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ABSTRACT

Herpes simplex viruses (HSVs) are unusual in that unlike most enveloped viruses, they require at least four entry glycoproteins,
gB, gD, gH, and gL, for entry into target cells in addition to a cellular receptor for gD. The dissection of the herpes simplex virus
1 (HSV-1) entry mechanism is complicated by the presence of more than a dozen proteins on the viral envelope. To investigate
HSV-1 entry requirements in a simplified system, we generated vesicular stomatitis virus (VSV) virions pseudotyped with HSV-1
essential entry glycoproteins gB, gD, gH, and gL but lacking the native VSV fusogen G. These virions, referred to here as VSVAG-
BHLD virions, infected a cell line expressing a gD receptor, demonstrating for the first time that the four essential entry glyco-
proteins of HSV-1 are not only required but also sufficient for cell entry. To our knowledge, this is the first time the VSV pseu-
dotyping system has been successfully extended beyond two proteins. Entry of pseudotyped virions required a gD receptor and
was inhibited by HSV-1 specific anti-gB or anti-gH/gL neutralizing antibodies, which suggests that membrane fusion during the
entry of the pseudotyped virions shares common requirements with the membrane fusion involved in HSV-1 entry and HSV-1-
mediated syncytium formation. The HSV pseudotyping system established in this study presents a novel tool for systematic ex-
ploration of the HSV entry and membrane fusion mechanisms.

IMPORTANCE

Herpes simplex viruses (HSVs) are human pathogens that can cause cold sores, genital herpes, and blindness. No vaccines or
preventatives are available. HSV entry into cells—a prerequisite for a successful infection—is a complex process that involves
multiple viral and host proteins and occurs by different routes. Detailed mechanistic knowledge of the HSV entry is important
for understanding its pathogenesis and would benefit antiviral and vaccine development, yet the presence of more than a dozen
proteins on the viral envelope complicates the dissection of the HSV entry mechanisms. In this study, we generated heterologous
virions displaying the four essential entry proteins of HSV-1 and showed that they are capable of cell entry and, like HSV-1, re-
quire all four entry glycoproteins along with a gD receptor. This HSV pseudotyping system pioneered in this work opens doors
for future systematic exploration of the herpesvirus entry mechanisms.

o enter living cells to replicate, viruses must overcome the

barrier of the cellular membrane. Enveloped viruses accom-
plish this task by facilitating the merger of their envelope with a
target cell membrane, during which capsids are delivered into the
cytosol and infection ensues. Entry is initiated by binding of a
virus to an appropriate receptor on the surface of the host cell and
is catalyzed by a virus-encoded membrane fusogen. In most en-
veloped viruses, the receptor binding and the fusogenic functions
are executed by a single protein (1).

Herpesviruses are double-stranded DNA, enveloped viruses
with intricate envelopes that contain at least a dozen proteins (2).
Herpesvirus entry is a complex process that requires three con-
served proteins plus additional nonconserved glycoproteins spe-
cific to individual herpesviruses (3-5) and could be further mod-
ulated by viral and host proteins (6-9).

Herpes simplex virus 1 (HSV-1) is the prototype of the diverse
herpesvirus family (10). HSV-1 envelopes contain at least 14 dif-
ferent proteins (2), but only four, gB, gD, gH, and gL, are required
for entry, which was established by assaying the infectivity of
HSV-1 mutants containing single gene deletions (11-14). gD is
the receptor-binding protein (13) that engages one of its three
cellular entry receptors: nectin-1, a cell adhesion molecule found
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at cell junctions; a herpesvirus entry mediator (HVEM) (15-17);
or a non-protein receptor 3-O-modifed heparan sulfate (18). gB,
gH, and gL are present in all herpesviruses and constitute their
core fusion machinery (3-5). Of these three proteins, gB is the
most highly conserved, and it is a class III viral fusion protein (19,
20), presumably, directly involved in bringing the viral and host
cell membranes together to enable their fusion. gH/gL does not
resemble a viral fusion protein and, instead, probably regulates the
fusogenic activity of gB (21).

