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The utility of recombinant herpes simplex virus type 1 (HSV-1) vectors may be expanded by manipulation
of the virus envelope to achieve cell-specific gene delivery. To this end, an HSV-1 mutant virus deleted for
glycoprotein C (gC) and the heparan sulfate binding domain of gB (KgBpK2gC2) was engineered to encode
different chimeric proteins composed of N-terminally truncated forms of gC and the full-length erythropoietin
hormone (EPO). Biochemical analyses demonstrated that one gC-EPO chimeric molecule (gCEPO2) was
posttranslationally processed, incorporated into recombinant HSV-1 virus (KgBpK2gCEPO2), and neutralized
with antibodies directed against gC or EPO in a complement-dependent manner. Moreover, KgBpK2gCEPO2
recombinant virus was specifically retained on a soluble EPO receptor column, was neutralized by soluble EPO
receptor, and stimulated proliferation of FD-EPO cells, an EPO growth-dependent cell line. FD-EPO cells were
nevertheless refractory to productive infection by both wild-type HSV-1 and recombinant KgBpK2gCEPO2
virus. Transmission electron microscopy of FD-EPO cells infected with KgBpK2gCEPO2 showed virus endo-
cytosis leading to aborted infection. Despite the lack of productive infection, these data provide the first
evidence of targeted HSV-1 binding to a non-HSV-1 cell surface receptor.

The development of vector systems suitable for the direct
transfer of genes in vivo will be essential to the successful
treatment of human disease by gene therapy. Highly attenu-
ated or replication-defective recombinant viruses carrying
novel transgenes represent potentially attractive vehicles for in
vivo gene delivery because they efficiently utilize cell surface
receptors to gain intracellular access where expression of the
transgene can biochemically transduce the cell or function as a
depot for local or systemic transgene product delivery to the
host. Many viruses are also capable of persisting in a nonpatho-
genic, integrated, or episomal latent state requiring the expres-
sion of few, if any, viral gene products for maintenance of
latency (25, 26, 77). Eliminating pathogenic virus properties
while retaining the ability of the virus to establish latency or a
latent-like state provides the core strategy for long-term gene
therapy using viral vectors (42). However, to realize the full
potential of viruses for in vivo gene transfer, tissue-specific and
regulatable transgene expression from the latent viral genome
may be required, a potentially achievable outcome particularly
since many latent viruses possess latency-active promoters that
function, often exclusively in specific cell types (11, 25, 77).
Moreover, the application of viral vectors will, in some in-
stances, exploit the natural virus host range, but in other cases,
vectors must be designed to infect a novel tissue or cell type in
order to achieve a second level of tissue specificity. Though
difficult, this possibility may be realized through engineering
the vector surface structures in a manner to control virus at-
tachment and penetration. Finally, vectors must be designed to
overcome vector-related immune responses that will impede
either gene delivery or persistence. While considerable
progress has been made in achieving many aspects of viral

vector design, particularly the identification and removal of
viral functions associated with pathogenesis (67, 80, 88), other
impediments to viral vector-related gene delivery have proven
more difficult to overcome.

Herpes simplex virus (HSV) has many features which make
it a potentially attractive vehicle for gene transfer most partic-
ularly to neurons, where the virus naturally establishes a life-
long latent state during which a neuronally active latency-
specific promoter system can be used to express transgenes (8,
21). The cytotoxic features of this virus have been essentially
eliminated by the systematic removal of immediate-early (IE)
genes which prevent the expression of both early and late
functions, and consequently virus replication or reactivation
from latency can be achieved without virus replication (67). In
addition, the virus genome structure, organization of essential
and accessory functions, the near absence of spliced genes, and
the development of techniques for creating recombinant vi-
ruses harboring multiple or large transgenes with considerable
efficiency (38) have made feasible the rapid engineering of
HSV vectors that can be propagated to relatively high titers in
the appropriate complementing cell systems (46, 67). HSV
vectors that express few or no lytic functions should prove
useful in expanding the potential of HSV for gene transfer to
cell types in addition to neurons since the highly defective viral
DNA can persist in cells in a manner similar to latency (67).
Despite these considerable advantages, the host range of HSV
is quite broad, which can limit its use for direct targeting in
vivo. Thus far, no attempts to modify the envelope components
of HSV to achieve targeted infection have been reported.

The envelope glycoproteins mediate infection of the host
cell through two identifiable stages: (i) attachment to the cell
surface and (ii) fusion of the viral envelope with the cell sur-
face membrane, resulting in virus entry. Virus attachment is
initiated by binding of glycoproteins B and C (gB and gC) to
cell surface glucosaminoglycans (GAGs) (30, 74), mainly hepa-
ran sulfate (HS) (26, 71, 89) but also dermatan sulfate (1).
Together, this binding represents approximately 85% of the
binding activity to Vero cells, the most commonly used cell
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type for HSV propagation, and the majority is associated with
gC (29, 30). Deletion of gC and the HS binding domain of gB
impairs binding to normal cells to an extent similar to the
reduction in binding of wild-type virus to HS-deficient cells
(26); however, these mutations do not prevent virus adsorp-
tion, indicating that other receptors must be involved (41). The
initial binding of virus to cell surface HS is followed by gD-
mediated tight binding to secondary receptors, one of which,
the herpesvirus entry mediator (HVEM), was recently shown
to be a member of the tumor necrosis factor/nerve growth
factor receptor family (53). The sequential attachment steps in
infection result in fusion of the viral envelope with the cell
surface membrane and viral entry into the cell (50). Virus entry
requires gB, gD, and gH, based on mutant virus studies (5, 14,
44), although how this is accomplished and what roles the
different proteins play in this process are unclear.

Construction of targeted HSV type 1 (HSV-1) vectors is
complicated by this highly evolved process of infection in which
many of the molecular details remain unknown. In addition,
most well-studied HSV gene products are multifunctional mol-
ecules including the glycoproteins (62, 74), and thus manipu-
lation of the glycoproteins is complicated by the fact that some
domains must be preserved while others must be replaced with
a new functional element. The virus envelope is also complex,
containing at least 10 glycoproteins (gB, gC, gD, gE, gG, gH,
gI, gJ, gK, gL, and gM), of which gB, gD, gH, and gL are
essential for viral infection (5, 14, 44, 63); although gI and gE
are nonessential for cell culture infections, they nevertheless
are required for cell-to-cell virus spread in vivo (16), and oth-
ers (e.g., gC) are required for infection of particular cell sur-
faces (e.g., apical surface of MDCK cells [69]). Thus, depend-
ing on the need, the manipulation of both essential and accessory
glycoproteins may prove useful for HSV vector targeting.

The alteration of the host-range of HSV-1 vectors will re-
quire at least two kinds of modifications of the virus envelope:
(i) elimination of the natural tropism and (ii) expression of new
viral ligands capable of binding to cell surface receptors
present on the intended target cell in a manner to preserve the
natural mechanism of virus entry through fusion of the virus
envelope with the cell surface membrane. Our laboratory has
accomplished, in part, the first step by deleting the HS-binding
capacity of HSV-1 (41). A double-mutant virus (KgBpK2gC2)
deleted for gC and the HS binding domain of gB (gBpK2)
demonstrated an 80% reduction in binding to Vero cells com-
pared to wild-type virus, although the virus remains infectious
through recognition of a second receptor possibly mediated by
gD. In an effort to alter the tropism of the mutant virus, the HS
binding domain of gC (79) was genetically replaced by eryth-
ropoietin (EPO). Biochemical analysis demonstrated that two
gC:EPO fusion proteins were incorporated into virions and
that one recombinant virus was specifically retained on a glu-
tathione S-transferase (GST)-soluble EPO receptor (EREx)
column as well as neutralized by EREx. This gC:EPO recom-
binant virus stimulated the growth of an EPO-dependent cell
line (FD-EPO) through binding to the EPO receptor encoded
by these cells. FD-EPO cells are nonpermissive to HSV-1 in-
fection, and gC:EPO recombinant virus was internalized fol-
lowing virus binding to the receptor. To our knowledge, these
data provide the first evidence that HSV-1 tropism can be
manipulated to recognize a nonherpesvirus receptor.

MATERIALS AND METHODS

Cells and viruses. Vero cells were obtained from the American Type Culture
Collection (Bethesda, Md.), and the mouse hematopoietic progenitor cell line
FD-EPO (54) was obtained from Kazuo Todokono (University of Tsukuba,
Tsukuba, Japan). Mouse L cells and Gag-negative derivatives (sog9 cells [1])
were kindly provided by Frank Tufaro, Vancouver, British Columbia, Canada.

Vero, L, sog9, and VD60 (gD-complementing Vero cell line kindly provided by
David C. Johnson, Portland, Oreg.) (44) cells were grown in Dulbecco’s modified
essential medium, while FD-EPO cells were grown in RPMI 1640 medium
(Gibco-BRL, Grand Island, N.Y.). All cell lines were maintained at 37°C, and
the media were supplemented with 10% fetal bovine serum; EPO (1 U/ml;
Amgen Inc., Thousand Oaks, Calif.) was added to FD-EPO medium. All mutant
and recombinant virus strains used were derivatives of HSV-1 strain KOS. The
gC2–human cytomegalovirus (HCMV)-lacZ KOS mutant (KCZ) and the HS-
binding-defective virus double mutant expressing lacZ from the gC locus
(KgBpK2gC2) were previously described (41).

