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ANTIBODIES TO ZIKA VIRUS AND METHODS OF USE THEREOF

GOVERNMENTAL RIGHTS
[0001] This invention was made with government support under Al077955
and HHSN272201400018C awarded by the NIH. The government has certain rights in

the invention.

CROSS REFERENCE TO RELATED APPLICATIONS
[0002] This application claims the benefit of U.S. Provisional Application
number 62/366,782, filed July 26, 2016, the disclosure of which is hereby incorporated

by reference in its entirety.

FIELD OF THE INVENTION

[0003] The present disclosure relates to antibodies specific to Zika virus

and methods for detecting Zika virus infection in a subject. The present disclosure also

relates to therapeutic antibodies useful in reducing viral load.

BACKGROUND OF THE INVENTION
[0004] Zika virus (ZIKV) is a flavivirus of the Flaviviridae family that is

transmitted by Aedes species mosquitoes. ZIKV is closely related to the four serotypes

of dengue (DENV) as well as other globally relevant viruses including yellow fever
(YFV), West Nile (WNV), and Japanese encephalitis (JEV) viruses (Lazear and
Diamond, 2016). Since its identification almost 70 years ago, there were few studies of
ZIKV until this past year, when large epidemics in the Americas were accompanied by
unexpectedly severe clinical manifestations. Although in most instances ZIKV infection
results in a mild febrile illness associated with rash and conjunctivitis, severe
neurological phenotypes have been described including Guillain-Barré syndrome and
meningoencephalitis. Moreover, infection in pregnant women and mice is now linked
causally to fetal abnormalities including microcephaly, spontaneous abortion, and

intrauterine growth restriction due to placental insufficiency.
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[0005] ZIKV infection during pregnancy has emerged as a global public
health problem because of its ability to cause severe congenital disease. Thus, there is

a need in the art for means to detect and treat Zika virus infection.

BRIEF DESCRIPTION OF THE FIGURES

[0006] The application file contains at least one drawing executed in color.

Copies of this patent application publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

[0007] FIG. 1A, FIG. 1B and FIG. 1C depict flow cytometry plots and
graphs showing the profile of neutralizing mAbs against ZIKV. (FIG. 1A) Specificity
pattern of mADb reactivity. Cells were infected with DENV-1, DENV-2, DENV-3, DENV-4,
or ZIKV (H/PF/2013), harvested, fixed with paraformaldehyde, and permeabilized. Cells
were stained with indicated anti-ZIKV mAbs (ZV-2, ZV-13, ZV-48, ZV-54, Z\/-64, and ZV-
67) or isotype controls and processed by flow cytometry. The data is representative of
several independent experiments. (FIG. 1B) Binding to recombinant proteins. The
indicated flavivirus proteins (ZIKV E, ZIKV E-FL [fusion loop mutant], ZIKV DIIl, WNV E,
and DENV-4 E) were purified (see Methods), adsorbed to 96-well plates, and incubated
with the indicated anti-ZIKV MAbs (ZV-2, ZV-13, ZV-48, ZV-54, ZV-64, and ZV-67) or
controls (WNV EB0 [flavivirus cross-reactive] and WNV E24 [WNV type-specific]. Binding
was determined by using an ELISA and the results are representative of two independent
experiments performed in triplicate. (FIG. 1C) Neutralization studies. 100 FFU of different
ZIKV strains (H/PF/2013, Paraiba 2015, Dakar 41519, and MR-766) were incubated with
increasing concentrations of the indicated mAbs in triplicate for 1 h at 37°C prior to
infection of Vero cells. Subsequently, a methylcellulose overlay was added and 40 h later,
monolayers were fixed, and stained with 500 ng/ml of ZV-16 (see Methods). Foci were
counted and linear regression analysis was performed to generate neutralization curves.
The results reflect pooled data from two independent experiments performed in triplicate.

[0008] FIG. 2A, FIG. 2B, FIG. 2C, FIG. 2D and FIG. 2E depict graphs
showing differential binding and ADE activity of different anti-ZIKV mAbs. (FIG. 2A, FIG.
2B, FIG. 2C) Quantitative analysis of monovalent DIl binding to anti-ZIKV mAbs by BLI.

Shown in the top panel are representative binding curves (sensograms) obtained by
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passing different concentrations of DIIl over biotin-labeled anti-ZIKV antibody immobilized
on a streptavidin biosensor surface. The kinetic values were obtained by simultaneously
fitting the association and dissociation responses to a 1:1 Langmuir binding model (KD,
kinetic). The lower panels show the steady-state analysis results for the same BLI data
(KD, equilibrium). Plotted in the lower panels (open circles) is the binding response (nm)
versus concentration of DIl offered. In each case the binding was saturable. Lower panel
insets, Scatchard plots, suggest a single binding affinity for each interaction. The data is
representative of two independent experiments per antibody. (FIG. 2D) Binding of anti-
ZIKV mAbs to ZIKV SVPs. (Left) ZIKV SVPs were adsorbed to 96-well plates. After
washing and blocking of non-specific binding sites, the indicated biotinylated anti-ZIKV
(ZV-2, ZN-13, ZN-48, ZV-54, ZN-64, and ZV-67) or control (WNV EB0 [flavivirus cross-
reactive] and WNV E16 [WNV type-specific] mAbs were added, and binding was
measured by ELISA. (Right) The relative avidity of binding was calculated. The binding
curves are representative of five independent experiments, and the avidity values reflect
the mean of the five experiments. Error bars indicate standard deviations. (FIG. 2E) ADE
studies. Serial dilutions of anti-ZIKV (ZV-2, ZV-13, ZV-48, ZV-54, Z\V-64, and ZV-67) or
control (WNV EG60 [flavivirus cross-reactive] and WNV E16 [WNV type-specific] mAbs
were mixed with (left) ZIKV H/PF/2013 or (right) DENV-2 RVPs (which encode for GFP)
prior to infection of FeyRlIla® human K562 cells. Cells were harvested 48 hours after
infection and processed by flow cytometry. The data is expressed as the percentage of
cells expressing GFP as judged by flow cytometry, and one representative experiment of
two is shown. Error bars indicate the range of duplicate technical replicates.

[0009] FIG. 3A, FIG. 3B and FIG. 3C depict structures of anti-ZIKV Fabs
and scFv complexed with DIII. (FIG. 3A) Ribbon diagrams of four ZIKV DIII (H/PF/2013)
complexes with antibody fragments. The crystal structure of (outer left) ZV-2 Fab (green,
elbow angle of 166 degrees), (inner left) ZV-48 scFv (cyan), (inner right) ZV-64 Fab (cyan,
elbow angle of 120 degrees), and (outer right) ZV-67 Fab (magenta, elbow angle of 193
degrees) are shown with light chains rendered in paler colors. DIl is colored dark blue with
contact segments labeled. (FIG. 3B) Docking of the ZV-2, ZV-48, and ZV-64 complexes

onto ZV-67-Dlll. DIll is rendered as a molecular surface with each mAbs contact surface



WO 2018/022786 PCT/US2017/044003

color-coded. Simultaneous docking of ZV-2 and ZV-67 with either ZV-48 or ZV-64 buries
nearly half of the solvent surface of DIll and creates no van der Waal contacts between
adjacent mAbs. (FIG. 3C) ZIKV DIl contains three completely distinct epitopes as defined
by binding competition. Five mAbs were probed for competitive and non-competitive
binding against the DIl antigen by BLI. In one experiment, biotin-labeled ZV-67 was
captured onto the streptavidin sensor, the antibody was then loaded with ZIKV DIII
followed by either ZV-54 or ZV-64, and finally ZV-2 was added. In another experiment,
ZV-48 was immobilized and ZV-64 or ZV-67 was added after DIl followed by ZV-2.
Additional BLI signal indicates an unoccupied epitope (non-competitor), whereas no
binding indicates epitope blocking (competition). In this experiment, ZV-48 competed with
ZIKV-64 as expected given that they both bind nearly identical epitopes, while ZV-67
competed with its presumed sibling clone ZV-54. A dash (-) represents that no 2™ or 3™
antibody was offered.

[0010] FIG. 4A and FIG. 4B depict sequences and structures to provide a
structural definition of ZIKV-specific DIl epitopes. (FIG. 4A) Sequence alignment of DIII
from our ZIKV immunizing stains (H/PF/2013 and MR-766), WNV, DENV-1, DENV-2,
DENV-3, and DENV+4 and highlighting of structurally defined DIl epitopes. The ABDE
sheet epitope of ZV-2 is shown in green, the C-C' loop epitope of ZV-48 and ZV-64 is
shown in cyan, and the LR epitope of ZV-67 is shown in magenta. DIl residues are
colored if they make van der Waals contact of 3.90-A distance or less, and the total
number of contacts for each epitope residue are shown below the ZIKV sequences.
Contact numbers are shown for ZV-48 but not ZV-64 for clarity. For comparison, the same
structurally defined DIII epitopes of WNV E16 (magenta, lateral ridge), DV1-E106
(magenta, lateral ridge), DV1-E111 (cyan, C-C' loop), DV2 1A1D-2 (pink, A-strand), DV3
2H12 (light-green, AB-loop), and DV4 4E11 (pink, A-strand) are displayed. The sequence
differences at these sites explain the type-specific reactivity of the ZIKV mAbs. The [3-
strands of the ZIKV secondary structure are labeled and shown in dark blue above the
sequence. (FIG. 4B) Delineation of the epitope contact regions on the ZIKV DIl structures
of ZV-2 (ABDE sheet), ZV-48 (C-C' loop), ZV-64 (C-C' loop) and ZV-67 (LR). DIl epitope
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residues are colored as in A, with side chains drawn as sticks and labeled if they make
eight or more van der Waals contacts.

[0011] FIG. 5A, FIG. 5B, FIG. 5C, FIG. 5D, FIG. 5E and FIG. 5F depict
structures showing the accessibility of ZIKV DIl epitopes. (FIG. 5A) Mapping of the three
distinct ZIKV DIl epitopes onto the 3.8-A resolution cryo-electron microscopy structure of
the mature virion (5IRE) (Sirohi et al., 2016). The surface distribution of the ABDE sheet
(green), C-C' loop (cyan), and LR (magenta) epitopes are rendered on the three
symmetrically unique E proteins colored olive, wheat, and grey. While the ABDE sheet
and C-C' loop epitopes are dominantly buried in all three symmetry environments, the LR
epitope is solvent accessible on the mature virion. (FIG. 56B) Docking of the ZV-2-DlII
complex onto the crystal structure of dimeric ZIKV (5JHM) (Dai et al., 2016). Shown
above is the ZV-2 Fab docked to a soluble E monomer, which indicates that the ABDE
sheet epitope is sterically occluded by DI with severe clashes by the VH domain. Below
the ZIKV dimer is depicted, showing how it would sterically clash with the ZV-2 VL
domain. ZV-2 CDR loops contact several of the same DIl residues that are contacted by
the DIl fusion loop in the dimer. (FIG. 5C) Docking of the ZV-64-DlIll and ZV-67-DllI
complexes onto the cryo-electron microscopy model of the M-E dimer that forms the
mature virion (Sirohi et al., 2016). ZV-67 binding to the LR epitope allows for the
projection of the Fab away from the viral membrane whereas ZV-64 binding to the C-C'
loop epitope positions the Fab in the plane of the viral envelope and membrane. (FIG.
5D) Comparative docking of the DV1-E111 Fab-DIIl complex (Austin et al., 2012) onto
the cryptic CC' loop epitope suggests similar steric clashes as predicted for ZV-64. (FIG.
5E) Comparative docking of the WNV-E16 Fab-DIll complex (Nybakken et al., 2005)
onto the exposed LR epitope indicates unimpeded access, although steric restrictions at
the five-fold clustered DIl prevent full occupancy of the mature virion (Kaufmann et al.,
2006) this also might be expected for ZV-67 and ZV-54 binding. (FIG. 5F) Comparative
docking of the DV2-1A1D-2 Fab-DIll complex (Lok et al., 2008) and DV4-4E11 scFv-DII|
complex (Cockburn et al., 2012) onto the exposed A-strand epitope also indicates
unimpeded access with both mAbs binding in a highly conserved orientation distinct from
that observed for LR engagement by ZV-67 and WNV-E16.
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[0012] FIG. 6A, FIG. 6B and FIG. 6C depict graphs showing in vivo
protection of anti-ZIKV mAbs. Four to five week-old WT C57BL/6 mice were passively
transferred 2 mg of anti-Ifnar1 mAb and 250 pg of the indicated mAbs (CHK-166, ZV-54,
or ZV-57) via an intraperitoneal injection one day before subcutaneous inoculation with 10°
FFU of ZIKV Dakar 41519. (FIG. 6A) On day 3 after infection, serum was collected for
analysis of viremia by gqRT-PCR. (FIG. 6B) Daily weights were measured. For panels A
and B, statistical significance was analyzed by a one-way ANOVA with a Dunnett’s
multiple comparisons test (**, P <0.01; ***, P < 0.001). (FIG. 6C) Survival curves were
constructed. Anti-ZIKV mAbs provided statistically significant protection in the
percentage of surviving animals compared to the control CHK-166 mAb (***, P < 0.001,
log rank test for ZV-54 and ZV-67). The results are pooled from two independent
experiments with an n = 8-9 mice for each treatment condition.

[0013] FIG. 7 depicts graphs showing supplemental BLI binding data,
related to FIG. 2. ZV-13 mADb binding to recombinant soluble ZIKV E protein as assayed
by BLI. Randomly biotinylated ZV-13 mAb was coated onto Streptavidin biosensor pins.
The pins were equilibrated in binding buffer alone (HBS-EP + 1% BSA) before being
plunged into wells containing various concentrations of recombinant ZIKV E ectodomain
protein. The association lasted ten minutes before the pins were placed back in binding
buffer to allow for dissociation. The real-time data were analyzed using Biaevaluation
4.1 (GE Healthcare). Association and dissociation profiles, as well as steady-state
equilibrium concentration curves, were fitted assuming a 1:1 binding model.

[0014] FIG. 8A, FIG. 8B and FIG. 8C depict MAb sequence alignments
and antigen contacts, related to FIG. 3 and FIG. 4. Structure-based alignment of the ZV-
2 germ line sequence with the variable heavy chain and light chain sequences (FIG.
8A), the ZV-48 and ZV-64 germ line sequence with the variable heavy chain and light
chain sequences (FIG. 8B), and the ZV-54 and ZV-67 germ line sequence with the
variable heavy chain and light chain sequences (FIG. 8C) of the anti-ZIKV mAbs, with
the DIll-contacting amino acids boxed in the color of the epitope they bind: green for the
ABDE epitope, cyan for the C-C' epitope, and magenta the for lateral ridge epitope. The

numbering is given above the aligned sequences, with insertions as described (Al-
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Lazikani et al., 1997). Complementarity determining regions (CDR 1-3) are marked at
the top of the alignment. The secondary structure elements are indicated in blue (arrows
for B-sheet and coil for a-helices). FIG. 8D depicts a table summarizing the mAb

somatic mutations.

DETAILED DESCRIPTION OF THE INVENTION

[0015] Applicants have developed antibodies and methods of use thereof

for detecting Zika virus in a subject. Several of the antibodies specifically bind to defined
regions with domain Il (DIIl) of the E protein of Zika virus. A method of use generally
comprises detecting and measuring the amount of Zika virus in a biological sample
obtained from a subject using an antigen binding protein of the disclosure. Competition
binding and high-resolution X-ray crystallographic analyses of Fab fragments and scFvs
defined three spatially distinct epitopes in DIl of the E protein of Zika virus
corresponding to the lateral ridge, C-C' loop, and ABDE sheet regions. Further, in vivo
passive transfer studies revealed protective activity of Dlll-lateral ridge specific
neutralizing mAbs in a mouse model of ZIKV infection. These data suggest that Dlll is
targeted by multiple type-specific antibodies with distinct neutralizing activity, which
provides a path for developing prophylactic antibodies for use in pregnancy and
designing epitope-specific vaccines against ZIKV. The antigen binding proteins and

methods of their use are described in further detail below.

I. ANTI-ZIKA VIRUS ANTIGEN BINDING PROTEINS

[0016] In an aspect, anti-Zika virus antigen binding proteins, also referred

to as anti-ZIKV antigen binding proteins, include antigen binding proteins that
specifically bind an epitope within domain Il (DIIl) of the E protein of Zika virus. In
certain embodiments, anti-ZIKV antigen binding proteins include antigen binding
proteins that specifically bind an epitope within SEQ ID NO:37 or SEQ ID NO:38. In
other embodiments, anti-ZIKV antigen binding proteins include antigen binding proteins
that specifically bind the lateral ridge (LR), the CC’ loop or the ABDE sheet within
domain Il (DINN) of the E protein of Zika virus. In an embodiment, anti-ZIKV antigen

binding proteins include antigen binding proteins that specifically bind the lateral ridge
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(LR) or the CC’ loop within domain Il (DIll) of the E protein of Zika virus. In another
embodiment, anti-ZIKV antigen binding proteins include antigen binding proteins that
specifically bind the lateral ridge (LR) within domain Il (DIIl) of the E protein of Zika
virus. Specifically, anti-ZIKV antigen binding proteins include antigen binding proteins
that specifically bind the A-strand, B-C loop, D-E loop and F-G loop within domain 1l
(DI of the E protein of Zika virus. More specifically, anti-ZIKV antigen binding proteins
include antigen binding proteins that specifically bind one or more sequences selected
from the group consisting of SEQ ID NO:45 (TAAFTF), SEQ ID NO:46 (QYAGTDG),
SEQ ID NO:47 (SXEN), SEQ ID NO:48 (EKKIT), and SEQ ID NO:49 (DKKIT).

[0017] The phrase "specifically binds" herein means antigen binding
proteins bind to the protein with an affinity constant or affinity of interaction (Kp) of less
than 300 nM, less than 250 nM, less than 200 nM, less than 150 nM, less than 100 nM,
less than 75 nM, less than 50 nM, less than 25 nM, less than 20 nM, less than 15 nM,
less than 10 nM, less than 5 nM, or less than 1 nM. In one embodiment, an anti-ZIKV
antigen binding protein binds to an epitope within DIl with a Kp of less than 250 nM. In
an embodiment, an anti-ZIKV antigen binding protein binds to an epitope within DIl with
a Kp of less than 100 nM. In another embodiment, an anti-ZIKV antigen binding protein
binds to an epitope within DIl with a Kp of less than 50 nM. In still another embodiment,
an anti-ZIKV antigen binding protein binds to an epitope within DIl with a Kp of less
than 20 nM. In still yet another embodiment, an anti-ZIKV antigen binding protein binds
to an epitope within DIl with a Kp of less than 10 nM. Methods of determining whether
an antigen binding protein binds to DIII of the E protein are known in the art.

[0018] The term “antigen binding protein” refers to any form of antibody or
fragment thereof that exhibits the desired biological activity. Thus, it is used in the
broadest sense and specifically covers monoclonal antibodies (including full length
monoclonal antibodies), polyclonal antibodies, multispecific antibodies (e.g. bispecific
antibodies), and antibody fragments so long as they exhibit the desired biological
activity.

[0019] The term “monoclonal antibody” refers to an antibody that is

derived from a single copy or clone, including e.g., any eukaryotic, prokaryotic, or phage
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clone. Monoclonal antibodies are obtained from a population of substantially
homogeneous antibodies, i.e., the individual antibodies comprising the population are
identical except for possible naturally occurring mutations or post-translational
modification that may be present in minor amounts. Monoclonal antibodies are highly
specific, being directed against a single antigenic epitope. "Monoclonal antibody" is not
limited to antibodies produced through hybridoma technology. Monoclonal antibodies
can be produced using e.g., hybridoma techniques well known in the art, as well as
recombinant technologies, phage display technologies, synthetic technologies or
combinations of such technologies and other technologies readily known in the art.
Furthermore, the monoclonal antibody may be labeled with a detectable label,
immobilized on a solid phase and/or conjugated with a heterologous compound (e.g., an
enzyme or toxin) according to methods known in the art.

[0020] The term “fragment thereof” encompasses a fragment or a
derivative of an antibody that still substantially retain its biological activity. Therefore, the
term “antibody fragment” or “fragment thereof” refers to a portion of a full length
antibody, generally the antigen binding or variable region thereof. Examples of an
immunologically effective fragment thereof include Fab, Fab', F(ab'), and Fv fragments,
diabodies, linear antibodies, single-chain molecules, and multispecific antibodies formed
from antibody fragments. In some contexts herein, fragments will be mentioned
specifically for emphasis; nevertheless, it will be understood that regardless of whether
fragments are specified, the term "antibody" includes such fragments.

[0021] Also included within the definition "antibody" for example are single
chain forms, generally designated Fv, regions, of antibodies with this specificity. These
scFvs are comprised of the heavy and light chain variable regions connected by a
linker. In most instances, but not all, the linker may be a peptide. A linker peptide is
preferably from about 10 to 25 amino acids in length. Preferably, a linker peptide is rich
in glycine, as well as serine or threonine. ScFvs can be used to facilitate phage display
or can be used for flow cytometry, immunohistochemistry, or as targeting domains.
Methods of making and using scFvs are known in the art. In a preferred embodiment,

the scFvs of the present disclosure are conjugated to a human constant domain. In
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some embodiments, the heavy constant domain is derived from an IgG domain, such as
IgG1, 1gG2, 1gG3, or IgG4. In other embodiments, the heavy chain constant domain
may be derived from IgA, IgM, or IgE.