The four HSV-1 glycoproteins essential for entry are also suf-
ficient for cell-cell fusion when coexpressed in transfected cells in
the presence of a gD receptor (22, 23). But whether they are suffi-
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cient for viral entry is unknown. Construction of an HSV-1 mu-
tant lacking all glycoproteins except for the essential four has not
yet been attempted and may be technically challenging due to the
need to delete at least 10 genes.

The requirements and the mechanisms of HSV-1-mediated
membrane fusion have been primarily investigated using cell-cell
fusion of cells transfected with the four essential glycoproteins.
This robust system has provided important insights into the
mechanisms of membrane fusion and contributions of individual
glycoproteins. It is well appreciated that virus-cell and cell-cell
fusion are distinct processes.

In this study, we developed a simplified system for investigat-
ing HSV-1 entry mechanism. We generated VSV virions pseu-
dotyped with HSV-1 gB, gD, gH, and gL through transcomple-
mentation but lacking the native vesicular stomatitis virus (VSV)
fusogen G (VSV-G). These virions, which we termed VSVAG-
BHLD, were capable of infecting a cell line expressing gD recep-
tors, demonstrating for the first time that gB, gD, gH, and gL are
not only required but also sufficient for cell entry. Entry of pseu-
dotyped virions was blocked by HSV-1-specific anti-gB or anti-
gH/gL neutralizing antibodies, which suggests that membrane fu-
sion during the entry of the pseudotyped virions is subject to
requirements similar to those for membrane fusion involved in
HSV-1 entry. The VSV pseudotyping system provides a potential
platform for future dissection of the contributions of HSV-1 en-
velope proteins to entry.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. BHK (a gift from J. White [University of
Virginia]), 293T (a gift from J. M. Coffin [Tufts University]), and B78H1
(agift from R.J. Eisenberg and G. H. Cohen [University of Pennsylvania])
cells were grown in Dulbecco’s modified Eagle medium containing high
glucose and sodium pyruvate (DMEM; Gibco) supplemented with 5%
fetal bovine serum (FBS; Gibco). C10 cells (24) (a gift from R. J. Eisenberg
and G. H. Cohen), which are B78H1 derivatives that stably express nec-
tin-1, were grown in DMEM supplemented with 5% FBS and 250 jg/ml
of Geneticin (Gibco). V529 cells (25) (a gift from D. M. Knipe [Harvard
Medical School]) were grown in DMEM supplemented with 10% FBS and
400 pg/ml of Geneticin. All cell lines were grown at 37°C with 5% CO,.

Plasmids pPEP98, pPEP99, pPEP100, and pPEP101 carry the full-
length HSV-1 (strain KOS) gB, gD, gH, and gL genes, respectively, in a
pCAGGS vector (26) and were gifts from P. G. Spear (Northwestern Uni-
versity). Plasmid pCMV-VSVG was provided by J. White.

Rabbit anti-HSV-1 gH/gL polyclonal antibody (PAb) R137, anti-
HSV-1 gD PAb R7, anti-HSV-1 gB PAb R68, and mouse anti-HSV-1 gB
monoclonal antibodies (MAbs) SS10 and SS55 were gifts of G. H. Cohen
and R. J. Eisenberg. Mouse anti-HSV-1 gH/gL MAb LP11 was a gift of H.
Browne (U. of Cambridge). Mouse anti-VSV-G MAb IE9F9, anti-VSV-M
MADb 23H12, and neutralizing anti-VSV-G MAb 8G5F11 were purchased
from KeraFast. Goat anti-rabbit and goat anti-mouse PAbs were pur-
chased from Bio-Rad.

