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Cells that express glycoprotein D (gD) of herpes simplex virus type 1 (HSV-1) resist infection by HSV-1 and
HSV-2 because of interference with viral penetration. The results presented here show that both HSV-1 and
HSV-2 gD can mediate interference and that various HSV-1 and HSV-2 strains differ in sensitivity to this
interference. The relative degree of sensitivity was not necessarily dependent on whether the cell expressed the
heterologous or homologous form of gD but rather on the properties of the virus. Marker transfer experiments
revealed that the allele of gD expressed by the virus was a major determinant of sensitivity to interference.
Amino acid substitutions in the most distal part of the gD ectodomain had a major effect, but substitutions
solely in the cytoplasmic domain also influenced sensitivity to interference. In addition, evidence was obtained
that another viral gene(s) in addition to the one encoding gD can influence sensitivity to interference. The
results indicate that HSV-1 and HSV-2 gD share determinants required to mediate interference with infection
by HSV of either serotype and that the pathway of HSV entry that is blocked by expression of cell-associated
gD can be cleared or bypassed through subtle alterations in virion-associated proteins, particularly gD.

Cells expressing gD of herpes simplex virus type 1 (HSV-1)
can be resistant to infection by HSV-1 or HSV-2 (3, 11). This
has been shown for several cell types, including human Hep-2
cells, mouse L cells, and baby hamster kidney (BHK) cells.
This gD-mediated interference with HSV infection is at the
level of viral penetration into cells, not viral binding or post-
penetration steps (3, 8, 11).
The phenomenon of gD-mediated interference is common

to several of the alphaherpesviruses. Cells expressing pseudo-
rabies virus (PRV) or bovine herpesvirus type 1 (BHV-1) gD
are also resistant to infection by homologous virus (5, 6, 28). In
addition, cross-interference among different alphaherpesvi-
ruses has been noted (5, 6, 12, 22). For example, cells express-
ing BHV-1 gD are at least partially resistant to infection by
BHV-1, PRV, and HSV-1 (5). Cross-interference is not always
reciprocal (5, 6). The patterns of cross-interference observed
indicate that both homologous and heterologous forms of gD
have determinants capable of blocking the entry of a single
virus and that different alphaherpesviruses may have common
requirements for entry that can be blocked by a single form of
gD. This is despite limited conservation of primary amino acid
sequence among the gD homologs (10 to 35% identity), the
absence of cross-neutralizing epitopes, and differences in host
range among the alphaherpesviruses.
The entry of HSV, PRV, and BHV-1 into cells depends on

binding of the virus to cell surface glycosaminoglycans via gC,
followed by fusion of the virion envelope with a cell membrane.
The available evidence indicates that at least four envelope
glycoproteins, designated gB, gD, gH, and gL, are required for
the fusion or penetration step. These glycoproteins are present

in the envelope as homo-oligomers in the case of gB and
heterooligomers in the case of gH and gL. It seems likely that
interactions among gB, gD, and gH-gL and with unidentified
cell surface components are required for the membrane fusion
reaction (see references 17, 26, and 27 for reviews).
The mechanism of gD-mediated interference is not under-

stood. It has been proposed that cell-associated gD interferes
with a cell surface component required for viral entry or in-
teracts with the virion itself, perhaps to disrupt interactions
among the viral glycoproteins (3, 4, 8, 11). Recently it was
shown that a soluble recombinant form of gD becomes modi-
fied by the addition of mannose-6-phosphate (Man-6-P) to
N-linked glycans and that this form can bind to Man-6-P re-
ceptors (2). It seems unlikely that an interaction of virion-
associated gD with Man-6-P receptors is required for HSV
entry, however. This is based on findings that gD from infected
cells carries little if any Man-6-P (2), an HSV-1 mutant ex-
pressing a form of gD without N-linked glycans is fully infec-
tious (25), and mutant cells unable to express one or both of
the Man-6-P receptors (14) are fully susceptible to HSV infec-
tion (27a). However, the possibility remains that an interaction
of gD with some unidentified cell surface component is re-
quired for viral entry and is relevant to the phenomenon of
interference.
HSV-1 mutants selected for their resistance to gD-mediated

