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Herpes simplex virus type 1 (HSV-1) glycoprotein D (gD) is an essential component of the entry apparatus
that is responsible for viral penetration and subsequent cell-cell spread. To test the hypothesis that gD may
serve distinguishable functions in entry of free virus and cell-cell spread, mutants were selected for growth on
Ugl1cl19.3 cells, which are resistant to both processes due to the lack of a functional gD receptor, and then
tested for their ability to enter as free virus and to spread from cell to cell. Unlike their wild-type parent,
HSV-1(F), the variants that emerged from this selection, which were named SP mutants, are all capable of
forming macroscopic plaques on the resistant cells. This ability is caused by a marked increase in cell-cell
spread without a concomitant increase in efficiency of entry of free virus. gD substitutions that arose within
these mutants are sufficient to mediate cell-cell spread in Ug11cl19.3 cells but are insufficient to overcome the
restriction to entry of free virions. These results suggest that mutations in gD (i) are sufficient but not
necessary to overcome the block to cell-cell spread exhibited by Ugl1cl19.3 cells and (ii) are insufficient to

mediate entry of free virus in the same cells.

Herpes simplex virus (HSV) can enter a naive host cell by
either of two distinct methods. Extracellular virions present
during primary infection can enter cells in exposed tissue by
entry of free virus. Once a cell is initially infected, subsequent
infections can begin by lateral spread from the initially infected
cell to adjacent uninfected neighbors by cell-cell spread. Both
types of entry are important for sustained viral infection. The
ability of a virus to spread from cell to cell provides a powerful
advantage in vivo since it is able to avoid the strong humoral
immune response elicited to extracellular HSV virions. The
essential roles of HSV glycoproteins in entry of free virus and
cell-cell spread remain poorly characterized.

HSV entry requires a complicated cascade of virus-cell in-
teractions. Initially, an interaction between cellular heparan
sulfate proteoglycan and viral glycoprotein C (gC) and/or gB
results in attachment of the virion to the cell surface (15, 16,
20, 47, 56). Fusion between the viral membrane and the cel-
lular plasma membrane is not triggered until a secondary in-
teraction occurs between gD and a cellular receptor (12, 17, 21,
54). The fusion event itself requires the coordinated function
of the viral glycoproteins gB, gD, gH, and gL. These four
proteins play essential roles in both entry of free virus and
cell-cell spread (3, 11, 43). These two processes are thus closely
related. However, entry of free virus and cell-cell spread can be
distinguished in HSV and in related alphaherpesviruses by
their differing dependence on specific viral genes and by their
differing sensitivities to mutations in the viral genome. Dele-
tion of the viral glycoproteins gE and gl provides a clear dis-
tinction between entry of free virus and cell-cell spread since it
significantly reduces the efficiency of cell-cell spread in cell
lines that closely parallel cells infected in vivo while having no
effect on the efficiency of those deletion viruses to enter as free
virions (8, 9). In addition, removal of gC reduces the entry of
free virus, presumably by decreasing viral attachment or bind-
ing, but enhances cell-cell spread (14, 20, 24). The role of the
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four essential mediators of fusion may also differ in entry of
free virus and cell-cell spread. Pseudorabies virus requires gD
for entry of free virus but not for cell-cell spread (30, 31, 37),
and antibodies against HSV-1 gL can block syncytium forma-
tion without affecting the entry of free virus (29). Finally,
although wild-type bovine herpesvirus 1, like HSV, requires gD
for entry of free virus and cell-cell spread, a point mutation in
the bovine herpesvirus gH ectodomain is sufficient to restore to
a gD-null virus the capability for cell-cell spread but not the
ability to enter as free virus (45, 46).

Two different types of cell lines have been described that fail
to support efficient entry of HSV and related alphaherpesvi-
ruses due to interference with the function of gD. Some cell
lines that express gD constitutively have been found to resist
entry, presumably by sequestering receptors (2, 4, 7, 33). Other
cell lines have been described that are resistant to entry, evi-
dently due to the lack of a functional receptor for gD (39-41,
47, 49, 50). In either case, the hypothesis that resistance to
HSV entry results from the inability of the cells to present
functional receptors to the virus is supported by the observa-
tion that susceptibility to infection can be partially restored to
these cells by expression of proteins that have gD receptor
function (13, 25, 41, 48, 51). Selection of mutant viruses that
show enhanced growth on these resistant cell types has re-
sulted in the identification of substitution mutations in gD that
confer on the mutant the ability to partially overcome the
resistance to infection (2, 4, 6, 39). At least some of these
mutations alter the interaction of gD with its receptors and are
thought to confer the ability to use an alternate receptor. For
example, mutations at amino acid 27 of HSV-1 gD increase its
rate of complex formation with HveC, prevent its association
with HveA and 3-O-sulfated HS, and allow it to interact with
HveB (6, 19, 48, 52, 54).

