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Abstract Varicella-zoster virus (VZV) is a highly infectious
agent that causes varicella and herpes zoster (HZ), which may
be associated with severe neuralgia. Vaccination is the most
effective way to reduce the burden of the diseases. VZV gly-
coprotein E (gE) is the major and most immunogenic mem-
brane protein that plays important roles in vaccine efficacy. A
quantitative assay for gE content is desirable for the VZV
vaccine process monitoring and product analysis. In this
study, 70 monoclonal antibodies (mAbs) were obtained after
immunizing mice with purified recombinant gE (rgE). The
collection of mAbs was well-characterized, and a pair of
high-affinity neutralization antibodies (capture mAb 4A2
and detection mAb 4H10) was selected to establish a specific
and sensitive sandwich enzyme-linked immunosorbent assay
(ELISA) to quantify the native and recombinant gE. The de-
tection limit of this assay was found to be 1.95 ng/mL. Fur-
thermore, a reasonably good correlation between the gE con-
tent (as measured by the mAb-based quantitative ELISA) and
the virus titer (as measured by the Bgold standard^ plaque
assay) was observed when both assays were performed for

tracking the kinetics of virus growth during cell culture. A
total of 16 batches of lyophilized VZV vaccine were tested
using the newly developed quantitative ELISA and classical
plaque assay, demonstrating reasonably good correlation be-
tween gE content and virus titer. Therefore, this mAb-based
gE quantitative assay serves as a rapid, stable, and sensitive
method for monitoring viral antigen content, one additional
quantitative method for VZV vaccine process and product
characterization. This quantitative ELISA may also serve as
a complementary method for virus titering.
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Introduction

Varicella-zoster virus (VZV), a ubiquitous neurotropic human
alpha-herpesvirus, is the causative agent for varicella and her-
pes zoster (HZ) (Arvin 2001). Varicella occurs as the primary
infection and is a highly infectious disease. HZ is the result of
the reactivation of the latent VZV infection of the nerve gan-
glia (Drolet et al. 2010). During zoster, the virus multiplies
and spreads within the ganglion, causing neuronal necrosis
and intense inflammation, a process that often results in severe
neuralgia (Quinlivan and Breuer 2006). This may be associ-
ated with postherpetic neuralgia (PHN), a severe and the most
common sequela of HZ (Dendouga et al. 2012). The incidence
and severity of HZ and PHN increase with age, which is a
burden for the aging society.

Currently, safe and efficient vaccines have been approved
for the prevention of varicella and HZ. Clinical data have
revealed that the varicella vaccine can reduce varicella inci-
dence by >80 %, with corresponding reductions in hospitali-
zations and deaths (Guris et al. 2008; Schmid 2010). The
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zoster vaccine markedly reduced morbidity due to HZ (ap-
proximately 50 %) and PHN (approximately 66 %) in persons
aged >60 years (Oxman et al. 2005). An inactivated VZV
vaccine has been assessed and was shown to stimulate the
immune response in immunocompromised adults (Mullane
et al. 2013). A vaccine based on a subunit of glycoprotein E
(gE) has been evaluated and is in clinical trials (Dendouga
et al. 2012; Lal et al. 2013). Inactivated vaccines and subunit
vaccines might be potentially safer vaccines than current live-
attenuated vaccines.

VZV encodes at least nine membrane proteins, and gE is
the major and most essential membrane protein of VZV.
Therefore, gE has attracted the interest of many researchers.
VZV gE itself and its heterodimer forming with glycoprotein I
(gI) play important roles in the replication of VZV in T cells
and in skin and dorsal root ganglia (DRG) (Berarducci et al.
2009; Moffat et al. 2004; Zerboni et al. 2007). VZV gE is
considered the major protective antigen and has been adopted
as a potential subunit shingles vaccine (Dendouga et al. 2012;
Leroux-Roels et al. 2012). Currently, Western blotting and
immunofluorescence are the main ways to detect gE (Lenac
Rovis et al. 2013; Olson et al. 1998). However, there is no
quantitative assay, specifically an enzyme-linked immunosor-
bent assay (ELISA) technique, for determining the content of
gE in vaccine formulations. In this study, recombinant gE
(rgE) expressed by insect cells was purified to immunize
BALB/c, and 70 gE monoclonal antibodies (mAbs) were col-
lected. Through three rounds of pairing experiments, a specif-
ic and sensitive sandwich ELISAwas established for the quan-
titative detection of native gE. In virus growth kinetics mon-
itoring and lyophilized vaccine characterization, using rgE as
the reference sample, the native gE content could be deter-
mined using the quantitative assay described above, which
showed reasonably good correlation with the virus titer as
determined by the plaque assay. Thus, this quantitative assay
could be used as a sensitive and rapid method for monitoring
gE content and might be used as a complementary method to
assist the plaque assay for virus titer monitoring in VZV vac-
cine process and product characterization.