Construction of plasmids. Plasmid pgCEPO1 was created by inserting in frame
the sequence encoding the polypeptide hormone EPO within a plasmid encoding
the HSV-1 gC sequence (UL44) from KOS (pgC1 [32]). Plasmid pgC1 was
partially digested with restriction endonucleases NaeI and NcoI in order to delete
244 bp of the gC coding sequence corresponding to residues 83 to 161. The
human EPO cDNA sequence (kindly provided by Y. W. Kan, University of
Southern California, Los Angeles), coding for the mature 166-amino-acid pep-
tide hormone, without the 27-amino-acid signal peptide, was amplified by PCR
with oligonucleotides encoding compatible ends (NaeI and NcoI at the 59 and 39
ends, respectively). The PCR product was digested with restriction endonucle-
ases NaeI and NcoI and ligated with restriction enzyme-digested pgC1 while
maintaining the proper reading frame of the fusion molecule. pgCEPO2 was
constructed by digesting pgCEPO1 at unique sites with restriction endonucleases
BglII and KpnI in order to delete the sequences encoding the signal peptide and
the 82 N-terminal residues of gC, thereby deleting the coding sequences for 161
residues of the gC N terminus. The deleted sequence was replaced with the
sequence encoding the signal peptide of EPO which was excised from the EPO
plasmid with the endonucleases BstEII and KpnI. pgCEPO3 was constructed by
removal of the DNA sequence between the two NcoI endonuclease sites of
pgCEPO2. Removal of the 642 nucleotides maintained the reading frame of the
fusion molecule and deleted gC sequence for nucleotides encoding amino acid
residues 1 to 375. The wild-type gC promoter was excised from pgC1, pgCEPO1,
pgCEPO2, and pgCEPO3 and replaced with the HCMV immediate-early pro-
moter (IEp) (18) to create pHgC1, pHgCEPO1, pHgCEPO2, and pHgCEPO3,
respectively.

A gD plasmid (pgD1) encoding the SacI sequence of HSV-1 KOS located
between positions 137948 and 140791 was digested with NaeI in order to replace
480 bp of gD coding sequence with HCMV IEp driving lacZ (17). This plasmid
(pgDLacZ) was used to create a gD-deleted virus as described below.

Immunofluorescence. Thirty hours posttransfection or 24 h postinfection (p.i.),
cell surface antigens were detected by indirect immunofluorescence of unfixed
Vero cell monolayers, and cell-associated antigens were similarly detected in
cells fixed with ice-cold methanol. The fixed or unfixed monolayers were incu-
bated for 1 h at 4°C with a pool of monoclonal antibodies (MAbs) specific for gC
(a-gC) (48) and an anti-EPO polyclonal antibody (a-EPO; Genzyme, Cam-
bridge, Mass.), rinsed with Tris-buffered saline, pH 7.4 (TBS), and incubated for
an additional hour with a Cy3-conjugated anti-rabbit antibody and fluorescein
isothiocyanate (FITC)-conjugated anti-mouse antibody (Jackson Immunore-
search Laboratories, West Grove, Pa.). The monolayers were washed and treated
with ice-cold methanol. Immunofluorescent cells were photographed with a
Nikon model 211910 TMS microscope/camera.

Detection of gC:EPO fusion proteins from transfected cells. Vero cells were
transfected with 2 mg of pHgC1, pHgCEPO1, pHgCEPO2, and pHgCEPO3 in
the presence of [35S]methionine-[35S]cysteine-supplemented medium. Thirty
hours posttransfection, the monolayers were harvested and solubilized at 4°C
with lysis buffer (50 mM Tris [pH 6.8], 150 mM NaCl, 1% [vol/vol] Nonidet P-40,
1 mM Na-p-tosyl-L-lysine chloromethyl ketone [TLCK; Sigma, St. Louis, Mo.])
before clearance by centrifugation at 15,000 3 g for 15 min. The supernatants
were immunoprecipitated with a-gC or a-EPO (Genzyme) for a minimum of 6 h
at 4°C. Protein A-Sepharose resuspended in lysis buffer was added to each
sample for an additional hour, and the immune complexes were washed and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Polyacrylamide gels were dried and processed for autoradiography.

Far-Western blotting of gC:EPO fusion molecules with EREx. Vero cells were
transfected in absence of radiolabeled amino acid and processed as described
above. The nonlabeled polyacrylamide gels containing the immunoprecipitated
proteins were transferred to nitrocellulose membrane for EPO receptor binding
analysis. The nitrocellulose membranes were blocked with BLOTTO (TBS sup-
plemented with 3% [wt/vol] milk powder) and incubated for 1 h in the presence
of 5 mg of EREx diluted in BLOTTO. EREx was purified from isopropyl-b-D-
thiogalactopyranoside (IPTG)-induced bacteria as described by Harris et al. (28).
Briefly, plasmid pGEX3X, encoding the EPO receptor extracellular domain
fused to GST, was used to transform Escherichia coli JM109. A 100-ml overnight
culture of transformed bacteria was used to inoculate a 1-liter culture for 1 h
before addition of IPTG (1 mM). Four hours postinduction, the cell pellet was
resuspended in 20 ml of phosphate buffer (50 mM phosphate buffer [pH 7.4], 10
mM EDTA, 10 mM 2-mercaptoethanol, 1 mM TLCK). The pellet was resus-
pended with 10 passages through an 18-gauge needle and incubated at 4°C for 30
min in presence of 30 mg of lysozyme (Sigma). The cells were lysed by three
freeze-thaw cycles, and the lysate was centrifuged at 15,000 3 g for 15 min at 4°C.
The supernatant was purified on phosphate buffer-equilibrated glutathione-aga-
rose beads (GAB; Sigma), and EREx was eluted with 10 mM reduced glutathi-
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one (Sigma) before being concentrated in a Centricon 30 concentrator (Amicon,
Beverly, Mass.). Following incubation in the presence or absence of EREx, the
membranes were incubated with a 1/100 dilution in BLOTTO of a mixture of
polyclonal antibodies directed against the human EPO receptor and against the
GST protein (Santa Cruz Biotechnology, Santa Cruz, Calif.). The membranes
were then washed and incubated for 1 h at room temperature with an anti-rabbit
horseradish peroxidase (HRP)-conjugated antibody (Sigma Immuno Chemical,
St. Louis, Mo.) and revealed with ECL (enhanced chemiluminescence) sub-
strates (Amersham).

Construction and isolation of recombinant viruses. HSV-1 mutants were
constructed by standard marker transfer procedures using LipofectAmine
(Gibco-BRL) for cotransfection, and the resulting recombinant virus plaques
were thrice plaque purified by limiting dilution prior to characterization. To
construct the recombinant viruses KgBpK2gCEPO2 and KgBpK2gCEPO3, pg-
CEPO2 and pgCEPO3 plasmid DNAs were each cotransfected on Vero cells with
the viral DNA from lacZ-expressing mutant recombinant KgBpK2gC2 (41). The
KgBpK2gCEPO2 and KgBpK2gCEPO3 recombinant viruses were selected by a
clear-plaque phenotype following staining with b-galactosidase substract. The
selected viruses were thrice plaque purified, and the viral DNAs were analyzed
by Southern blotting for deletion of the wild-type gC sequence and insertion of
the gCEPO2 and gCEPO3 coding sequences.

KgBpK2gCEPO2gD2 recombinant virus was created by cotransfection of viral
DNA from KgBpK2gCEPO2 and plasmid DNA from pgDLacZ on gD-comple-
menting VD60 cells. Following 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side (X-Gal) staining, blue plaques were selected for plaque purification and viral
DNA from recombinant virus was analyzed by Southern blotting for the deletion
of gD and insertion of lacZ coding sequences.

Southern blot characterization of gC:EPO recombinant viruses. Viral DNAs
from plaque-purified virus were prepared, digested with BamHI, separated on
agarose gels, and transferred to membranes for Southern blot analysis. A 496-bp
NcoI fragment of a gB plasmid (pKBXX [6]) was 32P labeled and used as a gB
probe to confirm the polylysine deletion within the gB sequence (41). A 61-bp
PstI fragment from the EPO plasmid was 32P labeled and used as a probe for
detection of the presence of the EPO coding sequence in recombinant viruses,
while a 32P-labeled 642-bp NcoI fragment from pgC1 was used to confirm the
deletion of this sequence in KgBpK2gC2 and KgBpK2gCEPO3 viruses. Dele-
tion of gD sequence from KgBpK2gCEPO2gD2 recombinant virus was con-
firmed through absence of hybridization of a 32P-labeled 480-bp NaeI probe from
pgD1 with BamHI-digested viral DNA from KgBpK2gCEPO2gD2, while hy-
bridization with a 6,547-bp fragment from KgBpK2gCEPO2 was detected.

Purification of radiolabeled viruses. Virions used for immunoprecipitation
and binding assays were labeled and purified as follows. Confluent Vero cell
monolayers in T150 flasks (Falcon; Becton Dickinson, Franklin Lakes, N.J.) were
infected with viruses at a multiplicity of infection (MOI) of 10. Four hours p.i.,
16 ml of minimal essential medium without methionine and cysteine (Gibco-
BRL) supplemented with 1% dialyzed fetal calf serum was added to the infected
cell monolayers. [35S]methionine-[35S]cysteine (ExpreSS; NEN-Dupont, Boston,
Mass.) having a final specific activity of 50 mCi/ml was also added after 4 h.
Twenty-four hours p.i., media containing radiolabeled virus was harvested and
virions purified by centrifugation (SWTi-40 Beckman rotor) through sucrose
gradients (30 to 65% sucrose in 0.53 TBS). The fractions containing the radio-
labeled virus were pooled, diluted in sterile TBS, and centrifuged at 20,000 3 g
for 1 h at 4°C in an SWTi-40 rotor. The virus pellet was resuspended in TBS, and
radioactivity was determined with a beta counter (Beckman, Fullerton, Calif.).