[0022] The term “antibody” also includes bispecific monoclonal antibodies
(i.e. a protein that comprises fragments of two different monoclonal antibodies and
consequently binds two different antigens). A specific example of a bispecific
monoclonal antibody may be a Bi-specific T-cell Engager (BiTE) which is a fusion
protein consisting of two single-chain variable fragments (scFvs) of different antibodies.
In certain embodiments, BiTEs from a link between T cells and infected cells.
Accordingly, one scFv is a specific for Zika virus and one scFv binds a T cell.
Additionally, an antibody of the disclosure may be a chimeric antigen receptor (CAR),
also referred to as an artificial T cell receptor, a chimeric T cell receptor, or a chimeric
immunoreceptor. CARs are engineered receptors, which graft an arbitrary specificity
onto an immune effector cell. Typically, these receptors are used to graft the specificity
of a monoclonal antibody onto a T cell. Additionally, included within the definition
"antibody" are single-domain antibodies, generally designated sdAb, which is an
antibody fragment consisting of a single monomeric variable antibody domain. A sdAb
antibody may be derived from camelids (VyH fragments) or cartilaginous fishes (Vnar
fragments). As long as the protein retains the ability specifically to bind its intended
target, it is included within the term “antibody.”

[0023] Preferably, but not necessarily, the antibodies useful in the
discovery are produced recombinantly, as manipulation of the typically murine or other
non-human antibodies with the appropriate specificity is required in order to convert
them to humanized form. Antibodies may or may not be glycosylated, though
glycosylated antibodies are preferred. Antibodies are properly cross-linked via disulfide
bonds, as is known.

[0024] The basic antibody structural unit of an antibody useful herein
comprises a tetramer. Each tetramer is composed of two identical pairs of polypeptide
chains, each pair having one “light” (about 25 kDa) and one “heavy” chain (about 50-70

kDa). The amino-terminal portion of each chain includes a variable region of about 100
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to 110 or more amino acid sequences primarily responsible for antigen recognition. The
carboxy-terminal portion of each chain defines a constant region primarily responsible
for effector function.

[0025] Light chains are classified as gamma, mu, alpha, and lambda.
Heavy chains are classified as gamma, mu, alpha, delta, or epsilon, and define the
antibody's isotype as IgG, IgM, IgA, IgD and IgE, respectively. Within light and heavy
chains, the variable and constant regions are joined by a “J” region of about 12 or more
amino acid sequences, with the heavy chain also including a “D” region of about 10
more amino acid sequences.

[0026] The variable regions of each light/heavy chain pair form the
antibody binding site. Thus, an intact antibody has two binding sites, although
recombinant versions can be of higher valency. The chains exhibit the same general
structure of relatively conserved framework regions (FR) joined by three hypervariable
regions, also called complementarity determining regions (hereinafter referred to as
“CDRs”). The CDRs from the two chains are aligned by the framework regions, enabling
binding to a specific epitope. From N-terminal to C-terminal, both light and heavy chains
comprise the domains FR1, CDR1, FR2, CDR2, FR3, CDR3 and FR4 respectively. The
assignment of amino acid sequences to each domain is in accordance with known
conventions (See, Kabat “Sequences of Proteins of Immunological Interest” National
Institutes of Health, Bethesda, Md., 1987 and 1991; Chothia, et al, J. Mol. Bio. (1987)
196:901-917; Chothia, et al., Nature (1989) 342:878-883). For example, Kabat, Chothia,
combinations thereof, or other known methods of determining CDRs may be used.

[0027] In addition to the specific CDRs, one or more FR regions may also
make contact with an antigen as evidenced by the crystal structures disclosed herein.
For instance, the tryptophan and/or hisitidine at position 33 and 35, respectively, relative
to SEQ ID NO:3 or SEQ ID NO:5 may make contact with the CC’ epitope. Also, the
methionine at position 50 relative to SEQ ID NO:3 or SEQ ID NO:5 may make contact
with the CC’ epitope. Additionally, the tyrosine at position 58 relative to SEQ ID NO:7 or
SEQ ID NO:9 may make contact with the LR epitope. Further, the arginine at position
94 relative to SEQ ID NO:1 may make contact with the ABDE sheet epitope. Still
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further, the arginine at position 94 relative to SEQ ID NO:3 may make contact with the
CC’ epitope. Alternatively, the leucine and/or tyrosine at position 46 and 49,
respectively, relative to SEQ ID NO:8 or SEQ ID NO:10 may make contact with the LR
epitope.

[0028] Additionally, an antibody of the disclosure can be modified to
optimize or minimize effector function. Further, an antibody of the disclosure can be
modified to extend half-life. Still further, an antibody of the disclosure can be modified to
improve binding affinity. Methods of modifying an antibody to improve the
aforementioned characteristics are known in the art. For example, the crystal structures
disclosed herein may be used to rationally alter amino acids to optimize contact with the
antibody and antigen.

[0029] In an aspect, monoclonal anti-ZIKV antibodies are generated with
appropriate specificity by standard techniques of immunization of mammals, forming
hybridomas from the antibody-producing cells of said mammals or otherwise
immortalizing them, and culturing the hybridomas or immortalized cells to assess them
for the appropriate specificity. In the present case, such antibodies could be generated
by immunizing a human, rabbit, rat or mouse, for example, with a peptide representing
an epitope encompassing a region of the E protein coding sequence or an appropriate
subregion thereof. Specifically, such antibodies could be generated by immunizing a
human, rabbit, rat or mouse, for example, with a peptide comprising DIl of the E
protein. More specifically, such antibodies could be generated by immunizing a human,
rabbit, rat or mouse, for example, with a peptide comprising SEQ ID NO:37 or SEQ ID
NO:38. Materials for recombinant manipulation can be obtained by retrieving the
nucleotide sequences encoding the desired antibody from the hybridoma or other cell
that produces it. These nucleotide sequences can then be manipulated and isolated,
characterized, purified and, recovered to provide them in humanized form, for use
herein if desired.

[0030] As used herein "humanized antibody" includes an anti-ZIKV
antibody that is composed partially or fully of amino acid sequences derived from a

human antibody germline by altering the sequence of an antibody having non-human
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complementarity determining regions (“CDR”). The simplest such alteration may consist
simply of substituting the constant region of a human antibody for the murine constant
region, thus resulting in a human/murine chimera which may have sufficiently low
immunogenicity to be acceptable for pharmaceutical use. Preferably, however, the
variable region of the antibody and even the CDR is also humanized by techniques that
are by now well known in the art. The framework regions of the variable regions are
substituted by the corresponding human framework regions leaving the non-human
CDR substantially intact, or even replacing the CDR with sequences derived from a
human genome. CDRs may also be randomly mutated such that binding activity and
affinity for ZIKV is maintained or enhanced in the context of fully human germline
framework regions or framework regions that are substantially human. Substantially
human frameworks have at least 90%, 95%, or 99% sequence identity with a known
human framework sequence. Fully useful human antibodies are produced in genetically
modified mice whose immune systems have been altered to correspond to human
immune systems. As mentioned above, it is sufficient for use in the methods of this
discovery, to employ an immunologically specific fragment of the antibody, including
fragments representing single chain forms.

[0031] Further, as used herein the term “humanized antibody” refers to an
anti-ZIKV antibody comprising a human framework, at least one CDR from a nonhuman
antibody, and in which any constant region present is substantially identical to a human
immunoglobulin constant region, i.e., at least about 85-90%, preferably at least 95%
identical. Hence, all parts of a humanized antibody, except possibly the CDRs, are
substantially identical to corresponding pairs of one or more native human
immunoglobulin sequences.

[0032] If desired, the design of humanized immunoglobulins may be
carried out as follows. WWhen an amino acid sequence falls under the following category,
the framework amino acid sequence of a human immunoglobulin to be used (acceptor
immunoglobulin) is replaced by a framework amino acid sequence from a CDR-
providing nonhuman immunoglobulin (donor immunoglobulin): (a) the amino acid

sequence in the human framework region of the acceptor immunoglobulin is unusual for
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human immunoglobulin at that position, whereas the corresponding amino acid
sequence in the donor immunoglobulin is typical for human immunoglobulin at that
position; (b) the position of the amino acid sequence is immediately adjacent to one of
the CDRs; or (c) any side chain atom of a framework amino acid sequence is within
about 5-6 angstroms (center-to-center) of any atom of a CDR amino acid sequence in a
three dimensional immunoglobulin model (Queen, et al., op. cit., and Co, ct al, Proc.
Natl. Acad. Sci. USA (1991) 88:2869). When each of the amino acid sequences in the
human framework region of the acceptor immunoglobulin and a corresponding amino
acid sequence in the donor immunoglobulin is unusual for human immunoglobulin at
that position, such an amino acid sequence is replaced by an amino acid sequence
typical for human immunoglobulin at that position.

[0033] The antibodies of the present disclosure may also be conjugated to
a payload, such as a therapeutic agent, a detectable, and/or a delivery device
(including, but not limited to, a liposome or a nanoparticle) containing the drug or
detectable label. Methods of conjugating an antibody to a therapeutic agent, a
detectable label, a liposome, a nanoparticle or other delivery device are known in the
art. Generally speaking, the conjugation should not interfere with the antibody
recognizing its target, and should not interfere with the active site of the target. In some
instances, an antibody may be generated with a cleavable linkage between the antibody
and the payload. Such a linker may allow release of the payload at a specific cellular
location. Suitable linkers include, but are not limited to, amino acid chains and alkyl
chains functionalized with reactive groups for conjugating to both the antibody of the
disclosure and the detectable label and/or therapeutic agent.

[0034] A preferred antibody is a humanized form of mouse antibody
derived from a hybridoma designated ZV-2, ZV-48, ZV-64, Z\V-67, or ZV-54. As used
herein, the term “derived from” means that the “derived” antibody comprises at least one
CDR region from the antibody produced by ZV-2, ZV-48, ZV-64, ZV-67, or ZV-54.
Stated another way, the “derived antibody” comprises at least one amino acid sequence
selected from the group consisting of SEQ ID NO:11, SEQ ID NO:12, SEQ ID NO:13,
SEQ ID NO:14, SEQ ID NO:15, SEQ ID NO:16, SEQ ID NO:17, SEQ ID NO:18, SEQ ID
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NO:19, SEQ ID NO:20, SEQ ID NO:21, SEQ ID NO:22, SEQ ID NO:23, SEQ ID NO:24,
SEQ ID NO:25, SEQ ID NO:26, SEQ ID NO:27, SEQ ID NO:28, SEQ ID NO:29, SEQ ID
NO:30, SEQ ID NO:31, SEQ ID NO:32, SEQ ID NO:33, SEQ ID NO:34, SEQ ID NO:35,
SEQ ID NO:36, SEQ ID NO:50, Thr-Ser/Thr-Tyr, or Asn-Tyr-Gly. In a specific
embodiment, the “derived antibody” comprises at least one amino acid sequence
selected from the group consisting of SEQ ID NO:14, SEQ ID NO:15, SEQ ID NO:19,
SEQ ID NO:23, SEQ ID NO:27, SEQ ID NO:31, SEQ ID NO:35, SEQ ID NO:36, SEQ ID
NO:50, Thr-Ser/Thr-Tyr, or Asn-Tyr-Gly.

[0035] In one embodiment, an antibody of the disclosure may be derived
from the hybridoma ZV-2, and may comprise an amino acid sequence with 90, 91, 92,
93, 94, 95, 96, 97, 98, or 99% identity to the heavy chain variable region of SEQ ID
NO:1, and/or may comprise an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97,
98, or 99% identity to the light chain variable region of SEQ ID NO:2. In another
embodiment, an antibody of the disclosure may be derived from the hybridoma ZV-48,
and may comprise an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or
99% identity to the heavy chain variable region of SEQ ID NO:3, and/or may comprise
an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% identity to the
light chain variable region of SEQ ID NO:4. In still another embodiment, an antibody of
the disclosure may be derived from the hybridoma ZV-64, and may comprise an amino
acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% identity to the heavy chain
variable region of SEQ ID NO:5, and/or may comprise an amino acid sequence with 90,
91, 92, 93, 94, 95, 96, 97, 98, or 99% identity to the light chain variable region of SEQ
ID NO:6. In still another embodiment, an antibody of the disclosure may be derived from
the hybridoma ZV-67, and may comprise an amino acid sequence with 90, 91, 92, 93,
94, 95, 96, 97, 98, or 99% identity to the heavy chain variable region of SEQ ID NO:7,
and/or may comprise an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or
99% identity to the light chain variable region of SEQ ID NO:8. In still yet another
embodiment, an antibody of the disclosure may be derived from the hybridoma ZV-54,
and may comprise an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or
99% identity to the heavy chain variable region of SEQ ID NO:9, and/or may comprise
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an amino acid sequence with 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% identity to the
light chain variable region of SEQ ID NO:10. In each of the above embodiments, the
antibody may be humanized.

[0036] In an exemplary embodiment, an antibody of the disclosure that
binds to DIl of the E protein of Zika virus comprises the heavy chain amino acid
sequence of SEQ ID NO:1 and the light chain amino acid sequence of SEQ ID NO:2
[i.e. the monoclonal antibody referred to as ZV-2]. In another exemplary embodiment,
an antibody of the disclosure that binds to DIII of the E protein of Zika virus comprises
the heavy chain amino acid sequence of SEQ ID NO:3 and the light chain amino acid
sequence of SEQ ID NO:4 [i.e. the monoclonal antibody referred to as ZV-48]. In still
another exemplary embodiment, an antibody of the disclosure that binds to DIl of the E
protein of Zika virus comprises the heavy chain amino acid sequence of SEQ ID NO:5
and the light chain amino acid sequence of SEQ ID NO:6 [i.e. the monoclonal antibody
referred to as ZV-64]. In still yet another exemplary embodiment, an antibody of the
disclosure that binds to DIl of the E protein of Zika virus comprises the heavy chain
amino acid sequence of SEQ ID NO:7 and the light chain amino acid sequence of SEQ
ID NO:8 [i.e. the monoclonal antibody referred to as ZV-67]. In a different exemplary
embodiment, an antibody of the disclosure that binds to DIl of the E protein of Zika
virus comprises the heavy chain amino acid sequence of SEQ ID NO:9 and the light
chain amino acid sequence of SEQ ID NO:10 [i.e. the monoclonal antibody referred to
as ZV-67].

[0037] In one embodiment, an antibody of the disclosure may comprise a
light chain CDR1, such as antibody 1, 49, 97, and 146 of Table A. In another
embodiment, an antibody of the disclosure may comprise a light chain CDR2, such as
antibody 4, 52, 100, and 149 of Table A. In yet another embodiment, an antibody of the
disclosure may comprise a light chain CDRS3, such as antibody 6, 54, 102, 151, and 196
of Table A. In an alternative embodiment, an antibody of the disclosure may comprise a
combination of two or three light chain CDRs, such as the antibodies 2, 3, 5, 50, 51, 53,
98, 99, 101, 147, 148, 150, 194, and 195 of Table A.
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Similarly, in one embodiment, an antibody of the disclosure may

comprise a heavy chain CDR1, such as antibody 7, 55, 103, 152, 197, and 227 of Table
A. In another embodiment, an antibody of the disclosure may comprise a heavy chain
CDR2, such as antibody 10, 58, 106, 155, and 230 of Table A. In yet another
embodiment, an antibody of the disclosure may comprise a heavy chain CDR3, such as
antibody 12, 60, 108, 157, and 232 of Table A. In an alternative embodiment, an
antibody of the disclosure may comprise a combination of two or three heavy chain
CDRs, such as the antibodies 8, 9, 11, 56, 57, 59, 104, 105, 107, 153, 154, 156, 198,

199, 228, 229, and 231 of Table A.

[0039]

Alternatively, an antibody of the disclosure may comprise one or

more light chain CDRs and one or more heavy chain CDRs, such as the antibodies 13-
48, 61-96, 109-145, 158-193, 200-226, and 233-286 of Table A.

Table A

Anti- Light Chain Heavy Chain

body CDR1 CDR2 CDR3 CDR1 CDR2 CDR3

1 SEQ ID NO:24

2 SEQIDNO:24 | SEQIDNO:28

3 SEQIDNO:24 | SEQIDNO:28 | SEQ ID NO:32

4 SEQ ID NO:28

5 SEQIDNO:28 | SEQID NO:32

6 SEQ ID NO:32

7 SEQ ID NO:11

8 SEQ ID NO:11 | SEQ ID NO:16

9 SEQIDNO:11 | SEQIDNO:16 | SEQ ID NO:20
10 SEQ ID NO:16

11 SEQ IDNO:16 | SEQ ID NO:20
12 SEQ ID NO:20
13 SEQ ID NO:24 SEQ ID NO:11

14 SEQ ID NO:24 SEQ ID NO:11 | SEQ ID NO:16

15 SEQ ID NO:24 SEQIDNO:11 | SEQIDNO:16 | SEQ ID NO:20
16 SEQ ID NO:24 SEQ ID NO:16

17 SEQ ID NO:24 SEQ IDNO:16 | SEQ ID NO:20
18 SEQ ID NO:24 SEQ ID NO:20
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19 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:11
20 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:11 | SEQID NO:16
21 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:11 | SEQID NO:16 | SEQ ID NO:20
22 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:16
23 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:16 | SEQ ID NO:20
24 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:20
25 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 | SEQ ID NO:11
26 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 | SEQ ID NO:11 | SEQ ID NO:16
27 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 | SEQID NO:11 | SEQID NO:16 | SEQ ID NO:20
28 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:16
29 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:16 | SEQ ID NO:20
30 SEQ ID NO:24 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:20
31 SEQ ID NO:28 SEQ ID NO:11
32 SEQ ID NO:28 SEQ ID NO:11 | SEQID NO:16
33 SEQ ID NO:28 SEQ ID NO:11 | SEQID NO:16 | SEQ ID NO:20
34 SEQ ID NO:28 SEQ ID NO:16
35 SEQ ID NO:28 SEQ ID NO:16 | SEQ ID NO:20
36 SEQ ID NO:28 SEQ ID NO:20
37 SEQ ID NO:28 SEQ ID NO:32 | SEQ ID NO:11
38 SEQ ID NO:28 SEQ ID NO:32 | SEQ ID NO:11 | SEQ ID NO:16
39 SEQ ID NO:28 SEQ ID NO:32 | SEQID NO:11 | SEQID NO:16 | SEQ ID NO:20
40 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:16
41 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:16 | SEQ ID NO:20
42 SEQ ID NO:28 SEQ ID NO:32 SEQ ID NO:20
43 SEQ ID NO:32 | SEQ ID NO:11
44 SEQ ID NO:32 | SEQ ID NO:11 | SEQ ID NO:16
45 SEQ ID NO:32 | SEQID NO:11 | SEQID NO:16 | SEQ ID NO:20
46 SEQ ID NO:32 SEQ ID NO:16
47 SEQ ID NO:32 SEQ ID NO:16 | SEQ ID NO:20
48 SEQ ID NO:32 SEQ ID NO:20
49 SEQ ID NO:25
50 SEQ ID NO:25 SEQ ID NO:29
51 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33
52 SEQ ID NO:29
53 SEQ ID NO:29 SEQ ID NO:33
54 SEQ ID NO:33
55 SEQ ID NO:12
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56 SEQ ID NO:12 | SEQID NO:17

57 SEQ ID NO:12 | SEQIDNO:17 | SEQ ID NO:21
58 SEQ ID NO:17

59 SEQ ID NO:17 | SEQ ID NO:21
60 SEQ ID NO:21
61 SEQ ID NO:25 SEQ ID NO:12

62 SEQ ID NO:25 SEQ ID NO:12 | SEQID NO:17

63 SEQ ID NO:25 SEQ ID NO:12 | SEQIDNO:17 | SEQ ID NO:21
64 SEQ ID NO:25 SEQ ID NO:17

65 SEQ ID NO:25 SEQ ID NO:17 | SEQ ID NO:21
66 SEQ ID NO:25 SEQ ID NO:21
67 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:12

68 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:12 | SEQID NO:17

69 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:12 | SEQIDNO:17 | SEQ ID NO:21
70 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:17

71 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:17 | SEQ ID NO:21
72 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:21
73 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 | SEQ ID NO:12

74 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 | SEQID NO:12 | SEQ ID NO:17

75 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 | SEQID NO:12 | SEQID NO:17 | SEQ ID NO:21
76 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:17

77 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:17 | SEQ ID NO:21
78 SEQ ID NO:25 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:21
79 SEQ ID NO:29 SEQ ID NO:12

80 SEQ ID NO:29 SEQ ID NO:12 | SEQID NO:17

81 SEQ ID NO:29 SEQ ID NO:12 | SEQIDNO:17 | SEQ ID NO:21
82 SEQ ID NO:29 SEQ ID NO:17

83 SEQ ID NO:29 SEQ ID NO:17 | SEQ ID NO:21
84 SEQ ID NO:29 SEQ ID NO:21
85 SEQ ID NO:29 SEQ ID NO:33 | SEQ ID NO:12

86 SEQ ID NO:29 SEQ ID NO:33 | SEQID NO:12 | SEQ ID NO:17

87 SEQ ID NO:29 SEQ ID NO:33 | SEQID NO:12 | SEQID NO:17 | SEQ ID NO:21
88 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:17

89 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:17 | SEQ ID NO:21
90 SEQ ID NO:29 SEQ ID NO:33 SEQ ID NO:21
91 SEQ ID NO:33 | SEQ ID NO:12

