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ABSTRACT

Varicella-zoster virus (VZV) is an alphaherpesvirus that causes varicella and herpes zoster. Membrane fusion is essential for
VZV entry and the distinctive syncytium formation in VZV-infected skin and neuronal tissue. Herpesvirus fusion is mediated by
a complex of glycoproteins gB and gH-gL, which are necessary and sufficient for VZV to induce membrane fusion. However, the
cellular requirements of fusion are poorly understood. Integrins have been implicated to facilitate entry of several human her-
pesviruses, but their role in VZV entry has not yet been explored. To determine the involvement of integrins in VZV fusion, a
quantitative cell-cell fusion assay was developed using a VZV-permissive melanoma cell line. The cells constitutively expressed a
reporter protein and short hairpin RNAs (shRNAs) to knock down the expression of integrin subunits shown to be expressed in
these cells by RNA sequencing. The �V integrin subunit was identified as mediating VZV gB/gH-gL fusion, as its knockdown by
shRNAs reduced fusion levels to 60% of that of control cells. A comparable reduction in fusion levels was observed when an
anti-�V antibody specific to its extracellular domain was tested in the fusion assay, confirming that the domain was important
for VZV fusion. In addition, reduced spread was observed in �V knockdown cells infected with the VZV pOka strain relative to
that of the control cells. This was demonstrated by reductions in plaque size, replication kinetics, and virion entry in the �V sub-
unit knockdown cells. Thus, the �V integrin subunit is important for VZV gB/gH-gL fusion and infection.

IMPORTANCE

Varicella-zoster virus (VZV) is a highly infectious pathogen that causes chickenpox and shingles. A common complication of
shingles is the excruciating condition called postherpetic neuralgia, which has proven difficult to treat. While a vaccine is now
available, it is not recommended for immunocompromised individuals and its efficacy decreases with the recipient’s age. These
limitations highlight the need for new therapies. This study examines the role of integrins in membrane fusion mediated by VZV
glycoproteins gB and gH-gL, a required process for VZV infection. This knowledge will further the understanding of VZV entry
and provide insight into the development of better therapies.

Varicella-zoster virus (VZV) is an alphaherpesvirus and a host-
specific human pathogen that causes the diseases varicella and

herpes zoster, commonly known as chickenpox and shingles (1).
Prior to the approval of attenuated vaccines by the Food and Drug
Administration, varicella was endemic in the United States popu-
lation and it was estimated that one in three individuals would
develop zoster in their lifetime (1, 2). The program for universal
varicella vaccination of children in the United States has proven to
be successful in preventing disease by reducing varicella incidence
by 57% to 90% (3). The zoster vaccine has been effective in reduc-
ing the zoster incidence by 51.3% (4). Individuals afflicted with
zoster risk developing postherpetic neuralgia (PHN), a debilitat-
ing, painful condition that can last weeks to months after the acute
herpes zoster rash has healed (1). Effective therapies are not cur-
rently available to treat PHN, as the cause of pain associated with
this condition has not been clarified. While the vaccine can signif-
icantly reduce the incidence of herpes zoster and PHN, its effec-
tiveness has been reported to wane over time (5). Critically, the
attenuated VZV vaccines are contraindicated for immunocom-
promised individuals. These limitations highlight the importance
of identifying new targets for drug and vaccine development that
focus on essential steps in VZV infection.

Herpesvirus membrane fusion is an essential first step of virion
entry that allows the nucleocapsid to gain access to the cytoplasm
of the host cell (6). The formation of the multinucleated cells
called syncytia is a consequence of membrane fusion and is asso-

ciated with VZV-induced pathology in infected skin and neuronal
tissue (7, 8). Fusion is induced by a conserved complex of herpes-
virus glycoproteins consisting of gB and the heterodimer gH-gL,
which are present on the virion and expressed on the surface of
infected cells (9). Expression of VZV gB and gH-gL is necessary
and sufficient to induce fusion, in contrast to other herpesviruses
which require additional virally encoded accessory proteins, such
as gD for herpes simplex virus (HSV), gp42 for Epstein-Barr virus
(EBV) for certain cell types, and gO or UL128/UL130/UL131 for
human cytomegalovirus (HCMV) (9–13). Efforts to identify cel-
lular components that contribute to VZV gB/gH-gL-mediated fu-
sion activity have been hampered by the highly cell-associated
nature of VZV in cell culture. This has made it challenging to study
the stages of VZV infection, including fusion, because of the dif-
ficulty in generating a purified cell-free virus inoculum with a high
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titer, which is in contrast to HSV, which releases complete virions
into the culture media (14–16).

Three cell proteins, cation-independent mannose 6-phosphate
receptor (MPRci), insulin-degrading enzyme (IDE), and myelin-
associated glycoprotein (MAG), have been proposed to function
as receptors for VZV entry. MPRci, which binds mannose 6-phos-
phate groups, is required for cell-free VZV infection of MeWo
cells (17). However, MPRci is unlikely to be directly involved in
fusion because knockdown cells are still susceptible to cell-associ-
ated VZV infection and could form syncytia. Furthermore, a di-
rect interaction has not been shown between MPRci and the VZV
glycoproteins that contain N-linked complex oligosaccharides
with mannose 6-phosphate groups, including gB and gH (18).
IDE interacts with VZV gE and has been suggested to contribute to
entry (17). However, IDE is unlikely to be an entry receptor, be-
cause VZV gE is not required for membrane fusion (12). Further-
more, the disruption of the gE and IDE interaction in a VZV gE
mutant virus did not prevent infection of melanoma cells or fibro-
blasts in vitro or of T cells or neuronal cells in vivo (19, 20). Since
VZV does not induce cell-cell fusion between T cells, this cell type
was used to document interactions required for VZV entry with-
out possible spread by syncytium formation. MAG associates with
gB and contributes to gB/gH-gL-mediated fusion (12), but the fact
that its expression is restricted to neuronal tissue suggests that
there are additional cellular proteins that contribute to membrane
fusion, as VZV can infect other cell types.

Integrins are heterodimeric proteins of noncovalently bound �
and � subunits that are expressed on the cell surface (21). In hu-
mans, the known 18 � subunits and 8 � subunits can be assembled
into 24 unique integrins with various functions, including cell
adhesion and mobility (21, 22). Specific integrins have been im-
plicated in having a role in the entry of five of the eight known
human herpesviruses. These include HSV-1, HSV-2, EBV, HCMV,
and Kaposi’s sarcoma-associated herpesvirus (KSHV), suggesting
that integrins are a conserved receptor or coreceptor for the entry
of all herpesviruses (23–26). The role of integrins in VZV gB/gH-
gL-mediated fusion and infection has not been explored to date.

