using a time-of-addition infection assay, we were able to compare neutralization
of this mutant MR766 with that of wild-type MR766 rescued in parallel. The goal of this
experiment was 2-fold: we aimed to determine whether our antibodies could inhibit
Zika virus replication after virion was bound to the cell surface, and we sought to
further validate our escape variant ZIKV S368R. While the antibodies were able to
neutralize virus before and at the time of infection, neutralization efficiency was
substantially lower when antibody was added after viral entry. We could therefore
conclude that our neutralizing antibodies inhibited viral binding and/or fusion and had
significantly reduced potency after these events. Of note, there are slight variations in
neutralization percentages in plaque reduction neutralization assays compared to
those of a flow cytometry-based assay due to differences in viral quantification and
assay sensitivity. However, we found a marked reduction in wild-type virus replication
when virus was treated with AC10 compared to that of the S368R variant treated with
AC10. Our results also showed that antibodies containing the same germ line rear-
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rangements as AC10 were unable to neutralize the S368R variant and therefore likely
recognized a similar epitope. However, our results do not fully explain why we did not
recover any escape mutants to GD12 that possessed a mutation at site 368. We
speculate that both sites 162 and 368 are involved in the formation of epitopes
recognized by AC10, AC4, AC3, and GD12 or that mutations at site 368 are rarer in
escape mutants to GD12. In contrast, the neutralizing antibodies GA3, AD5, FC11, and
FC3, which had distinct germ line rearrangements, neutralized S368R and wild-type
MR766 to the same degrees, suggesting that these antibodies recognized epitopes
distinct from those of AC10.

In this study, we characterized monoclonal antibodies elicited by acute Zika virus
infection. These antibodies neutralized virus by directly binding to the virion surface
(38). We found that these antibodies enhanced infection of myeloid cells but did not
appear to activate Fc-effector functions in vitro. Finally, we hypothesize that the
majority of the antibodies we isolated recognize quaternary epitopes. One such epitope
is putatively located on the lateral ridge region of the envelope protein, where
mutation of the amino acid at position 368 inhibits neutralization by AC10 and
antibodies with the same germ line rearrangements.

MATERIALS AND METHODS

Cells and viruses. Human embryonic kidney (HEK) 293T cells (American Type Culture Collection
[ATCC] CRL-1573) and African green monkey kidney cells (Vero; ATCC CCL-81) were grown in Dulbecco’s
modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS) (HyClone) and
antibiotics (100 units/ml penicillin and 100 ng/ml streptomycin [Pen-Strep]; Gibco). Human embryonic
kidney Expi293F cells (Gibco) were grown in Expi293 expression medium. MR766 virus (Rhesus/1947/
Uganda BEI NR-50065) was obtained from BEI Resources. FcyR-expressing K562 cells were obtained
through the ATCC (catalog no. CCL-243). Pan-flavivirus antibody 4G2 was obtained from ATCC D1-4G2-
4-15 cells (ATCC HB-112). ZIKV was propagated in Vero cells in DMEM supplemented with 2% FBS; after
96 h postinfection (hpi), cell culture supernatants were harvested, aliquoted, and stored at —80°C until
use.

Human plasmablast isolation. Plasmablasts were isolated from an infected patient at approxi-
mately 2 weeks after onset of symptoms. The patient was confirmed to have active ZIKV infection based
on symptomatology and laboratory testing by reverse transcription-PCR (RT-PCR); however, we were not
able to sequence the virus from the patient, and the exact ZIKV strain is unknown. Plasmablasts defined
as CD19*+ CD3~ CD20~ CD38Migh CD27"9h were isolated, and monoclonal antibodies were generated in
accordance with the Icahn School of Medicine at Mount Sinai Institutional Review Board based on a
previously published protocol (22). Briefly, Ficoll density (GE Healthcare) centrifugation was performed on
whole-blood samples to isolate the buffy coat, and peripheral blood mononuclear cells (PBMCs) were
single-cell sorted onto freshly prepared catch buffer (50 ul of 1 M Tris, pH 8, and 125 ul of RNasin in 5 ml
of RNase-free water) on 96-well plates using a BD FACSAria lll instrument. Reverse transcription reactions
were performed to generate cDNA (22, 39). Two nested PCRs incorporating IgG-, IgA-, IgM-, kappa- and,
lambda-specific primers were performed on the cDNA to amplify heavy and light chains. The Interna-
tional Immunogenetics Information System software (http://www.imgt.org/IMGT_vquest/vquest) was
used to view productive immunoglobulin sequence rearrangements. Sixteen Zika virus antibodies were
isolated from one patient, 4 of which are NS1 specific and were characterized previously (21), and
the remaining 12 are reported here. Genetic characteristics of recombinant antibodies are reported
in Table 1.