Pseudotyped virions. Recombinant VSVAG-G was generated previ-
ously by M. Whitt (27) and provided by J. White (University of Virginia).
VSVAG-gB, VSVAG-G, or VSVAG was generated by transfecting BHK
cells with plasmids pPEP98 (gB), pPCMV-VSVG, or pCAGGS and infect-
ing with them with VSVAG-G 24 h posttransfection at a multiplicity of
infection (MOI) of 3 to 5 IU/cell for 1 h at 37°C in a 5% CO, incubator
using serum-free DMEM. VSVAG-G encodes green fluorescent protein
(GFP) instead of VSV-G, and infection is monitored by GFP expression
beginning 12 to 24 h postinfection. The cells were washed 3 times using
phosphate-buffered saline containing calcium and magnesium (PBS+ +)
(Corning) and incubated in DMEM containing 5% FBS for 24 h at 37°C.
Supernatants containing virions were harvested by two rounds of centrif-
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ugation at 1,500 X g for 10 min at 4°C. Virions were isolated from the
supernatant by pelleting through a 20% sucrose cushion at 100,000 X gin
an SW28 rotor and resuspended in 10% sucrose in 20 mM HEPES, pH 7.4,
and 150 mM NaCl (HN buffer). Virions were further purified and con-
centrated by band purification using a 20 to 60% step gradient at 40,000 X
gfor 12 to 16 h using an SW55 rotor. The band was extracted from the 20
to 60% sucrose interface, diluted 2-fold in HN buffer, and pelleted
through a 20% sucrose cushion at 100,000 X g.

VSVAG-BHLD virions were prepared by following a modified proto-
col for pseudotyping hepatitis C Virus envelope proteins (28). 293T cells
were cotransfected with pPEP98, pPEP99, pPEP100, and pPEP101 using
polyethylenimine (PEI) and 24 h posttransfection were infected with
VSVAG-G at an MOI of 3 to 5 IU/cell for 2 h at 37°C in serum-free
DMEM. The cells were washed 2 or 3 times using PBS+ + and incubated
for 48 to 72 h with DMEM containing 5% FBS at 30°C. Supernatants
containing virions were cleared by two rounds of centrifugation at 1,500 X g
for 10 min at 4°C and stored at —80°C until use or until further purifica-
tion, as with other virions. Titers of VSVAG-BHLD virion preparations
were determined by serial dilution on C10 cells using fluorescence micros-
copy to detect GFP in the presence of anti-VSV-G MAb 8G5F11. Typical
yields were 10° to 10° TU/ml.

The recombinant HSV-1 KOS8GFP virus expresses ICP8 with C-ter-
minal GFP in the Kosl.1 background (25) and was kindly provided by
D. M. Knipe. The HSV-1 KOS8GEFP virus was propagated on V529 cells.

Western blotting. Virion preparations were separated by SDS-PAGE
using a 12% or 4 to 15% TGX gel (Bio-Rad) and visualized by staining
with GelCode blue (ThermoFisher Scientific). Western blot analysis
was used to confirm the presence of specific VSV and HSV-1 proteins
in virions.

EM and immunogold labeling. Purified VSVAG-gB was diluted 10-
fold in double-distilled water (ddH,0O) and absorbed onto a glow-dis-
charged carbon-coated 200-mesh copper grid at room temperature. Im-
munogold labeling was performed using 1% bovine serum albumin
(BSA) for blocking, anti-gB MAb SS10 diluted 1:20, rabbit anti-mouse
secondary PAD diluted 1:100, and protein A conjugated to 5-nm gold
particles. Labeled samples were stained using 1% phosphotungstic acid
(PTA) solution, pH 7.4. Purified VSVAG-BHLD samples were diluted
10-fold in ddH,0, absorbed onto a glow-discharged Formvar/carbon-
coated 200-mesh copper grid, and stained using 1% PTA. Samples were
visualized using Tecnai G* Spirit BioTWIN transmission electron micro-
scope equipped with an AMT 2k charge-coupled device camera micro-
scope at the Harvard Medical School electron microscopy (EM) core fa-
cility.

Cell entry and fluorescence microscopy. C10 and B78H1 cells were
seeded in a 24-well plate with glass coverslips at 1 X 10°/well and reached
confluence the following day. VSVAG-BHLD, VSVAG-G, and HSV-1
KOS8GFP were added equally to both cell types and visualized 16 to 24 h
later by microscopy after fixation using 4% PFA-PBS (4% paraformalde-
hyde solution in phosphate-buffered saline [Boston BioProducts]). Nu-
clei were stained with 4',6-diamidino-2-phenylindole (DAPI). The me-
dium was replaced 2 h later and the cells were incubated overnight before
visualization by fluorescence microscopy.