interference have been isolated. These mutants have point
mutations in the gD gene, and the altered gD gene can transfer
the interference-resistant phenotype to the sensitive parental
strain, either totally or partially (1, 4, 8). Interestingly, certain
amino acid substitutions in gD (substitutions changing Gln to
Pro or Arg at position 27 [Gln27Pro or Gln27Arg]) can render
the virus completely resistant to gD-mediated interference
while only marginally reducing infectivity for control cells (8).
In the course of our studies, we have noted that different

wild-type strains of HSV differed in their sensitivity to gD-
mediated interference and that HSV-2 strains seemed to be
generally less sensitive than HSV-1 strains to interference me-
diated by HSV-1 gD (gD-1). The HSV-2 form of gD (gD-2)
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exhibits about 82% sequence identity with gD-1. In order to
determine whether gD-mediated interference is serotype spe-
cific or serotype selective, we have produced new cell lines
expressing gD-2 for comparison of the ability of gD-1 and gD-2
to mediate interference with HSV-1 and HSV-2 strains. We
have also quantitated the sensitivity or resistance of several
HSV strains to gD-1-mediated interference and transferred
their gD genes to a common genomic background in order to
determine whether differences in sensitivity to interference can
be due solely to differences in gD gene sequence. The results
show that differences in the relative sensitivities of various
HSV-1 and HSV-2 strains to interference do not depend on
whether the cells express gD-1 or gD-2 but rather on the
properties of the virion. They also show that at least two
domains of virion-associated gD, as well as other HSV genes,
influence sensitivity to interference.
Hep-2 cells transformed to express gD-1 (cell line 42H9-9,

designated here H-gD-1) and control Hep-2 cells transformed
with the expression vector alone (cell line 40H7-1, designated
H-control) have already been described (11). New Hep-2 cell
lines transformed to express gD-2 were produced for this study
by methods described previously (11). These cell lines were
isolated after transfection with a plasmid (pRJ4065p) contain-
ing the neo selectable marker and the SpeI-BstXI fragment of
HSV-2(333) DNA, encoding the gD open reading frame, and
were shown to express gD-2 by Western immunoblotting (10a).
The gD-2-expressing cell line selected for this study was named
H-4065p-1 but is designated H-gD-2 here for simplicity. In
both the H-gD-1 and H-gD-2 cell lines, gD is under control of
the human metallothionein promoter, which is inducible by the
addition of CdCl2. Both cell lines express gD constitutively but
can be induced to express higher levels by the addition of
CdCl2 (11). The transformed cell lines were maintained as
described previously (11).
To assess the levels of interference mediated by gD-1 and

gD-2, several HSV-1 and HSV-2 strains were plated at various
dilutions on uninduced H-gD-1 cells, H-gD-2 cells, and H-
control cells or on replicate cultures of the cells that had been
induced with CdCl2 to produce higher levels of gD (11). In-
duction was demonstrated by Western blot analysis (not
shown). Plaques were visualized by immunoassay (8). The titer
of each virus stock on each cell line was determined, with the
results expressed as PFU scored on gD-expressing cells as a
percentage of PFU scored on the H-control cells.
The results shown in Fig. 1 demonstrate that both gD-1 and

gD-2 can mediate interference with HSV-1 and HSV-2 strains.
Although the H-gD-2 cells were somewhat less resistant than
the H-gD-1 cells to infection by all the HSV strains tested, this
effect is not necessarily due to intrinsically lower interference
activity of gD-2. We have observed that independent clones of
mouse or human cells transformed with a single vector (ex-
pressing either gD-1 or gD-2) may vary in their resistance to
HSV infection, indicating clonal variation in cell factors that
contribute to the phenomenon or in levels of gD expression.
Induction of higher levels of gD-1 or gD-2 by incubation of the
cells with CdCl2 invariably enhanced interference with plaque
formation for all HSV strains tested (Fig. 1).
There was considerable variability (10- to 500-fold differ-

ences) in the sensitivity of the HSV strains to gD-mediated
interference. This variability did not depend on whether the
virion-associated and cell-associated gDs were of the same or
different strain or serotype. For example, the H-gD-2 cells,
which expressed HSV-2(333) gD, were least resistant to infec-
tion by HSV-2(333) and most resistant to HSV-1(KOS).
Among the six HSV strains tested, HSV-1(KOS) exhibited