Materials and methods

Cells, virus, and VZVBAC

Human acute retinal pigment epithelial cells (ARPE-19,
purchased from ATCC, Manassas, VA, USA) were routinely
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10 % fetal bovine serum (FBS, PAA, Hyclone,
Logan, UT, USA), 120 U/mL penicillin, 100 U/mL strepto-
mycin (Invitrogen, Carlsbad, CA, USA), and 1 mM sodium
pyruvate (Sigma-Aldrich, St. Louis, MO, USA). Spodoptera
frugiperda (Sf21, purchased from Gibco, Grand Island, NY,

USA) cells were routinely maintained in CCM3 medium
(Hyclone, Logan, UT, USA) containing 2 % FBS (PAA,
Hyclone, Logan, UT, USA), 120 U/mL penicillin, and
100 U/mL streptomycin. Baculovirus (Autographa
californica nuclear polyhedrosis virus, AcMNPV) was pur-
chased from Clontech (Mountain View, CA, USA).

When ARPE-19 cells (routine culture in a 10-cm plate)
reached 80 % confluence, they were infected with v-Oka-
infected cells (with 90 % cytopathic effect) at a ratio of 1:10
and harvested every 12 h. Infected cells were harvested by
rinsing the monolayer with phosphate-buffered saline (PBS),
scraped into 1 mL of protection buffer (9 % sucrose, 25 mM
histidine, 150 mM NaCl, pH 7.35), and stored at −80 °C.
Aliquots were thawed to make cell-free viruses for the subse-
quent tests.

VZVBAC was cloned from the p-Oka genome (GenBank
No. AB097933.1) and maintained in the Escherichia coli
strain DY380, and VZVBAC was extracted with high purity
using a large construct kit (Qiagen, Venlo, Netherlands)
(Zhang et al. 2007).

Expression and purification of recombinant rgE

The gene-encoding truncate gE (1-537aa, GenBank No.
AAY57748) was cloned fromVZVBAC into the transfer vector
pFastBac (Invitrogen, Carlsbad, CA, USA) downstream of the
polyhedron promoter. The recombinant baculovirus was con-
structed by following the protocol of the Bac-to-Bac system
(Invitrogen, Carlsbad, CA, USA), and rgE was confirmed to
be expressed in the medium of adherent cells using Western
blotting with gE antibody 9C8 (Abcam, Cambridge, UK). For
large-scale expression, the Sf21 cells were cultured in suspen-
sion using 500-mL conical flasks. Three days post-infection
(multiplicity of infection,MOI=5), the mediumwas collected,
rgE was purified, as described in the primary report (Kimura
et al. 1997), and 10–20 mg of purified rgE was obtained per
liter.

Monoclonal antibodies

MAbs against rgE were produced by following standard pro-
cedures. Specific pathogen-free BALB/c mice were injected
subcutaneously with 100 μg of rgE emulsified in an equal
volume of complete Freund’s adjuvant (Sigma-Aldrich, St.
Louis, MO, USA) and boosted at 2-week intervals with an
equal amount of rgE in incomplete Freund’s adjuvant (Sig-
ma-Aldrich, St. Louis, MO, USA) twice. All mice were
housed in the animal facility at the School of Life Science,
Xiamen University. All studies were performed in accordance
with institutionally approved protocols and the guidelines of
the School of Life Sciences Guide for the Care and Use of
Laboratory Animals. Spleen cells from immunized mice were
fused with sp2/0 (myeloma cells) and selected for aminopterin
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resistance. Hybridoma supernatant was tested for the presence
of an antibody against rgE by indirect ELISA (100 ng rgE/
well, with HRP-conjugated goat anti-mouse IgG as secondary
antibody). Positive wells were cloned twice by limiting dilu-
tion, and 70 anti-gE mAbs were obtained at the end of the
screening. Ascetic fluid produced from a single clone of pos-
itive cells was purified by protein A chromatography (GE
Healthcare, Chalfont, Buckinghamshire, UK).