Ugl1cl19.3 is a Syrian hamster kidney cell clone that is
highly resistant to HSV entry and cell-cell spread but fully
susceptible to other events in HSV infection (39-41). Stable
expression of a functional gD receptor in these cells suffices to
restore plaque formation to wild-type HSV, suggesting that
these cells lack a functional gD receptor and that a gD receptor
interaction is a necessary component of cell-cell spread by
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wild-type virus (41). Virus that enters these cells completes a
normal cycle of growth, making them ideally suited to selection
and characterization of viral mutants that can overcome the
block to entry. We hypothesize that such mutations will fall
within two general types: (i) mutations which allow the virus to
utilize an alternate gD receptor, and/or (ii) mutations which
eliminate the necessity of a gD receptor in viral entry. Further-
more, if the necessity or specificity of gD-receptor interactions
in the entry of free virus and cell-cell spread differs, mutants
should arise that uncouple these processes. Here we report
selection and characterization of HSV-1(F) variants that are
capable of forming plaques on Ug11cl19.3 cells and that carry
substitution mutations in the coding sequence for gD. The
ability of these mutants to spread from cell to cell is clearly
enhanced without concomitant enhancement of entry of free
virus. This suggests that the functions of gD in the process of
entry of free virus may be distinguishable from its role in
cell-cell spread.

MATERIALS AND METHODS

Cells and viruses. Vero, VD-60 (gift of David Johnson), BHK(TK™), 100-33,
and Ugl1cl19.3 cells have been previously described (1, 21, 22, 34, 39, 41, 42) and
were maintained in Dulbecco’s modified Eagle’s medium-high glucose contain-
ing 5% fetal bovine serum. The properties of the wild-type strain HSV-1(F) have
been described previously (10). The viruses R5001 and HSV-1(U10) (gift of
Gabriella Campadelli-Fiume) have also been described (4, 10, 18, 24, 34-36, 39).

Selection of mutant viruses. Ug11cl19.3 cells are resistant to both entry of free
HSV and cell-cell spread. Escape mutants of HSV-1 capable of productively
infecting these cells in culture were selected by repeated passage of resistant cells
following high-multiplicity infection. Replicate cultures of 2 X 10° resistant cells
were each exposed to 2 X 10° PFU (as measured on Vero cells) of HSV-1(F).
Cultures were maintained in growth medium supplemented with fetal bovine
serum and passaged in a 1:5 dilution every 3 to 5 days. At each passage, 1 ml of
medium was frozen in autoclaved milk to maintain a passage history during
selection. This process was repeated until 100% cytopathic effect was achieved or
until passage 10 was reached, at which point a freeze-thaw lysate was made from
each flask. These lysates were then serially diluted and plated on Vero cells. If
virus was present at any dilution, it was plaque purified to homogeneity.

Plaque assays. Subconfluent cultures of Vero, 100-33, or Ugllcl19.3 were
exposed to virus at 37°C for 90 min and subsequently incubated for 48 h in
growth medium containing 0.01% pooled human immune globulin. The cultures
were then fixed in methanol at —20°C for 10 min. Virus plaques were detected
by immunoassay using monoclonal antibody directed against HSV-1 gD (Good-
win Cancer Research Labs) as previously described (39).

Infectious-center assays. Infectious-center assays were performed in triplicate
as previously described (40, 41). Duplicate cultures of 100-33 and Ugl1cl19.3
cells were exposed to serial dilutions of each virus and incubated to allow entry
and initiation of infection with each virus tested. After 90 min, residual virus was
inactivated or removed by exposure of the cells to low-pH buffer. Infection was
allowed to proceed at 37°C in the presence of neutralizing anti-HSV antibodies.
At 4 h after infection, the cells from one of the cultures from each set of
duplicates were detached by trypsinization and seeded onto a monolayer of
susceptible Vero cells. All cultures were then incubated in the presence of
neutralizing antibody. At 48 h after infection, cultures were fixed and immuno-
stained to allow visualization of plaques as described previously (39). Initial serial
dilutions, which were repeated in triplicate, were seeded to allow visualization of
20 to 200 plaques per well. The number of infectious centers (i.e., plaques
nucleated on Vero cells) is a direct reflection of the number of viral particles that
were able to initiate infection following entry of free virus. The number of
infectious centers formed on Ug11cl19.3 cells compared to the number of infec-
tious centers formed on 100-33 cells directly reflects the efficiency with which
virus can enter the resistant cells as free virus and controls for the possibility that
mutations may affect steps in the viral life cycle other than entry. The number of
plaques formed on the remaining duplicate culture compared to the number of
infectious centers formed on the Vero monolayer directly reflects the efficiency
with which virus that successfully entered as free virus could subsequently spread
from cell to cell.

Immunoblotting. Proteins from Vero or 100-33 cells infected for 18 h were
separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels using standard
methods (44), electrically blotted to nitrocellulose membranes, and probed with
a 1:2,000 dilution of anti-gD monoclonal antibody (Goodwin Institute) as pre-
viously described (38).