92 SEQ ID NO:33 | SEQID NO:12 | SEQ ID NO:17
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93 SEQ ID NO:33 | SEQID NO:12 | SEQID NO:17 | SEQ ID NO:21
94 SEQ ID NO:33 SEQ ID NO:17
95 SEQ ID NO:33 SEQ ID NO:17 | SEQ ID NO:21
96 SEQ ID NO:33 SEQ ID NO:21
97 SEQ ID NO:26
98 SEQ ID NO:26 SEQ ID NO:30
99 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34
100 SEQ ID NO:30
101 SEQ ID NO:30 SEQ ID NO:34
102 SEQ ID NO:34
103 SEQ ID NO:13
104 SEQ ID NO:13 | SEQID NO:18
105 SEQ ID NO:13 | SEQID NO:18 | SEQ ID NO:22
106 SEQ ID NO:18
107 SEQ ID NO:18 | SEQ ID NO:22
108 SEQ ID NO:22
109 SEQ ID NO:26 SEQ ID NO:13
110 SEQ ID NO:26 SEQ ID NO:13 | SEQID NO:18
111 SEQ ID NO:26 SEQ ID NO:13 | SEQID NO:18 | SEQ ID NO:22
112 SEQ ID NO:26 SEQ ID NO:18
113 SEQ ID NO:26 SEQ ID NO:18 | SEQ ID NO:22
114 SEQ ID NO:26 SEQ ID NO:22
115 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:13
116 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:13 | SEQID NO:18
117 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:13 | SEQID NO:18 | SEQ ID NO:22
118 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:18
119 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:18 | SEQ ID NO:22
120 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:22
121 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 | SEQ ID NO:13
123 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 | SEQID NO:13 | SEQ ID NO:18
124 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 | SEQID NO:13 | SEQID NO:18 | SEQ ID NO:22
125 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:18
126 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:18 | SEQ ID NO:22
127 SEQ ID NO:26 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:22
128 SEQ ID NO:30 SEQ ID NO:13
129 SEQ ID NO:30 SEQ ID NO:13 | SEQID NO:18
130 SEQ ID NO:30 SEQ ID NO:13 | SEQID NO:18 | SEQ ID NO:22
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131 SEQ ID NO:30 SEQ ID NO:18
132 SEQ ID NO:30 SEQ ID NO:18 | SEQ ID NO:22
133 SEQ ID NO:30 SEQ ID NO:22
134 SEQ ID NO:30 SEQ ID NO:34 | SEQ ID NO:13
135 SEQ ID NO:30 SEQ ID NO:34 | SEQID NO:13 | SEQ ID NO:18
136 SEQ ID NO:30 SEQ ID NO:34 | SEQID NO:13 | SEQID NO:18 | SEQ ID NO:22
137 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:18
138 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:18 | SEQ ID NO:22
139 SEQ ID NO:30 SEQ ID NO:34 SEQ ID NO:22
140 SEQ ID NO:34 | SEQ ID NO:13
141 SEQ ID NO:34 | SEQID NO:13 | SEQ ID NO:18
142 SEQ ID NO:34 | SEQID NO:13 | SEQID NO:18 | SEQ ID NO:22
143 SEQ ID NO:34 SEQ ID NO:18
144 SEQ ID NO:34 SEQ ID NO:18 | SEQ ID NO:22
145 SEQ ID NO:34 SEQ ID NO:22
146 SEQ ID NO:27
147 SEQ ID NO:27 SEQ ID NO:31
148 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35
149 SEQ ID NO:31
150 SEQ ID NO:31 SEQ ID NO:35
151 SEQ ID NO:35
152 SEQ ID NO:14
153 SEQ ID NO:14 | SEQID NO:19
154 SEQ ID NO:14 | SEQID NO:19 | SEQ ID NO:23
155 SEQ ID NO:19
156 SEQ ID NO:19 | SEQ ID NO:23
157 SEQ ID NO:23
158 SEQ ID NO:27 SEQ ID NO:14
159 SEQ ID NO:27 SEQ ID NO:14 | SEQID NO:19
160 SEQ ID NO:27 SEQ ID NO:14 | SEQID NO:19 | SEQ ID NO:23
161 SEQ ID NO:27 SEQ ID NO:19
162 SEQ ID NO:27 SEQ ID NO:19 | SEQ ID NO:23
163 SEQ ID NO:27 SEQ ID NO:23
164 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:14
165 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:14 | SEQID NO:19
166 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:14 | SEQID NO:19 | SEQ ID NO:23
167 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:19
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168 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:19 | SEQ ID NO:23
169 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:23
170 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | SEQ ID NO:14
171 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | SEQ ID NO:14 | SEQ ID NO:19
172 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | SEQID NO:14 | SEQID NO:19 | SEQ ID NO:23
173 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:19
174 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:19 | SEQ ID NO:23
175 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:23
176 SEQ ID NO:31 SEQ ID NO:14
177 SEQ ID NO:31 SEQ ID NO:14 | SEQID NO:19
178 SEQ ID NO:31 SEQ ID NO:14 | SEQID NO:19 | SEQ ID NO:23
179 SEQ ID NO:31 SEQ ID NO:19
180 SEQ ID NO:31 SEQ ID NO:19 | SEQ ID NO:23
181 SEQ ID NO:31 SEQ ID NO:23
182 SEQ ID NO:31 SEQ ID NO:35 | SEQ ID NO:14
183 SEQ ID NO:31 SEQ ID NO:35 | SEQ ID NO:14 | SEQ ID NO:19
184 SEQ ID NO:31 SEQ ID NO:35 | SEQID NO:14 | SEQID NO:19 | SEQ ID NO:23
185 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:19
186 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:19 | SEQ ID NO:23
187 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:23
188 SEQ ID NO:35 | SEQ ID NO:14
189 SEQ ID NO:35 | SEQ ID NO:14 | SEQ ID NO:19
190 SEQ ID NO:35 | SEQID NO:14 | SEQID NO:19 | SEQ ID NO:23
191 SEQ ID NO:35 SEQ ID NO:19
192 SEQ ID NO:35 SEQ ID NO:19 | SEQ ID NO:23
193 SEQ ID NO:35 SEQ ID NO:23
194 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36
195 SEQ ID NO:31 SEQ ID NO:36
196 SEQ ID NO:36
197 SEQ ID NO:15
198 SEQ ID NO:15 | SEQID NO:19
199 SEQ ID NO:15 | SEQID NO:19 | SEQ ID NO:23
200 SEQ ID NO:27 SEQ ID NO:15
201 SEQ ID NO:27 SEQ ID NO:15 | SEQID NO:19
202 SEQ ID NO:27 SEQ ID NO:15 | SEQID NO:19 | SEQ ID NO:23
203 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:15
204 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:15 | SEQID NO:19
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205 SEQ ID NO:27 SEQ ID NO:31 SEQID NO:15 | SEQIDNO:19 | SEQ ID NO:23
206 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 | SEQID NO:15
207 SEQ ID NO:27 SEQ ID NO:31 SEQID NO:36 | SEQID NO:15 | SEQID NO:19
208 SEQ ID NO:27 SEQ ID NO:31 SEQID NO:36 | SEQID NO:15 | SEQID NO:19 | SEQ ID NO:23
209 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:19
210 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 SEQID NO:19 | SEQ ID NO:23
211 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:23
212 SEQ ID NO:31 SEQ ID NO:15
213 SEQ ID NO:31 SEQID NO:15 | SEQ ID NO:19
214 SEQ ID NO:31 SEQID NO:15 | SEQIDNO:19 | SEQ ID NO:23
215 SEQ ID NO:31 SEQ ID NO:36 | SEQID NO:15
216 SEQ ID NO:31 SEQID NO:36 | SEQID NO:15 | SEQID NO:19
217 SEQ ID NO:31 SEQID NO:36 | SEQID NO:15 | SEQID NO:19 | SEQ ID NO:23
218 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:19
219 SEQ ID NO:31 SEQ ID NO:36 SEQID NO:19 | SEQ ID NO:23
220 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:23
221 SEQ ID NO:36 | SEQID NO:15
222 SEQID NO:36 | SEQID NO:15 | SEQID NO:19
223 SEQID NO:36 | SEQID NO:15 | SEQID NO:19 | SEQ ID NO:23
224 SEQ ID NO:36 SEQ ID NO:19
225 SEQ ID NO:36 SEQID NO:19 | SEQ ID NO:23
226 SEQ ID NO:36 SEQ ID NO:23
227 Thr-Ser/Thr-Tyr
228 Thr-Ser/Thr-Tyr | SEQ ID NO:50
229 Thr-Ser/Thr-Tyr [ SEQ ID NO:50 | Asn-Tyr-Gly
230 SEQ ID NO:50
231 SEQ ID NO:50 | Asn-Tyr-Gly
232 Asn-Tyr-Gly
233 SEQ ID NO:27 Thr-Ser/Thr-Tyr
234 SEQ ID NO:27 Thr-Ser/Thr-Tyr | SEQ ID NO:50
235 SEQ ID NO:27 Thr-Ser/Thr-Tyr [ SEQ ID NO:50 | Asn-Tyr-Gly
236 SEQ ID NO:27 SEQ ID NO:50
237 SEQ ID NO:27 SEQ ID NO:50 | Asn-Tyr-Gly
238 SEQ ID NO:27 Asn-Tyr-Gly
239 SEQ ID NO:27 SEQ ID NO:31 Thr-Ser/Thr-Tyr
240 SEQ ID NO:27 SEQ ID NO:31 Thr-Ser/Thr-Tyr | SEQ ID NO:50
241 SEQ ID NO:27 SEQ ID NO:31 Thr-Ser/Thr-Tyr [ SEQ ID NO:50 | Asn-Tyr-Gly
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242 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:50

243 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:50 | Asn-Tyr-Gly
244 SEQ ID NO:27 SEQ ID NO:31 Asn-Tyr-Gly
245 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr

246 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

247 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
248 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:50

249 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:50 | Asn-Tyr-Gly
250 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:35 Asn-Tyr-Gly
251 SEQ ID NO:31 Thr-Ser/Thr-Tyr

252 SEQ ID NO:31 Thr-Ser/Thr-Tyr | SEQ ID NO:50

253 SEQ ID NO:31 Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
254 SEQ ID NO:31 SEQ ID NO:50

255 SEQ ID NO:31 SEQ ID NO:50 | Asn-Tyr-Gly
256 SEQ ID NO:31 Asn-Tyr-Gly
257 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr

258 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

259 SEQ ID NO:31 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
260 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:50

261 SEQ ID NO:31 SEQ ID NO:35 SEQ ID NO:50 | Asn-Tyr-Gly
262 SEQ ID NO:31 SEQ ID NO:35 Asn-Tyr-Gly
263 SEQ ID NO:35 | Thr-Ser/Thr-Tyr

264 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

265 SEQ ID NO:35 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
266 SEQ ID NO:35 SEQ ID NO:50

267 SEQ ID NO:35 SEQ ID NO:50 | Asn-Tyr-Gly
268 SEQ ID NO:35 Asn-Tyr-Gly
269 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr

270 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

271 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
272 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:50

273 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:50 | Asn-Tyr-Gly
274 SEQ ID NO:27 SEQ ID NO:31 SEQ ID NO:36 Asn-Tyr-Gly
275 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr

276 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

277 SEQ ID NO:31 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
278 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:50
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279 SEQ ID NO:31 SEQ ID NO:36 SEQ ID NO:50 | Asn-Tyr-Gly
280 SEQ ID NO:31 SEQ ID NO:36 Asn-Tyr-Gly
281 SEQ ID NO:36 | Thr-Ser/Thr-Tyr

282 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50

283 SEQ ID NO:36 | Thr-Ser/Thr-Tyr | SEQ ID NO:50 | Asn-Tyr-Gly
284 SEQ ID NO:36 SEQ ID NO:50

285 SEQ ID NO:36 SEQ ID NO:50 | Asn-Tyr-Gly
286 SEQ ID NO:36 Asn-Tyr-Gly

[0040]

humanized. For instance, in one embodiment, a humanized antibody of the disclosure

In various embodiments, an antibody of the disclosure is

may comprise a light chain variable region comprising SEQ ID NO:24 with zero to two
amino acid substitutions, SEQ ID NO:28 with zero to two amino acid substitutions, and
SEQ ID NO:32 with zero to two amino acid substitutions, and/or may comprise a heavy
chain variable region comprising SEQ ID NO:11 with zero to two amino acid
substitutions, SEQ ID NO:16 with zero to two amino acid substitutions, and SEQ ID
NO:20 with zero to two amino acid substitutions. In a preferred embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region SEQ
ID NO:24 with zero to two amino acid substitutions, SEQ ID NO:28 with zero to two
amino acid substitutions, SEQ ID NO:32 with zero to two amino acid substitutions, a
heavy chain variable region comprising SEQ ID NO:11 with zero to two amino acid
substitutions, SEQ ID NO:16 with zero to two amino acid substitutions, and SEQ ID
NO:20 with zero to two amino acid substitutions. In an exemplary embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region
comprising SEQ ID NO:24, SEQ ID NO:28, SEQ ID NO:32, and a heavy chain variable
region comprising SEQ ID NO:11, SEQ ID NO:16, and SEQ ID NO:20. The disclosure
also encompasses the corresponding nucleic acid sequences of SEQ ID NO:24, SEQ
ID NO:28, SEQ ID NO:32, SEQ ID NO:11, SEQ ID NO:16, and SEQ ID NO:20, which
can readily be determined by one of skill in the art, and may be incorporated into a
vector or other large DNA molecule, such as a chromosome, in order to express an

antibody of the disclosure.
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[0041] In another embodiment, a humanized antibody of the disclosure
may comprise a light chain variable region comprising SEQ ID NO:25 with zero to two
amino acid substitutions, SEQ ID NO:29 with zero to two amino acid substitutions, and
SEQ ID NO:33 with zero to two amino acid substitutions, and/or may comprise a heavy
chain variable region comprising SEQ ID NO:12 with zero to two amino acid
substitutions, SEQ ID NO:17 with zero to two amino acid substitutions, and SEQ ID
NO:21 with zero to two amino acid substitutions. In a preferred embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region SEQ
ID NO:25 with zero to two amino acid substitutions, SEQ ID NO:29 with zero to two
amino acid substitutions, SEQ ID NO:33 with zero to two amino acid substitutions, a
heavy chain variable region comprising SEQ ID NO:12 with zero to two amino acid
substitutions, SEQ ID NO:17 with zero to two amino acid substitutions, and SEQ ID
NO:21 with zero to two amino acid substitutions. In an exemplary embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region
comprising SEQ ID NO:25, SEQ ID NO:29, SEQ ID NO:33, and a heavy chain variable
region comprising SEQ ID NO:12, SEQ ID NO:17, and SEQ ID NO:21. The disclosure
also encompasses the corresponding nucleic acid sequences of SEQ ID NO:25, SEQ
ID NO:29, SEQ ID NO:33, SEQ ID NO:12, SEQ ID NO:17, and SEQ ID NO:21, which
can readily be determined by one of skill in the art, and may be incorporated into a
vector or other large DNA molecule, such as a chromosome, in order to express an
antibody of the disclosure.

[0042] In still another embodiment, a humanized antibody of the disclosure
may comprise a light chain variable region comprising SEQ ID NO:26 with zero to two
amino acid substitutions, SEQ ID NO:30 with zero to two amino acid substitutions, and
SEQ ID NO:34 with zero to two amino acid substitutions, and/or may comprise a heavy
chain variable region comprising SEQ ID NO:13 with zero to two amino acid
substitutions, SEQ ID NO:18 with zero to two amino acid substitutions, and SEQ ID
NO:22 with zero to two amino acid substitutions. In a preferred embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region SEQ
ID NO:26 with zero to two amino acid substitutions, SEQ ID NO:30 with zero to two
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amino acid substitutions, SEQ ID NO:34 with zero to two amino acid substitutions, a
heavy chain variable region comprising SEQ ID NO:13 with zero to two amino acid
substitutions, SEQ ID NO:18 with zero to two amino acid substitutions, and SEQ ID
NO:22 with zero to two amino acid substitutions. In an exemplary embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region
comprising SEQ ID NO:26, SEQ ID NO:30, SEQ ID NO:34, and a heavy chain variable
region comprising SEQ ID NO:13, SEQ ID NO:18, and SEQ ID NO:22. The disclosure
also encompasses the corresponding nucleic acid sequences of SEQ ID NO:26, SEQ
ID NO:30, SEQ ID NO:34, SEQ ID NO:13, SEQ ID NO:18, and SEQ ID NO:22, which
can readily be determined by one of skill in the art, and may be incorporated into a
vector or other large DNA molecule, such as a chromosome, in order to express an
antibody of the disclosure.

[0043] In still yet another embodiment, a humanized antibody of the
disclosure may comprise a light chain variable region comprising SEQ ID NO:27 with
zero to two amino acid substitutions, SEQ ID NO:31 with zero to two amino acid
substitutions, and SEQ ID NO:35 with zero to two amino acid substitutions, and/or may
comprise a heavy chain variable region comprising SEQ ID NO:14 with zero to two
amino acid substitutions, SEQ ID NO:19 with zero to two amino acid substitutions, and
SEQ ID NO:23 with zero to two amino acid substitutions. In a preferred embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region SEQ
ID NO:27 with zero to two amino acid substitutions, SEQ ID NO:31 with zero to two
amino acid substitutions, SEQ ID NO:35 with zero to two amino acid substitutions, a
heavy chain variable region comprising SEQ ID NO:14 with zero to two amino acid
substitutions, SEQ ID NO:19 with zero to two amino acid substitutions, and SEQ ID
NO:23 with zero to two amino acid substitutions. In an exemplary embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region
comprising SEQ ID NO:27, SEQ ID NO:31, SEQ ID NO:35, and a heavy chain variable
region comprising SEQ ID NO:14, SEQ ID NO:19, and SEQ ID NO:23. The disclosure
also encompasses the corresponding nucleic acid sequences of SEQ ID NO:27, SEQ
ID NO:31, SEQ ID NO:35, SEQ ID NO:14, SEQ ID NO:19, and SEQ ID NO:23, which

27



WO 2018/022786 PCT/US2017/044003

can readily be determined by one of skill in the art, and may be incorporated into a
vector or other large DNA molecule, such as a chromosome, in order to express an
antibody of the disclosure.

[0044] In other embodiments, a humanized antibody of the disclosure may
comprise a light chain variable region comprising SEQ ID NO:27 with zero to two amino
acid substitutions, SEQ ID NO:31 with zero to two amino acid substitutions, and SEQ ID
NO:35 with zero to two amino acid substitutions, and/or may comprise a heavy chain
variable region comprising SEQ ID NO:15 with zero to two amino acid substitutions,
SEQ ID NO:19 with zero to two amino acid substitutions, and SEQ ID NO:23 with zero
to two amino acid substitutions. In a preferred embodiment, a humanized antibody of
the disclosure may comprise a light chain variable region SEQ ID NO:27 with zero to
two amino acid substitutions, SEQ ID NO:31 with zero to two amino acid substitutions,
SEQ ID NO:36 with zero to two amino acid substitutions, a heavy chain variable region
comprising SEQ ID NO:15 with zero to two amino acid substitutions, SEQ ID NO:19
with zero to two amino acid substitutions, and SEQ ID NO:23 with zero to two amino
acid substitutions. In an exemplary embodiment, a humanized antibody of the
disclosure may comprise a light chain variable region comprising SEQ ID NO:27, SEQ
ID NO:31, SEQ ID NO:36, and a heavy chain variable region comprising SEQ ID
NO:15, SEQ ID NO:19, and SEQ ID NO:23. The disclosure also encompasses the
corresponding nucleic acid sequences of SEQ ID NO:27, SEQ ID NO:31, SEQ ID
NO:36, SEQ ID NO:15, SEQ ID NO:19, and SEQ ID NO:23, which can readily be
determined by one of skill in the art, and may be incorporated into a vector or other
large DNA molecule, such as a chromosome, in order to express an antibody of the
disclosure.

[0045] In a different embodiment, a humanized antibody of the disclosure
may comprise a light chain variable region comprising SEQ ID NO:27 with zero to two
amino acid substitutions, SEQ ID NO:31 with zero to two amino acid substitutions, and
SEQ ID NO:35 with zero to two amino acid substitutions, and/or may comprise a heavy
chain variable region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn,

wherein X is any amino acid), and Asn-Tyr-Gly. In a preferred embodiment, a
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humanized antibody of the disclosure may comprise a light chain variable region SEQ
ID NO:27 with zero to two amino acid substitutions, SEQ ID NO:31 with zero to two
amino acid substitutions, SEQ ID NO:35 with zero to two amino acid substitutions, a
heavy chain variable region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-
Asn, wherein X is any amino acid), and Asn-Tyr-Gly. In an exemplary embodiment, a
humanized antibody of the disclosure may comprise a light chain variable region
comprising SEQ ID NO:27, SEQ ID NO:31, SEQ ID NO:35, and a heavy chain variable
region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn, wherein X is any
amino acid), and Asn-Tyr-Gly. The disclosure also encompasses the corresponding
nucleic acid sequences of SEQ ID NO:27, SEQ ID NO:31, SEQ ID NO:35, Thr-Ser/Thr-
Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn, wherein X is any amino acid), and Asn-Tyr-Gly,
which can readily be determined by one of skill in the art, and may be incorporated into
a vector or other large DNA molecule, such as a chromosome, in order to express an
antibody of the disclosure.