Pairing experiment base on antigen-capture ELISA for gE
detection

v-Oka-infected cells (with 90 % cytopathic effect) were
lysed with cell lysis buffer (20 mM TB7.5, 150 mM
NaCl, 1 % Triton X-100), the supernatant was harvested
to obtain native VZV gE, and the native gE was diluted
with membrane protein dilution buffer (20 mM TB7.5,
150 mM NaCl, 0.2 % Triton X-100). All 70 anti-gE
mAbs were coupled with horseradish peroxidase (HRP)
and pre-coated on 96-well ELISA plates (200 ng/well),
and an orthogonal experiment was performed to detect
native VZV gE. In the first round of the pairing exper-
iment, 4900 combinations (70×70) were used to detect
native VZV gE with a dilution of 1:10, uninfected cell
lysis was used as a negative control. MAb pairs with
OD450 >3.0 (974 combinations) in the first pairing ex-
periment were selected for the second pairing experi-
ment to detect a higher dilution of native VZV gE
(1:1000), and pairs with OD450 >3.0 were selected for
the next pairing experiment. In the third pairing exper-
iment, 26 pairs were tested with a twofold serial dilu-
tion of cell lysates, from 1:100 to 1:51,200 and the
most sensitive pair of mAbs were determined.

Determination of VZV genome copies using fluorogenic
polymerase chain reaction assay (TaqMan)

Virus-infected ARPE-19 cells were scraped into 1 mL
of PBS, and 800 μL of cell suspension was used to
extract the VZV genome using a genome extraction kit
(TIANamp Micro DNA Kit, TIANGEN, Beijing, Chi-
na). The remaining 200 μL was lysed to determine the
content of gE, and the VZV genome was extracted by
following the kit manual instructions. In the TaqMan-
based polymerase chain reaction (PCR) assay (Hawrami
and Breuer 1999), VZVBAC was used as the reference
sample to quantitatively determine the copies of the
VZV genome extracted from virus-infected cells
(Hawrami and Breuer 1999). The concentration of
VZVBAC used as the reference sample was 47.7 μg/
mL and contained approximately 3.3×1011 copies/mL.

Neutralization assay using enzyme-linked immunosorbent
spot assay

One day before the neutralization assay, the ARPE-19 cells
were re-suspended and seeded in 24-well plates (NUNC,
Roskilde, Denmark) at 50 % confluence. Then, 100 plaque
forming units (PFU) of cell-free viruses was incubated with
fivefold serially diluted mAbs in the protection buffer with or
without a complement (1:10, v/v) at 37 °C for 1 h. Next, the
virus-mAb-complement (or not) mixture was added to pre-
seeded 24-well plates and incubated at 37 °C and 5 % CO2

for 1 h. Fresh medium was used to replace the virus-mAb
mixture. Each group was treated with the protection buffer
alone, the virus with the complement or the virus with mAbs
and denatured complement (56 °C for 30min), and the viruses
with protection buffer were used as control. The treatments
were performed in triplicates. Three days post-infection, an
enzyme-linked immunosorbent spot (Elispot) assay was per-
formed, as described previously (Chen et al. 2014). The spot-
forming cells were counted, and the titer that could neutralize
half of the viruses was determined.

Virus titer determination using the plaque assay

In this study, the virus titer was calculated using the standard
plaque assay with some minor modification. The plaque assay
is widely regarded as the gold standard for quantification of
infectious virus (Dulbecco 1952; Dulbecco and Weigle 1952;
Krah et al. 1990). In detail, the ARPE-19 cells were seeded in
six-well plates at 100 % confluence; a serial volume of cell-
free viruses (100, 10, and 1 μL) was added in triplicate to each
six-well plate. After incubating at 37 °C for 1 h, the superna-
tant and the PBS used to rinse the cells were collected for gE
quantification. The cell layer was then covered with a layer of
melted agar (w/v=0.8 %) containing DMEM. After solidifica-
tion of the agar, the plates were incubated for 6–7 days at
37 °C. Cells were fixed by 4 % formaldehyde and dyed with
0.05 % neutral red. Then, the number of plaques was counted
and the virus titer was determined.