In this study, the role of integrins in VZV gB/gH-gL-mediated
fusion and infection was examined in human melanoma cells,
which are permissive to VZV infection and model the syncytia that
are observed in infected skin (27). To identify the integrin sub-
units that are expressed, the transcriptome of the melanoma cells
was determined using RNA sequencing (RNA-seq). The role of
integrins in VZV gB/gH-gL-mediated fusion was assessed using
a newly developed cell-cell fusion assay that uses simultaneous
and constitutive expression of a reporter protein and small
hairpin RNAs (shRNAs) to target the transcripts of integrin sub-
units for knockdown. Data derived from the newly developed as-
say were corroborated using infection studies with the VZV pOka
strain that demonstrated that the �V integrin subunit is important
for VZV gB/gH-gL-mediated fusion.

MATERIALS AND METHODS
Cells and viruses. Chinese hamster ovary K1 (CHO) cells (CCL-61;
ATCC) and CHO-DSP1 cells (generated in this study) were propagated
using F-12K nutrient mixture with Kaighn’s modification (Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Invitrogen) and peni-
cillin (100 U/ml; Invitrogen), with CHO-DSP1 cells maintained under
puromycin selection (8 �g/ml; Invitrogen). MeWo (human melanoma)
cells (HTB-65; ATCC), Mel-DSP2 cells (generated in this study), and

Mel-DSP2 cells expressing shRNAs (generated in this study) were propa-
gated in minimal essential medium (Invitrogen) supplemented with 10%
FBS, nonessential amino acids (100 �M; Omega Scientific), and antibiot-
ics (penicillin, 100 U/ml; streptomycin, 100 �g/ml; Invitrogen), with the
last two cell lines maintained under puromycin selection (5 �g/ml). The
293T (CRL-3216; ATCC) cells were propagated using Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 4.5 g/liter glucose, L-glutamine, and
sodium pyruvate (Invitrogen) supplemented with 10% FBS and penicil-
lin. The parental Oka strain of VZV (pOka) (gift from Klaus Osterrieder,
Freie Universität, Berlin, Germany) was derived from a self-excisable bac-
terial artificial chromosome (BAC) and used throughout the study (28).

Vectors. pGIPZ-DSP1 and pGIPZ-DSP2 vectors were generated by
subcloning the R8(1-8) (DSP1) and R8(9-11) (DSP2) cassettes from a pair
of phRL-CMV vectors that expressed the DSP proteins (gift from Zene
Matsuda, University of Tokyo, Tokyo, Japan) (29). Briefly, the DSP1
and DSP2 genes were amplified by PCR (AccuPrime Taq; Invitrogen)
from pH-RL-CMV-R8(1-8) and pH-RL-CMV-R8(9-11) using prim-
ers [P]R8(1-8)-pGIPZ, BsrG1(1-8)-pGIPZ, [P]R8(9-11)-pGIPZ, and
BsrG1(9-11)-pGIPZ (Table 1). The PCR fragments were separated on
a 1% agarose gel, purified by gel extraction (Qiagen), and digested with
restriction enzyme, BsrGI (New England BioLabs). The products were
then ligated (T4 ligase; Invitrogen) with an XbaI (New England Bio-
Labs)-digested PCR fragment amplified from the pGIPZ vector using
primers pGIPZ_XbaI and pGIPZ_5CMV and a BsrG1- and XbaI-di-
gested pGIPZ vector. TOP10 (Invitrogen) electrocompetent cells were
transformed with the ligated products and plated on LB agar plates
supplemented with ampicillin (100 �g/ml; Sigma) and Zeocin (25
�g/ml; Invitrogen) antibiotics. Clones were confirmed by restriction
enzyme digestion and sequencing.

Primers to clone shRNAs targeting the integrin subunit and SLC1A5
(solute carrier family 1, member 5) transcripts were designed using the
shRNA psm2 design algorithm on the RNAi Central website (http:
//cancan.cshl.edu/RNAi_central/RNAi.cgi?type�shRNA) (30). The
cloning fragment was generated by two PCRs, with the first amplifying a
primer dimer containing the shRNA using the primers described above
(Table 1) and the second adding on the remaining sequence of the miR30
cassette using primers miR30PCRXHO1F and miR30PCRECOR1R. The
final PCR product was resolved on a 4% agarose gel, purified by gel ex-
traction (Qiagen), and digested with EcoRI and XhoI restriction enzymes
(New England Biolab). The pGIPZ-DSP2 vector was also digested with
EcoRI and XhoI, dephosphorylated with antarctic phosphatase (Invitro-
gen), separated on a 0.8% agarose gel, and purified by gel extraction. The
purified products were ligated together and then transformed into TOP10
cells. Cells were then plated on LB plates supplemented with the antibiot-
ics ampicillin and Zeocin. Positive clones were confirmed by restriction
enzyme digestion using MluI and XhoI (New England BioLabs), followed
by sequencing using pGIPZ-shRNA-seq001.

Construction of CHO-DSP1, Mel-DSP2, and Mel-DSP2 expressing
shRNA cell lines using lentivirus. Lentiviruses were generated by trans-
fecting 1.2 � 106 293T cells with 2.5 �g pGIPZ-DSP variant plasmids, 2.5
�g psPAX2, and 1 �g pMD2.G plasmids using Lipofectamine 2000 (In-
vitrogen). At 24 h posttransduction, virus-containing supernatant was
harvested and passed through a 0.45-�m syringe filter. A spinoculation
was performed by adding 1 ml of supernatant to 8 � 105 CHO or 1.5 � 106

human melanoma cells along with Polybrene (4 �g/ml; EMD Millipore)
and centrifuging the cells at 750 relative centrifugal force (rcf) for 45 min
at room temperature to generate CHO-DSP1 and Mel-DSP2, respectively.
Melanoma cells constitutively expressing both DSP2 and shRNAs were
generated in a similar manner. Puromycin was added at 48 h posttrans-
duction for selection. All cell lines were adherent despite interference with
expression of the integrin subunit of interest, and cell proliferation was
not altered during passaging of the cell lines.

qPCR. RNA from the cells was harvested and isolated using the
QIAshredder columns (Qiagen) and the RNeasy Plus minikit (Qiagen) in
accordance with the manufacturer’s instructions. cDNA was generated
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from the isolated RNA using the SuperScriptIII first-strand synthesis sys-
tem (Invitrogen) in accordance with the manufacturer’s instructions.
Quantitative PCR (qPCR) was performed with the cDNA using Sso-
Advanced Universal SYBR green supermix (Bio-Rad) and exon-exon
junction primers designed using the NCBI/Primer-BLAST tool (http:
//www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 2). The reactions
were carried out on a CFX384 real-time system mounted on a C1000
thermal cycler (Bio-Rad) in quadruplicate. The results were normalized to
Mel-DSP2 using levels of a housekeeping gene, PGM1, as a loading con-
trol. Statistical analysis was performed using the CFX Manager (Bio-Rad).