Antibody inhibition experiments. C10 cells were seeded in a 24-well
plate at 1 X 10°/well and reached confluence the following day. Antibody
blocking experiments were performed by incubating virions with appro-
priate antibody for 1 h at 4°C prior to addition to the cells. Anti-gH/gL
LP11 IgG was used at 2.5 pg/ml, anti-VSV-G (8G5F11) was used at 0.5
pg/ml, and SS55 (anti-gB) in ascites fluid was used at a 1:100 dilution.
GFP expression 16 to 24 h postinfection was quantified by fluorescence-
activated cell sorting (FACS) and expressed as the percentage of GFP-
positive cells versus that under control (no antibody) conditions. For
immunofluorescence imaging, VSVAG-BHLD and VSVAG-G were pre-
incubated with anti-VSV-G (8G5F11) at 1 pg/ml, SS55 (anti-gB) in ascites
fluid at 1:50, or no antibody at 4°C prior to addition to the cells.
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PEG-mediated fusion. Stock solution of polyethylene glycol 6000
(PEG 6000; Fluka) in PBS was prepared by autoclaving 58% (wt/wt) so-
lution of PEG 6000 in PBS at 121°C for 15 min, cooling it to room tem-
perature, and diluting it to 44% prior to the experiment. Cells were seeded
in a 24-well plate at 1 X 10° cells/well and reached confluence the follow-
ing day. The medium was replaced with cold DMEM containing 30 mM
HEPES, pH 7.4, and cells were chilled to 4°C. VSVAG-BHLD, VSVAG-B,
VSVAG-BD, or VSVAG-HLD was added and incubated at 4°C for 2 h to
allow attachment. Cells were washed twice in PBS, incubated with warm
44% PEG 6000 or PBS for 1 min at 37°C, and washed five times with PBS.
Cells were then incubated overnight at 37°C in DMEM containing 5%
FBS. The percentage of GFP-positive cells was quantified by FACS.

RESULTS

Generation and characterization of VSV pseudotyped with
HSV-1 glycoprotein B. We used a pseudotyping system based on
recombinant VSV, in which the gene for the native fusogen G was
replaced with GFP (VSVAG) (27). VSVAG virions can be pseu-
dotyped with a glycoprotein of interest through transcomplemen-
tation whereby cells are transfected with an expression plasmid
encoding the glycoprotein gene and then infected with the
“helper” virus VSVAG-G, which is pseudotyped with the VSV
native fusogen G.

Initially, we generated VSVAG virions pseudotyped with
HSV-1 gB alone (VSVAG-gB). “Bald” VSVAG virions lacking any
glycoproteins and VSVAG-G virions pseudotyped with the native
VSV-G served as controls. The average gB incorporation in
VSVAG-gB virions was comparable to that of native VSV-G in the
control VSVAG-G virions as judged by SDS-PAGE and GelCode
blue staining (Fig. 1A). Robust incorporation was achieved with-
out substituting the native 109-amino-acid cytoplasmic domain
of gB for the 29-amino-acid cytoplasmic tail of VSV-G, a strategy
that is often used to improve incorporation of challenging glyco-
proteins (29, 30). The presence of HSV-1 gB in VSVAG-gB prep-
arations was verified by Western blotting with anti-gB PAb R68
(Fig. 1B) and by immunogold labeling with anti-gB MAb SS10
(Fig. 1C). To ascertain that the VSVAG-gB preparations were free
from contamination with the VSVAG-G helper virus, they were
tested by Western blotting with an anti-VSV-G MAD (Fig. 1B). No
VSV-G was detected in VSVAG-gB preparations, even at a high
exposure (data not shown).

Generation and characterization of VSV pseudotyped with
HSV-1 gB, gD, gH, and gL. While required for viral entry and for
membrane fusion (14, 23), HSV-1 gB alone is insufficient for cell-
cell fusion (23), so it was not surprising that VSVAG-gB virions
were unable to enter cells (data not shown). In contrast, cells
cotransfected with HSV-1 gB, gD, gH, and gL undergo robust
fusion with cells bearing gD receptors (23, 26), which demon-
strates that these four HSV-1 glycoproteins are sufficient for cell-
cell fusion. To determine whether gB, gD, gH, and gL are also
sufficient for viral entry, we generated VSVAG virions pseu-
dotyped with all four HSV-1 glycoproteins, gB, gH, gL, and gD
(VSVAG-BHLD), by transcomplementation. 293T cells were
cotransfected with four plasmids and then infected with the
VSVAG-G helper virus.