Sequencing. The genomic sequence corresponding to gD was PCR amplified
for sequencing with the following primer pairs: gDN(L) (CGTCATAGTGGGC
CTCCA) plus gDN(R) (GTCACCCCCTGCTGGTAG), and gDC(L) (CCGTC
AGCCTGCCTCTC) plus gDC(R) (CCCCCGCACCCATTAAG). Genome-
length viral DNA from HSV-1(F) or each of the SP mutants was included as a
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template for PCR amplification. Amplification products were separated on aga-
rose gels and purified using glass fines. Both strands of purified PCR products
were subjected to automated sequencing at the University of Iowa DNA Se-
quencing Facility, using the amplification primers as sequencing primers. This
entire process was repeated to ensure that no errors had been incorporated
during PCR.

Plasmid constructions. Plasmid pRR1097, used for construction of the gD
deletion virus HSV-1(vRR1097), was constructed in several steps. HSV-1(F)
DNA was digested to completion with Tth1111 restriction endonuclease, treated
with Klenow enzyme and deoxynucleoside triphosphates (dANTPs) to produce
blunt ends, and then digested with Nsil. The 2.44-kb Tth1111-Nsil fragment from
this digestion was purified and ligated into the PstI and Smal sites of pGEM-3Z
(Promega) to generate pRR1074. This plasmid was subsequently mutagenized
using a unique site elimination mutagenesis protocol (Clontech) with a muta-
genic primer (5'-AGCCCCCCCCATGGCGGAACGCACCA-3") to introduce
an Ncol site overlapping the initiation codon of the gD coding sequence, pro-
ducing plasmid pRR1075. Sequences coding for residues 1 to 300 of pre-gD were
excised from pRR1075 by sequential treatment with EcoNI, Klenow enzyme and
dNTPs, and Ncol and then replaced by ligation with a green fluorescent protein
(GFP)-containing insert derived from phGFPS65T (Clontech) by sequential
treatment with Xbal, Klenow enzyme and dNTPs, and Ncol, generating
pRR1097. Plasmid pRR1004, used for generation of radiolabeled probe for
Southern blotting, was generated by isolating the 1.54-kb Ncol restriction frag-
ment of HSV-1(F) carrying most of the gD gene, treating with Klenow enzyme
and dNTPs to generate blunt ends, and ligating into Smal-cut pPGEM-3Z.

Recombinant virus construction. To construct VRR1097, HSV-1(F) genomic
DNA and pRR1097 were cotransfected into 10-cm? cultures of VD-60 cells using
12 ul of LipofectAmine (Gibco-BRL) as recommended by the manufacturer.
After the cotransfected culture had achieved 100% cytopathic effect, a viral stock
was prepared and serial dilutions were plated on VD-60 cells. After 48 h,
well-isolated fluorescent plaques were picked and brought through cycles of
plaque purification until a homogeneous population of fluorescent plaques was
obtained.

Purification of viral DNA. Roller bottle (850 cm?) cultures of Vero or VD-60
cells were infected with virus at a multiplicity of infection of 0.5 and incubated
until cytopathic effect was evident throughout the culture. Infected cells were
washed once with phosphate-buffered saline, scraped into 10 ml of phosphate-
buffered saline, and then collected by centrifugation at 800 X g in a clinical
centrifuge. Cells were resuspended in 4 ml of viral DNA lysis buffer (150 mM
NaCl, 10 mM Tris [pH 7.4], 1.5 mM MgCl,), lysed by addition of Nonidet P-40
to 0.1%, and then centrifuged at 5,000 rpm in a Sorvall SS34 rotor for 5 min to
pellet nuclei. The supernatant from the centrifugation, containing cytoplasmic
virus particles, was adjusted to 5 mM EDTA, 50 mM B-mercaptoethanol, 0.5%
SDS, and 100 pg of proteinase K per ml and incubated at 37°C for 30 min to
release viral DNA. The suspension was extracted three times with an equal
volume of 1:1 water-saturated phenol-chloroform, and then DNA was precipi-
tated from the aqueous phase by addition of 2 volumes of ethanol and incubation
at —20°C for 2 h. Precipitated DNA was collected by centrifugation, resuspended
in 0.3 ml of TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA) containing 30 pg of
RNase A per ml, and incubated for 15 min at 37°C to degrade RNA. Viral DNA
was separated from smaller contaminants by pelleting through a linear gradient
of 5 to 20% potassium acetate in TE buffer in a Beckman SW40 rotor at 27,000
rpm for 16 h at 20°C. After aspiration of the supernatant, the pelleted viral DNA
was resuspended in TE buffer, extracted once with an equal volume of chloro-
form, ethanol precipitated, and redissolved in distilled water.