Immunoprecipitation analysis of surface glycoproteins. Aliquots of radiola-
beled virus were immunoprecipitated with a pool of gB-specific (5), gC-specific
(48), and gD-specific (31) MAbs or a-EPO. Each virus aliquot was diluted in 200
ml of lysis buffer containing 2 ml of antibody and incubated at 4°C for a minimum
of 4 h. The immune complexes were incubated with protein A-Sepharose (Sig-
ma) for 1 h, centrifuged at 500 3 g, and washed five times with 600 ml of lysis
buffer. The protein A-Sepharose complexes were resuspended in Laemmli load-
ing buffer (39), boiled for 2 min, and subjected to SDS-PAGE. After electro-
phoresis, the gels were fixed, treated with En3Hance solution (NEN-Dupont),
vacuum dried, and exposed to X-Omat XAR film (Kodak, Rochester, N.Y.).
Precipitated radiolabeled proteins were quantified with the 1-D Scan and Report
program (Biomed Instruments, Fullerton, Calif.).

Titration of recombinant viruses on L and sog9 cells. Different dilutions of
wild-type KOS and recombinant viruses (KgBpK2, KCZ, KgBpK2gC2,
KgBpK2gCEPO2, and KgBpK2gCEPO3) were used to infect mouse L cells and
the Gag-deficient derivative sog9 cells. The cell monolayers were then overlaid
with medium containing 0.5% methylcellulose and incubated for 48 h at 37°C to
allow virus plaques to form. Cells were then fixed and stained with crystal violet
to quantify plaque numbers. For the same dilution, the ratio of the number of
plaques produced by each virus on sog9 cells was divided by that produced on
parental L cells, expressed as a percentage and taken as the measure of HS-
binding-independent activity of each virus.

Binding of purified virions to EREx. EREx-transformed bacterial cell lysate
was bound to GAB and washed with complete medium. As a control for EREx-
specific binding, EREx-free GAB was produced by elution of EREx from GAB-
bound EREx (EREx-GAB) with 10 mM reduced glutathione and washed with
complete medium (GAB). Then 500 PFU of unlabeled purified virions was
incubated in the presence of EREx-GAB or GAB for 1 h at room temperature,

unbound virus was collected by using three washes with complete medium, and
the pooled washes were titrated on Vero cell monolayers. The EREx-virus
complexes were eluted with 10 mM reduced glutathione and titrated on Vero
cells. Vero monolayers were then overlaid with medium containing 0.5% meth-
ylcellulose at 37°C to allow virus plaques to form. Cells were fixed and stained
with crystal violet for plaque quantification; virus-specific binding to EREx was
taken as the ratio of unabsorbed viruses from EREx-GAB to GAB expressed as
a percentage.

Virus neutralization. KOS, KgBpK2gC2, KgBpK2gCEPO2, and KgBpK2

gCEPO3 (300 PFU of each) were incubated for 2 h at 37°C with EREx or with
extract from bacteria transformed with the empty plasmid vector (input). For
antibody neutralization, 500 PFU of each virus was incubated for 3 h at 37°C with
5 ml of rabbit complement (Gibco-BRL) and either 2 ml of different dilutions of
a pool of mouse MAbs against gC site II (MAbs C9, C10, and C13 [87]) or site
I (MAbs C2, C3, and C17 [87]) or a rabbit polyclonal antibody against EPO. The
neutralized virus preparations were used to infect confluent monolayers of Vero
cells for 2 h. The infected monolayers were washed twice with TBS and treated
with low-pH glycine buffer to inactivate nonpenetrated virus. The cell monolay-
ers were then overlaid with medium containing 0.5% methylcellulose, and virus
plaques were allowed to form at 37°C. Cells were then fixed and stained with
crystal violet for plaque number quantification. For EREx neutralization, the
plaque number was expressed as the percentage of plaques formed following
virus incubation in the absence (input) or presence of EREx divided by the
average number of plaques formed in absence of EREx (input) and expressed as
a percentage. For the antibody/complement neutralization analysis, the IC50 was
determined as the dilution of antibody required to neutralize 50% of the input
virus incubated with the rabbit complement only.

Binding of radiolabeled virus to cells. Monolayers of confluent Vero cells and
suspensions of FD-EPO cells intensively washed with medium without EPO were
incubated at 4°C with radiolabeled purified virions. The viruses were allowed to
bind to the cell surface for 10 to 320 min, after which the unbound viruses were
removed by washing the cells three times with cold TBS. Cell-bound virions were
quantified by liquid scintillation counting using a beta counter.

Western blot analysis of virus gene expression in infected FD-EPO cells.
Control Vero cells and test FD-EPO cells were infected at 37°C with wild-type
KOS, KCZ (a gC-deleted virus [41]), and gC-EPO recombinant viruses at an
MOI of 100; 2 and 12 h p.i., the cells were washed with TBS, resuspended in
Laemmli buffer, sonicated, boiled for 2 min, cleared by centrifugation, and
separated by SDS-PAGE. The gel proteins were transferred to nitrocellulose
membranes and blotted with antibody specific for ICP0 (polyclonal antibody
kindly provided by Richard J. Courtney, Pennsylvania State University), ICP4
(MAb kindly provided by David L. Thompson, Pennsylvania State College of
Medicine), and ICP6 (MAb kindly provided by Bio-Méga Inc., Montréal, Qué-
bec, Canada). The membranes were then washed and incubated for 1 h at room
temperature with an anti-rabbit or anti-mouse HRP-conjugated antibody (Sigma
Immuno Chemical) and revealed with ECL substrates.

Virus growth curves. FD-EPO cells were infected with wild-type KOS,
KgBpK2gC2, KgBpK2gCEPO2, and KgBpK2gCEPO3 viruses at an MOI of
100. Every 4 h p.i. for a period of 36 h, viruses contained in infected cells and
supernatants were combined and titrated on Vero cells. The quantity of pro-
duced infectious virus was plotted versus time p.i.

FD-EPO cell growth in the presence of purified virions. FD-EPO cells were
pelleted and rinsed three times with complete medium without EPO; 10,000 cells
per well were incubated in the absence or presence of 1 U of EPO per ml or
infected at MOIs of 100, 10, and 1.0 with KgBpK2gC2, KgBpK2gCEPO2, and
KgBpK2gCEPO3 sucrose-purified virions or with equivalent preparations of
sucrose-purified KgBpK2gCEPO2gD2 grown on noncomplementing Vero cells.
At different time points over a period of 4 days, the number of viable cells per
well (determined by trypan blue exclusion) was counted in a hemacytometer
(Fisher, Pittsburgh, Pa.) and plotted as the number of cells per well for each test
condition.

Transmission electron microscopy. A total of 10,000 FD-EPO cells were mock
infected or infected with KgBpK2gC2 or KgBpK2gCEPO2 virus at an MOI of
100; 90 min p.i., the cells were centrifuged, washed twice with TBS, and fixed
overnight with 2.5% glutaraldehyde in phosphate-buffered saline (PBS). Samples
were thrice washed with PBS and postfixed in 1% OsO4 in water for 1 h at room
temperature. Samples were again thrice washed in PBS, dehydrated by using a
graded series (30 to 95%) of ethanol (three changes of 100% ethanol and two
changes of propylene oxide), and incubated in a 1:1 mixture of propylene oxide
and Polybed 812 resin (Polysciences, Warrington, Pa.) for 1 h. The resin mixture
was replaced with 100% resin and allowed to sit overnight at 4°C. The following
day, the resin was changed twice, and samples were embedded in molds, cured
overnight at 37°C, and hardened for an additional 2 days at 65°C. Thick (300-nm)
sections, obtained by using a Reichert ultramicrotome fitted with a diamond
knife, were heated onto glass slides, stained with 1% toluidine blue, and rinsed
with water. Ultrathin (60-nm) sections were collected on Formvar-coated grids
and stained with 2% uranyl acetate in 50% methanol for 10 min and then 1%
lead citrate for 7 min. Sections were analyzed and photographed on a JEOL JEM
1210 transmission electron microscope at 80 kV.
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RESULTS

Expression and processing of gC:EPO fusion molecules on
transfected cells. Infection of HSV-1 involves virus attachment
through gB and gC to HS moieties present at the cell surface
(26, 29, 30), followed by virus and cell membrane fusion and
penetration of the nucleocapsid into the cytoplasm (62, 74). To
redirect adsorption of HSV-1 to a receptor other than HS, we
constructed three recombinant genes in which the HS binding
domain of gC (79) was replaced with EPO (Fig. 1). In the first
construct (gCEPO1), the EPO coding sequence (165 amino
acids) was used to replace in frame the coding sequence for
amino acids 83 to 161 of wild-type gC of HSV-1 (gC1). Re-
moval of residues 83 to 161 deleted three predicted sites for
N-linked oligosaccharides (N-CHO) (23) and most of antigenic
site II of gC1 (site II is lies between gC1 residues 129 to 247
[87]) probably formed through a disulfide bridge between cys-
teines 1 and 2 (positions 127 and 144, respectively [66]). The
more C-terminal antigenic site I, however, is left intact. In this
construct, the coding sequence for the signal peptide (residues
1 to 25), the first 82 N-terminal residues, and the C-terminal
residues 162 to 511 were left intact. We constructed a second
fusion protein (gCEPO2) gene in which the sequence encoding
the signal peptide and the first 161 N-terminal residues were

replaced with the sequences encoding the signal peptide (27
amino acids) and the 165 residues from the EPO polypeptide.
In this construct, the three predicted N-CHO sites of gC (po-
sitions 108, 109, and 148) were also deleted. In a third con-
struct, the DNA coding for most of the external domain of
gC1, residues 1 to 375, was deleted in order to create gCEPO3.
In this construct, the sequence encoding the predicted remain-
ing N-CHO sites of gC were deleted along with the DNA
encoding the secondary loop structure produced by the disul-
fide bridge between cysteines 3 and 4 at positions 286 and 347,
respectively. Wild-type gC1 and the three gC:EPO fusion mol-
ecules were cloned as expression cassettes in which either the
HCMV IEp or the wild-type gC1 promoter was juxtaposed to
the gC1 or gC:EPO recombinant gene.