VZV gB/gH-gL and syncytin-1 DSP fusion assays. The DSP fusion
assay was adapted from the previously described quantitative cre reporter
assay (10). Briefly, 8 � 105 CHO-DSP1 cells were transfected with 1.6 �g
each of pCAGGs-gB (gift from Tadahiro Suenaga and Hisashi Arase,
Osaka University, Osaka, Japan), pME18s-gH[TL], and pcDNA-gL plas-
mids or 20 ng of pHCMV-ERVW1�16 (gift from George Murphy, Stan-

ford University, Stanford, CA, USA) plasmid with Lipofectamine 2000.
Both the gH[TL] plasmid and the ERVW1�16 plasmid, which encodes a
form of syncytin-1 with a 16-amino-acid truncation from the cytoplasmic
domain, were selected over their respective wild type because they in-
duced a hyperfusion phenotype that provided for a stronger readout with-
out compromising the fusion mechanisms involving the ectodomain (27,
31). At 6 h posttransfection, the transfected CHO cells were trypsinized,
collected by centrifugation, and resuspended in 1 ml of medium, of which
500 �l of cells was cocultured with either 1.5 � 106 Mel-DSP2 cells or
1.5 � 106 Mel-DSP2 cells expressing shRNAs and seeded in a 6-well plate.
The medium was changed at 12 h after coculture, and the cells were har-
vested after an additional 24 h with trypsin and resuspended in 1 ml of
resuspension buffer (phosphate-buffered saline [PBS], 2.5% FBS, 5 mM
EDTA). The frequency of green fluorescent protein (GFP)-positive cells in
105 cells was quantified using a FACSCalibur flow cytometer con-
trolled by CellQuest Pro (BD Bioscience) and analyzed with FlowJo
(TreeStar). A negative-control experiment was performed with
pME18s� and pcDNA� empty vectors to establish background levels
of GFP expression, which were subtracted from the results for the test
constructs. For the antibody inhibition study, 10 �g/ml of either anti-
integrin �V (AV1; EMD Millipore), anti-gI (SG4; Meridian), or an-
ti-gH (206) antibody (gift from Charles Grose, University of Iowa,
Iowa City, IA, USA) (32) was added to 250 �l of transfected CHO cells
cocultured with 7.5 � 105 Mel-DSP2 cells and then seeded in a 12-well
plate. The medium was replaced with medium supplemented with 10
�g/ml of antibody at 24 h after coculture, harvested after an additional
24 h, and resuspended in 0.5 ml of resuspension buffer. Fusion was
quantified as described above. Experiments were performed in dupli-
cate at a minimum.

RNA-seq. RNA was extracted from human melanoma cells using an
RNeasy Plus minikit (Qiagen). The RNA-seq libraries were prepared from
purified mRNA using a TruSeq RNA sample preparation kit v2 (Illu-
mina), and the libraries were sequenced on a HiSeq2000 platform (Illu-
mina) at the Stanford Stem Cell Institute Genome Center (SCIGC). Reads
were aligned with the human genome hg19 sequence using TopHat
(https://ccb.jhu.edu/software/tophat/index.shtml), and the values of
fragments per kilobase of exon per million fragments mapped (FPKM)

TABLE 1 Primers for effector/target cell and viral fusogen vector generation

Primer name Purpose Sequence

[P]R8(1-8)-pGIPZ Cloning ATGGCTTCCAAGGTGTACGACCCCGAGCAACGC
BsrG1(1-8)-pGIPZ Cloning TACTTGTACATTAGATCACTTGTCGGCGGTGATGCACACG
[P]R8(9-11)-pGIPZ Cloning ATGCAGAAGAACGGCATCAAGGCCAACTTC
BsrG1(9-11)-pGIPZ Cloning TACTTGTACATTACTGCTCGTTCTTCAGCACGCG
pGIPZ_XbaI Cloning TGCTGCAGGTCCGAGGTTCTAGACG
pGIPZ_5CMV Cloning GGTGGCAGATCCTCTAGTAGAGTCG
miR30PCRXHO1F shRNA adapters CAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG
miR30PCRECOR1R shRNA adapters CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCA
shINTGAV_1F shRNA TGCTGTTGACAGTGAGCGCGTGAGGTCGAAACAGGATAAATAGTGAAGCCACAGATGTA
shINTGAV_1R shRNA TCCGAGGCAGTAGGCATGTGAGGTCGAAACAGGATAAATACATCTGTGGCTTCACTA
shINTGA6_1F shRNA TGCTGTTGACAGTGAGCGACGGATCGAGTTTGATAACGATTAGTGAAGCCACAGATGTA
shINTGA6_1R shRNA TCCGAGGCAGTAGGCAGCGGATCGAGTTTGATAACGATTACATCTGTGGCTTCACTA
shINTGB1_1F shRNA TGCTGTTGACAGTGAGCGAGCCTTGCATTACTGCTGATATTAGTGAAGCCACAGATGTA
shINTGB1_1R shRNA TCCGAGGCAGTAGGCAGGCCTTGCATTACTGCTGATATTACATCTGTGGCTTCACTA
shINTGB3_1F shRNA TGCTGTTGACAGTGAGCGACCACGTCTACCTTCACCAATATAGTGAAGCCACAGATGTA
shINTGB3_1R shRNA TCCGAGGCAGTAGGCAGCCACGTCTACCTTCACCAATATACATCTGTGGCTTCACTA
shINTGB5_2F shRNA TGCTGTTGACAGTGAGCGCCTGAGGGCAAACCTTGTCAAATAGTGAAGCCACAGATGTA
shINTGB5_2R shRNA TCCGAGGCAGTAGGCATCTGAGGGCAAACCTTGTCAAATACATCTGTGGCTTCACTA
shINTGB8_3F shRNA TGCTGTTGACAGTGAGCGCGCTCAGTTGATTCAATAGAATTAGTGAAGCCACAGATGTA
shINTGB8_3R shRNA TCCGAGGCAGTAGGCATGCTCAGTTGATTCAATAGAATTACATCTGTGGCTTCACTA
shSLC1A5_1F shRNA TGCTGTTGACAGTGAGCGCGCCTGAGTTGATACAAGTGAATAGTGAAGCCACAGATGTA
shSLC1A5_1R shRNA TCCGAGGCAGTAGGCAAGCCTGAGTTGATACAAGTGAATACATCTGTGGCTTCACTA
pGIPZ-shRNA-seq001 Sequencing TTCACCGTCACCGCCGACGTCG

