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Abstract
The recent Zika virus (ZIKV) epidemic poses a serious threat to global health due to its association with microcephaly and
congenital diseases in newborns and neurological complications and Guillain-Barré syndrome in adults. However, the majority
of people infected with ZIKV do not develop symptoms. The platforms aimed to specifically diagnose ZIKV infection are needed
for patient care and public health surveillance. In the study, four ZIKV envelope (E) protein-specific monoclonal antibodies
(mAbs) (A1, B1, C1, and 9E-1) have been developed by using the conventional mAb technology. The binding epitopes of mAbs
A1, B1, C1, and 9E-1 are located at E(238-257), E(410-431), E(258-277), and E(340-356), respectively. mAb 9E-1 performs 1.4-
to 47-fold strong affinity to ZIKV E protein compared to another three mAbs. mAbs A1, C1, and 9E-1 do not have cross-
reactivity against the recombinant E proteins of dengue virus serotypes 2, 3, and 4. Although these four mAbs do not have ZIKV
neutralizing activity, mAbs B1 and 9E-1 have been developed as the lateral flow immunochromatographic assay for specific
detection of ZIKV E protein and virions.

Key points
• The mAbs targeting to the regions of E(238-257), E(410-431), E(258-277), and E(340-356) do not have ZIKV neutralizing
activity.
• The binding epitope of mAb 9E-1 is highly specific to ZIKV E protein.
• mAbs B1 and 9E-1 can bind to ZIKV virions and have been developed as the lateral flow immunochromatographic assay.
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Introduction

Zika virus (ZIKV) was first isolated from Rhesus macaque
monkeys in Uganda in 1947. After that, only a few ZIKV
human infection cases were reported until the first cluster out-
break in the Yap Island of the Federated States of Micronesia
in 2007 and the second ZIKV epidemic outbreak in French

Polynesia and other countries and territories in the Pacific
during 2013–2014 (Kindhauser et al. 2016). Outbreaks soon
appeared throughout the Americas, Africa, and other regions
of the world. To date, a total of 87 countries and territories
have reported evidence of ZIKV infection.

ZIKV is primarily transmitted by infected mosquitoes from
the Aedes genus (Marchette et al. 1969) in tropical and sub-
tropical regions. The incubation period of ZIKV disease is
estimated to be 3–14 days. The symptoms of ZIKV infection
are generally mild and similar to those caused by other
flaviviruses such as dengue virus (DENV) and West Nile vi-
rus (WNV). In fact, the majority of people infected with ZIKV
do not develop symptoms. However, ZIKV infection during
pregnancy can result in stillbirth and preterm birth and also
cause infants to be born with microcephaly and other congen-
ital malformations, known as congenital Zika syndrome. An
increased risk of neurologic complications is associated with
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ZIKV infection in adults and children, including Guillain-
Barré syndrome, neuropathy, and myelitis. In addition to
blood, ZIKV can also be detected in urine (Gourinat et al.
2015), saliva (Musso et al. 2015), and breast milk (Dupont-
Rouzeyrol et al. 2016).

Antibodies raised by different flaviviruses often have broad
efficacy. For example, most of the anti-dengue antibodies iso-
lated from patients infected by DENV can bind to ZIKV
(Gunawardana and Shaw 2018; Priyamvada et al. 2016;
Swanstrom et al. 2016). More importantly, there is no treat-
ment available for ZIKV infection or its associated diseases,
and no vaccine is yet available for prevention of ZIKV infec-
tion. Therefore, development of antibodies that can specifical-
ly recognize ZIKV must be undertaken to establish the accu-
rate method for diagnostics of ZIKV infection.

The surface of ZIKV is covered by envelope (E) proteins,
which are responsible for the virus to bind to host cell surface
receptor (Perera-Lecoin et al. 2013). The ZIKV E protein con-
sists of domain I, domain II, domain III, and stem-
transmembrane domain and exists in the form of dimers, ar-
ranging on the outer side of the viral membrane. The impor-
tant function of the ZIKV E protein and its characteristics of
covering the outermost layer of ZIKVmake it the major target
of neutralizing antibodies. In the present study, four mouse
monoclonal antibodies (mAbs) A1, B1, C1, and 9E-1
targeting to the spatially distinct epitopes of ZIKV E protein
were generated by the conventional hybridoma technology.
Although these four mAbs do not have ZIKV neutralization
activity, mAbs B1 and 9E-1 containing great ability for bind-
ing to ZIKV virions have been developed as the lateral flow
immunochromatographic assay (LFIA) for detection of ZIKV
specifically.