To examine the expression and processing of the recombi-
nant gC:EPO glycoproteins, plasmids encoding wild-type gC1
and the gC:EPO fusion molecules were used to transfect Vero
cells in presence of [35S]methionine-[35S]cysteine. Thirty hours
posttransfection, the detergent-soluble proteins from trans-
fected cells were immunoprecipitated with a-gC and a-EPO
and visualized by autoradiography following SDS-PAGE. As
demonstrated in Fig. 2, gC1 was immunoprecipitated with
a-gC (lane 3) as precursors and the mature form of gC1 (24,

FIG. 1. Structures of gC:EPO fusion molecules. (A) Structure of wild-type HSV-1 gC strain KOS (gC1) depicting the HS binding domain (BD), transmembrane
domain (tm), signal peptide (sp), cysteine bridges (S-S), predicted N-linked glycosylation sites (oval balloons), and the positions of these elements relative to the amino-
and carboxy-terminal residues. The EPO protein (shaded box) was inserted in frame at three different positions within gC1, replacing amino acid residues (aa) 83 to
161 (B), 1 to 161 (C), and 1 to 375 (D) in order to create the recombinant fusion proteins gCEPO1, gCEPO2 and gCEPO3 respectively. gCEPO2 and gCEPO3 encode
the EPO signal peptide (darkly shaded box).
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34); as expected, neither form was immunoprecipitated by
a-EPO (lane 4). As predicted, the pre-gCEPO1 polypeptide
(597 amino acids) was immunoprecipitated by a-gC or a-EPO
(lane 5 or 6, respectively) and showed reduced mobility on
SDS-PAGE compared to the immunoprecipitated pre-gC1
(511 amino acids) due to the additional 85 residues (addition
of 166 residues from EPO and deletion of 80 residues from gC)
encoded by gCEPO1. However, the mature gCEPO1 polypep-
tide showed a molecular ratio similar to that of mature gC1
due to the removal of three potential N-CHO sites at position
108, 109, and 148. Immunoprecipitation of gCEPO2 by a-gC or
a-EPO (lane 7 or 8, respectively) showed a band representing
pre-gCEPO2 migrating at a lower molecular ratio than pre-
gCEPO1 due to the deletion of an additional 81 residues lo-
cated at the N terminus of gCEPO1. The lower mobility of
mature gCEPO2 than of pre-gCEPO2 is attributed to the three
potential N-CHO sites remaining on the chimeric molecule at
positions 181, 197, and 362. Taken together, these data dem-
onstrate that gCEPO1 and gCEPO2 are recognized by anti-gC
and anti-EPO antibodies and showed precursor-product rela-
tionships consistent with posttranslational modification in the
endoplasmic reticulum (ER) and Golgi complex. As expected,
a-gC1 complexed with protein A-Sepharose did not precipitate
the gCEPO3 fusion molecule (lane 9) due to the absence of
gC1 antigenic sites encoded by this fusion molecule and rec-
ognized by this pool of gC-specific MAbs. However, the fusion
molecule was immunoprecipitated with a-EPO as a single
band in the gel following SDS-PAGE (lane 10). The molecular
size of this single band corresponded to the predicted molec-
ular size of the fusion molecule in which the gC1-related se-
quence was not ER modified through N-CHO addition. Po-
tential precursor forms resulting from EPO glycosylation were
not detected. As expected, both a-gC and a-EPO failed to
immunoprecipitate a specific protein from mock-transfected
cells (lanes 1 and 2, respectively).

The gC:EPO recombinant molecules transported to the cell
surface of transfected cells. Modifications of HSV-1 glycopro-
teins can result in defective recombinant molecule processing
and/or intracellular trafficking and consequently the failure to
incorporate the modified protein into virus envelopes (14, 40).
Data presented in Fig. 2 demonstrated that the chimeric
gCEPO1 and gCEPO2 molecules were modified posttranscrip-
tionally, as demonstrated by the presence of two distinct im-
munoprecipitated products from transfected cells. To examine

the intracellular trafficking of the gC:EPO fusion molecules,
we performed transient gene expression assays to determine
whether the recombinant molecules were transported to the
surface of infected cells (Fig. 3). Vero cells were transfected
with pHgC1 (HCMV IEp driving gC1), and the plasmids en-
coding the three gC-EPO fusion molecules; 24 h posttransfec-
tion, we attempted to detect the presence of gC and EPO
epitopes on the surfaces of unfixed transfected cells by indirect
immunofluorescence using either a-gC or a-EPO. Bound
MAbs were detected with an anti-mouse secondary antibody
conjugated with FITC; bound polyclonal antibodies were de-
tected with an anti-rabbit antibody conjugated with Cy3. The
results shown in Fig. 3A demonstrate that wild-type gC1,
gCEPO1, and gCEPO2 were each recognized by a-gC, dem-
onstrating their presence on the cell surface, while this anti-
body did not detect gC epitopes from pHgCEPO3-transfected
cells due to the absence of gC1-specific epitopes recognized by
our pool of gC-specific MAbs on this chimeric molecule. Nev-
ertheless, the presence of the gCEPO3 molecule at the surface
of transfected Vero cells was demonstrated by the binding of
a-EPO at the surface of the pHgCEPO3-transfected cells (Fig.

FIG. 2. Immunoprecipitation of wild-type and gC:EPO fusion molecules
from transfected cells. Vero cells were mock transfected (lanes 1 and 2) or
transfected with the indicated plasmids in the presence of [35S]methionine-
[35S]cysteine. The detergent-solubilized monolayers were immunoprecipitated
with a-gC or a-EPO, as indicated. The protein A-bound immune complexes were
separated by SDS-PAGE and visualized by autoradiography. Sizes are indicated
in kilodaltons on the left. The mobility of each mature (p) or premature (o)
protein is indicated.

FIG. 3. Transfection of Vero cells with gC:EPO expression plasmids results
in the appearance of these recombinant proteins at the cell surface. Vero cells
were transfected with plasmids encoding gC1, gCEPO1, gCEPO2, and gCEPO3
fusion molecules, as indicated. Twenty-four hours posttransfection, the mono-
layers were incubated with a-gC MAbs (A) and a-EPO (B). An FITC-conju-
gated anti-mouse secondary antibody was used to detect a-gC, while a-EPO was
detected with an anti-rabbit secondary antibody conjugated with Cy3. The mono-
layers were then fixed with ice-cold methanol, and the immunofluorescence
signal was visualized and photographed with a Nikon model 211910 microscope.
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3B, panel 4). a-EPO recognized the EPO epitopes present at
the surface of the pHgCEPO1- and pHgCEPO2-transfected
cells but did not recognize these epitopes at the cell surface of
wild-type gC1-transfected cells. These data demonstrate that
the gC-EPO chimeric molecules were exposed on the plasma
membrane of transfected cells, indicating that these recombi-
nant proteins were processed and transported to the cell sur-
face in a manner similar to wild-type gC.

Binding of gC:EPO fusion molecules to EREx. To determine
if the gC:EPO chimeric molecules were capable of binding to
the EPO receptor, we examined their ability to bind to EREx
by far-Western blot analyses. In this assay, Vero cells were
mock transfected (Fig. 4, lanes 1 and 2) or transfected with
expression plasmids (lanes 3 to 10) as described for Fig. 2; 30 h
posttransfection, the detergent-soluble proteins from trans-
fected cells were immunoprecipitated with a-gC or a-EPO and
far-Western blotted with EREx. The bound EREx proteins
were detected with a rabbit anti-GST and anti-EPO receptor
polyclonal antiserum in combination with an anti-rabbit sec-
ondary antibody conjugated with HRP. gCEPO2 (lanes 7 and
8) and gCEPO3 (lane 10) show greater binding to EREx than
gCEPO1 (lanes 5 and 6), while gC1 (lanes 3 and 4) or immu-
noprecipitates from mock-transfected cells (lanes 1 and 2)
failed to react with EREx. The absence of EREx binding in
lane 9 is due to the failure of a-gC to immunoprecipitate
gCEPO3 (Fig. 2) and not to the inability of gCEPO3 to bind
EREx, as demonstrated by the presence of EREx binding in
lane 10 when the fusion protein was immunoprecipitated by
a-EPO. Nonspecific binding (probably due to the presence of
antibody heavy chains present in the blotted samples) were
detected in all samples to the same extent as in similar exper-
iments performed in the absence of EREx (data not shown).
These results demonstrated that gCEPO2 and gCEPO3 were
each capable of binding to EREx.