Southern analysis. Radiolabeled probe for Southern hybridization was syn-
thesized by transcription of pRR1004 with T7 RNA polymerase in reaction
mixtures containing [a-3?P]CTP using protocols provided by Promega Biotec.
Viral DNA was digested with BstZ171, electrophoretically separated on a 1%
agarose gel, blotted to a Zeta Probe membrane (Bio-Rad), and probed with
sequences corresponding to the Southern probe shown in Fig. 3A.

gD complementation assay. To transfer the gD open reading frames from
representative SP mutants, HSV-1(F), and HSV-1(U10) to vRR1097, primers
were designed to amplify gD and flanking sequences that contain no part of the
protein-coding sequence of neighboring genes, gJ and gI. PCR products of 1.8 kb
containing the gD gene were amplified from genome-length viral DNA of wild-
type and mutant viruses using the Advantage-HF 2 PCR kit (Clontech) and
primers gDflankL (5'-GTGATGTCGGGTCCAAACTC-3') plus gDflankR (5'-
GGGACGGTTCGCAAAAA-3"). The high-fidelity PCR kit is reported to re-
duce PCR error to one mutation per 40 kb. Each PCR product was gel purified
and cotransfected into Vero cells with vVRR1097 viral DNA. Subconfluent 10-cm?
cultures of Vero cells were transfected with 200 ng of viral DNA either alone or
combined with 300 ng of gel-purified PCR product. Cells were incubated in
growth medium for 3 to 5 days to allow the growth of viruses expressing gD. Since
Vero cells are not permissive for the production of infectious vRR1097, virus
stocks obtained 3 to 5 days posttransfection were highly enriched for recombi-
nants in which the gD locus had been repaired with the mutant gD sequence. To
reduce error introduced by variation among individual recombinants, these
stocks were amplified without plaque purification on Vero cells. Plate stocks of
the individually generated recombinant virus pools were made by freeze-thaw
lysis and sonication and amplified once by plating on T75 cultures of Vero cells.
Stocks from these cultures were used to infect 100-33, 19.3, and Vero cells in
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TABLE 1. gD substitutions

Virus gD substitution

13 1)V () FO O None
UL0 .o .
R5001 .
SP2....
SP3....
SP4..

infectious-center assays. Recombinant stocks for each mutant were generated in
triplicate from three separate PCRs. Recombinants were not exposed to resistant
cells prior to the assay.

RESULTS

Selection of mutant viruses. Using the selection described
for isolation of mutants capable of forming plaques on cells
that lack a functional gD receptor, despite the high multiplicity
of initial infection, fewer than 25% of cultures produced viable
virus after 10 passages on the resistant cells. Because the vi-
ruses that emerged from these selection procedures had gained
the ability to spread in these cultured cells, the nine resulting
isolated were named SP 2, SP 3, SP 4, SP 5, SP 8, SP 9, SP 10,
SP 12, and SP 20. The fact that all of these viruses are capable
of forming plaques on Ugl1cl19.3 cells suggests that (i) they
can enter as free virus and spread from cell to cell with some
efficiency in the absence of a gD receptor and (ii) they are not
substantially inhibited in other aspects of the viral life cycle.
Two other viruses, each previously observed to demonstrate
enhanced entry into or spread in cells resistant to gD-mediated
events in entry, were also characterized in this study. R5001 is a
recombinant virus derived from HSV-1(F) that carries a mu-
tation in the gD coding sequence that substitutes asparagine
for the serine at position 140 (39). This mutation is responsible
for the ability of this virus to form plaques on resistant
Ugl1cl19 cells (39). HSV-1(U10) was derived from HSV-1(F)
following selection on cells resistant to infection due to over-
expression of HSV-1 gD (4). This virus carries a point muta-
tion in gD that substitutes proline for the leucine at position
25.

Sequencing of mutant gDs. Mutations in gD are sufficient to
overcome the entry restriction in Ugl1cl19, BJ, and other re-
sistant cells (2, 4, 6, 39). To ascertain whether and to what
extent passage in Ugl1cl19.3 cells provided a similar selection,
the region of the viral genome encoding gD from each of the
SP mutants was sequenced (Table 1). Observed differences
among sequences are shown relative to the parental HSV-1(F)
sequence. Mutant SP 2 contains the same substitution found in
R5001. Mutants SP 3, SP 4, and SP 20 contain single-point
mutations at amino acid 185 which result in substitution of
threonine for the alanine. This mutation was shown by Bran-
dimarti et al. to mediate entry into BJ cells, possibly by increas-
ing the affinity for the gD receptor over that for wild-type gD
(2). Mutant SP 5 contains a single point mutation at amino acid
22, a site in which no mutation has previously been reported.
Surprisingly, viruses carrying mutations at amino acid 25 or 27,
which have been reported to exhibit enhanced growth on gD-
expressing cells, were not selected on Ugl1cl19.3 cells. Mu-
tants SP 8, SP 9, SP 10, and SP 12 contain no mutations in gD.

HSV-1 MUTANTS DISTINGUISH FREE ENTRY FROM SPREAD
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These results suggest that passage of HSV-1(F) on Ug11cl19.3
cells selects both for viruses which contain gD mutations and
for viruses which are wild type at the gD locus. Only viruses
carrying mutations in gD are considered in this study. The
properties of the mutants with wild-type gD will be reported
elsewhere.