[0046] In another different embodiment, a humanized antibody of the
disclosure may comprise a light chain variable region comprising SEQ ID NO:27 with
zero to two amino acid substitutions, SEQ ID NO:31 with zero to two amino acid
substitutions, and SEQ ID NO:36 with zero to two amino acid substitutions, and/or may
comprise a heavy chain variable region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50
(Tyr-X-Arg-XX-Asn, wherein X is any amino acid), and Asn-Tyr-Gly. In a preferred
embodiment, a humanized antibody of the disclosure may comprise a light chain
variable region SEQ ID NO:27 with zero to two amino acid substitutions, SEQ ID NO:31
with zero to two amino acid substitutions, SEQ ID NO:36 with zero to two amino acid
substitutions, a heavy chain variable region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50
(Tyr-X-Arg-XX-Asn, wherein X is any amino acid), and Asn-Tyr-Gly. In an exemplary
embodiment, a humanized antibody of the disclosure may comprise a light chain
variable region comprising SEQ ID NO:27, SEQ ID NO:31, SEQ ID NO:36, and a heavy
chain variable region comprising Thr-Ser/Thr-Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn,
wherein X is any amino acid), and Asn-Tyr-Gly. The disclosure also encompasses the
corresponding nucleic acid sequences of SEQ ID NO:27, SEQ ID NO:31, SEQ ID
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NO:36, Thr-Ser/Thr-Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn, wherein X is any amino
acid), and Asn-Tyr-Gly, which can readily be determined by one of skill in the art, and
may be incorporated into a vector or other large DNA molecule, such as a chromosome,
in order to express an antibody of the disclosure.

[0047] The disclosure also encompasses a vector comprising a nucleic
acid sequence capable of encoding an antibody of the disclosure. As used herein, a
“vector” is defined as a nucleic acid molecule used as a vehicle to transfer genetic
material. Vectors include but are not limited to, plasmids, phasmids, cosmids,
transposable elements, viruses (bacteriophage, animal viruses, and plant viruses), and
artificial chromosomes (e.g., YACs), such as retroviral vectors (e.g. derived from
Moloney murine leukemia virus vectors (MoMLV), MSCV, SFFV, MPSV, SNV etc),
lentiviral vectors (e.g. derived from HIV-1, HIV-2, SIV, BIV, FIV etc.), adenoviral (Ad)
vectors including replication competent, replication deficient and gutless forms thereof,
adeno-associated viral (AAV) vectors, simian virus 40 (SV-40) vectors, bovine papilloma
virus vectors, Epstein-Barr virus, herpes virus vectors, vaccinia virus vectors, Harvey
murine sarcoma virus vectors, murine mammary tumor virus vectors, Rous sarcoma
virus vectors. An expression vector encoding an antibody of the disclosure may be
delivered to the cell using a viral vector or via a non-viral method of transfer. Viral
vectors suitable for introducing nucleic acids into cells include retroviruses,
adenoviruses, adeno-associated viruses, rhabdoviruses, and herpes viruses. Non-viral
methods of nucleic acid transfer include naked nucleic acid, liposomes, and
protein/nucleic acid conjugates. An expression construct encoding an antibody of the
disclosure that is introduced to the cell may be linear or circular, may be single-stranded
or double-stranded, and may be DNA, RNA, or any modification or combination thereof.
The disclosure also encompasses a cell line comprising a vector comprising a nucleic
acid sequence capable of encoding an antibody of the disclosure. In certain
embodiment, a cell line comprises a vector comprising a nucleic acid sequence capable
of encoding one or more sequences selected from the group consisting of SEQ ID
NO:51, SEQ ID NO:52, SEQ ID NO:53, SEQ ID NO:54, SEQ ID NO:55, and SEQ ID
NO:56. SEQ ID NO:51, SEQ ID NO:52, SEQ ID NO:53, SEQ ID NO:54, SEQ ID NO:55
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and SEQ ID NO:56 are germ line sequences and thus may be used to generate an
antibody of the disclosure. In certain embodiments, a method of generating an antibody
of the disclosure comprises, in part, a cell line comprising a vector comprising a nucleic
acid sequence capable of encoding SEQ ID NO:51 and SEQ ID NO:52. In other
embodiments, a method of generating an antibody of the disclosure comprises, in part,
a cell line comprising a vector comprising a nucleic acid sequence capable of encoding
SEQ ID NO:53 and SEQ ID NO:54. In still other embodiments, a method of generating
an antibody of the disclosure comprises, in part, a cell line comprising a vector
comprising a nucleic acid sequence capable of encoding SEQ ID NO:55 and SEQ ID
NO:56. In some embodiments, the cell line is an immortalized cell line. In preferred
embodiments, the cell line is a hybridoma. Methods of generating hybridomas capable

of producing antibodies are known in the art.

Il. METHODS

[0048] In an aspect, the present disclosure provides anti-ZIKV antigen
binding proteins to detect Zika virus in vitro and/or in vivo. For example, anti-ZIKV
antigen binding proteins may be used to detect and measure the amount of Zika virus in
a biological sample. Alternatively, anti-ZIKV antigen binding proteins may be used to
detect and measure the amount of Zika virus in a subject. In another aspect, the present
disclosure provides anti-ZIKV antigen binding proteins that can be used to reduce
viremia or viral burden in tissues due to Zika virus in a subject. In still another aspect,
the present disclosure provides anti-ZIKV antigen binding proteins that can be used to
treat a Zika virus infection in a subject. In still yet another aspect, the present disclosure
provides anti-ZIKV antigen binding proteins that can be used to protect against a Zika

virus infection in a subject.

(a) Methods to detect and measure the amount of Zika virus

[0049] In an aspect, the disclosure provides means to detect Zika virus in
a biological sample obtained form a subject. In another aspect, the disclosure provides
means to measure the amount of Zika virus in a biological sample obtained from a

subject. The method generally comprises (i) detecting and/or measuring the amount of
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Zika virus in a biological sample obtained from a subject using an antigen binding
protein that specifically binds DIl of the E protein or Zika virus. Suitable antigen binding
proteins are described above in Section I.

[0050] As used herein, the term “biological sample” refers to a sample
obtained from a subject. Any biological sample containing Zika virus is suitable.
Numerous types of biological samples are known in the art. Suitable biological sample
may include, but are not limited to, tissue samples or bodily fluids. Non-limiting
examples of suitable bodily fluids include blood, plasma, serum, lung aspirate, pleural
fluid, sputum, and amniotic fluid. The fluid may be used “as is”, the cellular components
may be isolated from the fluid, or a protein fraction may be isolated from the fluid using
standard techniques. In other embodiments, the biological sample is a tissue sample
such as a tissue biopsy. The biopsied tissue may be fixed, embedded in paraffin or
plastic, and sectioned, or the biopsied tissue may be frozen and cryosectioned.
Alternatively, the biopsied tissue may be processed into individual cells or an explant, or
processed into a homogenate, a cell extract, a membranous fraction, or a protein
extract.

[0051] Suitable subjects include, but are not limited to, a human, a
livestock animal, a companion animal, a lab animal, and a zoological animal. A subject
may or may not be known to be infected with Zika virus. In one embodiment, the subject
may be a rodent, e.g. a mouse, a rat, a guinea pig, etc. In another embodiment, the
subject may be a livestock animal. Non-limiting examples of suitable livestock animals
may include pigs, cows, horses, goats, sheep, llamas and alpacas. In yet another
embodiment, the subject may be a companion animal. Non-limiting examples of
companion animals may include pets such as dogs, cats, rabbits, and birds. In yet
another embodiment, the subject may be a zoological animal. As used herein, a
“zoological animal” refers to an animal that may be found in a zoo. Such animals may
include non-human primates, large cats, wolves, and bears. In a preferred embodiment,
the animal is a laboratory animal. Non-limiting examples of a laboratory animal may
include rodents, canines, felines, and non-human primates. In another preferred

embodiment, the subject is a human.
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[0052] As will be appreciated by a skilled artisan, the method of collecting
a biological sample can and will vary depending upon the nature of the biological
sample and the type of analysis to be performed. Any of a variety of methods generally
known in the art may be utilized to collect a biological sample. Generally speaking, the
method preferably maintains the integrity of the sample such that Zika virus can be
accurately detected and the amount measured according to the disclosure.

[0053] Once a sample is obtained, it is processed in vitro to detect and
measure the amount of Zika virus using an anti-ZIKV antigen binding protein. All
suitable methods for detecting and measuring an amount of protein using an antigen
binding protein known to one of skill in the art are contemplated within the scope of the
disclosure. Methods for detecting and measuring an amount of protein using an antigen
binding protein (i.e. “antibody-based methods”) are well known in the art. Non-limiting
examples include an ELISA, an immunoassay, a competitive immunoassay, a sandwich
immunoassay, a radioimmunoassay, an immunoblot or Western blot, flow cytometry,
immunohistochemistry, Microfluidic chip based assays, and an array.

[0054] In general, an antibody-based method of detecting and measuring
an amount of Zika virus comprises contacting some of the sample, or all of the sample,
comprising Zika virus with an anti-ZIKV antigen binding protein under conditions
effective to allow for formation of a complex between the antigen binding protein and the
E protein of Zika virus. Typically, the entire sample is not needed, allowing one skilled in
the art to repeatedly detect and measure the amount of Zika virus in the sample. The
method may occur in solution, or the antigen binding protein or Zika virus E protein
comprising the sample may be immobilized on a solid surface. Non-limiting examples of
suitable surfaces may include microtitre plates, test tubes, slides, beads, resins, and
other polymers. Attachment to the substrate may occur in a wide variety of ways, as will
be appreciated by those in the art. For example, the substrate and the antigen binding
protein may be derivatized with chemical functional groups for subsequent attachment
of the two. For example, the substrate may be derivatized with a chemical functional
group including, but not limited to, amino groups, carboxyl groups, oxo groups or thiol

groups. Using these functional groups, the antigen binding protein may be attached

33



WO 2018/022786 PCT/US2017/044003

directly using the functional groups or indirectly using linkers. An anti-ZIKV antigen
binding protein may also be attached to the substrate non-covalently. For example, a
biotinylated anti-ZIKV antigen binding protein may be prepared, which may bind to
surfaces covalently coated with streptavidin, resulting in attachment. Alternatively, an
antigen binding protein may be synthesized on the surface using techniques such as
photopolymerization and photolithography.

[0055] Contacting the sample with an antigen binding protein under
effective conditions for a period of time sufficient to allow formation of a complex
generally involves adding the anti-ZIKV antigen binding protein composition to the
sample and incubating the mixture for a period of time long enough for the anti-ZIKV
antigen binding protein to bind to any antigen present. After this time, the complex will
be washed and the complex may be detected and the amount measured by any method
well known in the art. Methods of detecting and measuring an amount of an antigen
binding protein-polypeptide complex are generally based on the detection of a label or
marker. The term “label’, as used herein, refers to any substance attached to an
antibody, or other substrate material, in which the substance is detectable by a
detection method. Non-limiting examples of suitable labels include luminescent
molecules, chemiluminescent molecules, fluorochromes, fluorescent quenching agents,
colored molecules, radioisotopes, scintillants, biotin, avidin, stretpavidin, protein A,
protein G, antibodies or fragments thereof, polyhistidine, Ni**, Flag tags, myc tags,
heavy metals, and enzymes (including alkaline phosphatase, peroxidase, glucose
oxidase, and luciferase). Methods of detecting and measuring an amount of an antigen
binding protein-polypeptide complex based on the detection of a label or marker are
well known in the art.

[0056] In some embodiments, an antibody-based method is an
immunoassay. Immunoassays can be run in a number of different formats. Generally
speaking, immunoassays can be divided into two categories: competitive
immunoassays and non-competitive immunoassays. In a competitive immunoassay, an
unlabeled analyte in a sample competes with labeled analyte to bind an antigen binding

protein. Unbound analyte is washed away and the bound analyte is measured. In a non-
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competitive immunoassay, the antigen binding protein is labeled, not the analyte. Non-
competitive immunoassays may use one antigen binding protein (e.g. the capture
antibody is labeled) or more than one antigen binding protein (e.g. at least one capture
antibody which is unlabeled and at least one “capping” or detection antibody which is
labeled.) Suitable labels are described above.

[0057] In other embodiments, an antibody-based method is an immunoblot
or Western blot. In yet other embodiments, an antibody-based method is flow cytometry.
In different embodiments, an antibody-based method is immunohistochemistry (IHC).
IHC uses an antigen binding protein to detect and quantify antigens in intact tissue
samples. The tissue samples may be fresh-frozen and/or formalin-fixed, paraffin-
embedded (or plastic-embedded) tissue blocks prepared for study by IHC. Methods of
preparing tissue block for study by IHC, as well as methods of performing IHC are well

known in the art.

(b) Methods to treat or protect aqgainst Zika virus

[0058] In other aspects, the disclosure provides a method of treating a
Zika virus infection in a subject. The method comprises administering an effective
amount of an antigen binding protein of the disclosure to the subject. The term
"infection" as used herein includes presence of virus in or on a subject, which, if its
replication were inhibited, would result in a benefit to the subject. The term "treat",
"treating" or "treatment" as used herein refers to administering an antigen binding
protein of the disclosure for prophylactic and/or therapeutic purposes. The term
"prophylactic treatment" refers to treating a subject who is not yet infected, but who is
susceptible to, or otherwise at a risk of infection. The term "therapeutic treatment" refers
to administering treatment to a subject already suffering from infection. The term "treat",
"treating" or "treatment" as used herein also refers to administering an antigen binding
protein of the disclosure in order to: (i) reduce or eliminate either a viral infection or one
or more symptoms of the viral infection, or (ii) retard the progression of a viral infection
or of one or more symptoms of the viral infection, or (iii) reduce the severity of a viral
infection or of one or more symptoms of the viral infection, or (iv) suppress the clinical

manifestation of a viral infection, or (v) suppress the manifestation of adverse symptoms
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of the viral infection. Accordingly, in a specific embodiment, the disclosure provides a
method of reducing viremia or viral burden in tissues due to Zika virus in a subject
comprising administering an effective amount of an antigen binding protein of the
disclosure to the subject. In another specific embodiment, the disclosure provides a
method of protecting against a Zika virus infection in a subject comprising administering
an effective amount of an antigen binding protein of the disclosure to the subject. The
subject and antigen binding protein are described above. In certain embodiments, the
pregnant or plans to become pregnant.

[0059] In certain aspects, a pharmacologically effective amount of an
antigen binding protein of the disclosure, including immunologically reactive fragments,
may be administered to a subject. Administration is performed using standard effective
techniques, including peripherally (i.e. not by administration into the central nervous
system) or locally to the central nervous system. Peripheral administration includes but
is not limited to intravenous, intraperitoneal, subcutaneous, pulmonary, transdermal,
intramuscular, intranasal, buccal, sublingual, or suppository administration. Local
administration, including directly into the central nervous system (CNS) includes but is
not limited to via a lumbar, intraventricular or intraparenchymal catheter or using a
surgically implanted controlled release formulation.

[0060] Pharmaceutical compositions for effective administration are
deliberately designed to be appropriate for the selected mode of administration, and
pharmaceutically acceptable excipients such as compatible dispersing agents, buffers,
surfactants, preservatives, solubilizing agents, isotonicity agents, stabilizing agents and
the like are used as appropriate. Remington's Pharmaceutical Sciences, Mack
Publishing Co., Easton Pa., 16Ed ISBN: 0-912734-04-3, latest edition, incorporated
herein by reference in its entirety, provides a compendium of formulation techniques as
are generally known to practitioners. It may be particularly useful to alter the solubility
characteristics of the antigen binding proteins useful in this disclosure, making them
more lipophilic, for example, by encapsulating them in liposomes or by blocking polar

groups.
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[0061] Effective peripheral systemic delivery by intravenous or
intraperitoneal or subcutaneous injection is a preferred method of administration to a
living patient. Suitable vehicles for such injections are straightforward. In addition,
however, administration may also be effected through the mucosal membranes by
means of nasal aerosols or suppositories. Suitable formulations for such modes of
administration are well known and typically include surfactants that facilitate cross-
membrane transfer. Such surfactants are often derived from steroids or are cationic
lipids, such as N-[1-(2,3-dioleoyl)propyl]-N,N,N-trimethyl ammonium chloride (DOTMA)
or various compounds such as cholesterol hemisuccinate, phosphatidyl glycerols and
the like.

[0062] The concentration of antigen binding protein in formulations to be
administered is an effective amount and ranges from as low as about 0.1% by weight to
as much as about 15 or about 20% by weight and will be selected primarily based on
fluid volumes, viscosities, and so forth, in accordance with the particular mode of
administration selected if desired. A typical composition for injection to a living patient
could be made up to contain 1 mL sterile buffered water of phosphate buffered saline
and about 1-1000 mg of any one of or a combination of the humanized antigen binding
protein of the present disclosure. In a specific embodiment, the antigen binding protein
composition may have 100-300 mg of antigen binding protein per administration. The
formulation could be sterile filtered after making the formulation, or otherwise made
microbiologically acceptable. A typical composition for intravenous infusion could have
volumes between 1-250 mL of fluid, such as sterile Ringer's solution, and 1-100 mg per
ml, or more in anti-ZIKV antigen binding protein concentration. Therapeutic agents of
the discovery can be frozen or lyophilized for storage and reconstituted in a suitable
sterile carrier prior to use. Lyophilization and reconstitution may lead to varying degrees
of antigen binding protein activity loss (e.g. with conventional immune globulins, IgM
antibodies tend to have greater activity loss than IgG antibodies). Dosages administered
are effective dosages and may have to be adjusted to compensate. The pH of the
formulations generally pharmaceutical grade quality, will be selected to balance antigen

binding protein stability (chemical and physical) and comfort to the patient when
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administered. Generally, a pH between 4 and 8 is tolerated. Doses will vary from
individual to individual based on size, weight, and other physiobiological characteristics
of the individual receiving the successful administration.

[0063] The term "effective amount" as used herein refers to an amount,
which has a therapeutic effect or is the amount required to produce a therapeutic effect
in a subject. For example, a therapeutically or pharmaceutically effective amount of a
composition of the disclosure is the amount of antigen binding protein required to
produce a desired therapeutic effect as may be judged by clinical trial results, model
animal infection studies, and/or in vitro studies (e.g. cell lines). The effective or
pharmaceutically effective amount depends on several factors, including but not limited
to, the virus involved, characteristics of the subject (for example height, weight, sex, age
and medical history), severity of infection, and the composition used. For prophylactic
treatments, a therapeutically or prophylactically effective amount is that amount which
would be effective to prevent an infection or prevent an interferon-induced immune
response. In some embodiments, a minimal dose is administered, and dose is
escalated in the absence of dose-limiting toxicity. Determination and adjustment of a
therapeutically effective dose, as well as evaluation of when and how to make such
adjustments, are known to those of ordinary skill in the art of medicine. In an aspect, a
typical dose contains from about 0.01 mg/kg to about 100 mg/kg of an anti-ZIKV antigen
binding protein described herein. Doses can range from about 0.05 mg/kg to about 50
mg/kg, more preferably from about 0.1 mg/kg to about 25 mg/kg.

[0064] The frequency of dosing may be daily or once, twice, three times or
more per week or per month, as needed as to effectively treat the symptoms. The timing
of administration of the treatment relative to the infection and duration of treatment will
be determined by the circumstances surrounding the case. Treatment could begin
immediately. Treatment could begin in a hospital or clinic itself, or at a later time after
discharge from the hospital or after being seen in an outpatient clinic. Duration of
treatment could range from a single dose administered on a one-time basis to a life-long

course of therapeutic treatments.
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[0065] Although the foregoing methods appear the most convenient and
most appropriate and effective for administration of proteins such as humanized antigen
binding proteins, by suitable adaptation, other effective techniques for administration,
such as intraventricular administration, transdermal administration and oral
administration may be employed provided proper formulation is utilized herein. In
addition, it may be desirable to employ controlled release formulations using
biodegradable films and matrices, or osmotic mini-pumps, or delivery systems based on
dextran beads, alginate, or collagen.

[0066] Additionally, the antigen binding proteins disclosed herein may be
used in combination with standard treatment for Zika virus infection or standard
treatment for symptoms associated with viral infections.

[0067] In a different aspect, the disclosure provides a method of
immunizing a subject against Zika virus. The method generally comprises administering
to the subject an effective amount of a composition comprising a peptide comprising
domain Il (DINN) of the E protein of Zika virus. In certain embodiments, the composition
comprises a peptide comprising SEQ ID NO:37 or SEQ ID NO:38. In other
embodiments, the composition comprises a peptide comprising the lateral ridge (LR),
the CC’ loop or the ABDE sheet within domain Il (DIIl) of the E protein of Zika virus. In
an embodiment, the composition comprises a peptide comprising the lateral ridge (LR)
or the CC’ loop within domain Il (DIll) of the E protein of Zika virus. In another
embodiment, the composition comprises a peptide comprising the lateral ridge (LR)
within domain Il (DIIl) of the E protein of Zika virus. Specifically, the composition
comprises a peptide comprising the A-strand, B-C loop, D-E loop and F-G loop within
domain Il (DINN) of the E protein of Zika virus. More specifically, the composition
comprises a peptide comprising one or more sequences selected from the group
consisting of SEQ ID NO:45 (TAAFTF), SEQ ID NO:46 (QYAGTDG), SEQ ID NO:47
(SXEN), SEQ ID NO:48 (EKKIT), and SEQ ID NO:49 (DKKIT). The subject,
administration and composition may be as described above. Following administering of
the composition a subject is protected from Zika virus infection. Protection may mean

that the subject is not infected with Zika virus. Alternatively, protection may mean that
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the subject can be infected; however, the severity of a viral infection or of one or more

symptoms of the viral infection is reduced. Further, protection may mean that the

subject can be infected with Zika virus; however, the manifestation of adverse

symptoms of the viral infection is suppressed. Accordingly, the disclosure provided a

peptide-based vaccine comprising one or more peptides within domain Il (DIIl) of the E

protein of Zika virus as described above. The peptide can comprise consecutive amino

acids from DIII or the peptide can comprise immunogenic regions of DIll pieced

together. Methods known in the art may be used to efficiently display the relavent

regions of the peptide to elicit a substantiative immune response.