Construction of gC:EPO recombinant viruses. Since far-
Western blot analyses demonstrated that gCEPO2 and
gCEPO3 were capable of binding to EREx to a greater extent
than gCEPO1, only the DNAs encoding gCEPO2 and gCEPO3
were recombined with viral DNA. To redirect virus infection to
the EPO receptor, DNA from HSV-1 mutant KgBpK2gC2

(41) was cotransfected with plasmids encoding gCEPO2 and
gCEPO3 to produce KgBpK2gCEPO2 and KgBpK2gCEPO3
recombinant viruses, respectively. Recombinant viruses were
selected by their clear-plaque phenotype following X-Gal
staining. The recombinant viral plaques were analyzed by
Southern blotting to confirm their genotypes. Viral DNAs
were extracted from purified virions, digested with endonucle-

ase BamHI, and Southern blotted with a 32P-labeled gB (Fig.
5A), EPO (Fig. 5B), or gC (Fig. 5C) probe to confirm the
deletion of the HS binding domain within gB, the insertion of
the EPO coding sequence, or the deletion of a coding sequence
within the gC molecule, respectively. As shown in Fig. 5A, the
32P-labeled gB probe hybridized to the BamG fragment (7,774
bp) of HSV-1 DNA containing the wild-type gB coding se-
quence encoded by KOS (lane 1), while this probe hybridized
to a 3,009-bp fragment in the KgBpK2gC2 (lane 2), KgBpK2

gCEPO2 (lane 3), and KgBpK2gCEPO3 (lane 4) recombinant
viruses. These results confirmed the presence of the mutant gB
gene since a BamHI recognition sequence was introduced at
the site of the pK mutation (HS binding domain encoding a
polylysine [pK] deletion) in the mutant viruses, resulting in the
production of two subfragments (3,009 and 4,738 bp) after
digestion (41). The insertion of the EPO coding sequence was
confirmed by Southern blot hybridization of BamHI-digested
viral DNA with a 32P-labeled EPO probe (125-bp PstI frag-
ment of the EPO plasmid) that hybridized to an EPO sequence
inserted within KgBpK2gCEPO2 and KgBpK2gCEPO3 re-
combinant viruses. As shown in Fig. 5B, the 32P-labeled EPO
probe hybridized to 6,716- and 6,074-bp fragments in
KgBpK2gCEPO2 and KgBpK2gCEPO3 digested viral DNAs
(lanes 3 and 4, respectively) and failed to hybridize with KOS
and KgBpK2gC2 digested viral DNAs (lanes 1 and 2, respec-
tively), demonstrating that the EPO coding sequence was
present within both gC-EPO recombinant viruses. The differ-
ence in size in the hybridized viral DNA fragment from
KgBpK2gCEPO2 and KgBpK2gCEPO3 is due to the addi-
tional 642-bp deletion of KgBpK2gCEPO3 compared to
KgBpK2gCEPO2. The replacement of a gC coding sequence
within the gC-deleted virus (KgBpK2gC2; lane 2) and
KgBpK2gCEPO3 recombinant virus (lane 4) was confirmed by
Southern blot hybridization of BamHI-digested viral DNA
with a 32P-labeled gC probe (642-bp NcoI fragment of pgC1)
that hybridized to a gC sequence deleted in both viruses. As
shown in Fig. 5C, the 32P-labeled gC probe hybridized to a
6,650-bp fragment in KOS (lane 1) and a 6,717-bp fragment in
KgBpK2gCEPO2 (lane 3), demonstrating the presence of this
gC coding sequence in both viruses, while this same probe did
not hybridize with digested viral DNAs from KgBpK2gC2

(lane 2) and KgBpK2gCEPO3 (lane 4), demonstrating the
deletion of this sequence from these two mutant viruses. To-
gether, these data confirmed the isolation of KgBpK2gCEPO2
and KgBpK2gCEPO3 recombinant viruses deleted for the HS
binding domain of gB as well as the predicted HS binding
domain of gC and encoding the EPO coding sequence. The

FIG. 4. Far-Western blot analysis using EREx distinguished the receptor-binding capabilities of the three gC:EPO recombinant molecules. Vero cells were mock
transfected (lanes 1 and 2) or transfected with the indicated plasmids. The detergent-solubilized monolayers were immunoprecipitated with a-gC or a-EPO, as
indicated. The protein A-bound immune complexes were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and incubated with 5 mg of EREx, a
mixture of polyclonal antibodies against the EPO receptor and GST, and a polyclonal antibody conjugated with HRP. Detection was performed using an ECL kit as
described by the manufacturer. The mobility of each mature (p) or premature (E) protein, as well as that of nonspecific protein binding (‚), is indicated.
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KgBpK2gCEPO2 virus recombinant was further modified by
deletion of gD and replacement with a lacZ expression cassette
to create KgBpK2gCEPO2gD2 as described in Materials and
Methods and confirmed by Southern blotting and gD-specific
immunoprecipitation of purified radiolabeled virions grown on
noncomplementing cells (data not shown).

Expression of gC:EPO fusion molecules from Vero-infected
cells and their insertion into the envelope of recombinant
viruses. Recombination of the DNA encoding the gC:EPO
fusion molecules with viral DNA may lead to redirected virus
infection through recognition of the EPO receptor only if the
recombinant glycoproteins are appropriately expressed and in-
corporated into the virus envelope. Accordingly, Vero cells
infected with the recombinant viruses were analyzed for the
presence of both cell- and virus-associated gC:EPO fusion
proteins by immunofluorescence and radioimmunoprecipita-
tion assays, respectively. For the immunofluorescence assays
(Fig. 6), Vero cells were infected with wild-type KOS,
KgBpK2gC2, KgBpK2gCEPO2, and KgBpK2gCEPO3 re-
combinant viruses, methanol fixed, and incubated with either
a-gC or a-EPO. The bound antibodies were detected with an
FITC-conjugated anti-mouse antibody (Fig. 3A) or a Cy3-con-
jugated anti-rabbit antibody (Fig. 3B). As shown in Fig. 6,
wild-type KOS plaques were recognized by a-gC and, as ex-
pected, not by a-EPO; KgBpK2gC2 plaques were negative for
both antigens, since this mutant virus was deleted for the gC
coding sequence and devoid of EPO-specific epitopes. Vero
cells infected with KgBpK2gCEPO2 virus were detected with
a-gC and a-EPO, demonstrating that the gCEPO2 fusion mol-
ecule was expressed from the recombinant KgBpK2gCEPO2
virus. As expected, only a-EPO reacted with the gCEPO3 fu-
sion molecule from KgBpK2gCEPO3-infected Vero cells since
the gCEPO3 fusion molecule was deleted of all antigenic sites
recognized by a-gC. Taken together, these data demonstrate
that gCEPO2 and gCEPO3 chimeric molecules were expressed
from infected Vero cells with KgBpK2gCEPO2 and KgBpK2

gCEPO3 viruses, respectively.
Incorporation of the recombinant molecules within the en-

velope of purified virions harvested from the supernatant of
infected Vero cells in the presence of [35S]methionine-[35S]cys-
teine was detected by immunoprecipitation of detergent-solu-
ble proteins with specific antibodies. The protein A-captured

immune complexes were then analyzed by SDS-PAGE and
autoradiography. As shown in Fig. 7, wild-type gB was immu-
noprecipitated from KOS (lane 1), KgBpK2gC2 (lane 5),
KgBpK2gCEPO2 (lane 9), and KgBpK2gCEPO3 (lane 13)
viruses, demonstrating that the envelopes of wild-type and
recombinant mutant viruses each contained gB. Similar anal-
yses of immunoprecipitates derived from the use of a-gC dem-
onstrated that gC was present in KOS (lane 2) and
KgBpK2gCEPO2 (lane 10) viruses but absent in KgBpK2gC2

(lane 6) and not precipitated from KgBpK2gCEPO3 solubi-
lized virion proteins due to the lack of gC-specific epitopes
contained within the gCEPO3 fusion molecule (lane 14). Im-
munoprecipitation performed with a-EPO demonstrated that
the gCEPO2 and gCEPO3 fusion molecules were incorporated
into KgBpK2gCEPO2 and KgBpK2gCEPO3 virus envelopes
(lanes 12 and 16, respectively), while wild-type (lane 4) and
KgBpK2gC2 mutant (lane 8) viruses were not reactive with
a-EPO. gD (lanes 3, 7, 11, and 15) was detected in all virion
envelope preparations, and the ratio of the quantity (analyzed
by densitometry) of immunoprecipitated gB, gBpK2, gC, or
gC:EPO to gD demonstrated that (i) the pK mutation in gB
did not affect the level of incorporation of the mutant gBpK2

molecules into the virion envelopes, as demonstrated else-
where (41), and the absence of gC did not increase the relative
amount of gB incorporation into virus envelopes, and (ii) the
gCEPO2 fusion molecules were incorporated into the enve-
lopes of recombinant virus to a level similar to that of gC in
wild-type virus; however, (iii) the gCEPO3 fusion molecule was
an exception in that its level of incorporation relative to that
demonstrated for wild-type gC into KOS virus was approxi-
mately 20%. Quantification of the level of recombinant pro-
teins incorporated within mature virions was normalized for
the number of methionine-cysteine-labeled residues per mol-
ecule.