Materials and methods

The ZIKV E protein

The cDNA encoding for the ZIKV E protein of strain
Thailand/1610acTw (GenBank accession number
MF692778.1) was synthesized (GenScript Inc.) and then
subcloned into the pFastBac vector (Thermo Fisher
Scientific Inc.) with an N-terminal signal peptide
MKFLVNVALVFMVVYISYIYA, an N-terminal hexa-histi-
dine tag (His-tag), a Tobacco Etch Virus (TEV) protease rec-
ognition sequence ENLYFQG, and a C-terminal His-tag. The
pFastBac-ZIKV E plasmid was transformed into DH10bac
competent cells for preparation of the bacmid. The purified
bacmid was subsequently transfected into Sf21 insect cells by
using the Cellfectin II reagent according to the instruction of
the Bac-to-Bac baculovirus expression system (Thermo
Fisher Scientific Inc.). Sf21 insect cells were infected by the
baculovirus containing ZIKV E gene at a multiplicity of

infection (MOI) of 1 pfu/cell. The recombinant ZIKV E pro-
teins were expressed as inclusion bodies and purified by using
a HisTrap FF column (GE Healthcare) pre-equilibrated with a
binding buffer (10 mM sodium phosphate, 10 mM imidazole,
0.5 M NaCl, and 8 M urea, pH 7.4). The bound recombinant
ZIKV E proteins were eluted with a linear gradient of 10–500
mM imidazole buffer. Protein purity was examined by SDS-
PAGE, and concentration was determined by Bradford dye-
binding method (Bradford 1976).

The DENV E proteins

The recombinant DENV serotype 2 (DENV2) E protein
(GenBank: AAC59274.1), serotype 3 (DENV3) E protein
(GenBank: AAA99437.1), and serotype 4 (DENV4) E protein
(GenBank: AAX48017.1) were purchased from Sino
Biological Inc. (Catalog Number: 40471-V08B, 40532-
V08H1, and 40533-V08B2, respectively).

Preparation of mouse mAb against ZIKV E protein

For generation of the mouse mAb against ZIKV E protein,
two BALB/c male mice were immunized through intraperito-
neal injection with a mixture of purified ZIKV E protein and
complete or incomplete Freund’s adjuvant (Sigma-Aldrich,
USA) in a 2-week interval, followed by a final booster injec-
tion of 50 μg purified ZIKV E protein in phosphate buffered
saline (PBS). The procedures for generation of hybridomas
were performed as described previously (Cheng and Chang
2021). In brief, the myeloma Sp2/0-Ag14 cells (ATCC CRL-
1581) weremixed with mouse splenocytes from donor mice in
a 1:5 ratio of cell numbers. The 0.7 mL of polyethylene glycol
1500 (Sigma-Aldrich, USA)was added to the cell mixture and
incubated in a 37°C water bath for 2 min with gentle shaking.
The additional 10 mL of Dulbecco’s Modified Eagle Medium
(DMEM) was then added to the cell mixture within 4 min.
Cells were collected by centrifugation and resuspended in 30
mL of DMEM with 15% fetal bovine serum, 1% penicillin-
streptomycin, 1 mM sodium pyruvate (Thermo Scientific,
USA), HybriMore Hybridoma Culture Supplement
(Energenesis Biomedical, Taipei, Taiwan), and HAT media
supplement (Sigma-Aldrich, USA). Fusion cells (0.1 mL)
were then cultured in the 96-well cell culture plates at 37°C
in the 5% CO2 incubator. On day 7 after cell fusion, 50 μL of
HT media supplement (Sigma-Aldrich, USA) was added to
the culture media. ELISA analysis was performed to screen
the positive hybridoma clones. The mAbs were further obtain-
ed by limiting dilution method. To purify the mAbs, the hy-
bridoma cell culture media were filtered with 0.45 μm mem-
brane disc and then purified by HiTrap Protein G HP column
(GE Healthcare). The purified antibody sample was dissolved
in PBS, and the concentration was determined by Bradford
dye-binding method using mouse IgG as the standard.
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Enzyme-linked immunosorbent assay (ELISA)