Table B

SEQ | Description | SEQUENCE

ID

NO:

1 ZIKV-2H QVQLQESGAELMKPGASVKLSCKTSGYTFIGYWIEWLKQRPGHGLEWVGEIFPGSGRTKYN
EKFKGRATFTADTSSNMAYMQLSSLTTEDSAIYYCARYYYGSYYALDYWGQGTSVTVSS

2 ZIKV-2L DIVMTQSPSSLSVSAGEKVTLSCKSSQSLLHSGNQKNYLAWYQQKPGQAPKLLIYGASTRE
SGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYCQNDHSYPLTFGAGTKLELK

3 ZIKV-48H QVQLQQPGAELLKPGASVKLSCKASGYSFSNYWMHWVKQRPGQGPEWIGMIHPNSGNTK
YNEKFKNKATLTVDKSSSMVYMQLSSLTSEDSAVFYCARLGNDMDYWGQGTSVTVSS

4 ZIKV-48L DIVMSQSPSSLAVSVGEKITMSCKSSQSLLYSNNEKNYLAWYQQKPGQSPKLLIYWASARD
SGVPDRFTGSGSGTDFTLTISSVKAEDLAVFYCQQYYSYPYTFGGGTKLEIK

5 ZIKV-64H QVQLQQPGAELVKPGASVKLSCKASGYTFTSSWMHWVKQRPGQGLEWIGMIHPNSGSTN
YNEKFKNKATLTVDKSSSTAYMQLSSLTSEDSAVYYCARYYYDYDGMDYWGQGTSVTVSS

6 ZIKV-64L DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSSNQKNYLAWYQQKPGQSPKLLIYWASTRE
SGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYCQQYYTYPYTFGGGTKLEIN

7 ZIKV-67H QAQLQQSGTGLARPGASVKLSCKASGYTFTSYGISWVTQRAGQGLEWIGVIYPRSGNTYYN
EKFRGKATLTADKSSSSAYMELRGLTAEDSAVYFCARENYGSVYWGQGTTLTVSS

8 ZIKV-67L DIVMTQSQKFMSTSVGDRVSITCKASQNVGTAVAWYQQKPGQSPKLLIYSASNRYTGVPDR
FTGSGSGTDFTLTISNMQSEDLADYFCQQFSSYPYTFGGGTKLEIK

9 ZIKV-54H QVQLQQSGVGLARPGTSVKLSCKASGYSFTTYGISWVTQRPGQGLEWIGVIYPRSNNTYYN
ERFRGKATLTADKSSSSAYLELRGLTAEDSAVYFCARENYGSVYWGQGTTLTVSS

10 ZIKV-54L DIVMTQSQKFMSTSVGDRVTITCKASQSVGTAVAWYHQKPGQSPKLLIYSASNRYTGVPDR
FTGSGSGTDFTLTITYMQSEDLADYFCQQFSNYPFTFGGGTKLEIK

11 2H-CDR1 GYTFIGY

12 48H-CDR1 GYSFSNY

13 64H-CDR1 GYTFTSS

14 67H-CDR1 GYTFTSY

15 54H-CDR1 GYSFTTY

16 2H-CDR2 FPGSGR
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17 48H-CDR2 HPNSGN

18 64H-CDR2 HPNSGS

19 67H-CDR2 YPRSXN, wherein X is G or N
54H-CDR2

20 2H-CDR3 YYYGSYYALDY

21 48H-CDR3 LGNDMDY

22 64H-CDR3 YYYDYDGMDY

23 67H-CDR3 ENYGSVY
54H-CDR3

24 2L-CDR1 KSSQSLLHSGNQKNYLA

25 48L-CDR1 KSSQSLLYSNNEKNYLA

26 64L-CDR1 KSSQSLLYSSNQKNYLA

27 67L-CDR1 KASQXVGTAVA, wherein Xis N or S
54-CDR1

28 2L-CDR2 GASTRES

29 48L-CDR2 WASARDS

30 64L-CDR2 WASTRES

31 67L-CDR2 SASNRYT
54-CDR2

32 2L-CDR3 QNDHSYPLT

33 48L-CDR3 QQYYSYPYT

34 64L-CDR3 QQYYTYPYT

35 67L-CDR3 QQFSSYPYT

36 54 -CDR3 QQFSNYPFT

37 Zika_FP KGVSYSLCTAAFTFTKIPAETLHGTVTVEVQYAGTDGPCKVPAQMAVDMQTLTPVGRLITAN

PVITESTENSKMMLELDPPFGDSYIVIGVGEKKITHHWHRSG
38 Zika_MR766 | KGVSYSLCTAAFTFTKVPAETLHGTVTVEVQYAGTDGPCKIPVQMAVDMQTLTPVGRLITAN
PVITESTENSKMMLELDPPFGDSYIVIGVGDKKITHHWHRSG

39 WNV_E16 KGTTYGVCSKAFKFLGTPADTGHGTVVLELQYTGTDGPCKVPISSVASLNDLTPVGRLVTVN
(1ZTX) PFVSVATANAKVLIELEPPFGDSYIVVGRGEQQINHHWHKSG

40 DV1_E106 KGMSYVMCTGSFKLEKEVAETQHGTVLVQVKYEGTDAPCKIPFSTQDEKGATQNGRLITAN
(4L5F) PIVTDKEKPVNIEAEPPFGESYIVVGAGEKALKLSWFKKG

41 DV1_E111 KGMSYVMCTGSFKLEKEVAETQHGTVLVQVKYEGTDAPCKIPFSSQDEKGVTQNGRLITAN
(4FF2) PIVTDKEKPVNIEAEPPFGESYIVVGAGEKALKLSWFKKG

42 DV2_1A1D- | KGMSYSMCTGKFKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRHVLGRLITVNPIV
2 (2R29) TEKDSPVNIEAEPPFGDSY IIIGVEPGQLKLNWFKKG

43 DV3_2H12 KGMSYAMCLNTFVLKKEVSETQHGTILIKVEYKGEDAPCKIPFSTEDGQGKAHNGRLITANPV
(4ALA) VTKKEEPVNIEAEPPFGESNIVIGIGDKALKINWYRKG

44 DV4_4E11 KGMSYTMCSGKFSIDKEMAETQHGTTVVKVKYEGAGAPCKVPIEIRDVNKEKVVGRIISSTPF
(3UYP) AENTNSVTNIELEPPFGDSYIVIGVGDSALTLHWFRKG

45 LR epitiope TAAFTF
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46 LR epitope 2 | QYAGTDG

47 LR epitope 3 | SXEN, wherein X is any amino acid

48 LR epitope 4 | EKKIT

49 LR epitope 4 | DKKIT

50 67H&54H- YXRXXN, wherein X is any amino acid
CDR2
consensus

51 J558.6.96/J QVQLQQSGAELMKPGASVKLSCKATGYTFTGYWIEWVKQRPGHGLEWIGEILPGSGSTNY
H4 - 2H NEKFKGKATFTADTSSNTAYMQLSSLTTEDSAIYYCARYYYGSYAMDYWGQGTSVTVSS

52 8-28/JK5 — DIVMTQSPSSLSVSAGEKVTMSCKSSQSLLNSGNQKNYLAWYQQKPGQPPKLLIYGASTRE
2L SGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYCQNDHSYPLTFGAGTKLELK

53 J558.67.166/ | QVQLQQPGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGQGLEWIGMIHPNSGSTN
JH4 - YNEKFKSKATLTVDKSSSTAYMQLSSLTSEDSAVFYCARYYDYDMDYWGQGTSVTVSS
488&64H

54 8-24/JK2 - DIVMTQSPSSLAMSVGQKVTMSCKSSQSLLNSSNQKNYLAWYQQKPGQSPKLLVYFASTR
48&64L ESGVPDRFIGSGSGTDFTLTISSVQAEDLADYFCQQHYSTPYTFGGGTKLEIK

55 J558.84.190/ | QVQLQQSGAELARPGASVKLSCKASGYTFTSYGISWVKQRTGQGLEWIGEIYPRSGNTYYN
JH2 - EKFKGKATLTADKSSSTAYMELRSLTSEDSAVYFCARNYGSYWGQGTTLTVSS
54867H

56 19-23/JK2 - | DIVMTQSHKFMSTSVGDRVSITCKASQDVGTAVAWYQQKPGQSPKLLIYWASTRHTGVPDR
54&67L FTGSGSGTDFTLTISNVQSEDLADYFCQQYSSYPYTFGGGTKLEIK

EXAMPLES

[0068] The following examples are included to demonstrate various

embodiments of the present disclosure. It should be appreciated by those of skill in the

art that the techniques disclosed in the examples that follow represent techniques

discovered by the inventors to function well in the practice of the invention, and thus can

be considered to constitute preferred modes for its practice. However, those of skill in

the art should, in light of the present disclosure, appreciate that many changes can be

made in the specific embodiments which are disclosed and still obtain a like or similar

result without departing from the spirit and scope of the invention.

Introduction to the Examples

[0069]

Zika virus (ZIKV) is a flavivirus of the Flaviviridae family that is

transmitted by Aedes species mosquitoes. ZIKV was originally identified in 1947 in the

Zika forest of Uganda from a sentinel rhesus monkey (Dick, 1952; Dick et al., 1952).

ZIKV is closely related to the four serotypes of dengue (DENV) as well as other globally
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relevant viruses including yellow fever (YFV), West Nile (WNV), and Japanese
encephalitis (JEV) viruses (Lazear and Diamond, 2016). Since its identification almost
70 years ago, there were few studies of ZIKV until this past year, when large epidemics
in the Americas were accompanied by unexpectedly severe clinical manifestations.
Although in most instances ZIKV infection results in a mild febrile illness associated with
rash and conjunctivitis, severe neurological phenotypes have been described including
Guillain-Barré syndrome and meningoencephalitis (Carteaux et al., 2016; Oehler et al.,
2014). Moreover, infection in pregnant women (Brasil et al., 2016) and mice (Cugola et
al., 2016; Liet al., 2016; Miner et al., 2016) is now linked causally to fetal abnormalities
including microcephaly, spontaneous abortion, and intrauterine growth restriction due to
placental insufficiency.

[0070] ZIKV is a positive-sense single-stranded RNA virus with a ~11
kilobase open reading frame that is flanked by 5" and 3’ non-coding regions. The genome
encodes a single polyprotein that is post-translationally cleaved by host and viral
proteases into three structural proteins (capsid (C), pre-membrane (prM), and envelope
(E)) and seven non-structural proteins. C forms a nucleocapsid when bound to viral RNA,
prM complexes with E shortly after synthesis to facilitate folding and prevent premature
fusion to host membranes during virion release, and E mediates viral assembly,
attachment, entry, and fusion (Lindenbach et al., 2013). Similar to other flaviviruses, the
ZIKV E protein can be divided into three domains: a central B-barrel domain (domain I, DI),
an extended dimerization domain (DIl), and an immunoglobulin-like segment (DIll) (Dai et
al., 2016). The distal end of DIl contains the fusion loop (FL), a hydrophobic sequence that
penetrates the host cell endosomal membrane during the pH-dependent conformational
changes that drive fusion. Two high-resolution cryo-electron microscopic structures
show that similar to other flaviviruses, mature ZIKV virions are smooth particles that
incorporate 180 copies each of the E and cleaved M proteins (Kostyuchenko et al.,
2016; Sirohi et al., 2016). Analogous to DENV (Kuhn et al., 2002; Zhang et al., 2013),
the E protein of ZIKV is arranged as antiparallel dimers in a herringbone pattern that lie

relatively flat against the lipid envelope.
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[0071] Neutralizing antibodies have important roles in the protection against
infection by many flaviviruses (Heinz and Stiasny, 2012; Pierson and Diamond, 2008) and
are considered correlates of protection for licensed YFV and tick-borne encephalitis virus
(TBEV) vaccines (Belmusto-Worn et al., 2005; Heinz et al., 2007). The E protein is a
primary antigenic target of neutralizing antibodies, which bind epitopes in all three
structural domains, with many type-specific protective antibodies recognizing
determinants in DIl (Beasley and Barrett, 2002; Oliphant et al., 2005; Shrestha et al.,
2010; Sukupolvi-Petty et al., 2010). Potently neutralizing anti-flavivirus antibodies also
recognize complex quaternary epitopes composed of more than one domain or E protein
(de Alwis et al., 2012; Fibriansah et al., 2014; Kaufmann et al., 2010; Rouvinski et al.,
2015). In comparison, antibodies that recognize the fusion loop in DIl are more cross-
reactive and neutralize flaviviruses less efficiently (Pierson et al., 2008), although they
may still have protective activity in vivo (Dai et al., 2016; Vogt et al., 2011; Williams et al.,
2013).

[0072] In this study, we developed six mouse mAbs against ZIKV after
immunizing with live virus and boosting with infectious virus or recombinant E proteins.
Four of the mAbs (ZV-48, ZV-54, ZV-64, and ZV-67) neutralized infection of African,
Asian, and American strains of ZIKV whereas two (ZV-2 and ZV-13) inhibited infection
poorly. The neutralizing mAbs bound ZIKV subviral particles (SVPs) more avidly and in
greater numbers, which likely contributes to their more potent functional activities. Five of
the mAbs (ZV-2, ZV-48, ZV-54, Z\-64, and ZV-67) were ZIKV-specific and bound to DIII
whereas one (ZV-13) recognized the fusion loop in DIl and was cross-reactive with other
flaviviruses including DENV, WNV, and JEV. High-resolution crystal structures were
determined for three Fabs and one single chain variable fragment (scFv) bound to DIII,
defining three non-overlapping conformational epitopes; the lateral ridge (LR) (ZV-54
and ZV-67), the CC' loop (ZV-48 and ZV-64), and the ABDE sheet (ZV-2). In vivo
passive transfer studies in a lethal mouse model of ZIKV infection revealed protective
activity of neutralizing DIl LR mAbs. Overall, our results suggest that DIl is targeted by

several different type-specific antibodies with distinct neutralizing activities.
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Example 1. Generation of mAbs against ZIKV E protein

[0073] To generate a panel of neutralizing antibodies with broadly inhibitory
activity against ZIKV, /rf3" mice were serially infected 30 days apart with ZIKV MR-766
(Uganda 1947) and ZIKV H/PF/2013 (French Polynesia 2013). Irf3" mice were used
instead of wild-type (WT) mice, because ZIKV strains are deficient in evading type |
interferon-mediated immunity (Lazear et al., 2016; Rossi et al., 2016) due in part to an
inability to antagonize mouse Stat2 (Grant et al., 2016). Three days before myeloma-
splenocyte fusion, mice were boosted intravenously with ZIKV H/PF/2013 or
recombinant DIIl (amino acids 299 to 407 of the ZIKV E protein). After screening ~2,000
hybridomas, six mAbs were isolated that recognized ZIKV E protein by ELISA (Table 1).

[0074] The mAbs were tested for their specificity by evaluating reactivity
with cells infected by ZIKV, DENV (all four serotypes), or JEV. Five of the mAbs (ZV-2,
Z\V-48, Z-54, Z\/-64, and ZV-67) were ZIKV-specific and did not recognize DENV or
JEV-infected cells by flow cytometry (FIG. 1A, and data not shown); these mAbs all
bound to recombinant ZIKV DIl in a direct ELISA (FIG. 1B). In contrast, one mAb (ZV-
13) showed cross-reactivity and bound to cells infected with all serotypes of DENV (FIG.
1A). Consistent with this data, only ZV-13 bound to WNV E protein in an ELISA (FIG.
1B). ZV-13 recognized the highly conserved fusion loop in DII, as binding was lost to a
ZIKV E protein with mutations in highly conserved residues within and immediately

proximal to the fusion loop (FIG. 1B).

Example 2. Neutralizing activity against ZIKV in vitro

[0075] The mAbs were evaluated for their ability to inhibit ZIKV H/PF/2013
infection in Vero cells using a focus reduction neutralization test (FRNT) (Brien et al.,
2013). Four (ZV-48, ZV-54, ZV-64, and ZV-67) of the six mAbs had neutralizing activity
whereas two (ZV-2 and ZV-13) did not inhibit infection appreciably (FIG. 1C). To
determine the breadth of their activity, the mAbs were evaluated for inhibition of infection
by three other ZIKV isolates including two African (MR-766, Uganda 1947 and Dakar
41519, Senegal 1982) and an American (Paraiba 2015, Brazil) strain. Whereas ZV-54
and ZV-67 neutralized all four ZIKV strains, ZV-48 and ZV-64 showed reduced inhibitory
activity against the other tested strains (FIG. 1C).
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Example 3. Binding characteristics of anti-ZIKV mAbs

[0076] It was next assessed whether the variation in neutralizing activity
among the antibodies could be explained by differences in relative binding to the ZIKV E
protein derived from H/PF/2013. Based on the ELISA data, the mAbs were tested for
binding to a recombinant DIII produced in E. coli using biolayer interferometry (BLI)
(FIG. 2A and Table 1) or, for the fusion-loop epitope binding ZV-13, the monomeric
form of the ectodomain of E expressed in mammalian cells (FIG. 7 and Table 1). These
biophysical analyses showed that mAbs with stronger neutralizing capacity had greater
binding affinities for recombinant proteins. For example, the best neutralizing antibodies,
ZV-54 and ZV-67, had the highest affinities with KD equilibrium values less than 10 nM.
These two mAbs also showed the slowest dissociation rates, with half-lives of 33 and
13.8 minutes, respectively. The mAbs with intermediate neutralizing capacity, ZV-64
and ZV-48, had lower affinities, with KD equilibrium values around 35 nM, and more
rapid off-rates, having half-lives of 1 and 3.2 minutes, respectively. ZV-2 and ZV-13,
which do not inhibit infection appreciably, showed weaker binding, with KD equilibrium
values greater than 250 nM.

[0077] Based on the interactions of individual mAbs with purified ZIKV
proteins, it was speculated that differences in the stoichiometry of binding to the viral
particle, which also is a function of epitope accessibility (Pierson and Diamond, 2015;
Pierson et al., 2007), also might correlate with the neutralization data. To test this idea,
purified ZIKV subviral particles (SVPs, prM-E) were captured on 96 well plates and
binding of biotinylated detection mAbs (ZV-2, ZV-13, ZV-48, ZV-54, Z\-64, and ZV-67)
were analyzed over a range of concentrations. Notably, there was an association
between the functional avidity of binding and the ability to neutralize infection: ZV-67 and
ZV/-54 bound most avidly whereas ZV-2 and ZV-13 bound more weakly (FIG. 2B). This
data also showed that even at the highest concentrations tested (i.e., 10 pg/ml) ZV-2
and ZV-13 failed to saturate binding to the SVPs.

[0078] As these binding studies were performed with SVPs, these results
were confirmed with pseudo-infectious reporter virus particles (RVPs) in a functional

assay. Antibody-mediated neutralization requires engagement of the virions by antibody
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with a stoichiometry sufficient for neutralization. Antibody-dependent enhancement of
infection (ADE) occurs following engagement of the virion by fewer antibody molecules
(Pierson and Diamond, 2015), and thus represents a sensitive functional probe for
antibody binding to an infectious virion. The antibody concentration dependence and
magnitude of ADE of ZIKV and DENV by the anti-ZIKV mAbs was evaluated using an
established assay (Pierson et al., 2007) in Fc1 receptor Il (Fc1RIl, CD32A) expressing
human K562 cells. While all ZIKV mAbs enhanced infection to varying degrees, those
which bound SVPs weakly (e.g., ZV-2) also minimally supported Fc1RII-mediated
infection (FIG. 2C). Reciprocally, as described previously for WNV antibodies (Pierson
et al., 2007), the most inhibitory anti-ZIKV mAbs (e.g., ZV-54 and ZV-67) exhibited ADE
but this occurred only at sub-neutralizing concentrations. These experiments also
corroborated the type-specificity of the mAbs, as only ZV-13 supported ADE of DENV;
this latter observation suggests that at least some ZIKV-specific antibodies generated

during natural infection are capable of enhancing DENV infection in vitro.

Example 4. Structures of ZIKV antibodies in complex with DIl

[0079] To gain insight into the basis for differential binding and neutralization
of the ZIKV mAbs, Fab fragments or scFvs were generated and crystal screening using
DIl of ZIKV H/PF/2013 was performed. High-resolution X-ray crystal structures were
obtained for four antibody complexes with DIIl: ZV-2 Fab to 1.7 A resolution, ZV-48 scFv to
1.7 A resolution, ZV-64 Fab to 1.4 A resolution, and ZV-67 Fab to 1.4 A resolution (FIG.
3A, data collection and refinement statistics in Table 2, antibody-antigen structural
analysis in Table 3, Table 4, and Table 5). In all four complexes, ZIKV DIl adopts a
highly conserved structure nearly identical to that observed in soluble E dimers (Dai et
al., 2016) as well as mature virions (Kostyuchenko et al., 2016; Sirohi et al., 2016) with
significant variation observed only at the N and C-terminal regions of the domain.
Analysis of antibody contact residues indicates that ZV-2 and ZV-67 binding is
dominated by heavy chain complementarity determining region (CDR) usage whereas
ZV-48 and ZV-64, which both engage DIl in a similar manner, primarily use light chain
CDRs (Table 3, Table 4, and Table 5, and FIG. 8). Notably, 10 of 12 light chain CDR

contact residues are identical in ZV-48 and ZV-64 whereas only 2 of 11 heavy chain
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CDR residues are the same, with the most significant difference in the short CDR-H3 of
ZV-48 that makes more contact with DIl than the long CDR-H3 found in ZV-64 (FIG. 1B
and FIG. 8). Comparison of the sequences of ZV-67 with ZV-54, the latter of which
lacks structural data, suggests that they bind DIl in a highly analogous manner, as only
two contact residues differ, CDR-L3 Tyr/Phe"® and CDR-H1 Ser/Thr™'.