the greatest sensitivity to interference on both gD-1- and gD-

2-expressing cell lines. The plaques produced by HSV-1(KOS)
on gD-expressing cells were smaller than those produced by
the strains that were less sensitive to interference. However,
the number of plaques scored for HSV-1(KOS) did not under-
estimate the number of cells initially infected by the virus
inoculum. Whether infectivity was monitored by plaque for-
mation after 3 days or by the fraction of cells induced to
express an immediate-early viral protein within 6 h, the ratio of
the amounts of HSV-1(KOS) required to yield equivalent
numbers of infectious units on H-gD-1 and H-control cells was
the same (7a).
To further explore the differences among HSV-1 strains in

sensitivity to gD-mediated interference, strains KOS, 17, F,
and ANG were plated at various dilutions on H-gD-1 and
H-control cells. The results are shown in Fig. 2, with mean
values and standard deviations given for at least three separate
determinations. HSV-1 strains F, 17, and ANG infected gD-
expressing cells approximately 10, 30, and 1,000 times more
efficiently than did KOS. The differences in interference sen-
sitivities between KOS and each of the other strains (F, 17, and
ANG) were statistically significant.
Our interest was to determine whether the reduced sensitiv-

ity to gD-mediated interference exhibited by F, 17, and ANG
could be a result of the minor differences in amino acid se-
quence among the different forms of gD expressed (4, 8, 10,
16). Recombinant viruses in which the gD genes from HSV-1
strains KOS, F, 17, and ANG were placed in the KOS genetic
background were constructed. Genomic DNA from the gD-

FIG. 1. Relative sensitivities of several HSV-1 and HSV-2 strains to inter-
ference mediated by gD-1 and gD-2. Plaque assays were performed in triplicate
on monolayers of uninduced and induced H-gD-1, H-gD-2, and H-control cells,
as described previously (8). Enhanced gD-1 and gD-2 expression was induced by
incubation of the cells with medium containing 2 mM CdCl2 for 6 to 18 h prior
to plating the virus dilutions for the assay (11). Cells were infected with serial
10-fold dilutions of HSV-1 strain KOS, F, or mP or HSV-2 strain G, 186, or 333.
All three cell lines, either induced or uninduced, were exposed in parallel to the
same dilution series of each virus tested. Cultures having 50 to 500 plaques per
flask were counted to determine the virus titer on each cell type. The standard
deviation was generally less than 10% of the mean of the three determinations.
The mean number of plaques on H-control cells was approximately the same for
induced and uninduced cultures, and the virus titers on these cells ranged from
108 to 109 PFU/ml for all virus stocks. The titer of each virus stock on gD-
expressing cells was divided by the titer determined in parallel on H-control cells
and then multiplied by 100 to yield the normalized data shown here.
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negative strain KOSgDb (8) was cotransfected with PCR-am-
plified gD genes from each virus strain into Vero cells. These
transfections into noncomplementing cells selected for recom-
binant virus, with gD reconstituted. For each specific recom-
binant, three separate PCR amplifications were performed
with Vent polymerase (New England Biolabs), and each of the
uncloned PCR products was used in separate transfections to
generate three replicate recombinant virus pools. The use of a
proofreading enzyme for PCR amplification and of unselected
replicate populations of PCR product for transfection signifi-
cantly reduced the possibility that altered forms of the gD gene
would be generated by PCR or that such altered forms would
escape detection if they occurred and could alter the pheno-
types of the recombinant virus pools. The resulting virus re-
combinants were amplified by one round of passage on Hep-2
cells and then counted on H-gD-1 and H-control cells. The
interference sensitivity of each recombinant was determined in
comparison with control virus stocks obtained by transfection
(in triplicate) of genomic DNA from each parental virus (KOS,
F, 17, and ANG). Evidence that potential PCR artifacts have
not influenced the interference sensitivity determined for re-
combinant virus pools comes from the similar and relatively
small standard deviations computed for the means of triplicate
independent determinations done with recombinant and pa-
rental virus pools (Fig. 3). Negative controls included transfec-
tion of KOSgDb DNA alone and of KOSgDb DNA with the
PCR-amplified HSV-1 gene UL-1. In these two cases, no in-
fectious virus was obtained.
KOSgDb rescued with the KOS gD gene was as sensitive to