The specificity of mAb against ZIKV E protein and virions
was determined by using an indirect ELISA method. In brief,
the wells of a 96-well plate pre-coated with 100 ng of ZIKV E
protein or virions were blocked with 0.25% gelatin in PBS
buffer containing 0.05% Tween-20 (PBST) and then incubat-
ed with mAbs at room temperature for 1 h. After washing the
96-well plate three times with PBST, the HRP-conjugated
goat anti-mouse IgG (H+L) (KPL, USA) was added to each
well and incubated at room temperature for an additional 1 h.
After washing the 96-well plate three times with PBST, 75 μL
of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (BD
Bioscience, USA) was added to each well for signal detection,
and 75 μL of 2 NH2SO4 was added to terminate the reactions.
Results are evaluated quantitatively by measuring the absor-
bance at 450 nm.

Determination of the binding affinity of mAb against
ZIKV E protein

The purified ZIKVE proteins in 10mM sodium acetate buffer
(pH 4) were covalently immobilized on the surface of the
Sensor Chip CM5 (GE Healthcare Life Sciences) using stan-
dard amine coupling to a level of larger than 2000 response
units (RU) read by the Biacore T200 (GE Healthcare Life
Sciences). The antibody solutions were pre-concentrated to
1 mM and then diluted to 500, 250, 125, 62.5, 31.25, 15.65,
7.8, and 3.9 nM in a two-fold dilution manner. Analysis was
performed by injecting the antibody samples over the CM5
surface for 2 min tomeasure the RU in the association reaction
and then injecting a continuous flow of PBST running buffer
for 20 min to measure the RU in the dissociation reaction.
Regeneration was performed by injecting the 10 mM
glycine-HCl (pH 3.0) buffer to remove the bound antibodies
on the CM5 surface and then equilibrated the sensor chip with
PBST for analyzing the next antibody sample. A sensorgram
was plotted in the combination of RU against time, showing
the progress of the interaction. The kinetic parameters of kon,
koff, and KD of the specific mAb against the ZIKV E protein
were calculated by using the Biacore T200 built-in fitting
curve method.

Expression of the truncated ZIKV E protein fragments

Themolecular structure of ZIKVE protein can be divided into
domain I (composed of residues 1-51, 132-192, and 280-298),
domain II (composed of residues 52-131 and 193-279), do-
main III (residues 298-409), and stem domain (residues 410-
454). The truncated ZIKV E protein fragments were mainly
designed and constructed according to the regions of the do-
main structures mentioned above. For constructing more trun-
cated ZIKV E protein fragments, some N-terminal residues of

domain II, domain III, and stem domain were also sequentially
deleted. The cDNAs encoding for the truncated ZIKV E pro-
tein fragments were cloned into the pGEX-4T-1 vector with
an N-terminal GST tag and a C-terminal His-tag and trans-
formed into E. coli BL21(DE3) competent cells. The protein
expression procedure was conducted as described previously
(Shin et al. 2011) with slight modifications. Briefly, E. coli
BL21(DE3) cells containing with the vectors of pGEX-4T-1-
ZIKV E protein fragments were cultured in LB medium with
ampicillin (50 μg/mL) at 37°C on an orbital shaker. IPTG (1
mM) was utilized to induce the expression of the recombinant
GST-tagged truncated ZIKV E protein fragments at 37°C for
4 h. Cells were collected by centrifugation and then subjected
to SDS-PAGE and Western blotting (WB) analysis with the
indicated antibodies.