Example 5. ZIKV mAbs bind three spatially distinct epitopes on DIII.

[0080] Analysis of the docking of the mAbs onto DIl indicates that ZV-2 and
Z\V-67 binding should not compete with ZV-48 or ZV-64 binding, whereas ZV-48 and ZV-
64 should compete with each other (FIG. 3B). To evaluate this prediction experimentally a
competitive BLI assay was conducted (FIG. 3C). When ZV-67 was immobilized, it was
observed that both ZV-64 and ZV-2 could bind in a DIlI-dependent manner. In contrast,
ZV-54 binding was excluded supporting the idea that ZV-67 and ZV-54 recognize that
same DIl determinants. Analogously, immobilized ZV-48 allowed for the binding of ZV-67
and ZV-2 after DIl capture, but ZV-64 was blocked competitively. This analysis strongly
supports the structural observations and defines three distinct ZIKV type-specific epitopes
on DIIl.

Example 6. ZIKV DIll epitope mapping

[0081] The precise footprints of the mAbs on ZIKV DIIl were next examined
(FIG. 4A and FIG. 4B). ZV-2 binds to a large, fairly flat surface created by 21 van der
Waal contact residues on the exposed face of the ABDE 3-sheet of DIll (Table 3). The
ABDE sheet epitope is highly conserved among ZIKV sequences but many of the
primary contacts diverge in DENV and other flaviviruses. Previous structural studies of the
DENYV cross-reactive mAb 2H12 revealed that it contacts six of the same residue
positions, especially near the A-B loop, with 4 residues conserved in DENV-3 (Midgley et
al., 2012). ZV-48 and ZV-64 both primarily engage the C- and C'- B-strands and
connecting loop, which project away from the B-sandwich core of DIIl. Each of these two
antibodies contact a total of 15 residues, with ZV-64 uniquely contacting Val®>® and ValF**!
and ZV-48 uniquely interacting with Asp®*®* and Val®*® using CDR-H1 Asn"*' and CDR-

H2 Asn"™®®, both of which are Ser residues in ZV-64 that makes no analogous contacts.
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The C-C' loop epitope recognized by ZV-48 and ZV-64 is remarkably similar to that
engaged by the DENV-1 type specific antibody E111 (Austin et al., 2012), with 9
structurally related positions contacted (4 conserved) (FIG. 4A).

[0082] The epitope recognized by ZV-67 is created by four discrete
secondary structure elements of ZIKV DIII; the A-strand, B-C loop, D-E loop, and F-G loop.
A total of 21 residues are contacted by ZV-67, with only one difference between the two
ZIKV immunizing strains EF*% in H/PF/2013, DF** in MR-766). This epitope region has
been termed the LR, and was described in relation to the binding of the potently
neutralizing E16 mAb against WNV DIII (Nybakken et al., 2005). A total of 13 of 16 WNV
DIl residue positions contacted by E16 also are contacted by ZV-67, and 7 of these
positions share the same sequence on H/PF/2013 DIII (FIG. 4A). DV1-E106 is another
mMAD recognizing the LR-epitope that has been characterized structurally in complex with
DENV1 DIll (Edeling et al., 2014); it shares 10 contact positions with ZV-67, four of which
are conserved in the B-C loops of both WNV and ZIKV (Tyr=**?, GIy*** Thr=*** and
ASpE336)
two DENV complex-specific mAbs, 1A1D-2 (Lok et al., 2008) and 4E11 (Cockburn et al.,
2012), both of which make significant contacts with the A-, B-, E-, and G-strands of DIl
(FIG. 4A). 1A1D-2 bound to DENV-2 DIl shares 7 contact positions with ZV-67 (2

sequence conserved), whereas 4E11 bound to DENV-4 DIl shares 10 contact positions (3

. Another related epitope (termed the A-strand) has been described structurally for

conserved). Notably, these A-strand epitope binding mAbs do not make significant contact
with the B-C or F-G loop residues engaged by LR-epitope mAbs. Collectively, the three
distinct DIl epitopes recognized by our mAbs are composed of 59 residues, which
represents nearly one half of the total surface area of the domain. Remarkably there
was no overlap in the contact residues that constitute the ZIKV ABDE sheet, C-C' loop,

and LR epitopes.

Example 7. Exposed and cryptic ZIKV epitopes

[0083] The mADb-DIII structures were docked onto the cryo-EM-derived model
of the mature ZIKV virion (Kostyuchenko et al., 2016; Sirohi et al., 2016). With three
envelope glycoproteins in the asymmetric unit, there are three potential binding

environments for each of the mAbs. Whereas the LR epitope for ZV-67 was readily
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accessible on the mature virion (FIG. 5A), the C-C' loop and ABDE sheet epitopes were
occluded almost completely in all three symmetry environments. We next examined the
exposure of the ABDE sheet epitope on the E ectodomain crystal structure (Dai et al.,
2016) and found that Fab binding is blocked sterically due to the positioning of DI (FIG. §B).
Furthermore, dimerization of E would preclude ZV-2 mAb binding as its CDR loops contact
several of the same DIl residues that are contacted by the DIl fusion loop residues in the
dimer. Examination of the binding of ZV-64 reveals that it likely engages the cryptic C-C'
loop epitope in a manner similar to the DENV-1 specific mAb DV1-E111 (Austin et al.,
2012) (FIG. 5C and FIG. 5D). Residues on the C-C' loop are intimately involved in lateral E
protein contacts on the mature virion, so their exposure would require substantial
reorganization of the particle, which perhaps could occur locally rather than globally. The
most potent mAbs, ZV-67 and ZV-54, recognize the LR epitope in manner similar to WNV-
E16, which can bind up to 120 of the 180 copies of DIl on the mature virion (Kaufmann et
al., 2006; Nybakken et al., 2005) (FIG. 5C and FIG. 5E). This is the same stoichiometry
observed for the binding of the A-strand-specific mAb 1A1D-2 (Lok et al., 2008), which like
4E11 (Cockburn et al., 2012), can broadly neutralize multiple DENV serotypes (FIG. 5F).
The clustering of DIII LR epitopes around the five-fold axis of symmetry appears to
sterically preclude binding at this site (FIG. 5A), although minor repacking of the interface

could lead to possible binding (Edeling et al., 2014).

Example 8. In vivo protection studies

[0084] Recently, in vivo models of ZIKV pathogenesis in mice deficient in
type | IFN signaling have been generated (Lazear et al., 2016; Rossi et al., 2016). A loss
of Ifnar expression or blockade of Ifnar function was necessary because ZIKV does not
replicate efficiently in wild-type (WT) mice due in part to a species-specific lack of
antagonism of mouse Stat2 (Grant et al., 2016), a key signaling intermediate downstream
of type | IFN signaling. To evaluate whether neutralizing mAbs protected against ZIKV
infection in vivo, 4 to 5 week-old WT C57BL6 mice were treated at day -1 with anti-Ifnar (2
mg) and anti-ZIKV or isotype control mAbs (250 ug) and then animals were infected at
day 0 with an African ZIKV strain that is more pathogenic in mice than isolates from Asia

or the Americas (Lazear et al., 2016). Treatment of mice with anti-Ifnar mAb and a non-
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binding isotype control mAb (CHIKV-166 (Pal et al., 2013)) resulted in high levels of ZIKV
RNA in serum at day 3 (FIG. 6A) and significant weight loss and mortality (FIG. 6B and
FIG. 6C). In comparison, treatment with anti-Ifnar mAb and the DIl LR mAbs ZIKV-54 or
ZIKV-67 resulted in reduced viremia and complete clinical protection. Thus, and
consistent with a recent vaccine study that showed antibody-mediated protection against
ZIKV viremia in BALB/c mice (Larocca et al., 2016), our neutralizing anti-ZIKV mAbs can
protect against lethal ZIKV infection in IFN-deficient C57BL/6 mice; this model is a
stringent test of protection since in humans the overwhelming majority of infections do not

result in lethality.

Discussion for the Examples

[0085] Currently, there is no effective prevention or treatment of ZIKV
infection other than avoidance of its mosquito vectors or travel to endemic regions. Given
the potential devastating effects of this rapidly emerging infectious disease, the
development of therapeutics and vaccines is considered a high priority. Herein, a panel
of mAbs against ZIKV was developed that could provide insight into the epitopes that are
recognized by neutralizing antibodies. This information could be used to focus vaccine
efforts, inform the development of diagnostics with greater specificity, or alternatively, the
antibodies themselves could be developed as therapeutics to prevent or mitigate
infection during pregnancy. After inoculating mice with infectious ZIKV, a panel of ZIKV-
specific mAbs were generated and characterized at both the functional and structural
level. Four of the mAbs (ZV-48, ZV-54, Z\/-64, and ZV-67) were ZIKV-specific, bound to
sites within DIl and neutralized infection of a contemporary Asian strain of ZIKV.
Whereas ZV-54 and ZV-67 neutralized other ZIKV strains efficiently, ZV-48 and ZV-64
showed reduced inhibitory activity against American and African ZIKV strains. Sequence
analysis of the VL region of ZV-48 and ZV-64 suggest they are sibling clones, although
the VH domains of the IgG heavy chains are distinct and make little contact with DIII. In
comparison, the functionally related ZV-54 and ZV-67 mAbs have highly similar VL and
VH sequences. From these analyses, three spatially distinct type-specific epitopes on
ZIKV DIIl (LR, C-C' loop, and ABDE sheet) with functionally different properties were

identified. Finally, in vivo passive transfer studies revealed protective activity of ZV-54
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and ZV-67 against an African ZIKV strain in a lethal challenge model in mice.
Collectively, these results suggest that ZIKV DIl is targeted by distinct type-specific
antibodies, some of which have neutralizing and protective activity.

[0086] Type-specific protective and neutralizing mAbs in DIl have been
observed in studies with other flaviviruses including WNV (Beasley and Barrett, 2002;
Oliphant et al., 2005; Sanchez et al., 2005), DENV (Brien et al., 2010; Gromowski and
Barrett, 2007; Sukupolvi-Petty et al., 2010; Sukupolvi-Petty et al., 2013; Wahala et al.,
2010), JEV (Goncalvez et al., 2008; Wu et al., 2003), and TBEV (Zlatkovic et al., 2013).
As no other ZIKV-specific mAbs have been described to date, it remains uncertain
whether the DIl epitopes reported here are immunodominant in humans. However,
antibodies to DIII, which is prominently displayed on the surface of flaviviruses (Pierson
and Diamond, 2013), appear less dominant in the human response against other
flaviviruses (Beltramello et al., 2010; Jarmer et al., 2014; Smith et al., 2013). The
structures of three other antibodies with reactivity against ZIKV have been published
recently. Dai et al described the 3.0 A structure of ZIKV E protein in complex with a cross-
reactive murine antibody, 2A10G6 (Dai et al., 2016). This antibody bound the highly
conserved fusion loop in DIl and was poorly neutralizing (PRNT50 value of 249 ug/ml) yet
still protected AG129 mice against lethal ZIKV infection, possibly through Fc effector
mechanisms as was reported for fusion loop directed mAbs against WNV (Vogt et al.,
2011). ZV-13 had a similar neutralizing profile in vitro and bound to an epitope on DII
containing the fusion loop; although ZV-13 has not yet been tested in vivo, other fusion
loop-specific mAbs (e.g., WNV E53 and WNV EG0 (Oliphant et al., 2006)) showed little
protective activity against ZIKV infection in mice (E. Fernandez, J. Govero, and M.
Diamond, unpublished observations). In comparison, Barba-Spaeth et al reported 2.4 A
and 2.6 A structures of ZIKV E protein complexed with mAbs C8 or A11 antibodies (Barba-
Spaeth et al., 2016), both of which were generated by DENV-infected patients and
recognize the EDE dimer epitopes (Rouvinski et al., 2015). These cross-reactive anti-
DENYV antibodies neutralized ZIKV infection and thus, identified an unrecognized link of
neutralization across multiple flaviviruses. However, in this study, no protection

experiments with C8 or A11 and ZIKV were undertaken in animals.
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[0087] Three of the mAbs recognized cryptic epitopes in the ABDE sheet
(ZV-2) and C-C' loop (ZV-48 and ZV-64) on DIlI, which are not predicted to be accessible
on the mature virion based on the cryo-electron microscopic structures of ZIKV H/PF/2013
(Kostyuchenko et al., 2016; Sirohi et al., 2016). So how were these antibodies generated
in vivo”? ZN-48 and ZV-64 were the product of serial infections with two different strains of
ZIKV (MR-766 and H/PF/2013) and a final three-day boost with purified DIl prior to fusion
and hybridoma generation. While it is possible that ZV-48 and ZV-64 were selected
against the recombinant protein during the last boost, it seems more likely that (a) viral
breathing (Dowd et al., 2011) allows exposure of the C-C' loop, as observed previously
for a neutralizing DENV-1 mAb (Austin et al., 2012); or (b) the structure of MR-766 is
distinct, and the C-C' loop epitope is more exposed. For ZV-2, it is more difficult to
comprehend, as this mAb was a product only of repetitive prime-boosts with infectious
ZIKV MR-766 and H/PF/2013. Although further study is warranted, other possible ways to
generate antibodies against cryptic epitopes include exposure of the epitope on partially
mature viruses (Nelson et al., 2008), SVPs, “broken” viral particles, or cleaved soluble
envelope proteins. The binding studies with SVPs suggest that the C-C' loop but not the
ABDE sheet epitope is accessible on SVPs.

[0088] The two mAbs (ZV-48 and ZV-64) that bound to the C-C' loop
showed reduced neutralizing activity against the American and African strains. Sequence
alignment of the C-C' loop contact residues in DIII of all four tested strains (FIG. 3 and
data not shown) failed to reveal an obvious explanation for the loss of inhibitory activity
relative to the Asian H/PF/2013 ZIKV strain. Only a single amino acid change (A343V) in
the crystallographic footprint was identified in MR-766 and Dakar 41671, and this
substitution was not present in the Paraiba 2015 sequence. So how is this loss of
inhibitory activity for ZV-48 and ZV-64 explained? This phenotype is reminiscent of that
observed with a neutralizing anti-mAb (DV1-E111) that also bound the C-C' loop of DIII,
in this case, of DENV-1. With DV1-E111, a genotype-dependent pattern of neutralization
was observed (Austin et al., 2012) that mapped to a single conservative amino acid
substitution in DIl remote from the footprint of the epitope (Dowd et al., 2015). Thus, the

neutralizing activity of anti-flavivirus mAbs binding to the partially ‘cryptic’ C-C' loop
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epitope can be altered in an epitope-independent manner by natural strain variation that
likely influences the ensembles of structures sampled by the virus.

[0089] Protection in vivo by the DIII LR neutralizing mAbs was observed
using a model of lethal ZIKV infection in immunosuppressed adult mice receiving a
blocking anti-Ifnar mAb. A key question remains whether passive transfer of neutralizing
antibodies will protect pregnant women and their developing fetuses from ZIKV infection
and congenital malformations, including microcephaly. Although mouse models of
infection of pregnant dams with resultant injury to the developing fetus have recently
been developed (Cugola et al., 2016; Miner et al., 2016), such protection studies were
not performed because mice, in contrast to many other mammalian species, lack
expression of the neonatal Fc receptor (FCRn) on their trophoblasts in the
chorioallantoic placenta (Kim et al., 2009). Rather, FcRn is expressed in the mouse yolk
sac endoderm, and thus, the transfer of IgG in mice is believed to be predominantly
postnatal (Pentsuk and van der Laan, 2009). As reduced levels of transport of maternal
or exogenous IgG into the fetus occur in mice, protection by a given antibody may be
underestimated. Passive transfer studies with neutralizing antibodies during pregnancy
may require experiments in mammals with more similar placental anatomy that are
susceptible to ZIKV infection and disease (e.g., nonhuman primates).

[0090] The utilization of ZIKV type-specific mAb-based therapeutics has a
potential advantage compared to cross-reactive mAbs: they would eliminate the risk of
ADE associated with DENV infection, which could occur if levels of cross-reactive
antibodies (e.g., EDE or fusion-loop antibodies) fell below the stoichiometric threshold of
neutralization (Pierson et al., 2007). In studies in mice and nonhuman primates,
administration of flavivirus cross-reactive antibodies targeting the fusion loop has
resulted in enhanced infection and disease (Balsitis et al., 2010; Goncalvez et al., 2007;
Zellweger et al., 2010), although in principle this can be overcome by genetic
modification of the Fc region of the antibody (Williams et al., 2013).

[0091] These studies identify ZIKV DIII as a potential target of neutralizing
antibodies, and thus a possible immunogen for generation of vaccines or boosting agents.

DIII, either as recombinant protein or in a DNA plasmid, has been used by several groups
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in the context of different flavivirus vaccines (Block et al., 2010; Martina et al., 2008;
Schneeweiss et al., 2011). Although neutralizing and protective antibodies are generated
in several animal species, the titers have been lower than expected, possibly because of
immunodominant sites on regions of DIll that normally are inaccessible on the viral
particle. There structural analysis herein provides a hierarchy of neutralization efficacy
associated with distinct epitopes on DIIl. Masking of epitopes that fail to elicit
neutralizing antibodies could be combined with epitope-focused vaccine design
approaches (Correia et al., 2014) to generate DIl variants that induce more protective
responses.

[0092] In summary, a panel of type-specific ZIKV mAbs were identified,
several of which bind to distinct regions on DIIl and have disparate functional activities
that are related to the accessibility of their epitopes on the virion. The extensive
characterization of these mAbs provide a path forward for developing prophylactic
antibodies for use in pregnancy, therapeutic antibodies to potentially prevent viral
persistence, or the design of domain and minimal epitope-specific vaccines against ZIKV.
Such interventions might mitigate disease, and possibly minimize the risk of vaccine-
associated Guillain-Barré syndrome, which likely occurs in the setting of humoral

responses to an as yet unidentified ZIKV protein (Lucchese and Kanduc, 2016).

Methods for the Examples

[0093] Ethics statement. This study was carried out in accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocols were approved by the Institutional Animal
Care and Use Committee at the Washington University School of Medicine (Assurance
no. A3381-01). Inoculations were performed under anesthesia that was induced and
maintained with ketamine hydrochloride and xylazine, and all efforts were made to
minimize animal suffering.

[0094] Cells. Vero cells (African green monkey kidney epithelial cells) and
C6/36 Aedes albopictus cells were propagated in DMEM supplemented with fetal
bovine serum (FBS, Omega) as described previously (Lazear et al., 2016). HEK-293T
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cells (human embryonic kidney) were maintained in DMEM supplemented with 7% FBS.
K562 cells (human lymphoblast) were cultured in RPMI supplemented with 7% FBS.

[0095] Viruses. ZIKV strain H/PF/2013 (French Polynesia, 2013) was
provided by the Arbovirus Branch of the Centers for Disease Control and Prevention with
permission (X. de Lamballerie, Aix Marseille Université) (Baronti et al., 2014). ZIKV Brazil
Paraiba 2015 was provided by S. Whitehead (Bethesda, MD) and originally obtained from
P. F. C Vasconcelos (Instituto Evandro Chagas, Brazil). ZIKV MR-766 (Uganda, 1947) and
Dakar 41519 (Senegal, 1982) were provided by the World Reference Center for Emerging
Viruses and Arboviruses (R. Tesh, University of Texas Medical Branch). DENV strains
(DENV-1 1254-4, DENV-2 172-08, DENV-3 N2845-09, DENV-4 N703-99) were isolated in
Nicaragua and generously provided (E. Harris, University of California, Berkeley). Virus
stocks were propagated in C6/36 cells after inoculating at a multiplicity of infection (MOI) of
0.01 and harvesting supernatants after 72, 96, or 120 h, as described previously (Lazear
et al., 2016). To generate a mouse-adapted pathogenic variant, ZIKV Dakar 41519 was
passaged in vivo in Rag7” mice (M. Gorman and M. Diamond, unpublished results) and a
brain homogenate was used for all antibody protection studies in mice. Virus stocks were
titrated by focus-forming assay (FFA) on Vero cells as described (Brien et al., 2013; Miner
et al., 2016). Studies with ZIKV were conducted under biosafety level 2 (BSL2) and
animal BSL3 (A-BSL3) containment at Washington University School of Medicine with
Institutional Biosafety Committee approval.