TABLE 2 Quantitative PCR primers

Primer name Sequence

INTGAV-F TTGGAGCATCTGTGAGGTCG
INTGAV-R ACATGGAGCATACTCAACAGTCT
INTGA6-F GACACTCGGGAGGACAACG
INTGA6-R TGGAAGCGCTTCTGCCCGC
INTGB1-F GAGTCGCGGAACAGCAGG
INTGB1-R AGCAAACACACAGCAAACTGA
INTGB3-F CATCACCATCCACGACCGAA
INTGB3-R GTGCCCCGGTACGTGATATT
INTGB5-F TGATACCTGGAACAACGGTGG
INTGB5-R GGCTGATCCCAGACTGACAA
INTGB8-F TTGTCTGCCTGCAAAACGAC
INTGB8-R TGGCACAGGATGCTGCATTT
PGM-qPCR03 CCAGAGTATCATCTCCACCGT
PGM-qPCR04 TGTCCGATAACCAAGCGACC
SLC1A5-F GTCGACCATATCTCCTTGATCCTG
SLC1A5-R CAGCTCACTCTTCACTTGTATCAAC
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were calculated using Cufflinks (http://cole-trapnell-lab.github.io
/cufflinks/). An FPKM value of 3 or greater was chosen as the cutoff to
determine the expression of mRNA of integrin subunits.

Western blotting. Protein lysates from transduced and nontrans-
duced melanoma cells were obtained by cell lysate fractionation and chlo-
roform methanol precipitation to enrich the lysate for �V integrins.
Briefly, cell pellets were incubated in hypotonic buffer (20 mM HEPES, 10
mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol
[DTT]) with EDTA-free protease inhibitors (Roche) for 15 min on ice.
The buffer was then supplemented with 4% NP-40 to a final concentra-
tion of 0.2%, and the cells were briefly vortexed. The sample was then
centrifuged at 16,200 rcf for 1 min, and the supernatant was transferred to
a fresh tube. The supernatant was then treated with methanol, chloro-
form, and water, with vortexing after the addition of each buffer. Samples
were centrifuged at 16,200 rcf for 1 min, and the aqueous layer was then
removed. Additional methanol was added, and the sample was vortexed
and centrifuged. Methanol was removed and further evaporated using an
Eppendorf Vacufuge concentrator. The protein pellet was resuspended in
Laemmli sample buffer (Bio-Rad) supplemented with 2-mercaptoetha-
nol, boiled at 95°C for 10 min, and run on a 7.5% Mini-Protean TGX gel
(Bio-Rad). Protein transfer was performed using a Transblot SD cell (Bio-
Rad), and the membranes were probed for either �V integrin (rabbit
polyclonal antibody [PAb] 4711; Cell Signaling) or �-tubulin (clone B-5-
1-2 mouse anti-�-tubulin; Sigma). Primary antibodies were detected us-
ing secondary horseradish peroxidase-conjugated antibodies to either an-
ti-mouse or anti-rabbit antibody and the ECL Plus detection kit (GE
Healthcare Bio-Sciences).

VZV plaque size assay. Mel-DSP2 cells or Mel-DSP2 cells expressing
shRNA were inoculated with 200 PFU of cell-associated pOka or were

transfected with 2 �g of pOka-TK GFP BAC (27). For the assay involving
pOka infection, the medium was replaced with medium supplemented
with puromycin (5 �g/ml) at 24 and 48 h postinfection to remove the
puromycin-sensitive cells in the inoculum. The cells were fixed with 4%
paraformaldehyde (PFA) at 96 h postinfection. Immunohistochemistry
was performed on the fixed cells using an anti-VZV polyclonal serum
(C05108MA; Meridian Life Science), and images of randomly selected
plaques (n � 40) were taken with an AX10 microscope (Zeiss). The
plaques were outlined, and the area was calculated using Image J, as pre-
viously described (11).

Replication kinetics and virus titration. Mel-DSP2 cells or Mel-DSP2
cells expressing shRNA were inoculated with 1,000 PFU of cell-associated
parental Oka strain of VZV (pOka). At 6 and 24 h postinfection, medium
was replaced with medium supplemented with puromycin (5 �g/ml).
Infected cells were harvested at 24-h intervals and titrated on melanoma
cells in triplicate to examine the replication kinetics as previously de-
scribed (33). For the cell-free virus infection, 5.5 � 105 cells were seeded in
wells of a 12-well plate. Cells were inoculated with 20 PFU of cell-free
pOka, which had been prepared as previously described and contained
virions attached to short membrane segments and some cell-free virions
(34). Cells were maintained under puromycin selection for 4 days. Cells
were fixed at 4 days postinfection, and plaques were visualized by immu-
nohistochemical staining as described above.

Confocal microscopy. Confocal microscopy of CHO-DSP1 cells tran-
siently expressing viral fusogenic glycoproteins fused with Mel-DSP2 cells
was performed as previously described (10). Cells were fixed with 4%
PFA, permeabilized with 0.1% Triton-X, and probed with either anti-gB
MAb SG2 (mouse; Meridian Life Sciences) or anti-syncytin pAb H-280
(rabbit; Santa Cruz Biotechnology). The primary antibodies were de-