Plaque reduction neutralization test (PRNT)

ZIKV isolate Thailand/1610acTw was kindly provided by the
Centers of Disease Control, Taiwan, and propagated in Vero
cells (#60013, Bioresource Collection and Research Center,
Hsinchu, Taiwan). Virus titers were determined by standard
plaque assays. The neutralizing activity of the antibodies
against ZIKVwas determined. Briefly, two-fold serially dilut-
ed antibody solutions (starting from 100 μg/mL or 10 μg/mL)
were incubated with 100 PFU of ZIKV for 1 h at 37°C.
Antibody-virus complexes were added to Vero cell mono-
layers in 12-well plates. After 2 h, cells were washed and
overlaid with 1.8% (w/v) methylcellulose in DMEM supple-
mented with 2% FBS and 1% non-essential amino acid. Four
days later, plates were fixed with 1% formaldehyde in PBS
and stained with the crystal violet for 30 min. Plaques were
then counted and compared with PBS control to determine the
neutralizing titer. The mouse anti-ZIKV E protein mAb, clone
ZV-54 (MABF2046, Merck Ltd.), with known neutralizing
activity was also tested (Zhao et al. 2016).

LFIA

The mAb-colloidal gold conjugate was prepared as described
previously (Chiang et al. 2021) with slight modifications.
Briefly, 0.5 mL of colloidal gold (Excelsior Bio-System,
Inc., Taipei, Taiwan) was mixed with 30 μg of mAb B1 and
50 μL of 10% NaCl at room temperature for 30 min, followed
by an additional 30 min of stirring with 80 μL of 10% (w/v)
bovine serum albumin (BSA) at room temperature to block
the excess reactivity of colloidal gold. After centrifugation at
8000 rpm for 15 min, the mAb B1-colloidal gold pellet was
washed with 2 mM borate buffer containing 0.2% PEG-8000
(pH 9.0) twice and then resuspended in 10 μL of PBS. The
LFIA strip consisted of four main materials, including sample
pad, conjugate pad, nitrocellulose membrane, and absorbent
pad (Excelsior Bio-System, Inc., Taipei, Taiwan). Then, 6 μL
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of mAb B1-colloidal gold conjugate was loaded on the con-
jugate pad. Subsequently, 4.5 μg of mAb 9E-1 and 4 μg of
goat anti-mouse IgG (H+L) (KPL, USA) were loaded on the
NC membrane separately, serving as the test line and the con-
trol line. Upon use, the test sample was added on the sample
pad to start the LFIA.

Results

Specificity and binding affinity of mAbs A1, B1, C1,
and 9E-1 against ZIKV E protein

The recombinant ZIKV E proteins expressed in Sf21 insect
cells were purified and utilized for immunization and induc-
tion of antibodies in BALB/c mice. After screening of the
secreted antibodies by hybridomas with specificity against
ZIKV E protein, mAbs A1, B1, C1, and 9E-1 were selected
and subjected to further biochemical characterization. The
ELISA results showed that these four mAbs can bind to the
native form of ZIKV E protein (Fig. 1a). The results of the
WB analysis showed that the purified ZIKVE protein samples
not only contain the full length ZIKV E protein but also con-
tain the degraded ZIKV E protein fragments (Fig. 1b).
Notably, although mAbs A1, B1, C1, and 9E-1 can bind to
the full length ZIKV E protein, they displayed different detec-
tion patterns for probing to degraded ZIKV E protein frag-
ments (Fig. 1b), implying that they might bind to different
regions of ZIKV E protein.

In order to analyze the binding affinity of mAbs A1, B1,
C1, and 9E-1 against ZIKV E protein, the purified recombi-
nant ZIKV E proteins were covalently immobilized on the

surface of the Sensor Chip CM5 for performing the Biacore
kinetics assay (Fig. 2a~d). The concentrations (KD values) of
mAbs A1, B1, C1, and 9E-1 for binding to half of the total
molecules of ZIKV E proteins on the sensor chip are 8.24 nM,
33.89 nM, 1.03 nM, and 0.72 nM (Fig. 2e). mAb 9E-1 showed
1.4- to 47-fold strong affinity to ZIKV E protein compared to
another three mAbs, indicating that mAb 9E-1 has the highest
affinity against ZIKV E protein.