The presence of HSV-1 glycoproteins in VSVAG-BHLD virion
preparations was determined by SDS-PAGE with GelCode Blue
staining as well as Western blot analysis (Fig. 2A and B). The
VSVAG-BHLD virions contained all four glycoproteins, with gB
incorporated in greater amounts than gD or gH, as judged by
relative band intensity in GelCode blue-stained gels (Fig. 2A). gL
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FIG 1 Characterization of VSVAG virions pseudotyped with the HSV-1 gly-
coprotein gB. (A and B) Pseudotyped VSVAG virions were separated by SDS-
PAGE and analyzed by GelCode blue staining (A) or by Western blotting (B).
Molecular mass standards (kDa) are labeled on the left, and the proteins are
labeled on the right. (A) Virions pseudotyped with HSV-1 gB (VSVAG-gB),
VSV-G (VSVAG-G), or no glycoproteins (VSVAG) were purified from BHK
cells and normalized for VSV-M content using densitometry. (B) Pseu-
dotyped virions from panel A were analyzed by Western blotting using the
indicated antibodies. (C) VSVAG-B virions were visualized by electron
microscopy using immunogold labeling with anti-gB MAb SS10 and neg-
ative staining with 1% PTA.

binds Coomassie stain poorly even in purified gH/gL preparations
(data not shown). This likely explains the apparent lack of a band
corresponding to gL in Fig. 2A. The Western blot signal for gL was
also low with anti-gH/gL PAb R137. Yet gL is expected to be pres-
ent in equimolar amounts with gH because gH needs gL for
proper folding (31, 32) and in its absence is not expressed on cell
surface (33) or incorporated into virions (12). To verify the pres-
ence of gL in VSVAG-BHLD virions, another, comparable
VSVAG-BHLD preparation was tested with an anti-gL. MADb,
showing that gL is present in purified VSVAG-BHLD despite the
low signal from the R137 blot (Fig. 2C).
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FIG 2 Characterization of VSVAG virions pseudotyped with the HSV-1 glycoproteins gB, gD, gH, and gL. (A to C) Virions pseudotyped with HSV-1 gB, gD, gH,
and gL (VSVAG-BHLD) were separated by SDS-PAGE and analyzed by GelCode blue staining (A) or by Western blotting (B and C). Molecular mass standards
(kDa) are labeled on the left, and the proteins are labeled on the right. (A) VSVAG-BHLD virions were purified from 293T cells. (B) VSVAG-BHLD virions from
panel A were analyzed by Western blotting using the indicated antibodies. (C) VSVAG-BHLD virions prepared as described for panels A and B were analyzed by
Western blotting using anti-gL MAb L1. (D) VSVAG-BHLD virions were visualized by electron microscopy using negative staining with 1% PTA.

Negative-staining electron microscopy images of VSVAG-
BHLD virions showed the presence of glycoprotein spikes on the
viral surface (Fig. 2D), although the identity of glycoproteins can-
not be assigned with certainty.

VSVAG-BHLD virions require a gD receptor for cellular en-
try. To determine whether gB, gD, gH, and gL are sufficient for
viral entry, we tested their ability to infect C10 cells. C10 cells
express the gD receptor nectin-1 and were generated previously
from the cell line B78H1 (32). As a positive control, we used
HSV-1 recombinant virus ICP8-GFP, which expresses ICP8 con-
taining a C-terminal GFP tag (25). GFP expression was used as a
readout of viral entry. VSVAG-BHLD virions entered C10 cells
efficiently as judged by GFP expression (Fig. 3). Entry was depen-