The incorporation of each gC:EPO fusion molecule into
recombinant virus envelope was confirmed by complement-
dependent neutralization assays using a-gC and a-EPO. As
shown in Table 1, the 50% neutralization endpoint for wild-
type virus in assays using MAb pools specific for gC antigenic
sites I and II was 1/500, while the titer specific for site II only
(MAbs C9, C10, and C13) was 1/200. a-EPO did not neutralize
wild-type virus demonstrating that EPO and gC lacked

FIG. 5. Southern blot characterization of gC:EPO recombinant viruses. Viral DNAs from KOS (lanes 1), KgBpK2gC2 (lanes 2), KgBpK2gCEPO2 (lanes 3), and
KgBpK2gCEPO3 (lanes 4) were digested with endonuclease BamHI and subjected to Southern blot analysis using a gB (A), EPO (B), or gC (C) 32P-labeled probe.
The molecular sizes of the bands are indicated relative to the molecular size standards.
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epitopes cross-reactive with EPO. As expected, neither a-gC
nor a-EPO neutralized KgBpK2gC2 virus (Fig. 6 and 7).
KgBpK2gCEPO2 retained the coding sequence for antigenic
site I but not II and thus was resistant to neutralization by site
II-specific antibodies. A 1/20 dilution of EPO-specific antibody
was required to neutralize 50% of KgBpK2gCEPO2 recombi-
nant virus particles, confirming the presence of EPO.
KgBpK2gCEPO3 was also neutralized, albeit less efficiently, by
this antibody, confirming that EPO was present but at a re-
duced level. These two recombinants were nevertheless equally
sensitive to neutralization by gB-specific MAbs, indicating that
virus preparations contained comparable amounts of infec-
tious virus (data not shown).

HS-independent binding of gC:EPO recombinant viruses. In
a previous study, we reported that a KgBpK2gC2 virus mutant
was deleted for all detectable HS binding activity (41). Resi-
dues critical for the interaction of gC and HS were assigned to
amino acids 143, 145, 147, and 150, although a distal residue at
position 247 was found to be important for maintenance of this
domain (79). Although the KgBpK2gCEPO2 and KgBpK2

gCEPO3 recombinant viruses were deleted for the HS binding
domain, we nevertheless carried out experiments to rule out
any potential residual HS binding activity that might obscure
the detection of EPO receptor binding. We compared the
plaquing efficiencies of wild-type KOS virus, KOS deriva-

tive mutants KCZ, KgBpK, and KgBpK2gC (41), and the
gC:EPO recombinant viruses on murine L and sog9 cells. As
shown in Fig. 8, wild-type KOS and KOS mutants KgBpK2 and
KCZ possessed HS binding activity, since the ratios (expressed
as percentages) of plaques produced on sog9 cells compared to
L cells were 32, 33, and 63%, respectively. The gC:EPO re-
combinant viruses and HS-binding-defective mutant KgBpK2

gC2 formed comparable numbers of plaques on both cell lines,
showing that the recombinants were devoid of HS binding
function. These data were confirmed by assays of radiolabeled
virus binding on HS1 Vero cells in which both the
KgBpK2gC2 and gC:EPO recombinant viruses bound simi-
larly (data not shown).

Binding of gC:EPO recombinant viruses to EREx. The ex-
periments described above demonstrated that the recombinant
mutants expressed the gC:EPO chimeric proteins and incor-
porated them into the envelopes of mature virus. It remained
to be determined whether EPO was exposed on the virus
envelopes and retained EPO receptor binding activity. Accord-
ingly, we tested the abilities of recombinant gC:EPO viruses to
bind a column containing EREx-GAB. KOS, KgBpK2gC2,
KgBpK2gCEPO2, and KgBpK2gCEPO3 (200 PFU of unlabeled
purified virions from each) were incubated with EREx-GAB or
GAB for 1 h at room temperature. After the column was washed
with complete medium, the quantity of virus collected in EREx-

FIG. 6. Expression of gC:EPO fusion molecules by recombinant viruses. Vero cell monolayers were infected with wild-type KOS, KgBpK2gC2, KgBpK2gCEPO2,
and KgBpK2gCEPO3 viruses; 48 h p.i., the infected cell monolayers were fixed in ice-cold methanol and processed for immunofluorescence using a-gC (A) and a-EPO
(B). An FITC-conjugated anti-mouse secondary antibody was used to detect a-gC, while a-EPO was detected with an anti-rabbit secondary antibody conjugated with
Cy3. Fluorescent cells were visualized and photographed with a Nikon model 211910 microscope.
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GAB flowthrough was expressed as a percentage of the virus
collected in the flowthrough from GAB and taken as a measure
of recombinant virus binding to EREx. As demonstrated in Fig. 9,
wild-type KOS, KgBpK2gC2, and KgBpK2gCEPO3 mutant vi-
ruses were not specifically retained by EREx-GAB, compared
with 98% retention of KgBpK2gCEPO2. These data demon-
strated that KgBpK2gCEPO2 but not KgBpK2gCEPO3 recom-
binant virus was capable of binding to EREx. The inefficient
binding of KgBpK2gCEPO3 to EREx-GAB was not the result of
inefficient recognition of the EPO receptor by the gCEPO3 fusion
molecule since it was readily recognized on EREx in far-Western
blots (Fig. 4). The discrepancy between these binding activities
might be explained by a substantially lower level of incorporation
of gCEPO3 into mature virions (Fig. 7) or by the relative inac-
cessibility of the chimeric molecule in the context of the virus
envelope. Elution of EREx-GAB-bound viruses with glutathione
released 10 times more infectious KgBpK2gCEPO2 virus than
elution of other viruses (data not shown); however, eluted virus
represented only 10% of the calculated retained KgBpK2

gCEPO2 virions. The low percentage of infectious EREx-Kg
BpK2gCEPO2 virions released from EREx-GAB by glutathione
could be due either to the inactivation of virus infection by the
reduced glutathione or to EREx neutralizing activity.

To distinguish between these two possibilities, a virus plaque

reduction assay was carried out in the presence of reduced
glutathione. The results demonstrated that the titers of each
virus on Vero cells were similar in presence and absence of
glutathione (data not shown), demonstrating that the reduced
infectivity of released EREx-KgBpK2gCEPO2 was not due to
free glutathione. To determine whether EREx had neutraliz-
ing activity, wild-type, KgBpK2gC2, and gC:EPO recombinant
viruses were incubated with EREx or with control EREx-free
eluent. The virus mixtures were used to infect Vero cells, and
the number of plaques formed in the presence or absence of
EREx was determined and expressed as a percentage of the
control number (Fig. 10). The results demonstrated that wild-
type KOS, KgBpK2gC2, and KgBpK2gCEPO3 viruses were
not neutralized by EREx since the plaque numbers for EREx
and control were not significantly different. However,

FIG. 7. Immunoprecipitation of gB, gC, gD, and gC:EPO fusion molecules
from sucrose gradient-purified virions. [35S]methionine-[35S]cysteine-labeled su-
crose-purified wild-type KOS, KgBpK2gC2, KgBpK2gCEPO2, and
KgBpK2gCEPO3 viruses were detergent solubilized and immunoprecipitated
with a pool of MAbs directed against gB (lanes 1, 5, 9, and 13), gC (lanes 2, 6,
10, and 14), and gD (lanes 3, 7, 11, and 15) or a-EPO (lanes 4, 8, 12, and 16). The
protein A-bound immune complexes were separated by SDS-PAGE, and the
dried gels were autoradiographed. Asterisks indicate the positions of proteins
when present, and migration positions of molecular weight standards are indi-
cated in kilodaltons at the left and right.

TABLE 1. Neutralization titer

Virus
a-gC

a-EPO
Sites I and II Site II

KOS 1/500 1/200 —a

KgBpK2gC2 — — —
KgBpK2gCEPO2 1/250 — 1/20
KgBpK2gCEPO3 — — 1/2

a —, no neutralization at highest concentration tested.

FIG. 8. HS binding activity of HSV-1 recombinant viruses. Wild-type KOS,
KOS recombinant viruses (KgBpK2, KCZ, and KgBpK2gC2), and gC:EPO
recombinants viruses (KgBpK2gCEPO2 and KgBpK2gCEPO3) were titrated on
L and sog9 cells; 2 days p.i., plaques numbers were counted and expressed as a
percentage of plaques produced on sog9 cells divided by that produced on L cells.

FIG. 9. Binding of gC:EPO recombinant viruses to EREx-GAB. Wild-type
KOS and recombinant KgBpK2gC2, KgBpK2gCEPO2, and KgBpK2gCEPO3
viruses (500 PFU of each) were incubated for 1 h at 37°C in the presence of
EREx-GAB or to EREx-GAB washed with reduced glutathione in order to elute
the bound EREx (GAB). Flowthrough and complete medium washes of the
individual viruses were pooled and titrated on Vero cells; 2 days p.i., plaque
numbers were counted and expressed as the percentage of unadsorbed viruses
from EREX-GAB to GAB.
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KgBpK2gCEPO2 was neutralized with an IC50 of 0.1 mg of
EREx. These data showed that KgBpK2gCEPO2 virus was
capable of binding to EREx during infection and confirmed the
column binding results shown in Fig. 9.