FIG 1 Quantifying VZV gB/gH-gL-mediated fusion with the SRFA. (A) Effector cells (square) that constitutively express the DSP1 reporter (black hexagons) and
transiently express the fusogen (white circles) are cocultured with target cells (circle) that constitutively express the cellular receptor(s) (orange) or coreceptors
needed for membrane fusion and the DSP2 reporter (purple hexagons). Fusion between the effector and target cells (green) results in GFP and Renilla luciferase
activity from the reconstituted DSP, allowing for a dual readout of fusion. Fusion events were quantified by flow cytometry. (B) Confocal micrographs of
CHO-DSP1 cells expressing VZV gB/gH-gL and Mel-DSP2 cells. Cells were stained for VZV gB (red) and nuclei (Hoechst 33342; blue). Fused cells have GFP
activity from reconstituted DSP1 and DSP2 (green). The merged image is on the left. The middle images are of GFP and nuclei (top) and VZV gB and nuclei
(bottom). The top right image (*) is a magnification of a representative fused cell. The bottom right image is the vector control. White scale bars, 100 �m. (C)
The frequency of GFP-positive cells in effectors cells only (CHO-DSP1), target cells only (Mel-DSP2), cocultured effector and target cells (CHO-DSP1/Mel-
DSP2), and cocultured effector and target cells transfected with either empty vector (vector) or plasmids expressing VZV gB and gH-gL (gB/gH-gL). Values were
compared to those of the vector control, and statistical analysis was performed using ANOVA (***, P 	 0.001). The data shown are the mean results of four
independent experiments, with bars indicating the standard error of the mean (SEM).
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tected with anti-mouse or anti-rabbit secondary antibody, Alexa Fluor
555 (Invitrogen). GFP expression was used as a marker of fused cells.
Nuclei were stained with Hoechst 33342 (Invitrogen). Images were cap-
tured with a Leica SP2 AOBS confocal laser scanning microscope or an
inverted Zeiss LSM 780 multiphoton laser scanning confocal microscope
at the Stanford Cell Sciences Imaging Facility. Channel merging and im-
age processing were performed with ImageJ and Photoshop.

Statistical analysis. All quantitative results were analyzed by either a t
test, one-way analysis of variance (ANOVA), or two-way ANOVA to de-
termine the statistical significance using Prism (GraphPad Software).

RESULTS
VZV glycoproteins gB and gH-gL are necessary and sufficient to
induce membrane fusion. To address the limitations of sensitiv-
ity and reproducibility associated with current fusion assays, a
novel mechanism-of-action assay called the stable reporter fusion
assay (SRFA) was developed to quantify VZV gB/gH-gL-mediated
fusion. The SRFA combined the dual split protein (DSP) system,
which was developed by Ishikawa et al. (29), with a lentivirus
system to generate cells that constitutively expressed the two re-
porter proteins, DSP-1 and DSP-2 (Fig. 1A). A GFP or Renilla
luciferase signal is produced only upon reconstitution of the two
proteins when effector cells that express DSP-1 and the viral gly-
coprotein fuse with the target cells that express DSP-2. Fused cells

with reconstituted GFP activity and gB expression were observed
by confocal microscopy after coculture of effector cells transiently
expressing VZV gB/gH-gL and target cells derived from human
melanoma cells (Fig. 1B). This was consistent with previous ob-
servations that gB and gH-gL are the minimum viral proteins
required for fusion (12, 35). Melanoma cells were selected, as VZV
replication in these cells induces the cell-cell fusion characteristic
of VZV pathogenesis and the cells were expected to express the
cellular components necessary for gB/gH-gL-mediated fusion
(27). Fused cells were not observed in cocultures using effector
cells transfected with the empty vector. The mean frequency of
fused cells was 
1 � 103 fused cells for every 1 � 105 cells analyzed
for GFP activity by fluorescence-activated cell sorting (FACS)
(Fig. 1C). In contrast, less than 0.2% of the cells in the coculture
containing effector cells transfected with empty vector had GFP
activity. Thus, the SRFA was successfully adapted to quantify VZV
gB/gH-gL-mediated fusion and demonstrated that the constitu-
tive expression of the DSP proteins provided for low background
and a high signal-to-noise ratio.

Validation of SLC1A5 as a required receptor for syncytin-1-
mediated fusion using a novel assay that combined the SRFA
with shRNA expression. To reduce experimental variability re-
sulting from the use of small interfering RNA (siRNA) knock-

FIG 2 Experimental design to identify cellular proteins that function in viral glycoprotein-mediated fusion using RNA-seq, cell-cell fusion, and shRNA
knockdown. Transcripts of candidate cellular receptors (green, orange, and blue sinusoids) expressed by cells permissive to infection by the enveloped virus of
interest can be identified by RNA sequencing (RNA-seq). A single lentiviral vector encoding both the DSP2 (purple hexagons) and an shRNA (green, orange, and
blue hairpins) targeting the transcript of the candidate receptor is generated. Target cells that stably express the DSP2 and the shRNA that inhibits expression (red
line) of the candidate receptor (green, orange, and blue blocks) are generated by lentivirus transduction of cells. Transduced target cells are selected using
puromycin. The stable reporter fusion assay is performed by coculturing effector cells that transiently express the fusogen of the enveloped virus of interest (white
circles) and constitutively express the DSP1 (black hexagon) with the transduced target cells. Knockdown of a relevant protein will result in a reduction in fusion
relative to that of the control cells (blue bar in chart). Receptors determined to be important for fusion will be confirmed in the context of viral infection.
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down by transfection to identify cellular components critical for
fusion, a new fusion assay was developed involving a single lenti-
viral vector encoding both the DSP and an shRNA to interfere
with cellular protein expression (Fig. 2). This assay utilized
transcriptome data of the target cell to infer the expression of
relevant proteins that could contribute to fusion. The abun-
dance of mRNAs encoding membrane proteins has been shown
to correlate with high levels of protein expression in mamma-
lian cells (36). Target cells that expressed both the DSP and an
shRNA to knock down protein expression would be generated
and evaluated in the SRFA to determine if the protein had a role
in fusion.

This approach was evaluated first by adapting the SRFA to the
fusogenic glycoprotein syncytin-1 that is encoded by human en-
dogenous retrovirus-W that integrated into the germline 25 to 40
million years ago (37, 38). Syncytin-1 is expressed on the surface
of placental trophoblasts and induces cell-cell fusion when trig-
gered upon binding to its receptor, solute carrier family 1, mem-
ber 5 (SLC1A5) (38). Similar to the VZV gB/gH-gL fusion assay,
fused cells with GFP activity could be observed by confocal mi-

croscopy and quantified by FACS in cocultures of effector cells
expressing syncytin-1 and target cells that were confirmed to ex-
press SLC1A5 by RNA-seq (Fig. 3A to C). Target cells in which
each cell expressed the DSP2 construct and an shRNA that knocks
down SLC1A5 were generated using a single lentiviral vector. The
knockdown target cells had a 97% reduction in SLC1A5 tran-
scripts and a 95% reduction in fusion events relative to those of the
control cells (Fig. 3D). The requirement of SLC1A5 for syncytin-1
fusion was consistent with previous observations of the absence of
cell-cell fusion in native CHO cells compared to CHO cells con-
stitutively expressing SLC1A5 (39). The frequency of VZV gB/
gH-gL fusion with the SLC1A5 knockdown cells was comparable
to that of the control cells, indicating that the knockdown was
specific and that expression of shRNAs did not affect expression of
the DSP2 reporter protein (Fig. 3E). Thus, these results demon-
strate that a single lentiviral vector that expresses both the reporter
protein and shRNAs can be used in the SRFA to validate the func-
tional role of cellular receptors for fusogenic proteins.