Growth properties of mutant viruses. Stocks of all plaque-
purified SP mutants and of U10 and R5001 were amplified on
Vero cells and plated in serial 10-fold dilution on resistant
Ugl1cl19.3 cells and on two susceptible cell lines, Vero and
100-33 (Fig. 1). 100-33 is a clonal cell line that is derived from
the same BHK(TK ™) cell line as Ug11cl19.3, is susceptible to
wild-type HSV-1 and HSV-2, and is used as a control for
BHK(TK™)-specific properties in HSV resistance (39). Three
representative SP mutants, as well as U10 and the parental
HSV-1(F) are shown. As previously reported (41), HSV-1(F)
failed to form plaques on the resistant Ugl1cl19.3 cells (Fig.
1C) and formed wild-type, nonsyncytial plaques on both Vero
and 100-33 cells. At least two distinct patterns of cell-cell
spread could be distinguished among the mutant viruses. (i)
Viruses SP 2 (Fig. 1D to F), U10 (Fig. 1M to O), and SP 4, SP
20, and R5001 (data not shown) formed nonsyncytial plaques
on all three cell types. (ii) Viruses SP 3 (Fig. 1G to I) and SP
5 (Fig. 1J to L) demonstrated a cell-type-specific morphology,
forming syncytial plaques on Vero cells but nonsyncytial
plaques on both 100-33 and Ugll1cl19.3 cells. Within this
group, plaque morphology differed between individual mutants
on Vero cells. SP 3 (Fig. 1G) showed plaques with a size similar
to HSV-1(F) containing relatively small syncytia, whereas SP 5
gave rise to larger-than-wild-type plaques generally made up of
a single large syncytium. All mutants showed cell type speci-
ficity in the sizes of plaques formed such that the smallest
plaques were formed on Ugl1cl19.3 cells and the largest were
formed on Vero cells.

Characterization of entry and cell-cell spread by mutant
viruses. The ability of the mutant viruses to form plaques on
the resistant cells suggested that all of these viruses had over-
come the Ugl1cl19.3 block to cell-cell spread, at least to some
degree. Modified infectious-center assays were performed to
quantify their ability to spread and to test for enhancement in
their ability to enter as free virus. Shown in Fig. 2A is the
control plating efficiency on susceptible 100-33 cells for wild-
type HSV-1(F) as well as for SP mutants, R5001, and U10.
These data were collected in the same experiments as those
from the resistant cells to control for the possibility that mu-
tations affect aspects of viral growth other than entry. Because
the production of infectious centers, which is used as a mea-
sure of entry of free virus, requires the mutants to complete the
viral life cycle, it is critical to demonstrate that no block to viral
replication exists other than the block to entry into the resis-
tant cells. As expected from their ability to form plaques on the
resistant cells, the behavior of HSV-1 mutants on susceptible
cells was not significantly different from that of the wild type,
indicating that the mutations neither enhance nor impair any
aspect of the viral growth on cells that express functional gD
receptors.

As previously reported, the entry of free HSV-1(F) is dra-
matically hindered in Ugl1cl19.3 cells (Fig. 2B) (39, 41). A
1,000- to 10,000-fold inhibition to entry of free virus is char-
acteristic of wild-type HSV-1(F) on these cells compared to the
same process on susceptible 100-33 cells. The ability of two of
the mutants, SP2 and R5001, to overcome this block to entry of
free virus is slightly enhanced, while the ability of the remain-
ing mutants to do so does not differ significantly from that of
wild-type virus. Thus, mutations which result in increased
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FIG. 1. HSV-1 mutant plaque phenotypes on susceptible and resistant cells. Vero, 100-33, and Ug11cl19.3 cells were infected for 48 h with the indicated viruses,
fixed with cold methanol, and immunostained for the presence of gD. Digital images of representative plaques were obtained under X40 magnification with a Leitz
inverted microscope.

plaque size on cells that lack a functional gD receptor do not

correspond to increased ability to enter as free virus.
Previous results have shown that in addition to inhibiting

HSV entry, Ugl1cl19.3 cells also block cell-cell spread (41).

Shown in Fig. 2C is the percentage of initial infections that led
to plaque formation on the resistant cells. Consistent with
previous reports of a substantial block to cell-cell spread in
Ugl1cl19.3 cells (41), fewer than 1% of the wild-type virions
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that initially bypassed the block to entry were capable of going
on to form plaques by cell-cell spread. In contrast to these
results and the results obtained for entry of free virus in Fig.
2B, all of the mutants showed a marked enhancement of cell-
cell spread, with the percentage of virus capable of subsequent
cell-cell spread approaching 100%. The mutations in these
viruses thus improve the efficiency of cell-cell spread on resis-
tant cells to a level typical of susceptible cells but confer little
or no ability to overcome the block to entry of free virus
exhibited in the same cells.