Quantitative determination of gE content using
the developed ELISA

In the study, purified rgE was used as a reference sample for
quantification of native gE. The total gE content was deter-
mined from cell-free virus before incubation with cells in the
plaque assay. The supernatant after incubation and PBS
(2 mL/well) used to rinse the cells, which contains most gE
that does not contribute to plaque formation, was collected
and mixed. The cell-binding gE content was the deduction
of gE in supernatant after incubation from total gE content.
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Results

Development of a mAb-based sandwich ELISA to detect
recombinant and native VZV gE

The extracellular domain (1-537aa) of gE was chosen to be
expressed using the baculovirus expression system, the trun-
cated gE bearing the native gE signal peptide. The gE gene
was constructed into the baculovirus following the Bac-to-Bac
protocol (Invitrogen, Carlsbad, CA, USA). The recombinant
baculovirus genome was transfected into the insect cell line
Sf21, and the expression was analyzed usingWestern blotting.
Western blotting demonstrated that rgE was secreted into the
medium. After purification, this rgE displayed two clear bands
on performing SDS-PAGE; the larger band was approximate-
ly 61 kD, and the smaller one was approximately 50 kD. Both
bands were verified byWestern blotting with gE antibody 9C8
(Abcam, Cambridge, UK) (Kimura et al. 1998).

Purified rgE was used to immunize BALB/c mice, and 70
mAbs against gE were obtained. All 70 mAbs were labeled
with HRP and coated on ELISA plates. An orthogonal exper-
iment was performed to obtain pairs of mAbs to detect the
native VZV gE. After three rounds of pairing experiments
(Fig. 1a), we obtained a pair of mAbs (4A2/4H10-HRP) with
the highest sensitivity and a low background reaction in de-
tecting the native gE (Fig. 1b). To determine the sensitivity of
the pair of antibodies in detecting the native gE, the VZV
genome was used as a quantitative standard to quantify the
native gE by using TaqMan-based PCR, as described previ-
ously (Hawrami and Breuer 1999). The 10-cm plate of virus-
infected ARPE-19 cells used to prepare native gE contained
approximately 1.21×109 copies of the VZV genome, and the
pair of antibodies could detect native gE using as few as 4.7×
103 copies of the VZV genome (Fig. 1c). The pair of mAbs
was used to detect purified rgE, and we found that it could
detect rgE at a concentration of 1.95 ng/mL (Fig. 1d). By
using rgE as the reference sample (purity >95 %), we could
quantitatively determinate the content of native gE in various
samples.

Characteristics of the gE antibody 4A2 and 4H10

A highly sensitive and specific pair of mAbs was obtained to
detect the VZV gE. They could be used to detect recombinant
and native gE using Western blotting and immunofluores-
cence assay. VZV gE was identified as a membrane protein
ranging from 70 to 100 kDa, expressed in the virions and
virus-infected cell membranes.Western blotting demonstrated
that both 4A2 and 4H10 could react with rgE (Fig. 2a) and v-
Oka-infected cell lysate, but no band was detected in uninfect-
ed ARPE-19 cell lysate (Fig. 2b). In the immunofluorescence
assay, a high fluorescence signal could be detected on the
virus-infected cell membranes, and no signal was detected

for the uninfected cells (Fig. 2c). These data indicated that
4A2 and 4H10 are specific for VZV gE.

Based on the Western blotting, the two antibodies were
supposed to recognize the linear epitope located on gE. Fur-
thermore, 15 amino acid (aa) peptides with 5 aa overlapping,
covering the entire sequence of rgE, were used to react with
the two antibodies to identify the peptides to which they bind
(Table 1). Moreover, the result of the competition ELISA
showed that the rgE-immunized mice serum (1:10) could
block 4A2 (blocking rate 90.4 %) and 4H10 (blocking rate
36.6 %) binding to rgE (Table 1), and that the epitopes of 4A2
and 4H10 binding appeared to be immunodominant. Further-
more, the neutralization assay was performed with or without
the complement, and it was found that both 4A2 and 4H10 are
complement-dependent neutralizing antibodies; the neutraliz-
ing titer of 4A2 (1 mg/mL) is 1:2560, whereas that for 4H10
(1 mg/mL) is 1:640 (Table 1).