VZV-permissive human melanoma cells express integrins.
To determine which of the 24 known human integrins were ex-

FIG 3 Solute carrier family 1, member 5 (SLC1A5), is a required receptor for syncytin-1-mediated fusion. (A) Integrative Genomics Viewer coverage track of
SLC1A5 reads derived from RNA-seq data of libraries generated from human melanoma cells. Exons of SLC1A5 are indicated in blue. (B) Confocal micrographs
of cocultures of CHO-DSP1 cells expressing syncytin-1 and Mel-DSP2 cells. Cells were stained for syncytin-1 (red) and nuclei (Hoechst 33342; blue). Fused cells
have GFP activity from reconstituted DSP1 and DSP2 (green). The merged image is on the left. The middle images are of GFP and nuclei (top) and syncytin-1
and nuclei (bottom). The top right image (*) is a magnification of a representative fused cell. The bottom right image is the vector control. White scale bars, 50
�m. (C) Frequency of GFP-positive cells produced by syncytin-1-induced fusion determined by flow cytometry analysis of 1 � 105 cells. (D) SLC1A5 mRNA
(white) and syncytin-1 fusion (black) levels of a Mel-DSP2 knockdown cell line (SLC1A5) determined by qRT-PCR and the fusion assay, respectively. Values
were normalized and compared to those of the Mel-DSP2 control (Ctrl). (E) Fusion assay using CHO-DSP1 cells transfected with either empty vector (Vector)
or plasmids expressing gB/gH-gL and either Mel-DSP2 (Ctrl; white) or SLC1A5 knockdown target cells (black). All statistical analysis was performed using either
a t test (C) or ANOVA (D and E) (***, P 	 0.001; ns, not significant). Data shown for all experiments are the mean results of at least two independent experiments,
with bars indicating the standard error of the mean (SEM).
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pressed on the melanoma cells, RNA lysate from the cells was
analyzed by RNA-seq. Of the 18 � subunits and 8 � subunits
known to be expressed by human cells, the abundance of mRNA
transcripts of �V, �E, �1 to �7, �1, �3 to �5, and �8 subunits was
determined to be above the expression threshold selected for this
study, a value of fragments per kilobase of exon per million frag-
ments mapped (FPKM) of 3 or greater (Fig. 4A). Based upon the
transcript levels, 12 integrins were implicated as potential recep-
tors important for VZV fusion, including �V�1, �V�3, �V�5,
�V�8, �1�1, �2�1, �3�1, �4�1, �5�1, �6�1, �6�4, and �7�1.
Integrin �E�7 was excluded from this study, as the FPKM value
for the �7 subunit was below the expression threshold.

Knockdown of �V integrins reduces VZV gB/gH-gL-medi-
ated fusion. To examine all 12 candidate integrins for their role in
gB/gH-gL-mediated fusion, the �V (ITGAV), �6 (ITGA6), and
�1 (ITGB1) subunits were individually targeted for knockdown
by shRNA, as all of the candidates required at least one of these
subunits. Relative to the control cell line (Mel-DSP2), a 95%
knockdown of �V in ITGAV cells, a 42% knockdown of �6 in
ITGA6 cells, and a 99% knockdown of �1 in ITGB1 cells were

measured by quantitative reverse transcription (RT)-PCR (Fig.
4B). All cell lines were adherent despite interference with expres-
sion of the integrin subunit of interest, and cell proliferation was
not altered during passaging of the cell lines. Expression of the
shRNA targeting �V (ITGAV) reduced gB/gH-gL-mediated fu-
sion to 60% of that of the control melanoma cells that did not
express an shRNA (Mel-DSP2) (Fig. 5A, Ctrl). In contrast, ex-
pression of shRNAs targeting �6 (ITGA6) and �1 (ITGB1) in-
creased fusion to 38% and 30% compared to that of the control
melanoma cells, respectively. Knockdown of the �V subunit pro-
tein was confirmed by its absence in protein lysates from the
ITGAV cell line compared to the control cell line (Fig. 5B). An
increase in �V expression for the ITGB1 cells was shown by West-
ern blotting, suggesting that the increase in fusion for ITGB1 cells
was a consequence of increased �V integrin expression.

To determine which of the �V heterodimers, �V�3, �V�5, or
�V�8, were involved in gB/gH-gL-mediated fusion, cell lines des-
ignated ITGB3, ITGB5, and ITGB8 were generated by shRNA
knockdown of �3, �5, and �8 subunits, respectively. Each of the
cell lines had reduced expression of their respective subunits by

FIG 4 Inhibition of integrin subunit expression by shRNA knockdown. (A) FPKM (fragments per kilobase of exon per million fragments mapped) values of
integrin subunits (circles) expressed in human melanoma cells determined by RNA sequencing, with darker colors indicating larger values, as indicated. Integrins
are represented by the circles linked with a line. (B) Integrin subunit mRNA levels of Mel-DSP2 cell lines expressing shRNAs targeting subunits �V (ITGAV), �6
(ITGA6), �1 (ITGB1), �5 (ITGB5), and �8 (ITGB8) quantified by qRT-PCR. Levels of RNA for shRNA knockdown cells (white) are represented as percentages
of those of the control Mel-DSP2 cells (black). Statistical analysis was performed using ANOVA (***, P 	 0.001). Data shown are the mean results of at least
duplicate experiments, with bars indicating the standard error of the mean (SEM).