Recombinant human antibodies. The human heavy (VH) and light (VL) variable regions of the
isolated antibodies were amplified by PCR and cloned into human IgG1 and kappa or lambda mamma-
lian expression vectors, respectively (pFUESss-CHIg-hlgG1, pFUESss-CLIg-hK, or pFUSEss-CLIg-hl2; Invi-
vogen). To generate recombinant antibodies, 30 ml of Expi293 cells at 1 X 10¢ cells/ml was transfected
with 30 ug of pFUESss-CHIg-hlgG1, pFUESss-CLIg-hK plasmids, and 81 ul of ExpiFectamine reagent
(Gibco) as per the manufacturer’s instructions. After 120 h, supernatants were cleared by low-speed
centrifugation and purified with protein G resin (Thermo Scientific).

Recombinant ZIKV NS1. A mammalian expression plasmid expressing the NS1 of ZIKV MR766
(Rhesus/1947/Uganda BEI NR-50065) was generated by incorporating the last 24 amino acids of ZIKV
envelope (NGSISLMCLALGGVLIFLSTAVSA) into the amino terminus of the NS1 coding region; the entire
sequence was human codon optimized using the Integrated DNA Technologies Codon Optimization Tool
(http://www.idtdna.com/CodonOpt). A PreScission Protease cleavage site (LEVLFNGPG) and a hexahisti-
dine motif (HHHHHH) were added to the carboxy terminus of the NS1 coding region, resulting in
pPCAGGS NS1-His. To generate recombinant NS1 proteins, 30 ml of Expi293 cells at 1 X 10¢ cells/ml was
transfected with 30 ug of pCAGGS-NS1-His plasmids and 81 ul of ExpiFectamine transfection reagent
(Gibco) as per the manufacturer’s instructions. After 120 h, cells were pelleted by low-speed centrifuga-
tion and sonicated. Sonicated cells were pelleted again by centrifugation, and supernatant was removed
and incubated with Ni-nitrilotriacetic acid (NTA) resin overnight at 4°C. The resin-supernatant mixture
was then passed over 10-ml polypropylene columns (Qiagen). The retained resin was washed four times
with 15 ml of washing buffer (50 mM Na,HCO;, 300 mM NaCl, 20 mM imidazole, pH 8), and protein was
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eluted with elution buffer (50 mM Na,HCO,, 300 mM NacCl, 300 mM imidazole, pH 8). The eluate was
concentrated using Amicon Ultracell (Millipore) centrifugation units with a cutoff of 10 kDa, and buffer
was exchanged to phosphate-buffered saline (PBS) of pH 7.4. Protein concentration was quantified using
a Pierce bicinchoninic acid protein assay kit (Thermo Scientific) with a bovine serum albumin (BSA)
standard curve.

ELISA. Immulon 4 HBX enzyme-linked immunosorbent assay (ELISA) plates (Thermo Scientific) were
coated with 1:25-diluted supernatant from Vero cells infected with MR766, 2 ug/ml recombinant
envelope protein (catalog no. MBS319787; MyBioSource), or 2 ug/ml recombinant ZIKV MR766 NS1
protein (produced in-house) in pH 9.41 carbonate buffer overnight at 4°C. Plates were washed three
times with PBS between each step. After plates were blocked with 5% nonfat milk powder for 1h,
antibodies were incubated at a starting concentration of 10 ug/ml and serially diluted 3-fold and
incubated for 2 h at room temperature. Horseradish peroxidase (HRP)-conjugated goat anti-human IgG
antibody (AP504P; Millipore Sigma) was used to detect binding of IgG antibodies, followed by devel-
opment with HRP substrate (Sigmafast OPD; Sigma-Aldrich). Reactions were stopped by addition of 3 M
HCI, and absorbance was measured at 490 nm on a microplate spectrophotometer (Bio-Rad). Experi-
ments were performed in duplicates. GraphPad Prism, version 6, was used to calculate values of the area
under the concentration-time curve (AUC).

Plaque reduction neutralization tests. A modified plaque reduction neutralization test was per-
formed as described previously (40). Vero cells were plated in 24-well plates 1 day prior to infection to
achieve 90% confluence the day of infection. On the day of infection, a dilution series of antibodies was
preincubated with approximately 50 PFU of virus for 1 h at room temperature. The virus and antibody
mixture was used to infect the Vero cells in duplicate, and cells were incubated for 1 h at 37°C, with
rocking every 20 min. The virus-antibody mixture was aspirated, and a 1% methylcellulose overlay
medium was added to each well with the appropriate antibody dilutions. At 96 h postinfection, or when
plaques became visible by eye, the monolayer was fixed with 4% paraformaldehyde (PFA) in PBS for 1 h.
The cells were washed with water and stained with 4G2 at 5 pg/ml overnight. After being washed, cells
were incubated with HRP-conjugated goat anti-mouse IgG antibody (AP503P; Millipore Sigma) in 5%
nonfat milk powder in PBS. Plaques were subsequently visualized using TrueBlue peroxidase substrate
(KPL, Inc.). Experiments were performed twice as biological duplicates. A nonlinear curve was generated
with GraphPad Prism, version 6, and the 50% inhibitory concentration (IC;,) was calculated from the
curve.