Epitope mapping of mAbs A1, B1, C1, and 9E-1

As described previously, mAbs A1, B1, C1, and 9E-1 seem
binding to different regions of ZIKV E protein (Fig. 1b). To
determine the binding epitopes of mAbs A1, B1, C1, and 9E-
1, a series of truncated ZIKV E protein fragments (Fig. 3a)
were generated and utilized for performing the epitope map-
ping experiments by WB analysis. The mAb A1 can bind to
E(238-298), but cannot bind to E(258-298) and E(278-298)
(Fig. 1a), indicating that the binding epitope of mAb A1 is
located at the region of E(238-257). The mAb B1 can bind to
E(410-454), but cannot bind to E(1-298), E(298-409), and
E(432-454) (Fig. 3b), indicating that the binding epitope of
mAb B1 is located at the region of E(410-431). The mAb C1
can bind to E(258-298) and other N-terminally truncated frag-
ments, but cannot bind to E(278-298) (Fig. 3c), indicating that
the binding epitope of mAb C1 is located at the region of
E(258-277). The mAb 9E-1 can bind to E(298-409), E(335-
409), and E(340-409), but cannot bind to E(357-409) (Fig.
3d), indicating that the binding epitope of mAb 9E-1 is located
at the region of E(340-356).

To conclude the results of the epitope mapping experi-
ments, a dimeric form of ZIKV E protein (Protein Data

Fig. 1 The binding specificity of mAbs A1, B1, C1, and 9E-1 against
ZIKV E protein. a The His-tagged ZIKV E protein (100 ng) was coated
on a 96-well plate and then subjected to ELISA analysis with mAbs Anti-
His, A1, B1, C1, or 9E-1, respectively. The detailed experimental proce-
dures were described in the “Materials and methods” section. The results
of the ELISA analysis were evaluated quantitatively by measuring the

absorbance at 450 nm. Values are means ± S.D. from three independent
experiments. b The recombinant ZIKV E protein expressed in Sf21 insect
cells (2 μg) was separated on SDS-PAGE and then transferred to a PVDF
membrane for performing the WB analysis with mAbs Anti-His, A1, B1,
C1, or 9E-1, respectively. The numbers labeled on the left of the desig-
nated ticks are the molecular weight standards in kDa unit
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Bank identification code: 5IRE) was utilized for marking the
binding epitopes of mAbs A1, B1, C1, and 9E-1 (Fig. 4).
Notably, the binding epitope of mAb A1 (Fig. 4a, orange
color) is buried underneath two surface beta-sheets. The
binding epitope of mAb C1 (Fig. 4a, green color) is located
in the interface between two subunits and is also located
away from the surface of ZIKV E protein. The binding
epitope of mAb B1 (Fig. 4a, purple color) is located near
the stem domain of ZIKV E protein. The binding epitope of
mAb 9E-1 (Fig. 4a, cyan color) is located in the domain III
of ZIKV E protein.

Since flavivirus E proteins share ∼40% amino acid identity
(Roby et al. 2015; Slon Campos et al. 2018), the correspond-
ing sequences of E proteins derived from different mosquito-
borne flaviviruses, such as ZIKV, DENV,WNV, yellow fever
virus (YFV), and Japanese encephalitis virus (JEV), were
aligned with the binding epitopes of mAbs A1, B1, C1, and
9E-1 to predict the immunological cross-reactivity (Fig. 5).
Some amino acid sequences of the binding epitopes of

mAbs A1, B1, and C1 are conserved with the E proteins of
DENV, WNV, YFV, and JEV (Fig. 5a–c), implying that they
might have certain levels of cross-reactivity against different
flavivirus E proteins. In contrast, the sequence of the binding
epitope of mAb 9E-1 is not well conserved with the E proteins
of DENV, WNV, YFV, and JEV (Fig. 5d), suggesting that
mAb 9E1 might be highly specific for recognition of ZIKV E
protein. To further examine the cross-reactivity of mAbs A1,
B1, C1, and 9E-1 against the representative DENVs, the re-
combinant E proteins of DENV2, DENV3, and DENV4 were
applied in the WB analysis. Since the binding epitope of mAb
B1 is not included in the recombinant E proteins of DENV2,
DENV3, and DENV4, it can only detect the ZIKV E protein
(Fig. 5e). Surprisingly, the results showed that mAbs A1, C1,
and 9E-1 do not have cross-reactivity against the E proteins of
DENV2, DENV3, and DENV4 (Fig. 5e), suggesting that
these three mAbs are great immunological tools which can
specifically distinguish the E proteins between ZIKV and
DENV.