FIG 5 Inhibition of �V subunit expression reduces VZV gB/gH-gL-mediated fusion. (A) VZV gB/gH-gL (white) and vector control (black) fusion levels with
Mel-DSP2 (Ctrl) or Mel-DSP2 cell lines expressing shRNAs targeting subunits �V (ITGAV), �6 (ITGA6), �1 (ITGB1), �5 (ITGB5), and �8 (ITGB8). Values were
normalized and compared to that of the Mel-DSP2 cells (Ctrl, gB/gH-gL). Statistical analysis was performed using ANOVA (*, P 	 0.05; ***, P 	 0.001). Data
shown for all experiments are the mean results of at least two independent experiments, with bars indicating the standard error of the mean (SEM). (B) Western
blot of �V subunit in membrane and cytoplasmic portions of cell-fractionated lysate from Mel-DSP2 cells (Ctrl) and shRNA knockdown target cells, ITGAV
(�V) and ITGB1 (�1). Alpha tubulin (�-Tub) was probed as a loading control. Arrows indicate molecular weight (MW) in thousands for �V and �-tubulin.
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�89% relative to the expression of the control in each line (Fig.
4B). A moderate 15% reduction in fusion was observed with
ITGB3 cells relative to the control, while significant differences
were not observed with the ITGB5 and ITGB8 cells (Fig. 5A).
Thus, the �V integrin subunit has a more significant role in VZV
gB/gH-gL-mediated fusion than the �3 subunit.

Anti-�V antibody inhibits VZV gB/gH-gL-mediated fusion.
The �V subunit was postulated to directly participate in VZV
gB/gH-gL-mediated fusion because of the marked reduction in
fusion levels observed with the ITGAV cells. To determine the
relevance of the extracellular domain of the �V subunit to fusion,
cocultures of transfected CHO-DSP1 and Mel-DSP2 cells were
treated with an antibody to the �V domain. The anti-�V antibody
reduced fusion to 63% of that of the untreated cells (Fig. 6, No
Ab), which was consistent with the reduction observed in the
knockdown cell line, while addition of VZV glycoprotein I (gI) as
a control antibody resulted in fusion levels that were similar to
those of the untreated cells (Fig. 6). An anti-gH antibody
(mAb206) with known neutralizing activity was used as a positive
control and reduced fusion to background levels (32, 35). Thus,
the reduction in fusion by the antibody to the extracellular do-
main of the �V subunit confirms the role of the subunit in VZV
gB/gH-gL-mediated fusion.

Knockdown of the �V subunit reduces VZV infection and
spread. To demonstrate the relevance of the fusion assay for VZV
infection, ITGAV, ITGB1, and ITGB3 cells and control melanoma
cells were infected with cell-associated VZV pOka and treated with
puromycin at 24 h postinfection to remove the inoculum cells.
The average size of the plaques, a measurement of VZV spread, in
ITGAV cells was reduced by 60% compared to the control cells at
96 h postinfection, indicating that the loss of the �V subunit lim-
ited VZV spread (Fig. 7A and B). In contrast, the average plaque
sizes in the ITGB1 and ITGB3 cell lines and the SLC1A5 cell line,
which served as an shRNA control, were comparable those of the
control cells. While inhibition of the �3 subunit reduced fusion
events by 15% in the VZV fusion assay, the lack of an effect on
VZV plaque size in the ITGB3 cells indicated that this level of

fusion impairment was not sufficient to reduce viral spread. A
similar reduction in plaque size was also observed in ITGAV cells
(50% reduced) that were transfected with a BAC containing the
pOka genome compared to the control cells at 96 h posttransfec-
tion (Fig. 7C). The reduced spread limited virus propagation, as a
statistically significant 0.4- to 1-log10 decrease in viral titers in
cell-associated pOka-infected ITGAV cells compared to the con-
trol cells between 1 and 3 days postinfection (dpi) was observed
(Fig. 7D). Both infected ITGAV and control cells had similar viral
titers at 4 dpi, indicating that the initial delay in propagation could
be overcome. In contrast, the viral titers in the ITGB1, ITGB3, and
SLC1A5 cells were similar to those in the control cells at all time
points measured, which corroborated the plaque size assay results.
The inoculation of uninfected monolayers with cell-associated
VZV exposes the cells to large quantities of virions attached to the
surface of each infected cell in the inoculum, increasing infection
efficiency. To further determine the importance of the �V subunit
for virus infection, the cell lines were infected with cell-free virus,
which exposes the target cell to a lower titer of virions. At 4 dpi, a
statistically significant reduction in the mean number of plaques
was observed in ITGAV (3.5 � 2.1, P 	 0.01) and ITGB3 (6.5 �
2.1, P 	 0.01) cells compared to the control cells (18.25 � 3.8),
supporting the critical role of the �V subunit. Under these low-
inoculum conditions, it was possible to detect a modest contribu-
tion of the �3 subunit, consistent with observations in the fusion
assay. In contrast, the numbers of plaques in ITGB1 and SLC1A5
cells were not significantly different from the number in the con-
trol cells. Thus, the �V integrin subunit has an important role in
effective VZV infection and spread.

DISCUSSION

Membrane fusion induced by viral fusogens is a complex mecha-
nism that involves both viral and cellular proteins (40). This study
identified the human �V subunit of integrins as having a role in
VZV gB/gH-gL-mediated membrane fusion and VZV infection
and spread in melanoma cells. Integrin heterodimers that include
the �V subunit have also been shown to be important for fusion-
mediated entry of other human herpesviruses, including �V�3,
�V�6, and �V�8 for HSV-1, �V�3 for HSV-2, �V�5, �V�6, and
�V�8 for EBV, �V�3 for HCMV, and �V�3 for KSHV (23, 24, 26,
41–43). In contrast to what has been observed in other herpesvi-
ruses, a heterodimer consisting of a specific � subunit together
with the �V subunit was not discernibly involved in VZV gB/gH-
gL-mediated fusion. Knockdown of the � subunits expressed in
melanoma cells did not reduce fusion to levels of the �V knock-
down, although a small change was observed when �3 was
knocked down. This suggests that the � subunits of the integrin
heterodimer are largely interchangeable, with fusion depending
predominately on the �V subunit. This redundancy has been ob-
served in studies of the role of integrins in HSV-1 entry and EBV
glycoprotein-mediated fusion (23, 44). A similar reduction in vi-
ral spread has also been observed in HSV-2-infected human cer-
vical epithelial cells expressing siRNA targeting the �V subunit
(24). A slight but significant reduction in plaque number was ob-
served when cells with the �3 subunit knockdown were infected
with low-titer cell-free virus, suggesting that the �3 integrin sub-
unit might contribute to VZV infection. Consistent with the lim-
ited number of plaques observed, siRNA knockdown of the �3
subunit has been previously reported to reduce HSV-2 spread
(24). The presence of the �V integrin subunit on cells known to