Antibody-dependent effector functions. Vero cells were seeded into 96-well flat white-bottom
plates (Corning) and infected after 24 h with Zika virus MR766 at an MOI of 0.01. At 40 h postinfection,
the medium was removed, and 25 ul of assay buffer (RPMI 1640 medium with 4% low-lgG FBS) was
added to each well. Then antibodies were added in a volume of 25 ul at a starting concentration of
10 ug/ml and serially diluted 3-fold in assay buffer in duplicate. The antibodies were then incubated with
the infected cells for 30 min at 37°C. Genetically modified Jurkat cells expressing the human FcyRilla with
a luciferase reporter gene under the transcriptional control of a nuclear factor of activated T cells (NFAT)
promoter were added at 7.5 X 104 cells in 25 ul per well, which is approximately a 1:2 ratio of target cells
to effector cells (Promega). Cells were then incubated for another 6 h at 37°C. Seventy-five microliters per
well of Bio-Glo luciferase assay reagent was added, and luminescence was quantified using a microplate
reader. Fold induction was measured in relative light units (RLU) and calculated by subtracting back-
ground signal from wells without effector cells and then dividing values for wells with antibody by values
for wells with no antibody added. Specifically, fold induction was calculated as follows: (RLU; 4uceq —
RLUpckground) (RLUyninduced = RLUpackgrouna)- The mean values and standard errors of the means (SEM)
were reported, and a nonlinear regression curve was generated using GraphPad Prism, version 6.

Antibody-dependent enhancement of infection. Enhancement of ZIKV infection was measured
using a flow cytometry-based assay as previously described (12). Briefly, serial dilutions of purified
monoclonal antibody were incubated with ZIKV (MR766) for 1 h at 37°C in RPMI 1640 medium supple-
mented with 10% FBS, 2mM L-glutamine, and antibiotics (100 units/ml penicillin and 100 wg/ml
streptomycin [Pen-Strep]; Gibco). As a negative control, purified human polyclonal antibody that was not
reactive to ZIKV envelope protein was used. The virus-antibody complexes were then added to K562 cells
in 96-well U-bottom plates at an MOI of 1. After 2 days at 37°C, cells were fixed with 4% PFA,
permeabilized with PBS containing 0.2% BSA and 0.05% saponin, and stained with 4G2 pan-flavivirus
anti-envelope antibody (1 wg per ml) for 1 h at room temperature. After a washing step, cells were then
incubated with goat anti-mouse IgG conjugated to phycoerythrin (1 ug per ml; Invitrogen) for 1 h at
room temperature. The number of infected cells was determined by flow cytometry using a FACSCalibur
instrument (BD Biosciences) and analyzed using FlowJo2 software, version 10.1.r7.

Generation of escape mutants. To generate escape variants, virus was serially passaged on a Vero
cell monolayer in the presence of increasing amounts of antibody. In parallel, wild-type virus was
passaged on the same days to account for potential adaptive mutations that may arise during passaging.
Initially, neutralizing antibody at 0.1 IC,, was added to MR766 ZIKV (10 50% tissue culture infective doses
[TCIDs)) in 2 ml of minimum essential medium and incubated at room temperature for 15 min. The
antibody and virus mixtures were added to six-well plates of Vero cells and moved to 37°C. After 1 h, the
medium was removed and replaced withminimum essential medium with the antibody alone. The cells
were observed daily for signs of cytopathic effect (CPE). When CPE was observed, 100 ul of supernatant
was collected and added to a fresh monolayer of Vero cells in the presence of antibody. This process was
repeated for 12 passages until the final antibody concentration was approximately 10,000-fold IC;,. At
this point, a serial dilution of escaped or wild-type virus was plated in the presence of 100X IC;, of
antibody or no antibody. Escaped virus was then plaque purified and amplified on Vero cells, and RNA
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was extracted using an RNA isolation kit (Qiagen). RT-PCR was performed using overlapping envelope-
specific primers, and cDNA was isolated by agarose gel electrophoresis and sequenced, at which point
the mutation S368R was identified.