Characterization of a gD-null deletion recombinant. To de-
termine if the various mutations in gD are sufficient to confer
the mutant phenotype on a wild-type background, recombinant
viruses were constructed in which individual point mutations
were introduced into HSV-1(F) gD. To simplify and standard-
ize the production of these recombinants, a gD-null virus
named vRR1097 was constructed in which the gD gene of
HSV-1(F) was replaced with green fluorescent protein (GFP)
(Fig. 3A and B). vRR1097 plaques fluoresce under UV illu-
mination, express gC, and are not syncytial (data not shown).
Consistent with a loss of essential gD function, vVRR1097 is
unable to form plaques on Vero, 100-33, or HEp-2 cells but
can form plaques on complementing VD-60 cells and, as
shown in Fig. 5, is repaired by gD. The structure of the gD
locus in the deletion virus was verified by Southern blotting.
The gD gene in HSV-1(F) spans two BstZ171 fragments of 2.9
and 1.2 kb (Fig. 3A). In the deletion virus, these two fragments
are predicted to be replaced by a single fragment of 4 kb due
to the loss of the restriction site that divides the two fragments
(Fig. 3B). As predicted, bands of 2.9 and 1.2 kb were seen in
DNA from HSV-1(F) but were replaced by a single band of 4
kb in the deletion virus. To test for gD expression from the
viral genome, 100-33 cells were either mock infected or in-
fected for 18 h with HSV-1(F) or the deletion virus VRR1097.
A strong signal at the position expected for gD was observed in
protein from cells infected with wild-type virus (lane 3) but was
not detectable in protein from cells infected with the gD de-
letion recombinant (lane 1). VRR1097 was the parent virus
used in the production of all of the gD recombinants reported.

Tropism and plaque morphology of recombinant viruses
carrying gD mutations. To assess the effect of the individual
gD mutations on plaque morphology, gD open reading frames
from the indicated mutants were individually introduced into
vRR1097. The procedure for production of recombinants (rec
mutants), beginning with PCR amplification of the gD coding
sequence, was repeated three times to control for the possibil-
ity of error in amplification of one of the gD sequences or the
introduction of an adventitious mutation in any single recom-
binant. Thus, three individual recombinants were generated
from a common parent for each gD mutation. Each of the
recombinant viruses was plated at low multiplicity on Vero,
100-33, and Ugl1cl19.3 cells. Cultures were incubated for 48 h
to allow plaque development and were then fixed and immu-
nostained (Fig. 4). The results shown for each gD mutant are
ranges of values generated by identical treatment of the three
individually derived recombinants. Noteworthy observations
include the following. First, in no case did the transfer of

FIG. 2. Efficiencies of initial infection and cell-cell spread by mutant viruses
on susceptible and resistant cells. (A) Efficiency of plaque formation on suscep-
tible 100-33 cells. (B) Efficiency of initial entry of free virus on resistant
Ugl1cl19.3 cells. (C) Efficiency of subsequent cell-cell spread on resistant
Ugl1cl19.3 cells plotted as a percentage of initial infections. Between 20 and 200
plaques were counted for each virus. All assays were conducted in triplicate.
Error bars represent the range of values obtained.
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FIG. 3. Structure of recombinant VRR1097 genome and gD expression in
recombinant virus. (A and B) Sequence arrangement of viral genomes of HSV-
1(F) (A) and VRR1097 (B) around the gD locus showing the positions of viral
open reading frames (solid arrows), GFP insertion (shaded arrow), and probe
used for Southern analysis of recombinant virus genome structure. (C) Autora-
diographic image of a Southern blot of BstZ171-digested viral DNAs from cells
infected with HSV-1(F) (lane 1) or the gD deletion virus VRR1097 (lane 2). The
sizes of migration standards (in kilobase pairs) are indicated to the left of the
panel. (D) Photographic image of a Western blot of SDS-polyacrylamide gel
electrophoresis-separated proteins from cells either mock infected (lane 2), or
infected with HSV-1(F) (lane 3) or vRR1097 (lane 1). The position of the gD
signal is indicated by the arrow. Restriction enzyme abbreviations: Bs, BstZ171;
E, EcoNI; Nc, Ncol; Ns, Nsil; T, Tth1111.

mutant gD sequences confer a syncytial phenotype on the
resulting recombinants, demonstrating that the syncytial phe-
notype of SP 3 (compare Fig. 1G and Fig. 4G) and SP 5 (Fig.
1J and 4J) is not due to the observed mutations in the gD gene.
Second, although SP 5 was capable of forming plaques on
Ugl1cl19.3 (Fig. 1L), 5 rec was not (Fig. 4L), showing that the
difference in the gD locus between HSV-1(F) and this virus is
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not sufficient to confer its cell-cell spread capability on
Ug11cl19.3 cells. However, U10 rec, 2 rec, 3 rec (Fig. 4F, I, and
O) and 4 rec and 20 rec (data not shown) could form plaques
on Ugl1cl19.3 cells demonstrating that the gD lesions carried
by these mutants are sufficient to confer cell-cell spread capa-
bility on the resistant cells. These results suggest that SP 5
carries mutations in a gene or genes other than gD that confer
cell-cell spread capability on Ug11cl19.3 cells.