B78 Cells

C10 Cells

VSVAG-BHLD

HSV-1 KOS 8GFP VSVAG-G

FIG 3 VSVAG-BHLD virions require a gD receptor for cellular entry. Entry of
VSVAG-BHLD, VSVAG-G, and HSV-1 KOS8GFP was visualized by confocal
microscopy. VSVAG-BHLD and VSVAG-G express GFP in infected cells, and
HSV-1KOS8GFP expresses ICP8-GFP. B78H1 cells lack any known gD recep-
tors, while C10 cells, derived from B78H1, stably express gD receptor nectin-1.
Cells were seeded on glass coverslips, infected the following day, and fixed
using 4% PFA-PBS. Nuclei were stained with DAPIL.
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dent on the presence of a gD receptor because the virions were
unable to infect the parental B78H1 cells, which lack any known
gD receptors (24, 34). As expected, HSV-1 KOS8GFP infected
gD-receptor-bearing C10 cells but not B78H1 cells (Fig. 3). Thus,
entry of VSVAG-BHLD virions, like that of HSV-1, requires a gD
receptor. In contrast, VSVAG-G was able to infect the two cell
types equally well, demonstrating that the B78H1 cells are permis-
sive for VSV (Fig. 3). The ability of the VSVAG-BHLD virions to
infect cells demonstrates for the first time that the core entry gly-
coproteins gB, gD, gH, and gL are sufficient for cell entry.

Entry of VSVAG-BHLD virions is blocked by neutralizing
antibodies. A number of antibodies against HSV-1 entry glyco-
proteins are neutralizing; that is, they inhibit HSV-1 entry. These
antibodies also reduce fusion of cells transiently expressing the
four entry glycoproteins and would be expected to block entry of
VSVAG-BHLD virions. To determine the effect of neutralizing
antibodies on entry of VSVAG-BHLD, virions were preincubated
with the anti-gB MAb SS55 (35), the anti-gH/gL MADb LP11 (36),
or anti-VSV-G MAD 8G5F11 as a negative control. Both S§55 and
LP11 reduced entry of VSVAG-BHLD virions (Fig. 4A and B) as
well as HSV-1 KOS8GFP (Fig. 4A and D) but had no effect on the
entry of VSVAG-G virions (Fig. 4A and C). Only anti-gH/gL and
anti-gB MAbs reduced entry of VSVAG-BHLD and HSV-1
KOS8GFP, whereas anti-VSV-G MAb had no effect. HSV-1
KOS8GFP infection of the C10 cells was also reduced by either
LP11 or SS55 but not by anti-VSV-G MAD (Fig. 4D). As expected,
VSVAG-G infection was blocked only by preincubation with anti-
VSV-G MAD and not by the anti-HSV-1 MAbs (Fig. 4A and C).
Thus, both gB and gH/gL are required for entry of VSVAG-BHLD
virions.

The anti-gH/gL. MAb LP11 efficiently neutralizes virus infec-
tivity, inhibits cell-cell spread (36), and blocks cell-cell fusion of
cells transiently expressing the four entry glycoproteins (21). It has
been proposed to block an essential interaction between gH/gL
and gB (21), which could be its mechanism of neutralization. The
anti-gB MAD SS55 neutralizes virus infectivity (35, 37) and blocks
cell-cell fusion of cells transiently expressing the four entry glyco-
proteins (38). SS55 blocks binding of soluble gB ectodomain to
synthetic lipid vesicles (37), and its binding site (37) is located in
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FIG 4 VSVAG-BHLD infection is blocked by anti-HSV-1 antibodies. (A) VSVAG-BHLD or VSVAG-G virions were incubated with anti-VSV-G, anti-gB MAb
§S55, or no antibody prior to being added to C10 cells. Nuclei were stained with DAPI. (B to D) VSVAG-BHLD, VSVAG-G, or HSV-1 KOS8GFP virions were
incubated with the neutralizing antibodies anti-gH/gL MAb LP11, anti-VSV-G MADb 8G5F11, or anti-gB MAb SS55 prior to being added to C10 cells. Cells were
fixed in 4% PFA-PBS, and GFP expression was quantified using FACS. Each experiment was performed in triplicate and normalized to no-antibody controls, with

the mean graphed. Error bars represent standard deviations.

the vicinity of the fusion loops, which interact with membranes
(39-41). SS55 could thus inhibit entry and fusion by interfering
with the gB fusion loop insertion into membrane, a critical step in
membrane fusion (37). The ability of these antibodies to block
entry of VSVAG-BHLD and HSV-1 suggests that membrane fu-
sion during the entry of the pseudotyped virions shares common
mechanistic features with membrane fusion involved in HSV-1
entry and in HSV-1-mediated cell-cell fusion.