Binding of KgBpK2gCEPO2 recombinant virus to EPO re-
ceptor-bearing cells. HSV-1 infection results in cell death
which minimally requires IE gene expression (25, 37, 67). In-
cubation of FD-EPO cells with HSV-1 will not cause cell death
since these cells are refractory to HSV-1 infection at high
multiplicity (MOI of 100). Infections using a lacZ expression

vector (41) failed to show b-galactosidase activity following
X-Gal staining, and Western blot analysis of infected cells
extracts failed to detect expression of viral IE gene products
(data not shown). Moreover, attempts to grow wild-type, mu-
tant, or recombinant virus on these cells were unsuccessful
(data not shown). Since FD-EPO cells required stimulation by
EPO for growth (54), we reasoned that if HSV-1 was not
infectious and could not kill FD-EPO cells, then EPO-depen-
dent FD-EPO cell proliferation might be stimulated by gC:
EPO recombinant virus binding to the EPO receptor (Fig. 11).
FD-EPO cells extensively washed with EPO-free medium were
incubated with either KgBpK2gC2, KgBpK2gCEPO2, or
KgBpK2gCEPO3 virus (MOI of 100) or soluble EPO (1 U/ml),
and the change in number of FD-EPO cells was plotted as a
function of time. KgBpK2gCEPO2 stimulated cell prolifera-
tion comparably to EPO at 1 U/ml, whereas both KgBpK2gC2

and KgBpK2gCEPO3 were not stimulatory. The proliferative
response to recombinant virus was dose dependent since incu-
bation of FD-EPO cells with KgBpK2gCEPO2 virus at an
MOI of 10 also stimulated cell growth at similar rate but for a
shorter time period, whereas an MOI of 1.0 was insufficient to
stimulate cell growth (data not shown).

The possibility remained that virus-stimulated growth of
FD-EPO cells was due to virus entry and intracellular stimu-
lation of cell proliferation rather than virus binding to the
receptor at the cell surface triggering a signaling pathway. To
rule out intracellular signaling, similar experiments were per-
formed with a KgBpK2gCEPO2 virus rendered defective for
entry by removal of gD (KgBpK2gCEPO2gD2). Similar con-
centrations of defective particles stimulated FD-EPO cell pro-
liferation, indicating that virus binding at the cell surface was
responsible for cell growth (data not shown).

Virus internalization by FD-EPO cells following KgBpK2

gCEPO2 recombinant virus binding to the EPO receptor.
Binding of EPO to the EPO receptor activates a signaling

FIG. 10. Neutralization of gC:EPO recombinant viruses by EREx. Wild-type
KOS and recombinant KgBpK2gC2, KgBpK2gCEPO2, and KgBpK2gCEPO3
viruses (300 PFU of each) were incubated at 37°C for 2 h in the absence (input)
or presence (1 EREx) of EREx and titrated on Vero cell monolayers; 2 h p.i.,
the monolayers were washed with low-pH glycine buffer, rinsed, and overlaid
with methylcellulose; 2 days p.i., the monolayers were stained with crystal violet
and the plaques were counted. Each count represents the average number of
plaques formed following virus incubation in the absence or presence of EREx
divided by the average number of plaques formed in absence of EREx and
expressed as a percentage.

FIG. 11. Stimulation of FD-EPO cell growth upon binding of gC:EPO recombinant viruses to surface membrane EPO receptors. The number of FD-EPO cells was
determined at different time points following incubation of 104 cells with 0 and 1 U of EPO per ml or with 106 PFU of KgBpK2gC2 and gC:EPO recombinant viruses
purified from the supernatant of infected Vero cells.
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event involving primarily phosphorylation of the receptor and
other proteins involved in the JAK-STAT and ras pathways
(22). The EPO receptor is then rapidly internalized by endo-
cytosis and degraded (68). To determine if the KgBpK2

gCEPO2 virus was similarly degraded following binding to the
EPO receptor, transmission electron microscopy analysis of
FD-EPO cells incubated with KgBpK2gC2 and KgBpK2

gCEPO2 viruses was performed to directly determine the fate
of bound virus. Following binding of virus (Fig. 12A), inter-
nalized viruses were observed in FD-EPO cells incubated with
KgBpK2gCEPO2 virus, suggesting that virus binding induced
internalization of the EPO receptor (Fig. 12B to D). Moreover,
the virus particles could be seen in prelysosomal vesicles,
where particle degradation appeared to occur (Fig. 12E).

We observed within endosomal vesicles distinct changes in
virus morphology that may be the result of acidification of the
vesicles. Particles appeared to condense and become very
dense within vesicles that were more distal to the surface (Fig.
12C and D). Internalization appeared to be specific for EPO
receptor binding since internalization of KgBpK2gC2 virus
was rarely observed (data not shown). Wild-type virus entry of
Vero cells followed the traditional infection route, releasing
capsids into the cytoplasm (Fig. 12F).

DISCUSSION

Full implementation of in vivo gene therapy will require
directed gene delivery using targetable vectors with the appro-
priate cell specificity. Viral vectors have considerable potential
in this regard since the feasibility of targeted infection has
already been demonstrated through evolutionary selection of
particular cell types which best support individual virus life
cycles. Progress in identifying receptors used by different virus
groups and genetic and biochemical studies that define recep-
tor-ligand interactions provide information essential to devis-
ing strategies for altering virus tropism (10, 27, 36, 72). In one
approach, pseudotyped or recombinant hybrid vectors are con-
structed by substituting components from different viruses to
achieve a new host cell specificity (20, 55). Although these
vectors can be limited by the natural host range of the
pseudotyping proteins, this method has improved vector utility
in some instances by increasing the vector host range and
enhancing vector stability during purification and storage (90,
91). For example, the vesicular stomatitis virus G glycoprotein
has now been widely used to pseudotype Moloney murine
leukemia virus (MoMLV)- and human immunodeficiency vi-
rus-based vectors with favorable results (2, 59). In a second
approach, purified virions are modified by chemical cross-link-
ing of a novel receptor binding ligand (e.g., MAb) (57, 64, 61).
In a third approach, a targeting antibody is bound to virus by
incorporating an engineered antibody binding ligand into the
particle. For example, Sindbis virus can be modified to display
a protein A-Env chimeric protein which has high affinity for the
Fc region of various mammalian immunoglobulin G’s (58);
thus, the virus could be armed with targeting antibodies. Al-
though these procedures were highly efficient in vitro, they
have not been tested in vivo. In a fourth approach, both en-
veloped and nonenveloped recombinant viruses are engi-
neered to contain nonviral receptor ligands. A MoMLV vari-
ant expressing both wild-type Env and an Env-EPO chimeric
protein displays infectivity for human cells bearing the EPO
receptor (35). Likewise, it has been shown that a single-chain
antibody fragment fused to the MoMLV env gene product
recognizes its target cell epitope and that a corresponding viral
vector can transduce cells resistant to infection by the parental
virus (47, 65, 73). Recombinant adenoviruses (Ad) can also be

engineered to encode modified hexon fiber (virus attachment)
or penton base (virus entry) proteins (85). One vector was
modified to recognize a novel av-integrin (83) by substitution
of a unique av-integrin binding RGD peptide within the pen-
ton base protein, while another vector engineered to contain
HS-binding polylysine sequences at the terminus of the Ad
fiber was able to bind cell surface HS (84). Although binding to
the natural coxsackievirus-Ad receptor (3) still occurred, these
viruses demonstrated increased transduction of multiple cell
types lacking high levels of the normal receptor.

Prior to the present research, reports of HSV recognition of
a targeted receptor have been unavailable although various
mutations or glycoprotein substitutions that alter the virus host
range have been described. In one study, a novel cellular gly-
coprotein encoding the CD4 T-lymphocyte marker was intro-
duced into the virus envelope (17); however, incorporation was
inefficient and targeted virus infectivity was not tested. In other
experiments, HSV gB was complemented by pseudorabies vi-
rus gB, but the reverse was not possible (52) and gC could not
be substituted for gIII (82). While these experiments suggested
the possibility of modifying the tropism of pseudorabies virus,
this was not tested. Finally, HSV-1 and HSV-2 mixed infec-
tions have been used to pseudotype the two viruses, which
acquire the ability to infect cells by using receptors used by the
pseudotyping serotype. Although HSV-1–HSV-2 recombi-
nants have been isolated in mixed infections, they were prin-
cipally used for physical mapping of glycoprotein genes in
combination with type-specific cytotoxic T-cell reactivities (9)
or to induce cross-reactive immunity to the two virus serotypes
(51) and were not studied for targeted infectivity or altered
host range.