Virus growth kinetics monitoring using the constructed gE
quantitative assay

VZV is highly cell associated in cell culture and is easy
to be inactivated in the vaccine production process. Fast
and accurate monitoring of virus growth kinetics is im-
portant to ensure reproducible viral cultivation and op-
timize vaccine production. However, the conventional
method to monitor the process is the plaque assay,
which is laborious and time-consuming. Therefore, effi-
cient and rapid methods are greatly needed to assist the
classical plaque assay for virus titer monitoring in the
cell culture process. In the study, the total gE content
and cell-binding gE content were compared with the
virus titer. Twenty-four plates of cells were infected
with v-Oka at the same MOI (MOI=0.1), and three
plates were scraped once with 1-mL protection buffer
per plate, every 12 h, to prepare cell-free virus. Titer
of the cell-free virus was determined using the plaque
assay, while total gE and cell-binding gE content was
determined using the quantitative assay. The gE content
was compared with the virus titer, and the correlation
between the methods was analyzed.

As shown in Fig. 3, the content of total gE and cell-binding
gE content was increasing with an increase in the infectious
VZV formation during the cell culture process (Fig. 3a, c). A
reasonably good correlation was demonstrated between total
gE content and virus titer (r=0.829, Fig. 3b), and cell-binding
gE content showed higher correlation coefficient with virus
titer than total gE content (r=0.950, Fig. 3d). In the late stage
of cell culture, virus titer decreased rapidly, while decrease of
total gE protein was delayed (Fig. 3a). Exclusion of gE not
contributing to virus infection improved the correlation be-
tween gE content s.
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Characterization of lyophilized varicella vaccine using
the constructed gE quantitative assay

The current varicella vaccine is live attenuated, and the clas-
sical approach for the characterization of lyophilized varicella
vaccine is to determine the number of plaque forming units
(PFU) per dose by the plaque assay. As the gE content has
reasonably good correlation with the virus titer in cell culture
process, the same strategy was used to evaluate different
batches of lyophilized varicella vaccine. Sixteen batches of
lyophilized varicella vaccine (Wantai Biological Pharmacy
Enterprise, Beijing, China) were used in the study. Each dose
of lyophilized vaccine was solubilized with 1 mL of PBS, and
serial volumes of aliquots (50 and 10 μL) were added in trip-
licate to each six-well plate to determine the virus titer using
the plaque assay. The total gE content and cell-binding gE
content were determined, and the correlation between the
methods was analyzed. The correlation coefficient between
total gE content and virus titer was 0.755 (Fig. 4a), while
correlation coefficient between cell-binding gE content and
virus titer was 0.855 (Fig. 4c). Furthermore, the ratio of gE
binding to cells to total gE was analyzed and appeared quite

steady; it fluctuated between 50 and 65 % (Fig. 4b). It might
be another indicator to characterize the lyophilized varicella
vaccine.

Discussion

VZV infection may cause two different symptoms named var-
icella and HZ, and varicella is one of the most contagious
diseases known. Vaccines specific to these two diseases are
available, and the current data show that the varicella vaccine
and zoster vaccine have achieved significant vaccine efficacy
(Nguyen et al. 2005; Oxman et al. 2005; Seward et al. 2002;
Zhou et al. 2005). Combined with the discovery of VZV skin-
or neurotropic factors, new virus strains with deleted ORFs
might be used as potential safer live-attenuated vaccine (Che
et al. 2008; Selariu et al. 2012; Zhang et al. 2010). Inactivated
zoster vaccine as a safer form of vaccine has been evaluated in
immunocompromised adults in clinical trials and showed
promising prospects (Mullane et al. 2013). The gE protein is
considered themajor protective antigen and can stimulate both
humoral and cellular immunity (Dendouga et al. 2012; Lal

Fig. 1 Development of a sandwich ELISA for detecting native and
recombinant gE. a Pairing experiment. Three rounds of pairing
experiment were performed with serial dilution of gE. In the first round
of pairing experiment, 4900 combinations (70×70) were tested with
virus-infected ARPE-19 cell lysates at a 1:10 dilution, and 974 pairs
(colored blue and red) of mAbs with OD450 greater than 3.0 were
selected for the next pairing experiment with a higher dilution (1:1000).
In the third round of the experiment, 26 pairs of mAbs (colored red) with
OD450 greater than 3.0 in the second round of pairing experiment were
tested with a twofold serial dilution of cell lysates from 1:100 to 1:51,200.