Fig. 2 Determination of the binding affinity of mAbs A1, B1, C1, and
9E-1 against ZIKV E protein. The kinetics assays by surface plasmon
resonance (SPR) analysis were performed with a series of two-fold dilut-
ed mAbs A1, B1, C1, and 9E-1 solutions (starting from 1,000 to 3.90625
nM) and the purified recombinant ZIKV E proteins, which were cova-
lently immobilized on the surface of the Sensor Chip CM5 as described in

the “Materials and methods” section. a The SPR sensogram of mAb A1
interacting with ZIKV E protein. b The SPR sensogram of mAb B1
interacting with ZIKV E protein. c The SPR sensogram of mAb C1
interacting with ZIKV E protein. d The SPR sensogram of mAb 9E-1
interacting with ZIKV E protein. e The list of kon, koff, and KD values of
mAbs A1, B1, C1, and 9E-1 against ZIKV E protein
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Characterization of ZIKV neutralizing activity with
mAbs A1, B1, C1, and 9E-1

In order to analyze the neutralization activity of mAbs A1, B1,
C1, and 9E-1, the ELISA and PRNT experiments were ap-
plied to test whether these four mAbs can bind to the ZIKV
virions (strain Thailand/1610acTw) and inhibit ZIKV infec-
tion to Vero cells. The result showed that only mAbs B1 and
9E-1 can bind to ZIKV virions (Fig. 6a). To our surprise,
mAbs A1 and C1 cannot bind to ZIKV virions (Fig. 6a). It
is possible that the binding epitopes of mAbs A1 and C2 are
buried inside the E protein dimers (Fig. 4) and located away
from the surface of ZIKV; therefore, they are not accessible
for mAbs A1 and C1 binding. The PRNT assays also showed
that PBS cannot inhibit ZIKV infection to Vero cells (Fig. 6b),
but ZV-54 with known ZIKV neutralization activity (Zhao
et al. 2016) can efficiently inhibit ZIKV infection to Vero cells
(Fig. 6c). On the contrary, mAbs A1, B1, C1, and 9E-1 and
the non-related Anti-H7N9 HA mAb 1C6B cannot inhibit

ZIKV infection to Vero cells (Fig. 6d), indicating that the
antibodies targeting to the binding epitopes recognized by
these four mAbs do not have ZIKV neutralizing activity.

Detection of ZIKV E protein and virions by LFIA

Although mAbs B1 and 9E-1 do not have ZIKV neutralizing
activity, they can bind to ZIKV virions. In addition, mAb 9E-1
is highly specific to ZIKVE protein. Thus, mAbs B1 and 9E-1
were applied for development of the LFIA strip. The experi-
mental results showed that the detection signals become stron-
ger as the increasing amounts of ZIKV E proteins (from 7 to
27 μg/mL) were loaded on the sample pads (Fig. 7, #2–4
strips). In another experimental attempt, the LFIA strip can
clearly detect ZIKV E protein (33 μg/mL) or ZIKV
(6.3×106 pfu/mL) in the culture supernatant (Fig. 7, #6–7
strip).

Discussion

ZIKV shares a high degree of sequence and structural ho-
mology with other flaviviruses, including DENV, WNV,
and YFV, resulting in immunological cross-reactivity.
However, different flaviviruses circulating in overlapping
geographical regions may cause different severe diseases.
The accurate diagnostic platforms are needed to distinguish
different flavivirus pathogens. In the study, mAbs A1, B1,
C1, and 9E-1 with specificity against ZIKV E protein have
been generated. We found that the binding epitopes of
mAbs A1, B1, and C1 are highly conserved with the E
proteins of ZIKV and DENV (Fig. 5). Notably, the binding
epitope of mAb 9E-1 is not conserved with the E proteins of
different flaviviruses, indicating that it is highly specific to