Whole-genome sequencing. Viral RNA was extracted from plaque-purified cell culture supernatants
as described above. cDNA was generated using Superscript Ill Supermix (ThermoFisher) using random
hexamers, followed by PCR amplification using virus-specific primers (41). Each sample was double
barcoded using a sequence-independent single primer amplification (42). Samples were sequenced
using 300-bp paired-end reads on an lllumina MiSeq instrument. Consensus sequence of viruses were
analyzed using CLC Genomics Workbench 11. Assemblies were annotated with the Viral Genome ORF
reader (VIGOR), version 3, software (43) before submission to GenBank.

Sequence alignment of ZIKV E. We performed a sequence variation analysis on available viral
sequence data using Virus Pathogen Resource (44, 45). Briefly, we qualified our search by choosing only
complete genomes and unique samples (by removing identical duplicate sequences), which brought the
total number of sequences to 173. Of note, in certain cases, complete viral genomes may still contain
indels in the middle of a gene, according to the National Center for Bioinformatics. A multiple-sequence
alignment is first generated using MUSCLE, and a consensus sequence is determined (where the
presence of an allele is greater than 50%). A polymorphism score is assigned for each amino acid position
using a modified formula from Crooks et al. (46): score = —100 X sum(P; X log P), where P, is the
frequency of the ith allele. The polymorphism score represents the normalized entropy of an observed
allele distribution. Amino acid scores can have values of 0 (no observed polymorphism) to 439 (20 alleles
and an indel, ~4.7% frequency each).

Rescue of recombinant MR766. Plasmid-based MR766 ZIKV was produced in 293T cells by trans-
fection (27). An AGC-to-AGA mutation (S368R) was introduced into the MR766 viral genome and cloned
by the use of overlapping primer sets encoding the S368R mutation (primer sequences available upon
request). Of note, the glycan from MR766 was deleted from the plasmid by removal of the nucleotide
sequence GTCAATGATACA, corresponding to amino acids VNDT, by site-directed mutagenesis in order
to ensure a proper comparison to the MR766 virus obtained from BEI Resources (GenBank accession
number KU963573.2). The PCR products were cloned into the pCDNAG6.2 plasmid by use of an In-Fusion
HD Cloning kit (TaKaRa Bio). 293T cells were seeded at a density of 1 X 10° cells per ml in six-well
polylysine-coated plates. Cells were transfected with 5 ug of DNA per well with 100 ul of Opti-MEM
(Gibco BRL Life Technologies, Gaithersburg, MD) and 15 ul of TransIT (Mirus Bio, Madison, WI) that had
been incubated with the DNA for 30 min prior to transfection. At 72 h posttransfection virus was
harvested and plaque purified. RT-PCR followed by sequencing was performed to confirm the S368R
mutation. Quantification of virus in a multicycle growth curve on Vero cells was performed by plaque
assay at 24-h time points performed in duplicate. For virus used in time-of-addition infection assays, ZIKV
was harvested at 96 h postinfection to ensure similar viral titers.

Time-of-addition infection assays. Time-of-addition infection assays were performed utilizing a
flow cytometry-based readout (28). Vero cells were seeded on poly-L-lysine-coated 24-well tissue culture
plates 24 h prior to infection. Cells were cooled to 4°C at —3.5 h. At —3 h, the cells were washed once
with PBS, and medium was replaced with DMEM supplemented with 2% FBS and either wild-type or
S368R MR766 virus at an MOI of 0.2 at 4°C. At 0 h, the cultures were washed twice with cold PBS, and
fresh DMEM with 2% FBS was added. The cultures were then moved to 37°C. Antibodies were added at
either —3 h, 0 h, or +6 h. Antibodies added at —3 h were replenished when the cells were washed with
PBS and moved to 37°C. At 24 h postinfection the medium was replenished with fresh DMEM with 2%
FBS. At 2 days postinfection cells were collected, fixed, and stained with 4G2 pan-flavivirus anti-envelope
antibody in Perm/Wash buffer (BD). Cells were then incubated with goat anti-mouse IgG conjugated to
Alexa Fluor 488 (1:2,000 dilution; Invitrogen). Cells were analyzed by flow cytometry to determine the
percentage of infected cells compared to that in a no-antibody control. Percent infection values above
100% were set as 100%. All experiments were performed as duplicates.

Study approval. An Institutional Review Board (IRB)-approved written informed consent document
was obtained from the patient prior to participation in this study. No further demographic data are
included in the manuscript in order to protect the participant’s privacy.

Statistical analysis. Results from multiple experiments are presented as means *= SEM. Student’s t
tests were used to test for statistical differences between mean values. Data were analyzed with
GraphPad Prism, version 6, software, and P values below 0.05 were considered statistically significant
(denoted by an asterisk).

Data availability. Sequences are available in GenBank under accession numbers MH130094 to
MH130109 and MH061852 to MH061915.
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