VSVAG-BHLD virions require gB, gH/gL, and gD for entry
into C10 cells. To confirm that each of the four HSV-1 entry
glycoproteins, gB, gH, gL, and gD, are required for entry into the
C10 cells, we generated VSVAG virions pseudotyped with incom-
plete entry glycoprotein sets: VSVAG-B, VSVAG-BD, VSVAG-
BHL, and VSVAG-HLD (Fig. 5A to D). All proteins were incor-
porated into the virions (Fig. 5A to C). A band corresponding to
gD was detected in VSVAG-BHLD, VSVAG-BD, and VSVAG-
HLD preparations by GelCode blue staining (Fig. 5A). Western
blotting was used to confirm the presence of gB and gH because
their respective bands migrate too closely together to be ade-
quately distinguished by GelCode blue staining alone. The relative
amounts of gH were lower than those of gB or gD, judging by
GelCode blue staining (Fig. 5A). Also, less gH was present in the
VSVAG-HLD than in VSVAG-BHL virions (Fig. 5C) despite
comparable analyzed amounts of VSVAG-BHL and VSVAG-
HLD virions, as judged by VSV-M content (Fig. 5A and D). The
anti-gH/gL PAb R137 reacts poorly with gL, and while gL can be
detected in BHLD preparations, it appears below the detection
limit in HLD and BHL preparations. However, given that in the
absence of gL, gH is not expressed on the cell surface (33) or
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incorporated into HSV-1 virions (12), we conclude that both BHL
and HLD preparations contain gL.

Only VSVAG-BHLD virions were capable of infecting C10
cells (Fig. 4E), demonstrating the requirement for all four essential
entry glycoproteins in this minimal system. To rule out that the
productive entry of VSVAG virions containing incomplete entry
glycoprotein sets was blocked at an attachment or a postfusion
step, we forced fusion of VSVAG-BHLD virions with the plasma
membrane using polyethylene glycol (Fig. 5E), an approach that
has been used with HSV-1 (42, 43). Approximately 10% of PEG-
treated cells were productively infected (Fig. 5E). Thus, gB, gD,
gH, and gL are necessary for entry of VSVAG virions. The increase
in the infectivity of VSVAG-BHLD virions in the presence of PEG
is probably due to PEG-forced entry of particles that are normally
incapable of entry.

DISCUSSION

The recombinant VSVAG system has been used successfully to
study the entry of fusogens from many viruses, especially for vi-
ruses for which biosafety is a concern (44-50). In this study, we
applied this technology to HSV-1, which contains over a dozen
proteins in its envelope. We generated VSVAG virions bearing the
four essential HSV-1 entry glycoproteins, gB, gD, gH, and gL,
which are also sufficient to mediate fusion of transiently trans-
fected cells. To our knowledge, this is the first time the VSVAG
pseudotyping system has been extended beyond two proteins. By
establishing a pseudotyping system for HSV-1, we showed that the
four essential entry glycoproteins are sufficient for entry into gD
receptor-bearing cells.
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FIG 5 VSVAG-BHLD virions require gB, gH/gL, and gD for entry into C10
cells. (A to D) Pseudotyped VSVAG virions were separated by SDS-PAGE and
analyzed by GelCode blue staining (A) or by Western blotting (B to D). Mo-
lecular mass standards (kDa) are labeled on the left, and the proteins are
labeled on the right. (A) Virions pseudotyped with HSV-1 gB, gH/gL, and gD
or a subset of these were purified from 293T cells and normalized for VSV-M
content using densitometry. (B to D) Pseudotyped virions from panel A were
analyzed by Western blotting using the indicated antibodies. (E) Equal vol-
umes of VSVAG-BHLD, VSVAG-B, VSVAG-BD, or VSVAG-HLD prepara-
tions were incubated with C10 cells at 4°C to permit attachment and then
treated with PBS or 44% PEG 4000. GFP expression was quantified using
FACS. The experiment was performed in triplicate, with the means graphed.
Error bars represent standard deviations.