�Fig. 3 Characterization of the binding epitopes of mAb A1, B1, C1, and
9E-1. a The schematic diagram illustrates a series of N-terminally GST-
tagged and C-terminally His-tagged truncated ZIKV E protein fragments
utilized in the epitope mapping experiments. The N-terminal GST tags
are not shown in the diagram. The regions for consisting of domain I,
domain II, domain III, or stem domain of ZIKVE protein are presented as
black bars, white bars, gray bar, or diagonal striped lines, respectively.
The beginning and the ending amino acid residue numbers of the trun-
cated ZIKV E protein fragments are labeled on the left of the indicated
fragments. The protein samples were separated on SDS-PAGE and then
subjected to WB analysis with mAb A1 (b), B1 (c), C1 (d), or 9E-1 (e).
The different WB patterns detected by these four mAbs suggest that they
have different binding epitopes. Briefly, the binding epitope of mAb A1,
B1, C1, or 9E-1 is E(238-257), E(410-431), E(258-277), or E(340-356),
respectively. The bands indicated by asterisks on the top are considered
non-specific cross-reactions since their molecular weights are not correct

Fig. 4 Mapping of the binding epitopes of mAbs A1, B1, C1, and 9E-1
on the ZIKV E protein dimer. The binding epitope of mAbA1, B1, C1, or
9E-1 is marked in orange, purple, green, or cyan color on the dimeric
form of ZIKV E protein (PDB ID: 5IRE), respectively. The binding
epitope of mAb A1 (orange color) is buried underneath two beta-sheets.

The binding epitope of mAb C1 (green color) is located in the interface
between two ZIKV E subunits. The binding epitope of mAb B1 (purple
color) is located near the stem domain of ZIKV E protein. The binding
epitope of mAb 9E-1 (cyan color) is located in the domain III of ZIKV E
protein
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ZIKV E protein. To our surprise, mAbs A1 and C1 cannot
bind to ZIKV virions (Fig. 6). In order to investigate the
possible reason, the binding epitopes of mAbs A1 and C1
are marked in the dimeric form of ZIKV E proteins as they
exist on the ZIKV virions (Fig. 4). We found that these two
binding epitopes are not exposed to the molecular surface
of ZIKV E protein, implying that they are not accessible for

mAbs A1 and C1 binding. The PRNT experimental results
reveal that mAbs A1, B1, C1, and 9E-1 do not have ZIKV
neutralizing activity, suggesting that using the binding epi-
topes recognized by these four mAbs as the antigens or
subunit vaccines may not be able to induce potent neutral-
izing antibodies. These data are informative evidence for
ZIKV vaccine development.

Fig. 5 Alignment of the binding epitopes of mAbs A1 (a), B1 (b), C1 (c),
and 9E-1 (d) with other flavivirus E proteins. DENV, dengue virus;
WNV, West Nile virus; YFV, yellow fever virus; JEV, Japanese enceph-
alitis virus. The NCBI accession numbers of the E proteins derived for the
indicated virus strains are provided in the parentheses. e The recombinant

E proteins of ZIKV (2 μg), DENV2 (1.75 μg), DENV3 (0.42 μg), and
DENV4 (0.78 μg) were separated on SDS-PAGE and then transferred to
a PVDFmembrane for performing theWB analysis with mAbs Anti-His,
A1, B1, C1, or 9E-1, respectively. The numbers labeled on the left of the
designated ticks are the molecular weight standards in kDa unit
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Some ZIKV neutralizing antibodies derived from the
ZIKV infected patients target to the domain III of ZIKV E
protein (Stettler et al. 2016; Wang et al. 2019). Additionally,
immunization of the domain III of ZIKV E protein induces
specific and neutralizing immune responses against ZIKV
(Yang et al. 2017). Nonetheless, it was reported that there
are three spatially distinct epitopes in the domain III of
ZIKV E protein, including the lateral ridge, C-C’ loop, and
ABDE sheet regions (Zhao et al. 2016). The mAbs ZV-54 and
ZV-67 targeting to the lateral ridge (A311, A333, T335, E370,
N371, E393, K394) performed potent ZIKV neutralizing ac-
tivity, whereas mAbs ZV-48 and ZV-64 targeting to the C-C’
loop (K340, Q350, T351, T353, P354) showed reduced inhib-
itory activity against ZIKV (Zhao et al. 2016). Our PRNT
experimental results also demonstrated that mAb ZV-54 can
markedly inhibit ZIKV (strain Thailand/1610acTw) infection
to Vero cells (Fig. 6c). The binding epitope E(340-356) of
mAb 9E-1 is also mainly located in the C-C’ loop of domain
III of ZIKV E protein. We also found that mAb 9E-1 does not
have ZIKV neutralizing activity (Fig. 6d). Data from ours and
other groups suggest that the domain III of ZIKV E protein