b The pair of 4A2/4H10-HRP (one of the 26 pairs colored in red in the
third round of pairing experiments) showed the highest sensitivity in the
pairing experiment. c Detection of v-Oka-infected ARPE-19 cell lysates
(harvested 3 days post-infection,MOI=0.2) and uninfected ARPE-19 cell
lysates. The pair of mAbs (4A2/4H10-HRP) could detect up to 4.7×
103 copies of the VZV genome in the v-Oka-infected ARPE-19 cell
lysates (cutoff P/N >2.5), while it could not react with uninfected
ARPE-19 cell lysates. d Detection of rgE. The pair of mAbs (4A2/
4H10-HRP) could detect purified rgE at a concentration of 1.95 ng/mL
(cutoff P/N >2.5)
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et al. 2013; Leroux-Roels et al. 2012). The result of a pivotal
phase III study showed that gE subunit vaccine could reduce
the risk of shingles by 97.2 % in adults aged 50 years and
older compared to placebo (GlaxoSmithKline 2014). Howev-
er, there is no quantitative assay, specifically ELISA tech-
nique, for determining the content of gE in vaccine formula-
tions that has been reported.

In the present study, rgE was expressed in the baculovirus
expression system; it was well-modified and secreted into the
culture medium. A collection of 70 mAbs was obtained using
BALB/c immunized with purified rgE, three pairing

experiments were performed, and a highly sensitive quantita-
tive assay was established based on the sandwich ELISA tech-
nique to determine the gE content. The assay could detect the
native gE in rapid and high throughput manner. Furthermore,
the gE content demonstrated a reasonably good correlation
with the virus titer in the cell culture process monitoring and
different batches of lyophilized varicella vaccine characteriza-
tion. Thus, the constructed gE quantitative assay could be
used as a rapid and sensitive method for gE quantitation and
might be used as a complementary method to assist plaque
assay in vaccine production and development. Comparing
with 6–7 days needed for the plaque assay, which is the clas-
sical and most frequently used method for the detection of
virus titer, the detection time of ELISA method was signifi-
cantly shortened to several hours.

VZV ORF68 is the late gene which encodes the major
membrane protein gE. The expression level of gE protein
increases with infectious virus formation in the cell culture
process. In the study, reasonably good correlation between
gE content by the mAb-based ELISA and virus titer by plaque
assay was observed with a moderate correlation coefficients
(r=0.829, 0.950, 0.755, and 0.855; Figs. 3 and 4). The mod-
erate correlation is largely due to the variability of classical
plaque assay. The assay variation could be as high as 33 % as
reported with VZV (Krah et al. 1990). A reported work
showed that the correlation coefficient between quantitative
real-time PCR and plaque assay in detecting yellow fever
virus was 0.88 (r=0.88) (Bae et al. 2003). Another recent
publication on dengue virus reported reasonably good agree-
ment between Elispot assay and classical plaque reduction
assay with a correlation coefficient r=0.82 (Liu et al. 2012).
Therefore, the VZV gE content measured by the quantitative
assay was reasonably correlated with virus titer determined by
the plaque assay in the study. Furthermore, the constructed
mAb-based sandwich assay could quantitate all forms of gE
protein including gE protein not contributing to infection,
while the plaque assay has been used to quantify infectious
virus. The presence of gE in cell fragments or noninfectious
virus particles might be one of most important factors to in-
fluent the correlation between gE content and virus titer.
Therefore, an additional version of the gE quantitation was
developed to partially remove the influence of the gE compo-
nents not contributing to the virus plaque formation. In the
study, the correlation coefficient of r=0.755 or 0.829 for the
correlation between plaque assay and total gE assay was fur-
ther increased to r=0.855 or 0.950 when the cell-binding gE
content (instead of the total) was used for correlation analysis
(Figs. 3 and 4).

The 4A2 and 4H10 used in the constructed method were
well-characterized, and their application might be expanded
beyond their use in quantifying the content of gE during the
vaccine production process. The pair of mAbs was screened
from 4900 combinations and is the most sensitive and specific