In this report, experiments were designed to meet three
general objectives: (i) produce a virus particle carrying a novel
envelope glycoprotein-ligand chimeric molecule, (ii) demon-
strate that this chimeric molecule had a novel receptor binding
function, and (iii) demonstrate that the chimeric molecule
could selectively mediate virus attachment to cells expressing
the targeted receptor. To achieve these objectives, we pursued
a strategy in which the HS binding functions of the virus were
removed and replaced by a novel chimeric molecule containing
a new receptor binding function. The remaining glycoproteins
were presumed to be retained in a functional state and capable
of mediating virus infection. We selected for these studies the
EPO molecule as the new binding ligand for several reasons.
First, it has been sequenced for a number of species, and its
receptor binding domains have been described (33, 45). Sec-
ond, recent reports have also defined peptides that bind the
EPO receptor with high affinity, providing the opportunity to
introduce into the HSV glycoproteins smaller precise binding
elements that may be less perturbing than the full-length EPO
(34, 86). Third, the receptor is a single-chain cell surface mol-
ecule that has also been cloned (12) and thus is transferable to
other cell types. Fourth, the distribution of the EPO receptor
in animal tissues has been described and is primarily found on
cells of erythroid origin (12, 68), although other tissues such as
vascular endothelium (81) and brain neurons (15) are receptor
positive. Fifth, the physiology and signaling pathway induced
by EPO binding to its receptor are known (22). Binding of
EPO to certain cell lines also delivers an essential signal for
cell proliferation, affording a sensitive biological assay for EPO
receptor binding (54), a feature that proved to be useful in this
study, where EPO-mediated virus binding did not lead to pro-
ductive infection. Finally, virus recombinants carrying EPO
have been constructed for use in another virus system with
some success (35), suggesting that it might be possible to make
HSV glycoprotein-EPO recombinant molecules with EPO re-
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ceptor binding activity. We selected gC as the EPO chimeric
gene partner. Although gC has several accessory functions
(e.g., binding to HS and the C3b component of complement
[29, 70]), these functional domains are well characterized (23,
79), and we hypothesized that they might be deleted and re-
placed by EPO.

To satisfy our first objective, we engineered a series of gC-
EPO chimeric molecules, one or more of which might prove
stable, processed and incorporated into virus envelopes in
amounts similar to the wild-type viral glycoprotein. In an at-
tempt to conserve the secondary structure of gC, the sequences
deleted included paired cysteine residues known to form di-
sulfide bonds (66). As demonstrated by immunofluorescence
(Fig. 3 and 6), immunoprecipitation (Fig. 2 and 7), and anti-
body neutralization (Fig. 8), both gC and EPO conformation-
ally dependent antigenic structures were preserved. Immuno-
precipitation analysis of cells transfected with pHgCEPO1 and
pHgCEPO2 showed that the chimeric molecules were post-
transductionally modified by ER and Golgi enzymes (Fig. 2),
which resulted in transport of the recombinant glycoproteins to
the cell surface (Fig. 3). The incorporation of mature gC:EPO
chimeric molecules into recombinant virus envelopes was con-
firmed by glycoprotein immunoprecipitation from purified la-
beled viruses (Fig. 7).

The level of gCEPO2 incorporation was similar to that of
wild-type gC, taking into account the number of radiolabeled
residues per molecule. A comparative analysis of KgBpK2

gCEPO2 and KgBpK2gCEPO3 demonstrated that incorpora-
tion of gCEPO3 was approximately fivefold less than that of
gCEPO2, a finding supported by neutralization assay using
a-EPO (Table 1). This difference might be attributed either to
deletion of the external gC domain of gCEPO3, which may be
required for efficient glycoprotein incorporation into virus, or
to altered EPO antigenic determinants with consequent re-
duced antibody recognition. Nevertheless, the level of incor-
poration of at least two of the chimeric proteins was several
orders of magnitude higher than for any previously reported
non-HSV-1 protein incorporation into virus envelopes (17).

Our second objective was to demonstrate that a new binding
specificity had indeed been introduced into the background of
a virus mutant also deleted for the HS binding activity of gB
(41). First, the absence of HS binding by KgBpK2gCEPO2 and
KgBpK2gCEPO3 viruses was confirmed by similar recombi-
nant virus titers obtained on L cells and Gag-deficient sog9
cells (Fig. 8), a conclusion also supported by binding assays
using Vero cells, in which the binding capacity of the gC:EPO
recombinant was similar to that of the KgBpK2gC2 mutant
virus. Second, the gC:EPO chimeric proteins had acquired
binding activity for the EPO receptor, as shown by their rec-
ognition of EREx (Fig. 4). gCEPO1 proved to be a notable
exception, probably because of its internally positioned EPO
sequence. Four identifiable EPO domains have been reported
to be important for EPO bioactivity (19), while two distinct
receptor binding sites were identified (49). Binding of EPO to
its receptor requires the collaboration of multiple EPO do-
mains which could have been altered or masked by the gC
N-terminal residues encoded by gCEPO1.

Despite binding of both gCEPO2 and gCEPO3 solubilized

chimeric molecules to EREx (Fig. 4), only KgBpK2gCEPO2
recombinant virus bound immobilized EREx, a specific bind-
ing confirmed by EREx-dependent virus neutralization (48, 85)
(Fig. 9 and 10). As anticipated by the results of studies showing
that gCEPO1 did not bind EREx, a recombinant virus contain-
ing this recombinant gene product did not bind to immobilized
EREx (unpublished finding). The neutralizing ability of EREx
might have been facilitated by the dimerization of EREx
known to occur following binding to EPO (56, 60), resulting in
steric hindrance of virus infection, although we cannot rule out
the possibility that receptor binding physically altered the en-
velope in a manner to prevent it from carrying out virus at-
tachment or entry. The absence of gCEPO3 binding to EREx
could be attributed to its reduced level of incorporation within
the virus envelope or to a reduced accessibility to the EPO
receptor. Indeed, immunoelectron microscopy studies of
HSV-1 virions demonstrated that gC is present in extended
spike structures (75). These 24-nm projections also contain the
HS binding ligand (79), and thus replacement of 375 residues
from gC with 165 EPO residues having a more compact con-
formation might have been sufficient to bury the molecule
within the virus envelope and prevent its binding to soluble
EPO receptor.

Our third objective was to demonstrate that HSV bearing a
novel chimeric envelope protein could target binding to cells
displaying the cognate receptor. Proliferation of FD-EPO cells
is stimulated by receptor-mediated binding of EPO, providing
a sensitive measure of EPO binding activity (54). Binding of
the KgBpK2gCEPO2 recombinant virus to FD-EPO cells was
demonstrated by virus particle stimulation of FD-EPO cell
proliferation in a manner comparable to that for soluble EPO
(Fig. 11). Erythroid cells infected with Friend spleen focus-
forming virus are stimulated to proliferate through binding of
the viral gp55 glycoprotein to cell surface EPO receptor (43),
causing constitutive receptor signaling, a first stage event in the
development of Friend erythroleukemia (13). A similar func-
tional interaction between KgBpK2gCEPO2 with the EPO
receptor was also observed at the cell surface since a derivative
mutant of KgBpK2gCEPO2 virus deleted for the essential
fusion glycoprotein, gD (KgBpK2gCEPO2gD2) was similarly
mitogenic, indicating that virus attachment and not virus-me-
diated envelope fusion and penetration was responsible for this
growth stimulation.

FD-EPO cells were not infectable by wild-type HSV-1, as
demonstrated by the absence of IE gene expression following
virus inoculation, which precluded an analysis of the impact of
EPO receptor binding on the specificity of recombinant virus
infection by the normal route. The refractory nature of these
cells could be due to the lack of a suitable gD receptor or poor
virus attachment. The latter possibility might have been over-
come by recombinant virus binding to the EPO receptor; how-
ever, none of our recombinant viruses were able to produc-
tively infect these cells. Although this finding may favor the
notion that FD-EPO cells lacked a functional gD receptor, the
number of cell surface EPO receptor molecules was also low
(ca. 500 to 1,000/cell [78]), and thus we were unable to dem-
onstrate a difference in recombinant virus binding to FD-EPO
cells compared with adsorption of our HS-binding-defective

FIG. 12. Transmission electron microscopy analysis of FD-EPO cells infected with KgBpK2gCEPO2 recombinant virus. FD-EPO cells were infected at an MOI of
100 with KgBpK2gCEPO2 (A to E) or wild-type HSV (F); 90 min p.i., cells were rinsed, fixed, and processed for transmission electron microscopy. (A)
KgBpK2gCEPO2 bound to the surface of an FD-EPO cell; (B) KgBpK2gCEPO2 following endocytosis; (C and D) KgBpK2gCEPO2 displaying a condensing
morphology within endocytotic vesicular structures; (E) KgBpK2gCEPO2 particles appearing as capsid-like structures undergoing degradation, as judged by the
absence of a densely staining virus core typical of encapsulated virus DNA; (F) wild-type HSV capsid that has gained entry into Vero cells via the traditional infection
route. Note that the capsid retains the densely staining DNA core. The bar equals 200 nm.
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mutant virus. Although the recombinant virus did not produc-
tively infect FD-EPO cells, it might be expected that these
particles would still enter cells by endocytosis of receptors
occupied by virus-bound EPO, and indeed electron microscopy
studies confirmed this prediction since EPO-deficient virus was
rarely seen internalized in this manner (Fig. 12). Virus entry by
inclusion into lysosomal vesicles has been reported to result in
aborted virus infection (4, 7), an observation consistent with the
failure of recombinant virus to initiate productive infection.

The results of our investigation clearly showed that one of
our recombinant viruses, KgBpK2gCEPO2, achieved our ob-
jectives; however, we were unable to evaluate the potential
utility of EPO receptor binding for targeted viral infection.
Future studies are designed to engineer (i) additional EPO
receptor-bearing cell lines which are permissive for HSV in-
fection and (ii) additional recombinant viruses in which small
EPO receptor-binding peptides are introduced into other viral
glycoproteins to replace or compete for the normal receptor
binding functions. These experiments should provide further
information on methods to modify the host range of HSV-1
vectors.
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