can be targeted by multiple types of specific antibodies with
distinct neutralizing activity.

ZIKV is circulated in areas that are also highly endemic for
DENV. Many studies have reported that broad-spectrum an-
tibodies that neutralize Zika virus can be isolated from patients
infected with DENV or vice versa (Barba-Spaeth et al. 2016;
Dussupt et al. 2020; Gunawardana and Shaw 2018;
Priyamvada et al. 2016; Stettler et al. 2016; Swanstrom et al.
2016; Zhang et al. 2016), indicating that the immunological
cross-reactivity may exist among anti-ZIKV and anti-DENV
antibodies. However, the broad-spectrum antibodies are not
suitable for developing as the diagnostic platforms to distin-
guish different flaviviruses precisely. A double-antibody
sandwich ELISA to detect the ZIKV NS1 protein (non-
structural protein 1) in individuals newly infected with the
ZIKV has been developed (Zhang et al. 2018). Another
NS1-based rapid test that utilized mAb pairs to detect and
distinguish ZIKV and another four serotypes of DENV was
also reported (Bosch et al. 2017). However, the immunologi-
cal cross-reactivity still exists in these two platforms. In this
work, we found that mAbs A1, C1, and 9E-1 do not have

Fig. 6 Analysis of the binding affinity and neutralization activity of
mAbs A1, B1, C1, and 9E-1 against ZIKV. a The virus virions of
ZIKV isolate Thailand/1610acTw were coated on a 96-well plate and
then subjected to ELISA analysis with mAbs, A1, B1, C1, or 9E-1,
respectively. The results were examined quantitatively by measuring the
absorbance at 450 nm. Values are means ± S.D. from three independent
experiments. For conducting the PRNT experiments, PBS (b), a batch of
two-fold serially diluted ZV-54 antibody solutions (starting from 10 μg/

mL as indicated in the schematic diagram on the left) (c), and a batch of
A1, B1, C1, 9E-1, or 1C6B (an Anti-H7N9 HA mAb) antibody solutions
(starting from 100 μg/mL as indicated in the schematic diagram on the
left) (d) were pre-incubated with 100 PFU of ZIKV for performing the
PRNT assays as described in the “Materials and methods” section. The
results showed that mAbs A1, B1, C1, and 9E-1 do not have ZIKV
neutralizing activity
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cross-reactivity against the E proteins of DENV2, DENV3,
and DENV4 (Fig. 5e), implying that these three mAbs are
excellent immunological tools for distinguishing ZIKV from
DENV.

It is noted that the primary antigen for recognition by IgG
and IgM during flavivirus infections is the viral E protein.
Therefore, E protein is considered the major target antigen
for diagnostics of flavivirus infections. However, the similar-
ity of the flavivirus E proteins may also cause additional prob-
lems of immunological cross-reactivity, leading to false-
positive results. It is known that the lateral flow immunoas-
says are excellent rapid diagnostic tests (point-of-care devices)
in terms of their ease of use, sensitivity, specificity, and scal-
ability for manufacturing. A rapid diagnostic test kit for de-
tecting IgG/IgM antibodies against ZIKV using mAbs against
the E protein and NS1 protein of ZIKV has been developed for
improving the sensitivity and specificity (Kim et al. 2018).
Here we show that the binding epitope of mAb 9E-1 is not
conserved with the E proteins of different flaviviruses; there-
fore, it is an excellent tool for developing as the specific LFIA
(Fig. 7) or other immunological platforms for diagnostics of
ZIKV.
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