Fig. 2 Identification of 4A2 and 4H10. a Identification of 4A2 and 4H10
with purified rgE using Western blotting. Purified rgE was subjected to
12 % SDS-PAGE (lane 1). The protein was transferred to a nitrocellulose
membrane, incubated with antibodies 4A2 (lane 2) and 4H10 (lane 3),
respectively, and then incubated with a goat anti-mouse secondary
antibody conjugated with horseradish peroxidase (Sigma-Aldrich, St.
Louis, MO, USA). SuperSignal ELISA Pico Chemiluminescent
Substrate (Thermo Fisher, Waltham, MA, USA) was used, and the
signal was collected using ImageQuant LAS 4000 mini (GE
Healthcare, Chalfont, Buckinghamshire, UK). b Identification of 4A2
and 4H10 with native gE using Western blotting. Western blotting was
performed as described above, and β-tubulin (7B9, Abcam, Cambridge,
UK) was used as the internal reference. Lane 1 v-Oka-infected ARPE-19
cell lysates; lane 2 uninfected ARPE-19 cell lysates. c Cellular
localization of VZV gE revealed by 4A2 and 4H10. v-Oka-infected and
v-Oka-uninfected ARPE-19 cells (iii) were fixed, permeated, and
incubated with 4A2 (i) and 4H10 (ii), followed by incubation with a
FITC-conjugated goat anti-mouse secondary antibody (green). The
nuclei were stained with DAPI (blue). The imagemagnification was ×630

Table 1 Characteristics of 4A2 and 4H10

Subtype Epitope (linear) Block ratio by
rgE-immunized
mice serum
(1:10) (%)

Neutralizing titer
(complement
1:10 v/v)

4A2 IgG1 SAQEDLGDD
TGIHVI

90.40 1:2560

4H10 IgG1 FHMWNYHS
HVFSVGD

36.60 1:640
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Fig. 3 Comparison of the gE content with virus titer during cell culture
process. Twenty-four plates (10 cm) of ARPE-19 cells were infected with
v-Oka at the same MOI (MOI=0.1); every 12 h, three plates of the virus-
infected cells were scraped in protection buffer (9 % sucrose, 25 mM
histidine, 150 mM NaCl) with 1 mL/plate and frozen at −80 °C. The
cell-free viruses were obtained by thawing and low-speed centrifugation
(400 g, 10 min). The titer of cell-free virus was determined using the
plaque assay, while total gE content and cell-binding gE content were
determined using the quantitative ELISA. Total gE content and cell-
binding gE content were compared with virus titer during the cell

culture process. a The content of total gE increased with virus titer
during the cell culture process; in the late stage of culture, virus titer
dropped rapid, while the decrease of total gE protein was delayed. b
The correlation between total gE content and virus titer was analyzed,
and the correlation coefficient (r) was 0.829. c The cell-binding gE
content and virus titer increased with the same trend in the process of
cell culture. d The correlation between cell-binding gE content and virus
titer was analyzed, and the correlated coefficient (r) is 0.950. The
correlation between gE content and virus titer has been improved after
partial exclusion of gE not contributing to plaque formation

Fig. 4 Comparison of the gE content with virus titer in lyophilized
varicella vaccine characterization. Sixteen batches of lyophilized
varicella vaccine were solubilized with 1 mL of PBS per dose. Aliquots
(50 and 10μL) were added in triplicate to each six-well plate to determine
the virus titer using the plaque assay. Total gE content, cell-binding gE
content, and virus titer in the 10-μL group were determined with the
quantitative assay or the plaque assay. The correlation between gE

content and virus titer was analyzed. a Analysis of correlation between
total gE content and virus titer, and the correlation coefficient (r) was
0.755. b The ratio of gE binding to cells to total gE of the 16 batches of
lyophilized varicella fluctuated between 50 and 65 %. c Correlation
between cell-binding gE content and virus titer, the correlation
coefficient (r) was 0.872
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pair. Several studies are required to detect VZV infection in
tissues and organs and thus need to determine the upregulation
or downregulation of gE among various samples. This pur-
pose may be achieved by lysing the cells or tissues with a lysis
buffer and detecting gE using the quantitative assay described
above. Additionally, the conservation of the two antibody epi-
topes was analyzed by BLAST comparison using the nucleo-
tide sequence database; the conservation of the 4A2 epitope
was found to be 100% among the strains or isolations of VZV,
whereas the conservation of 4H10 was found to be 93 %.
Therefore, the quantitative assay could be used to quantitative-
ly determine the gE content of different strains of VZV. Fur-
thermore, the two antibodies could neutralize the virus in the
presence of a complement, and the rgE-immunized mice se-
rum could block the antibodies binding to rgE. The epitopes of
the two antibodies might be major neutralized sites and play
an important role in vaccine efficacy; therefore, the pair of
mAbs could be used to monitor important epitopes and im-
prove vaccine efficacy.
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