Prepared pseudotyped virions were free from contamination
with residual VSV-G from helper virus as judged by SDS-PAGE,
Western blotting, and the inability of the neutralizing anti-VSV-G
antibody to block VSVAG-BHLD infectivity. Successful incorpo-
ration of heterologous glycoproteins into VSV particles often re-
quires that their cytoplasmic tail be replaced with that of VSV-G
(29, 30). But the incorporation of gB into the pseudotyped virions
was robust and comparable to that of native VSV-G despite the
presence of a relatively large cytoplasmic domain. In contrast, the
incorporation of gD and especially gH/gL was lower and could,
potentially, be improved by including the cytoplasmic tail of
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VSV-G. However, efficient fusion requires the intact cytoplasmic
tail of gH (51-53), and its replacement would likely reduce infec-
tivity of VSVAG-BHLD virions.

The VSVAG-BHLD virions successfully infected a gD recep-
tor-bearing cell line, demonstrating for the first time that HSV-1
gB, gD, gH, and gL are not only required but also sufficient for cell
entry. It is well known that the four HSV-1 entry glycoproteins
mediate fusion of cells transiently expressing these proteins. How-
ever, the process of viral entry into a cell differs from cell-cell
fusion in several regards. During viral entry, a small viral particle
attaches to and fuses its lipid envelope with the membrane of a
much larger cell, whereas during cell-cell fusion, juxtaposed
membranes of comparable size fuse. While studies of cell-cell fu-
sion of transfected cells have greatly advanced our understanding
of membrane fusion mediated by herpesviral glycoproteins, the
transfected cell system may not fully recapitulate fusion during
viral entry due to differences in membrane curvature, contact
area, cytoskeleton, among other factors. Moreover, mutations in
herpesvirus entry glycoproteins have been shown to have distinct
effects on viral entry versus cell-cell fusion (54, 55). Our results
demonstrate that the four essential HSV-1 entry glycoproteins
function as the core fusion machinery both during viral entry and
during cell fusion, highlighting their role in mediating membrane
fusion, which is an essential step in both processes.

Entry of VSVAG-BHLD virions required the presence of gD
receptor on the target cells and was sensitive to inhibition by neu-
tralizing antibodies against gB or gH/gL. Thus, entry of the pseu-
dotyped virions is subject to requirements similar to those for
entry of HSV-1. Whether it recapitulates all aspects of HSV-1 en-
try is yet unknown. For example, VSV pseudotypes have a differ-
ent membrane composition than native HSV-1 virions due to
different cellular budding locations, plasma membrane (56) ver-
sus cytosolic membranes derived from the trans-Golgi network or
endosomes (57, 58). Nevertheless, the pseudotyping system de-
scribed here provides the means to manipulate glycoprotein com-
position in the context of a viral particle, which could be advan-
tageous for studying contributions of HSV glycoproteins to viral
entry and membrane fusion.

HSV-1, along with other herpesviruses, infects multiple cell
types. Moreover, HSV-1 has been reported to enter different cells
by one of three cell-type specific routes: fusion at the plasma mem-
brane, pH-dependent endocytosis, or pH-independent endocyto-
sis (5,59, 60). Entry by any of three routes requires the presence of
gB, gD, gH/gL, and a gD receptor (6), and what dictates the choice
of a route in a particular cell type is unclear. Future work will
investigate the entry routes of VSVAG-BHLD virions.

The four essential entry glycoproteins are sufficient for mem-
brane fusion. Yet herpesviruses, including HSV-1, have many
other glycoproteins. The roles of these so-called nonessential gly-
coproteins have not yet been fully elucidated, but some of these
may play important roles during viral entry into specific cell types
(8). It is possible that one of the nonessential HSV-1 proteins may
specify entry routes or increase efficiency of entry into different
cell types. The pseudotyping system pioneered in this work opens
doors for future systematic exploration of the herpesvirus entry
pathways and the role of the nonessential glycoproteins.
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