Efficiency of entry and cell-cell spread by recombinant mu-
tant viruses. Modified infectious-center assays were done with
recombinant mutant viruses just as they were conducted with
the original mutants (Fig. 5). All of the recombinant mutants,
like the recombinant wild-type repair, spread from cell to cell
on susceptible 100-33 cells with equal efficiencies (Fig. 5A),
confirming that the gD mutations do not affect cell-cell spread
or other aspects of viral replication on susceptible cells. In
addition, no recombinant virus demonstrated significant en-
hancement over the wild-type repair in its ability to enter
resistant cells as free virus (Fig. 5B). In contrast, the efficiency
of a virus to subsequently spread from cell to cell on resistant
Ugl1cl19.3 cells (Fig. 5C) depended strongly on the coding
sequence of the gD gene. As expected, the wild-type gD se-
quence derived from HSV-1(F) was unable to enhance cell-cell
spread. The gD sequences from SP 2, SP 3, SP 4, SP 20, and
U10 were all sufficient to confer at least a 10-fold enhancement
in cell-cell spread on resistant cells. Cell-cell spread of the
recombinant carrying the SP2 gD was as efficient as that of the
nonrecombinant SP 2 mutant, suggesting that the S140N mu-
tation in gD is sufficient to completely reconstitute the en-
hanced-spread phenotype of the original mutant. The recom-
binant SP 3, SP 4, SP 20, and U10 viruses, however, spread less
efficiently than the mutants from which the gD sequence was
derived, suggesting that each of the original mutants carries
other spread-enhancing mutations. Surprisingly, the gD se-
quence from SP 5, although it carries a substitution in gD,
conferred on its recombinant no enhancement of cell-cell
spread on the resistant cells.

DISCUSSION

The process of cell-cell spread is poorly understood but is
critical in understanding infection and pathogenesis in vivo.
The studies that have examined cell-cell spread have generally
focused on viral proteins which are not essential for all entry
events but tend to play functionally unique roles in cell-cell
spread. This research is novel in that we have examined viruses
which carry mutations in a glycoprotein that plays an essential
role in both entry of free virus and cell-cell spread and dem-
onstrated that these processes are functionally distinguishable
with respect to gD.

We previously reported that Ugllcl19.3 cells manifest a
block to HSV at a point after attachment but prior to pene-
tration and that this restriction precludes plaque formation.
This cellular restriction is mediated against entry of free HSV
virions as well as particles passing from an infected cell to an
adjacent uninfected cell via cell-cell spread. Failure to express
a gD receptor or interference with the function of that receptor
constitutes at least part of this restriction, since the introduc-
tion and stable expression of a known gD receptor, HveA,
restores the ability of HSV-1(F) to form plaques. In some
resistant cells that stably express HveA, cell-cell spread was
enhanced to a much greater degree than was entry of free
virus, suggesting that gD-receptor interactions in entry of free
virus and cell-cell spread may be functionally distinguishable.
Here we support and extend these studies to show that HSV-1
mutants capable of forming plaques on Ugl1cl19.3 cells are
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Ugl1cl19.3
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U10 rec

FIG. 4. gD recombinant plaque phenotypes on susceptible and resistant cells. Vero, 100-33, and Ug11cl19.3 cells were infected for 48 h with the indicated viruses,
fixed with cold methanol, and immunostained for the presence of gD. Digital images of representative plaques were obtained under X40 magnification with a Leitz
inverted microscope.

competent in cell-cell spread while remaining as impaired as fusion event required for cell-cell spread are not sufficient to
wild-type HSV-1 in entry of free virus. mediate the entry of free virus. At least two distinct explana-

Entry of free virus and cell-cell spread may differ in such a tions for this difference can be proposed. (i) Low-affinity gD-
way that gD-receptor interactions that suffice to mediate the receptor interactions may be sufficient to promote fusion when
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FIG. 5. Efficiencies of initial infection and cell-cell spread by recombinant
viruses on susceptible and resistant cells. (A) Efficiency of plaque formation on
susceptible 100-33 cells. (B) Efficiency of initial entry of free virus on resistant
Ugl1cl19.3 cells. (C) Efficiency of subsequent cell-cell spread on resistant
Ugl1cl19.3 cells plotted as a percentage of initial infections. Between 20 and 200
plaques were counted for each virus. All assays were conducted in triplicate.
Error bars represent the range of values obtained.
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the local concentration of gD and receptor are very high, as in
regions of apposition between the membranes of an infected
cell and an uninfected neighbor. (ii) Promotion of fusion in
these mutant viruses may require additional factors that are
present on membranes at the site of apposition between adja-
cent cells but are not present in the envelope of free virus
particles. These secondary factors could be cellular molecules
or nonstructural viral proteins.