FIG 6 Anti-�V antibody inhibits VZV gB/gH-gL-mediated fusion. VZV gB/
gH-gL (white) and vector control (black) fusion levels with 10 �g of anti-�V
(�V), -glycoprotein I (gI), or -glycoprotein H (gH) monoclonal antibody
added during coculture. Values were normalized and compared to those of the
untreated Mel-DSP2 cells (No Ab, gB/gH-gL). Statistical analysis was per-
formed using ANOVA (*, P 	 0.05; ***, P 	 0.001). Data shown are the mean
results of at least two independent experiments, with bars indicating the stan-
dard error of the mean (SEM).
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support VZV replication during natural infection, including T
cells, epithelial cells, keratinocytes, and dermal fibroblasts, impli-
cate �V integrin in VZV tropism (45–52). Although the abun-
dantly expressed �V subunit was the emphasis of this study, it is
plausible that integrin subunits expressed at low levels might have
a contributory role in VZV gB/gH-gL-mediated fusion. Thus,
VZV, like other members of the family Herpesviridae, exploits
integrins to facilitate entry, suggesting that this capacity was ac-
quired by a common ancestor from which all three human her-
pesvirus subfamilies were derived.

The reduction in fusion caused by the addition of an anti-�V
antibody that binds the extracellular domain suggests that an in-
teraction of either gB or gH-gL with the �V extracellular domain
was inhibited. This possibility has precedence because �V integ-
rins have been reported to act as coreceptors and to bind to the
canonical, integrin-binding motif, Arg-Gly-Asp (RGD), in the ex-
tracellular domains of KSHV gB and HSV-1 gH (42, 53). A disin-

tegrin-like domain (DLD) present in KSHV and HCMV gB has
also been shown to function in integrin binding (54, 55). Strik-
ingly, both the RGD and DLD motifs are absent in VZV gB, gH,
and gL, suggesting that any potential interaction would occur
through an unidentified motif in these glycoproteins. Such an
interaction would implicate �V integrins as a coreceptor to facil-
itate or stabilize an interaction of gB/gH-gL with the currently
unknown receptor(s) for VZV that triggers fusion.

The �V integrins might contribute to VZV gB/gH-gL-medi-
ated fusion by facilitating the localization of the fusion-triggering
receptor to lipid rafts that promote effective membrane fusion and
virion entry. CHO cells expressing �V�3 integrin have been ob-
served to relocalize nectin-1, a receptor for HSV-1 entry, to lipid
rafts that also contain the integrin in the absence of infection (56).
Virions of KSHV have also been found to localize to lipid rafts that
contain �V�3 integrin (57). Therefore, lack of �V integrin expres-
sion could limit the localization of the fusion-triggering receptor

FIG 7 Knockdown of �V integrin subunit limits pOka infection and spread. (A) Phase-contrast images show representative plaques from a plaque size assay of
Mel-DSP2 (Ctrl) and shRNA knockdown cell lines, ITGAV (�V), ITGB1 (�1), ITGB3 (�3), and SLC1A5, at 96 h after VZV pOka infection. Bars, 200 �m. (B)
Box-and-whisker plot of plaque sizes, measured (n � 40) in square millimeters and compared to those of Mel-DSP2 cells. (C) Box-and-whisker plot of plaque
sizes (n � 40) of Ctrl, ITGAV, and ITGB3 cell lines at 96 h posttransfection with pOka-TK GFP BAC. For the box-and-whisker plots, the boxes represent the 25th
to 75th percentile, with the median indicated by the band and the whiskers representing the minimum and maximum values. (D) Replication of kinetics of pOka
in ITGAV (red), ITGB1 (blue), ITGB3 (green), SLC1A5 (purple), and Mel-DSP2 (Ctrl; black) cells over 4 days using cell-associated inoculum. Individual points
represent the mean of harvested infected cells titrated in triplicate in melanoma cells, including the titrated inoculum at day 0. Titers were measured in log10 of
PFU per milliliter (PFU/ml). (E) Plaque assay for shRNA knockdown and Mel-DSP2 (Ctrl) cell lines infected with 20 PFU of cell-free pOka at 4 days
postinfection. Statistical differences between the control and other cells were evaluated by one-way ANOVA (B, C, and E) (**, P 	 0.01; ***, P 	 0.001) or
two-way ANOVA (D) (*, P 	 0.05; ***, P 	 0.001). Data shown are the mean results of at least two independent experiments, with bars in panels D and E
indicating the standard error of the mean (SEM).
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to these lipid rafts and hinder fusion and entry. An interaction of
�V integrins to VZV gB/gH-gL might also alter the cellular mem-
brane to increase the susceptibility of the cells to fusion, as binding
of cellular ligands to �V integrins can trigger downstream signal-
ing that promotes cell migration, adhesion, and proliferation (58,
59). The binding of HSV-2 gH/gL to �V�3 has been shown to
cause intracellular Ca2� release and activation of the focal adhe-
sion kinase (24, 60). Both of these events promote actin rearrange-
ment, which has been demonstrated to be important for the mem-
brane fusion step during entry of enveloped viruses, including
vaccinia virus and respiratory syncytial virus (61, 62). Actin rear-
rangement was found to be essential for KSHV entry, but it is not
clear whether this process is involved in the fusion step of entry
(63). It has also been shown in Drosophila cells that actin-pro-
pelled membrane protrusions are necessary and sufficient to pro-
mote cell-cell fusion mediated by fusogenic proteins (64). VZV
gB/gH-gL might also alter the lipid composition of the cellular
membrane via �V integrins to enhance fusion, as has been pro-
posed for the interaction of the alphaherpesvirus equine herpes-
virus 1 gH with the �4�1 integrin (65).

This study demonstrated the ability of the stable reporter fu-
sion assay to overcome obstacles to the study of viral and cell
proteins involved in VZV entry that result from its highly cell-
associated nature. Furthermore, the assay can be used as a quan-
tifiable mechanism-of-action assay in tandem with shRNA knock-
down to study VZV gB/gH-gL-mediated fusion. The use of
lentiviruses to generate the target cells removes the experimental
variability that has plagued previous technologies that are reliant
on transient transfection of reporter constructs, leading to het-
erogeneous levels of reporter expression. The experimental de-
sign of this study included RNA sequencing and generation of
cells that stably coexpress shRNA and the reporter protein.
This provides a platform that can be readily customized to
study diverse fusogens and to identify cellular counterparts in
different cell types, which was demonstrated by the syncytin-1
fusion assay. This novel assay can be adapted to study mem-
brane fusion in diverse cell types because many human cells are
susceptible to lentivirus transduction.
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