[0096] MAb generation. To generate anti-ZIKV mAbs, /rf3”~ mice were
infected and boosted with 10° FFU of ZIKV (MR-766 and H/PF/2013, respectively) and
given a final intravenous boost with infectious 10° FFU of ZIKV (H/PF/2013) (ZV-2 and
ZV-13) or purified DIl (ZV-48, ZV-54, ZV-64, and ZV-67) three days prior to fusion with
P3X63.Ag.6.5.3 myeloma cells. Hybridomas secreting antibodies that reacted with ZIKV-
infected Vero cells were identified by flow cytometry and cloned by limiting dilution. All
mADbs were purified by protein A affinity chromatography. The VH and VL sequences of
mAbs ZV-2, ZV-48, ZV-64, and ZV-67 were amplified from hybridoma cell RNA by a 5
RACE procedure.
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[0097] ZIKV mAbs domain mapping by ELISA. A MAXISORP 96-well plate
(Nunc) was coated with 50 ul of 2 pug/ml of recombinant ZIKV E, ZIKV E-FL (fusion loop
mutant), ZIKV DIIl, WNV-E or DV4-E overnight at 4°C. Plates were washed three times
in ELISA washing buffer (PBS with 0.02% Tween 20) followed by incubation with ELISA
blocking buffer (PBS, 2% bovine serum albumin, and 0.02% Tween 20) for 1 h at 37°C.

MADbs (0.5 pg/ml) were added for 1 h at room temperature. Plates were washed again

and then sequentially incubated with 2 pg/ml of horseradish peroxidase-conjugated anti-
mouse IgG and tetramethylbenzidine substrate. The reaction was stopped by the
addition of 1 N H2S04 to the medium, and emission (450 nm) was read using an iMark
microplate reader (Bio-Rad).

[0098] Neutralization assays. Serial dilutions of mAb were incubated with
100 FFU of different ZIKV for one hour at 37°C. MAb-virus complexes were added to
Vero cell monolayers in 96-well plates. After 90 minutes, cells were overlaid with 1%
(w/v) methylcellulose in Modified Eagle Media (MEM) supplemented with 4% FBS.
Plates were harvested 40 h later, and fixed with 1% PFA in PBS. The plates were

incubated sequentially with 500 ng/ml of ZV-16 (E. Fernandez, unpublished results) and
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG in PBS supplemented
with 0.1% saponin and 0.1% BSA. ZIKV-infected foci were visualized using TrueBlue
peroxidase substrate (KPL) and quantitated on an ImmunoSpot 5.0.37 macroanalyzer
(Cellular Technologies Ltd). Non-linear regression analysis was performed, and EC50
values were calculated after comparison to wells infected with ZIKV in the absence of
antibody.

[0099] MADb binding to flavivirus-infected cells. Vero or C6/36 cells were
inoculated with different flaviviruses (ZIKV H/PF/2013, DENV-1 1254-4, DENV-2 172-
08, DENV-3 N2845-09, and DENV-4 N703-99) in DMEM supplemented with 10 mM
HEPES, penicillin and streptomycin, and 10% FBS. At different time points after
infection (ZIKV H/PF/2013, MOI of 5, 24 h, Vero cells; DENV-1 1254-4, DENV-2 172-08,
DENV-3 N2845-09, DENV-4 N703-99, MOI of 0.01, 120 h, C6/36 cells), cells were
rinsed with PBS, detached, and centrifuged at 300 x g for 5 min. Cells were fixed with

4% paraformaldehyde (PFA, Electron Microscopy Sciences) diluted in PBS for 20 min at
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room temperature and permeabilized with HBSS (Invitrogen), 10 mM HEPES, 0.1%
saponin (Sigma), and 0.025% NaN3 (Sigma) (Perm buffer) for 10 min at room
temperature. Cells then were rinsed one additional time with Perm buffer. Fifty-thousand
cells were transferred to a U-bottom plate and incubated for 1 h at 4°C with 10 pg/ml of
anti-ZIKV mAbs or isotype controls (negative, CHK-166 (Pal et al., 2013); positive, WNV
ES3 (Oliphant et al., 2006)). After washing, cells were incubated with an Alexa Fluor
647-conjugated goat anti-mouse IgG (Invitrogen) for 1 h at 4°C. Cells were fixed in 1%
PFA in PBS, processed on a FACS Array (BD Biosciences) and analyzed using FlowJo
software (Tree Star).

[0100] Biolayer interferometry binding assays. The binding affinity of purified
ZIKV E or ZIKV DIII protein with ZIKV mAbs was monitored by BLI using an Octet-Red96
device (Pall ForteBio). Briefly, 100 ug of each antibody was mixed with biotin (EZ-Link-

NHS-PEG4-Biotin, Thermo Fisher) at a molar ratio of 20:1 biotin:protein and incubated at
room temperature for 30 min. The unreacted biotin was removed by passage through a
desalting column (5 ml Zeba Spin 7K MWCO, Thermo Fisher). The antibodies were
loaded onto streptavidin biosensors (ForteBio) until saturation, typically 2 pg/ml for 3 min,
in HBS-EP buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% P20
surfactant) with 1% BSA. Association and dissociation were measured at 25°C for all
mADbs. Dissociation of the complexes was monitored by dipping sensors in binding
buffer alone. The real-time data were analyzed using Biaevaluation 4.1 (GE
Healthcare). Association and dissociation profiles, as well as steady-state equilibrium
concentration curves, were fitted assuming a 1:1 binding model.

[0101] SVP production and binding assay. ZIKV SVPs were generated as

described previously for WNV (Hanna et al., 2005). Briefly, a plasmid encoding the prM-E
gene of ZIKV H/PF/2013 was transfected into HEK-293T cells. Transfected cells were
incubated at 30°C, and SVPs were harvested every 24 h post-transfection were filtered
through a 0.2 pm filter and stored aliquoted at -80°C. For binding assays, 96-well high-
binding plates (Immulon 4HBX; Thermo Scientific) were coated with 1 pg/ml of ZV-67 in
coating buffer (15 mM sodium carbonate, 35 mM sodium bicarbonate, pH 9.6) overnight

at 4°C. Between each step, plates were washed three times with PBS + 1.5% Tween 20
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(PBS-T). Plates were blocked with PBS-T + 1.5% BSA, followed by capture of SVPs
diluted in blocking buffer for 1 h at 37°C. Plates were incubated with the indicated
concentrations of biotin-conjugated monoclonal antibodies (ZV-2, ZV-13, ZV-48, ZV-54,
ZN-64, ZV-67) for 30 min at 37°C, followed by incubation with 30 ng/ml streptavidin-HRP
for 30 min at 37°C. The plates were developed with SureBlue TMB substrate (KPL) and
stopped with 1 M HCI. Plates were analyzed at 450 nm, with a 570 nm correction
(BioTek).

[0102] ADE studies. RVP production and subsequent ADE assays were
performed using approaches detailed in prior studies with WNV and DENV RVPs (Dowd
et al., 2011; Obara et al., 2013; Pierson et al., 2007). Briefly, plasmids expressing the C-
prM-E genes of ZIKV H/PF/2013 or DENV-2 16881 were co-transfected into HEK-293T
cells with a plasmid encoding a WNV replicon expressing GFP. Transfected cells were
incubated at 30°C and RVPs harvested on days 3-6 post-transfection, filtered through a
0.2 pM filter, and stored aliquoted at -80°C. For ADE studies, RVPs were incubated with
serial dilutions of mAb under conditions of antibody excess for 1 h at 37°C to allow for
steady-state binding, followed by infection of FcyRIla® K562 cells. Infections were
carried out at 37°C and GFP-positive infected cells detected by flow cytometry 48 h
later.

[0103] Mouse protection experiments. Mice were purchased from Jackson
Laboratories (WT C57BL/6J, # 000664). Mice (4 to 5 week-old) were inoculated with ZIKV

by subcutaneous (footpad) route with 10° FFU of mouse-adapted ZIKV Dakar in a volume

of 50 uL. One day prior to ZIKV infection, mice were treated with 2 mg of an Ifnar-blocking
mAb (MAR1-5A3) (produced by Leinco Technologies) (Sheehan et al., 2006) by
intraperitoneal injection, as described previously (Lazear et al., 2016). ZIKV mAbs were
administered as a single 250 ug dose one day before infection via an intraperitoneal route.
Survival and weight loss were monitored. Serum samples were obtained at day 3 after
ZIKV infection and extracted with the Viral RNA Mini Kit (serum) (QIAGEN). ZIKV RNA
levels were determined by TagMan one-step quantitative reverse transcriptase PCR (gRT-
PCR) on an ABI 7500 Fast Instrument using standard cycling conditions. Viral burden is

expressed on a log10 scale as viral RNA equivalents per milliliter after comparison with a
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standard curve produced using serial 10-fold dilutions of ZIKV RNA. A published primer
set was used to detect ZIKV RNA (Lanciotti et al., 2008): forward, 5-
CCGCTGCCCAACACAAG-3; reverse, 5-CCACTAACGTTCTTTTGCAGACAT-3;
probe, 5-/56-FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABKFQ/-3
(Integrated DNA Technologies).

[0104] Protein production, purification, and crystallization. A cDNA encoding
the full-length prM and ectodomain of E of ZIKV (strain H/PF/2013, residues 123-696,

GenBank Accession KJ776791) was placed in the mammalian expression vector pFM1.2

(Mancia et al., 2004) downstream of a human IL-2 signal sequence peptide
(MPLLLLLPLLWAGAL) and terminated with a hexahistidine affinity tag. The protein was
expressed by transient transfection of Expi293F cells using HYPE-5 reagent (Oz
Biosciences) in serum-free Expi293 medium (Thermo Fisher). Cell supernatants were
harvested 72 h after transfection. The soluble E protein was recovered by capture on
nickel agarose beads (Goldbio) and purified by passage over S200 Superdex. The
protein storage buffer contained 25 mM HEPES-HCI pH 7.4, 150 mM NacCl, and 0.01%
sodium azide at 4 C. A ZIKV quad-fusion-loop variant (ZIKV E-FL) was made by site-
directed mutagenesis (T76A, Q77G, W101R, L107R, as numbered from the mature N-
terminus). A cDNA encoding the full-length prM and ectodomain of E DENV-4 (residues
113-678 of strain H241, GenBank accession AY947539) was inserted into pFM1.2
vector for transient expression in Expi293F cells. WNV E ectodomain (residues 291-694
of strain New York 1999, GenBank accession YP001527877) was produced in bacteria
and refolded as described previously (Oliphant et al., 2007).

[0105] An untagged form of ZIKV DIII (strain H/PF/2013, residues 299 to
407) was cloned into the pET21a vector (Novagen) and expressed by IPTG-induction in
BL21 (DES3) bacterial cells (Agilent). Isolated inclusion bodies were solubilized and
oxidatively re-folded, as previously described for WNV DIII (Nybakken et al., 2005). ZV-48
scFv was engineered with a (GGGGS); linker between the VL and VH domains, cloned
into the pET21a vector, and expressed in the BL21 (DES3) as inclusion bodies. The ZV-48
scFv was refolded in vitro in a manner similar to ZIKV DIII. After protein A affinity

purification, the ZV-2, ZV-64 and ZV-67 IgG were cleaved with immobilized papain (Pierce
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Biotechnology), and Fab fragments were recovered by passage over a second protein A
affinity column to remove cleaved Fc and any uncleaved IgG. The ZV-48 scFvs were
complexed with excess DIIl and purified by size exclusion chromatography in 150 mM
NaCl and 20 mM HEPES pH 7.5. The ZV-48 scFv-Dlll complexes were crystallized by
hanging drop vapor diffusion at 14 mg/ml in 0.2 M Ammonium sulfate and 15 % (w/v) PEG
4000. Crystals were cryo-protected in a solution containing 20% ethylene-glycol and
cooled in liquid nitrogen for data collection. Concentrated Fab and DIl preparations were
mixed at a 1:1 stoichiometry, incubated at 4°C overnight, then used for crystallization trials
without further purification. Diffraction-quality crystals of ZV-2-DIll complex were obtained
in 0.1 MMES pH 6.5, 0.6 M NaCl and 20.6% PEG 4000 at 13 mg/ml. Diffraction-quality
crystals of ZV-64-Dlll were obtained in 0.1 M sodium acetate and 22% PEG 4000 at 15
mg/ml. Diffraction-quality crystals of ZV-67-DIll were obtained in 0.2 M Ammonium
formate, 20% PEG 3350 at 14 mg/ml.

[0106] Structure determination and refinement. Fine-sliced diffraction data

were collected at ALS beamline 4.2.2 (Molecular Biology Consortium) at 100 K at a
wavelength of 1.0 A using a CMOS detector in shutter-less mode. Data were processed in
XDS (Kabsch, 2010) and scaled using AIMLESS (Evans and Murshudov, 2013).
Molecular replacement phasing was accomplished in PHENIX (Adams et al., 2010) using
the PHASER GUI (McCoy et al., 2007), with the structure of ZV-2 in complex with ZIKV
DIl (H/PF/2013) determined first using the coordinates of WNV E16-DIll (RCSB:1ZTX)
(Nybakken et al., 2005) assembled as three probes (VLVH, CLCH, and DIlII) and
subsequent structures determined using ZV-2-Dlll coordinates. Repeated cycles of model
building and atomic refinement were carried out in COOT (Emsley et al., 2010) and
PHENIX. A summary of the data collection and refinement statistics is provided in Table 2.

[0107] Structural analysis. Antibody-antigen contacts were assessed using

HBPLUS employing default settings (McDonald and Thornton, 1994), buried surfaces
were calculated using AREAIMOL (Lee and Richards, 1971), and shape
complementarity was measured using Sc (Lawrence and Colman, 1993). All structural
representations were colored and rendered using the PyMOL Molecular Graphics

System (www.pymol.org).
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[0108] Statistical analysis. All virological data were analyzed with

GraphPad Prism software. Kaplan-Meier survival curves were analyzed by the log rank
test, and weight losses and viremia were compared using an ANOVA with a multiple
comparisons test. A P value of < 0.05 indicated statistically significant differences. SVP

ELISA data were analyzed by non-linear regression analysis using a one-site binding

model.
Table 1. Characteristics of anti-ZIKV mAbDs.
mAb | Priming® % Isotype® Domain Cross-reactivity® | Affinity for tio°
Neutralization localization Dill or ZIKV | (min)
(undiluted and epitope® E Ko (nM)"
sups)®
ZV-2 Virus <30 lgG2c Dl none 266 + 42 0.3
(ABDE sheet)
ZV-13 Virus <30 lgG2c DI-lI WNV, JEV, 254+ 10 3.3
(fusion loop) | DENV-1,-2,-3,-4
ZV-48 | Virus + 100 lgG2c Dl none 35108 3.2
DI (C-C’ loop)
ZV-54 | Virus + 100 lgG2c Dl none 791202 33.0
DI (LR)
ZV-64 | Virus + 98 lgG2c Dl none 32113 1.0
DI (C-C’ loop)
ZV-67 | Virus + 100 lgG2c Dl none 8817 13.8
DI (LR)

? To generate mAbs, mice were infected and boosted with 10° FFU of ZIKV (MR-766 and H/PF/2013,
respectively) and given a final intravenous boost with live ZIKV (H/PF/2013) or purified DIII.

® Undiluted hybridoma supernatant (~20 pg/ml) was incubated with 10°FFU of ZIKV (strain H/PF/2013)
for one hour at 37°C. Virus-mAb mixtures were added to Vero cell monolayers for one hour at 37°C prior
to addition of a methylcellulose overlay (described in the Methods). The percent neutralization was
determined compared to medium alone. Results are representative of at least three independent
experiments.

°MAD isotype was determined using a commercial ELISA kit.

4 Domain localization and epitope was determined by binding to WT or mutant recombinant proteins or X-
ray crystallography (see FIG. 1 and FIG. 3).

® Cross-reactivity was determined by flow cytometric analysis of flavivirus-infected cells.

fKD (equilibrium) were determined by BLI with ZIKV E (ZV-13) or DIl (ZV-2, ZV-48, ZV-54, ZV-64, ZV-67)
as described in FIG. 2 and FIG. 7.

9 Calculated from the dissociation constant, ky kinetic.
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Table 2. Data collection and refinement statistics.
ZV-2 Fab/DIll ZV-48 scFv/Dlll ZV-64 Fab/Dlll ZV-67 Fab/Dlll
complex complex complex complex

PDB ID code 5KVD KDVE 5KVF 5KVG
Unit-cell, A
Space group P2,2:2, C222, P2,2:2, P2,2:2,
®Resolution range, 33.65-1.65 48.5-1.170 19.63-14.0 57.54 —-1.40
A (1.71-1.65) (1.76-1.70 (1.45-1.40) (1.45-1.40)

Total reflections

Unique reflections

479367 (47934)
71306 (7038)

645120 (57943)
44589 (4335)

1093004 (103810)
104933 (10362)

3080888 (292949)
111954 (11045)

Average multiplicity
Mean l/o (I)

Completeness, %

6.7 (6.8)
18.78 (2.12)
99 (99)

14.5 (13.3)
14.28 (1.60
98 (96)

10.4 (10.0)
19.70 (1.83)
100 (100)

275 (26.5)
2262 (2.13)
100 (100)

Rmerge 0.0592 (0.9598) 0.1504 (1.9540) 0.0821 (1.4200) 0.1098 (1.7170)
Rmeas 0.0642 (1.0390 0.1559 (2.0320) 0.0864 (1.4970) 0.1119 (1.7500)
Ccc1/2 0.999 (0.723) 0.999 (0.723) 0.999 (0.595) 1(0.789)
cc* 1 (0.916) 1 (0.916) 1 (0.864) 1 (0.939)
Refinement
Rwork 0.1901 (0.2747) 0.1870 (0.3100) 0.1538 (0.2458) 0.1489 (0.1973)
°Rfree 0.2214 (0.2916) 0.2134 (0.3361) 0.1866 (0.3038) 0.1794 (0.2519)
CC(work) 0.967 (0.789) 0.963 (0.844) 0.970 (0.826) 0.971 (0.906)
CC(free) 0.949 (0.727) 0.964 (0.725) 0.963 (0.726) 0.964 (0.843)
Number of Atoms
non-hydrogen atoms 4961 3210 4911 5121
macromolecules 4253 2554 4205 4109
ligands 18 39 30 2
Protein residues 550 331 546 540
Solvent molecules 690 619 675 1009
RMS(bonds) 0.004 0.003 0.005 0.006
RMS(angles) 0.76 0.67 0.85 0.94
Coordinate error (MLH) 0.21 0.21 0.16 0.13
Ramachandran, 98 98 98 99
favored, %
Ramachandran, 2.00 1.90 1.50 0.97
allowed, %
Ramachandran, 0 0 0 0
outliers, %
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Clashscore 2.72 3.33 2.99 1.36

B-factor Model 25 TLS groups 26 TLS groups anisotropic anisotropic

Average B factor, A 31.68 29.48 21.45 20.94
macromolecules 30.56 25.98 19.50 17.98
ligands 34.31 73.38 33.71 20.45
solvent 38.55 41.19 33.06 32.97

?Values in parentheses refer to the highest resolution shell. ° Rfree = free R factor based on random 5%
of all data. Diffraction source was ALS BL4.2.2 using detector RDI CMOS_8M. Data processing, scaling
statistics, and refinement statistics are described in the Methods.