Four of the mutant viruses isolated in this study (SP 2, SP 3,
SP 4, and SP 20) and two derived from other studies (R5001
and U10) carry mutations in the coding sequence of gD that
are sufficient to confer the enhanced cell-cell spread phenotype
on recombinant viruses. The L25P substitution found in U10
and the A185T substitution found in SP3, SP 4, and SP 20 have
previously been shown to enhance the infection of cells resis-
tant to infection due to cellular expression of HSV-1 gD (2).
Although the kinds of gD mutations that confer enhanced
infectivity on gD-expressing cells clearly overlap with those
that enhance cell-cell spread on Ugl11cl19.3 cells, enough mu-
tants have now been isolated to support the suggestion that the
two restrictions are distinct. The mutation in U10 gD is in a
region of the protein known to contain determinants of recep-
tor-binding specificity, suggesting that this gD mutation en-
hances cell-cell spread on the resistant cells by altering the
receptor binding affinity or specificity, allowing the use of an
alternative receptor. In fact, the L25P gD mutation, but not the
S140N and A185T mutations, has recently been reported to
confer the ability upon HSV-1 to utilize HveB as a cellular
receptor (23). Interestingly, Ugl1cl19.3 cells are resistant to
entry of free virus and cell-cell spread of HSV-2, which has also
been reported to utilize HveB as a gD receptor.

The S140N substitution seen in HSV-1(R5001) and SP 2,
which provides the most efficient restoration of cell-cell spread
on Ugllcll9.3 cells, has never been isolated from similar se-
lections on gD-expressing cell lines and the S140N mutants
were the least efficient among the mutants tested in overcom-
ing the gD-mediated restriction of BJ cells (2). Amino acid 140
is located within functional region 2 of gD, which, like func-
tional regions 1, 3 and 4, is essential for the process of entry of
free virus (5). Within the context of properly folded gD, how-
ever, some sequences within functional regions 2 and 3 must be
adjacent, since they form a discontinuous epitope that is rec-
ognized by neutralizing monoclonal antibodies (26, 53). Sev-
eral lines of evidence suggest that functional region 3 plays a
role in gD functions separate from receptor binding. Specific
mutations in functional region 3 abolish the ability of gD to
mediate the entry of free virus without affecting receptor af-
finity (28, 55). Similarly, a truncated, soluble gD lacking region
3 sequences binds well to gD receptors but cannot efficiently
block infection (53), and group 1a and II monoclonal antibod-
ies, which bind to region 3 sequences, do not block gD-HveA
interaction but still neutralize HveA-mediated entry (27). The
mutation present in gD of HSV-1(R5001) and SP 2 provides a
link between two essential domains of gD, at least one of which
appears to function in a process other than receptor binding.
This mutation may therefore overcome Ug11cl19.3 resistance
in a manner unrelated to receptor binding.

Two of the mutants selected in this study (SP 3 and SP 5)
have, in addition to mutations in gD, mutations that cause
cell-type-dependent syncytium formation. These viruses are
capable of forming syncytia on Vero cells but not on suscep-
tible or resistant BHK-derived cells. In neither of these mu-
tants is the mutation in gD sufficient to completely reconstitute
the enhancement of cell-cell spread on resistant cells. Indeed,
the gD substitution in SP 5 was completely ineffective by itself
in promoting cell-cell spread. It seems likely that the mutations
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conferring the syncytial phenotype on Vero cells also contrib-
ute to the cell-cell spread phenotype of these viruses and, in
the case of SP 5, may be the primary mediator of spread on the
resistant cells. The ability of these mutants to spread on the
resistant cells without causing concomitant syncytium forma-
tion suggests that a mechanism associated with but separate
from syncytium formation can mediate cell-cell spread in the
Ugl1cl19.3 cells. A similar observation was reported by Pertel
and Spear, who also selected HSV-1 variants that carried le-
sions in syn loci but were nonsyncytial on the cells in which they
were selected (32). Two nonexclusive mechanisms can be en-
visioned by which these mutations outside of gD might en-
hance cell-cell spread on cells that are resistant because they
lack a functional gD receptor: (i) alterations in proteins that
functionally interact with gD might change the receptor bind-
ing specificity of gD such that an alternative receptor for cell-
cell spread can be used, and (ii) changes in proteins that
functionally interact with the fusion apparatus might aber-
rantly regulate fusion such that weak or absent gD-receptor
interactions suffice for cell-cell spread.

The varied properties of the mutants described in this report
suggest that HSV-1 can adapt to the absence of a wild-type gD
receptor in multiple ways. As expected, mutations in gD that
would be expected to alter receptor binding specificity can
contribute to enhanced viral spread. Also as expected, muta-
tions outside of gD that alter the regulation of fusion can
operate alone or in combination with a mutated gD to enhance
spread. Moreover, the restriction of these adaptations to ef-
fects on cell-cell spread suggest that this process is regulated
differently from entry of free virus. Specifically, both gD and
non-gD fusion regulators evidently participate in cell-cell
spread in a manner distinct from their participation in entry of
free virus.
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