Table 3. Van der Waals contacts for Fab and scFv DIIl complexes.
DIlI ZV-2 DIlI ZV-67
Lys™"" lle™°(1) Thr=% [ Tyr™%(4)
Thr=™ Ser~°(1) Ala="™ | Asn™°(3), Tyr™%(1)
Lys®=™ Tyr °A(12),Asp 0T (1) Ala=" [ Asn™5(7), Tyr™ ' (2)
le="" Tyr PA(@3) Phe™™ | Ser~°(1)
Pro=" Tyr PA(Q) Thr="™ [ Ser°(3),Tyr"'(2)
Ala™" Tyr @), Tyr o(3) Phe™™ | Thr™'(1)
Glu=* Asn%(4), Ty (2) GIn=*" | Tyr™'(3)
Thr= Asn""(5),Gly™°(3) Tyr=>% [ Tyr™'(5)
Leu™** His"™(4), Tyr=>%(1),Asn™"°(1),Gly""° (1) | Ala™ | Tyr°'(13),Asn""°(1)
Thr=?' Tyr PA@), Tyr°(1),Ser (1) Gly=™** | ser™'(2)
Glu®# Try™*(5),Arg™ (5) Thr=>> [ Ser™'(7),Thr > (4), Tyr >*(1)
ArgH53(5),TyrH32(1)
Asn™*% lle™°(3) Asp=>* | ser'(2)
V2 Thr*%(4) Gly=™>" | Arg™*(1)
g™ Thr™#%(1) Ser° | Arg™>(3)
Thr=®° Thr™#%(3) GIU=™ | Ty (1), Tyr%(6),Asn"°(4), Tyr - (5)
GIu™*’ Gly"™°(8), Tyr"'(3),Ser °(3) Asn™"" | Tyr>%(3), Tyr>°(3), Tyr "' (6)
Ser=" Gly™°@4), Tyr"*'(3) GIU™™" | Tyr™(4), Tyr"°(4), Thr->°(4)
E373 HIZ Az H5 E397 75 79 HIG
Lo I arn G, L LT AST™E),
Met™"* Tyr>(4), Thr=°(1) Lys=> | Tyr™*(5)
Met™" Tyr4(5), Tyr > (4), Tyr" 7(2) g™ Asn"**(3)
Glu™="’ Try™°(5) Thr=®" | Asn">(2)
DIlI ZV-48 DIlI ZV-64

64



WO 2018/022786 PCT/US2017/044003
Leul:d()/ AsnLdUL(,I) ,AsnL.SUL)(,I), GIuL.SUI:(5) Leul:d()/ AsnL.SUL)(s),GInLdUI:(s),SerLdUL(,I)
LySI:.54U SerLdUB(s), AsnLdUL(,]),GIuL.SUI:(s) LySI:.54U SerLdUB(s)

PrO E342Z2 Asn LdUL(,I ) PrO E342Z2 SerLdUL(z)
AIaI:.54d Asn L30T (3) AIaI:.54d SerL.SUL (5)
GInI:.544 TerdUA(z) ,Asn LdUL)(,I ) , Terdz(,I ) GInI:.544 TerdUA(z) ,Asn LdUL)(,I ) ,Terdz(,I )
Val=* Tyr>*(1,)Trp " (4), Met™°(1) val™*" | Tyr (1), Trp™°(4),Met™"(1)
Asptd48 TrpHdd(G) Asptd48 Ter94(1),TrpHdd(s),HiSHdb(,l)
GIn=*° Tyr:‘;;(1), ArgH:;7(1),LeuH::§4) , GIn™" | Ser™'(1), Tyr>>(1), Tyr°(2), Tyr'(5)
Gly™°(4), Asn"®"(4),Met™*(6)
Th rI:.Sb1 Tersz 1 ),TrprU ),Ter91 2 ,Tergb(3), Th rI:.Sb1 Terdz(,I ), TrprU(z) ,Ter91 (2),
LeuH9§(1),GIyHgg(1), Asn'sg)(3) Tyr"°@3), Tyr™" (1)
Le u E352 Tersz (6) Le u E352 Tersz (6)
Thr=>> Tyr:’:(Z), Tyrt:l(G), Thr=>> Tyrt;:(Z),Tyrt:;(5),Ter9£(2),
Ter%(Z), Tyr—(4), Tyr(4), Tyr(4)
Tyr—=4)
PrO E354 TerdUA(,I O) ,Terdz(,I ) ,Ter9£(1 ) PrO E354 TerdU(,I ) ,Ter.SUA(s) ,Ter9£(1 )
Leul:.SbB ASHLJUL('I) Vall:dbb Ter94(1)
Asptsm Aanbb(4) Leul:.SbB Ser""’”°(1)
TyrI:.SBb Aan.ﬂ (1) Vall:sm ASHLSUU(']),LySLdU'_('I)
Van der Waals contacts summary
CDR-H1|CDR-H2|CDR-H3 Total | CDR-L1|[CDR-L2[CDR-L3 Total
26-32 | 52-56 | 95-102 | TRM-H 1 " | 2434 | 50-56 | so-g7 | TRM-L |y,
ZV-2 56 0 45 6 107 16 1 0 0 17
ZV-48 2 4 23 12 41 46 1 23 0 70
ZV-64 1 0 9 14 24 39 2 24 0 65
ZV-67 21 20 50 5 96 1 17 7 21 46

Summary of van der Waals contacts across the interface in different mAb/DIIl complexes. The amino
acids are labeled (in superscript) to indicate their specific positions in the heavy chain (H), light chain (L)
or DIIl (E) sequences. Interactions were determined using HBPLUS (McDonald, 1994) using a cutoff
distance of 3.9 A.

Table 4. Hydrogen bond contacts for Fab and scFv DIl complexes with DIII.

Direct hydrogen bonds

DIl ZV-2 DIll ZV-67
lle=>""(O) TyrYOH) Ala="(N) Asn"°(OD1)
Glu™?’(0) Asn"""(ND2) Thr(0G1) Ser~>’(0G)
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Thr=>?(O) TyrYOH) Thr=>>>(0) Arg™*(NH1)
Glu™*(OE2) Tyr ““(OH),Arg"""(NH1) | Thr>**(N) Ser'(0)
Val=**(0) Thr*(0G1) Thr**(0G1) Thr°(0)
Glu=""(OE2) Gly™*(N) Asn™"(ND2) Tyr—*(OH)
Lys="(NZ) Tyr "?(OH) Gly=*'(0) Arg™*(NH1)
Lys="*(N) Gly™*(0) GIu™="(OE2) Asn"°(ND2),Tyr ~°(OH)
Lys="(0O) Thre¥(N) Asn™""(OD1) Tyr °’(OH)
GIlu™""(OE1) Tyr “°(OH) Lys=*(NZ) Asn"°(0),Gly™*(0)
LyStdgb(O) Ter49(OH)
Thr°"(N) Asn">*(OD1)
Indirect (solvent mediated) hydrogen bonds
DIl ZV-2 DIl ZV-67
Thr™(0) Ser~>°(0G) Thr(0G1) Ser™ (OG)
Lys=°(O) TyrYOH) Phe™"*(0) Thr>'(OG1)
l1le™""(0) Tyr-(OH) GIn"*'(OE1) Phe™'(O)
Glu™""(OE2) Gly="~(0) Ala~>**(0) GIu™>(0)
Thr*°(0G1) Tyr 2'(0) Thr**(0G1) Ser-*(0)
Asn="(0O) Gly™*(0) GIu™"(OE1) Ser>*(0G)
Ser—>"*(0G) Thr<*(0G1) Asn=""(OD1) Tyr >“(OH)
Met™"(0) Tyr “°(OH) Thr=* (0G1) Thr=(0) | Ser->*(0G),Asn">*(OD1)
Glu™""(OE1) TyrH97(0)
Direct hydrogen bonds
DIl ZV-48 DIl ZV-64
Lys="(NZ) Ser~"*(0),GIu"""(OE2) Lys=—*"(NZ) Ser~"*(0)
Ala™*(0) Asn"""(ND2) Ala™"(N) Ser~""(0G)
GIn=**(OE1) Asn—""(ND2) Ala~>"(0) Ser—"~(0G)
Val=*(0) Trp™>*(NE1) Val=*(0) Trp™>*(NE1)
GIn=*"(NE2) Gly™°(0),Met™"(O) GIn=>**(0) Tyr ~"(N)
GIn=>*’(0) Asn™’(ND2) Thr='(0G1) Tyr-"°(OH)
Thr='(OG1) Tyr—"°(OH) Leu="%(O) Tyr->“(OH)
Leu=""*(O) Tyr->“(OH) Thr>>*(0G1) Tyr— (0),Tyr°(OH)
Thr>(0G1) Tyr-"°(OH),Tyr™" ' (O)
Asp~>**(0D2) Asn"°(ND2)

Indirect (solvent mediated) hydrogen bonds
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DIl ZV-48 DIl ZV-64
Tyr->"°(0) Glu—"~(OE2) Val=>*'(0) Ser—"~(0G)
Val=*'(0) Asn""(0) Asp~>*(0D2) His™>(NE2)
Asp~>**(0D2) His™>(NE2) Met=*(O) Tyr °'(O)
GIn"*"(OE1) Trp™*(0) Asp;"’s‘:a(ODZ), Tyr-*(OH), Tyr-"°(OH)
Thr*'(0G1)
Thr='(OG1) Tyr"*(OH), Tyr—"°(OH) Thr=>>*(0) Tyr—*(OH)
Thr=>>*(0) Tyr—*(OH) Pro=>>*(0) Tyr“(0)
Pro=**(0) Tyr-*(0) Val=>°(0) Tyr—"*(OH)
Val=>>°(0) Tyr""(OH) Asp~>**(O) Ser>°(0G)
Tyr—>**(OH) AsnH31(0)
Hydrogen bonds summary
CDR-H1|CDR-H2|CDR-H3| FRM- | Total |CDR-L1|CDR-L2[CDR-L3| ... | Total
26-32 | 52-56 | 95-102 H Vi 24-34 | 50-56 | 89-97 A
ZV-2 5+3 0+0 4+3 1+0 16 1+1 0+1 0+0 0+1 4
ZV-48 0+1 1+0 3+0 142 8 5+3 0+0 3+4 0 15
ZV-64 0+0 0+1 1+1 1+1 5 4+2 0+0 3+4 0 13
ZV-67 240 342 4+1 1+0 13 0+1 2+2 1+1 1+2 10

Summary of hydrogen bonding across the interface in different mAbs/DIll complexes. The amino acids are
labeled (in superscript) to indicate their specific positions in the heavy chain (H), light chain (L) or DIl (E)
sequences. Hydrogen boding interactions were assessed using HBPLUS (McDonald, 1994).

Table 5. MAb/DIII contacts and buried surface area summary.

Waale | Hycrogen | Buted Surace svea () at | i b ma
contacts Interface
%Hoi;? %Hoi;? Vk Vi \#*;t;L DIl Total DI|!;U(22)CG Se
ZV-2 124 20 800 234 943 876 14.3 0.676
ZV-48 111 23 313 542 767 875 14.6 0.689
ZV-64 89 18 306 522 750 829 14.1 0.708
ZV-67 142 23 580 410 866 882 13.6 0.703

For each antibody, the total number of van der Waals contacts and direct and water-mediated hydrogen
bonds are listed (as from Table 3 and Table 4), as is the amount of surface area buried when bound to DIII.
The surface area lost by either antibody chain alone (Vy or V) is given separately for comparison. The total
area buried by both antibody chains due to interaction with DIl is also given (Vy or V| Total). The amount of
surface area lost by Dlll due to interaction with antibody is given (DIl Total). The same value is given as a
percent of the entire DIl surface area. All area values were calculated from the structural models using the
program areaimol (Lee, 1971). The shape complementarity (Sc) at each mAb/DlII interface was calculated
from the structural models using the program SC (Lawrence, 1993). Interfaces that mesh precisely have an
Sc value of 1.
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CLAIMS

What is claimed is:

1. An isolated antigen binding protein that specifically binds the lateral ridge (LR) or
the CC’ loop within domain Il (DIIl) of the E protein of Zika virus.

2. The isolated antigen binding protein of claim 1, wherein the antigen binding

protein specifically binds the LR within DIl of the E protein of Zika virus.

3. The isolated antigen binding protein of claim 2, wherein the antigen binding
protein specifically binds the A-strand, B-C loop, D-E loop and F-G loop within
domain Il (DINN) of the E protein of Zika virus.

4. The isolated antigen binding protein of claim 2, wherein the antigen binding
protein specifically binds one or more sequences selected from the group
consisting of SEQ ID NO:45 (TAAFTF), SEQ ID NO:46 (QYAGTDG), SEQ ID
NO:47 (SXEN), SEQ ID NO:48 (EKKIT), and SEQ ID NO:49 (DKKIT).

5. The isolated antigen binding protein of claim 2, 3, or 4, wherein the antigen
binding protein specifically binds the LR within DIl of the E protein of Zika virus
with a Kp of less than 20 nM.

6. The isolated antigen binding protein of claim 1, wherein the antigen binding
protein comprises a heavy chain variable region comprising a sequence selected
from the group consisting of SEQ ID NO:21 (LGNDMDY), SEQ ID NO:22
(YYYDYDGMDY), and SEQ ID NO:23 (ENYGSVY).

7. The isolated antigen binding protein of claim 1 or 6, wherein the antigen binding
protein comprises a heavy chain variable region comprising a sequence selected
from the group consisting of SEQ ID NO:17 (HPNSGN), SEQ ID NO:18
(HPNSGS), and SEQ ID NO:19 (YPRSXN).

8. The isolated antigen binding protein of claim 1, 6, or 7, wherein the antigen

binding protein comprises a heavy chain variable region comprising a sequence
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selected from the group consisting of SEQ ID NO:12 (GYSFSNY), SEQ ID
NO:13 (GYTFTSS), SEQ ID NO:14 (GYTFTSY), and SEQ ID NO:15
(GYSFTTY).

9. The isolated antigen binding protein of claim 1, 6, 7 or 8, wherein the antigen
binding protein comprises a light chain variable region comprising a sequence
selected from the group consisting of SEQ ID NO:33 (QQYYSYPYT), SEQ ID
NO:34 (QQYYTYPYT), SEQ ID NO:35 (QQFSSYPYT), and SEQ ID NO:36
(QQFSNYPFT).

10. The isolated antigen binding protein of claim 1, 6, 7, 8 or 9, wherein the antigen
binding protein comprises a heavy chain variable region comprising a sequence
selected from the group consisting of SEQ ID NO:29 (WASARDS), SEQ ID
NO:30 (WASTRES), and SEQ ID NO:31 (SASNRYT).

11. The isolated antigen binding protein of claim 1, 6, 7, 8, 9 or 10, wherein the
antigen binding protein comprises a heavy chain variable region comprising a
sequence selected from the group consisting of SEQ ID NO:25
(KSSQSLLYSNNEKNYLA), SEQ ID NO:26 (KSSQSLLYSSNQKNYLA), and SEQ
ID NO:27 (KASQXVGTAVA).

12. The isolated antigen binding protein of claim 2, 3, 4 or 5, wherein the antigen
binding protein comprises a heavy chain variable region comprising SEQ ID
NO:23 (ENYGSVY), SEQ ID NO:19 (YPRSXN), and SEQ ID NO:14 (GYTFTSY)
or SEQ ID NO:15 (GYSFTTY).

13. The isolated antigen binding protein of claim 2, 3, 4 or 5, wherein the antigen
binding protein comprises a heavy chain variable region comprising Thr-Ser/Thr-
Tyr, SEQ ID NO:50 (Tyr-X-Arg-XX-Asn), and Asn-Tyr-Gly.

14. The isolated antigen binding protein of claim 2, 3, 4, 5, 12 or 13, wherein the

antigen binding protein comprises a light chain variable region comprising SEQ
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ID NO:31 (SASNRYT), SEQ ID NO:27 (KASQXVGTAVA), and SEQ ID NO:35
(QQFSSYPYT) or SEQ ID NO:36 (QQFSNYPFT).

15. The isolated antigen binding protein of claim 2, 3, 4, 5, 12, 13 or 14, wherein the
antigen binding protein comprises SEQ ID NO:7 or SEQ ID NO:9.

16. The isolated antigen binding protein of claim 2, 3, 4, 5, 12, 13, 14 or 15, wherein
the antigen binding protein comprises SEQ ID NO:8 or SEQ ID NO:10.

17. An immunoassay comprising at least one isolated antigen binding protein of any

of claims 1-16.

18. The immunoassay of claim 17, wherein the immunoassay is a competitive

immunoassay.

19. A method for detecting Zika virus in a biological sample obtained from a subject,
the method comprising contacting the biological sample with an antigen binding

protein of any of claims 1-16.

20.The method of claim 19, wherein the biological sample is selected from the group

consisting of blood, plasma, and serum.

21. A method of reducing viremia or viral load in tissue due to Zika virus in a subject,
the method comprising administering to the subject an effective amount of an

isolated antigen binding protein of any of claims 1-16.

22.A method of treating a Zika virus infection in a subject, the method comprising
administering to the subject an effective amount of an isolated antigen binding

protein of any of claims 1-16.

23. A method of protecting against a Zika virus infection in a subject, the method
comprising administering to the subject an effective amount of an isolated

antigen binding protein of any of claims 1-16.
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24.The method of claim 23, wherein the subject is pregnant or plans to become

pregnant.

25. A method of immunizing a subject against Zika virus, the method comprising
administering to the subject an effective amount of a composition comprising a
peptide comprising the lateral ridge (LR) or the CC’ loop within domain Il (DIII) of

the E protein of Zika virus.

26. The method of claim 25, wherein the peptide comprises one or more sequences
within SEQ ID NO:37 or SEQ ID NO:38.

27.The method of claim 25, wherein the peptide comprises the LR within DIII of the

E protein of Zika virus.

28.The method of claim 27, wherein the peptide comprises the A-strand, B-C loop,
D-E loop and F-G loop within domain Il (DIII) of the E protein of Zika virus.

29. The method of claim 27, wherein the peptide comprises one or more sequences
selected from the group consisting of SEQ ID NO:45 (TAAFTF), SEQ ID NO:46
(QYAGTDG), SEQ ID NO:47 (SXEN), SEQ ID NO:48 (EKKIT), and SEQ ID
NO:49 (DKKIT).

30. The method of claim 25, wherein the subject is protected from Zika virus

infection.
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claims.

2. D As all searchable claims could be searched without eftort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Groups I+, Claims 1-7, 25-30

Remark on Protest E] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***_Continued from Box lIl: Observations where unity of invention is lacking -***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Groups |+, Claims 1-7, 25-30 and SEQ ID NOs: 37, 45, 21 and 17 are directed toward an isolated antigen binding protein that
specifically binds the lateral ridge (LR) or the CC' loop within domain |l (DIN) of the E protein of Zika virus; and a method of immunizing a
subject to produce said antigen binding protein.

The antigen binding protein and method will be searched to the extent they encompass immunization with a peptide comprising a
sequence within a polypeptide encompassing SEQ ID NO: 37 (first exemplary Zika sequence), wherein the peptide encompasses SEQ
1D NO: 45 (first exemplary peptide sequence); wherein the binding polypeptide encompasses a heavy chain variable region
encompassing SEQ ID NO: 21 (first exemplary HVR peptide) and a heavy chain variable region encompassing SEQ ID NO: 17 (second
exemplary HVR peptide). Applicant is invited to elect additional Zika polypeptide(s) and/or immunogenic fragment(s) thereof, with
specified SEQ ID NO: for each; and/or binding protein heavy chain variable region peptide(s), with specified SEQ ID NO: for each, to be
searched. Additional Zika immunogenic sequence(s) and/or binding protein HVR peptide sequence(s) will be searched upon the
payment of additional fees. it is believed that claims 1-3, 4 (in-part), 5 (in-part), 6 (in-part), 7 (in-part), 25, 26 (in-part), 27, 28, 29 (in-part)
and 30 encompass this first named invention and thus these claims will be searched without fee to the extent that they encompass SEQ
ID NO: 37 (Zika sequence), SEQ ID NO: 45 (Zika peptide sequence); SEQ ID NO: 21 (HVR peptide) and SEQ 1D NO: 17 (HVR peptide).
Applicants must specify the claims that encompass any additionally elected Zika immunogenic peptide sequence(s), and/or HVR peptide
(s). Applicants must further indicate, if applicable, the claims which encompass the first named invention, if different than what was
indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s) will
result in only the first claimed invention to be searched/examined. An exemplary election would be a Zika immunogenic peptide
encompassing SEQ ID NO: 46 (first exemplary elected Zika peptide sequence).

No technical features are shared between the Zika peptide sequences and/or binding protein HVR sequences of Groups I+ and,
accordingly, these groups lack unity a priori.

Groups |+ share the technical features including: an isolated antigen binding protein that specifically binds the lateral ridge (LR) or the
CC' loop within domain lii (Dlll) of the E protein of Zika virus; and a method of immunizing a subject against Zika virus, the method
comprising administering to the subject an effective amount of a composition comprising a peptide comprising the lateral ridge (LR) or
the CC' loop within domain IIl {DIIl) of the E protein of Zika virus.

However, these shared technical features are previously disclosed by US 2008/0268423 A1 to Barrett et al. (hereinafter ‘Barrett’) in view
of the article 'Zika fever and congenital Zika syndrome: An unexpected emerging arboviral disease' by Chan et al. (hereinafter 'Chan’).

Barrett discloses an isolated antigen binding protein that specifically binds within domain Il (DIll) of the E protein of a flavivirus, include
West Nile Virus and/or tick-bore encephalitis virus (TBE) (a monoclonal antibody (isolated antigen binding protein) that specifically
binds within domain Il (DIIl) of the E protein of a flavivirus, include West Nile Virus and/or TBE; abstract, paragraphs [0012], [0034]); and
a method of immunizing a subject against a flavivirus (a method of immunizing a subject against a flavivirus; paragraph [0058]), wherein
flaviviruses include Zika virus (wherein flaviviruses include Zika virus; paragraph [0057]); the method comprising administering to the
subject an effective amount of a composition comprising a peptide comprising the lateral ridge (LR) or the CC’ loop within domain Il
(DI of the E protein of a flavivirus (the method comprising administering to a subject an effective amount of a composition comprising a
peptide comprising Domain lil of the E protein of a flavivirus; paragraphs [0014], [0058], wherein raising antisera against polypeptides
comprising the Dill domain demonstrates the use of an effective amount).

Barrett does not disclose an isulaled antigen binding protein that specifically binds the lateral ridge (LR) or the CC' loop within domain Ill
(DHl) of the E protein of Zika virus; and a method of immunizing a subject against Zika virus, the method comprising administering to the
subject an effective amount of a composition comprising a peptide comprising the lateral ridge (LR) or the CC' loop within domain ili
(DI} of the E protein of Zika virus.

Chan discloses wherein Zika virus emerged as an epidemic, associated with 'congenital Zika syndrome' (wherein Zika virus emerged as
an epidemic, associated with ‘congenital Zika syndrome'; summary); and wherein the domain Il of the E protein contains a plurality of
antigenic epitopes that are the targets of neutralizing antibodies (wherein the domain 1l of the E protein contains a plurality of antigenic
epitopes that are the targets of neutralizing antibodies; page 511, second column, first paragraph).

It would have been obvious to a person of ordinary skill in the art at the time of the invention was made to have modified the disclosure
of Barrett to have similarly used a polypeptide comprising the DIl domain of the E protein of Zika virus, based on the disclosure of Chan,
as an immunogen to establish antibodies capable of binding to antigenic epitopes within the DIl domain, including the lateral ridge or the
CC' loop thereof, followed by isolation of monoclonal antibodies capable of binding to individual epitopes for assessment as useful
agents against existing Zika infections, in addition to the use of the individual epitopes as antigens for the production of neutralizing
immune reactions capable of conferring resistance to Zika infection.

Since none of the special technical features of the Groups |+ inventions is found in more than one of the inventions, and since all of the
shared technical features are previously disclosed by a combination of the Barrett and Chan references, unity of invention is lacking.
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