interference as virus obtained by transfection with intact KOS
DNA (Fig. 3A). Recombinants expressing ANG gD or F gD in
the KOS strain background exhibited the level of sensitivity
characteristic of the gD donor strain. For the strains KOS, F,
and ANG, any small differences in interference sensitivity be-
tween the recombinant viruses and the parental strains that
donated the gD genes were not statistically significant, whereas
the differences between the F/KOS and ANG/KOS recombi-
nant viruses and KOS were statistically significant (P 5 0.029
and P , 0.001, respectively). On the other hand, the interfer-

ence sensitivity of recombinants expressing strain 17 gD in the
KOS background was intermediate between that of the two
parental strains (Fig. 3A). The differences in interference sen-
sitivities of the recombinant and each of the parental strains
were statistically significant (P , 0.001 for the comparison of
17 and 17/KOS and P , 0.029 for the comparison of KOS and
17/KOS). These results show that the gD genes of F and ANG
are responsible for the reduced sensitivity or nearly complete
resistance, respectively, to gD-mediated interference exhibited
by the parental strains. However, for 17, the reduced sensitivity
to interference is determined in part by the 17 gD gene but also
by another unidentified gene(s).
HSV-2(333) was less sensitive to interference than any of the

HSV-1 and HSV-2 strains tested with the exception of ANG
(Fig. 1 and 2). To determine if the reduced sensitivity of HSV-
2(333) mapped to the gD gene, similar marker transfer exper-
iments were performed to introduce the gD-2 gene into the
KOS genetic background, except that a cloned recombinant
gene was used. A plasmid (pHD20) was engineered, by an
approach described previously (8), to carry the gD-2 open
reading frame (SpeI-RmaI fragment) from HSV-2(333) DNA
flanked by the HSV-1(KOS) sequences normally present up-
stream (SmaI-HindIII fragment) and downstream (RmaI-SmaI
fragment) of the gD-1 open reading frame. This plasmid or a
control plasmid (pHD15) carrying the HSV-1(KOS) gD gene
(8) was cotransfected with KOSgDb DNA into Vero cells to
obtain recombinants, as described above. Plaque assays (Fig.
3B) demonstrated that, as with HSV-1(17), the interference
sensitivity of the recombinant virus was intermediate between
those of the parental strains. The differences between the in-
terference sensitivities of the recombinant and parental viruses
were statistically significant (P 5 0.027 for the comparison of
333/KOS with 333 and P 5 0.029 for the comparison of 333/
KOS with KOS). These results indicate that differences in
interference sensitivity between HSV-1(KOS) and HSV-2
(333) are determined in part, but not completely, by the gD
gene.
Relevant regions of the amino acid sequences for the HSV-1

gD genes are compared in Fig. 4. KOS gD and F gD differ at
only two positions, both in the cytoplasmic domain. Thus,
substitutions in this region of gD alone can result in at least
10-fold differences in sensitivity to interference. Excluding the
cleaved signal peptide, strain 17 has four amino acid substitu-
tions in gD relative to KOS, two being the same as those for F,
with two additional substitutions. These additional amino acid
changes appear to increase somewhat the interference sensi-
tivity of recombinants containing 17 gD relative to recombi-
nants containing F gD. The phenotype characteristic of strain
17 is partially but not completely transferred to KOS by the 17
gD gene, indicating that another viral gene must contribute to
the phenotype.
Strain ANG, which is almost completely resistant to gD-

mediated interference, differs from KOS in its gD sequence at
seven positions, five of which are illustrated in Fig. 4. Two of
the amino acid substitutions in the cytoplasmic domain are the
same as those for F gD relative to KOS gD. Interestingly, the
two amino acid substitutions near the N terminus of ANG gD
(Leu25Pro and Gln27Arg) have been observed individually in
different mutants selected for resistance to gD-mediated inter-
ference (1, 4, 8). The Gln27Arg substitution accounted fully for
the strong interference-resistant phenotype of one mutant de-
rived from HSV-1(KOS) (8), whereas the Leu25Pro substitu-
tion accounted partially for the interference-resistant pheno-
type of mutants derived from HSV-1(F) (1, 4). Thus, the
Gln27Arg substitution noted in ANG gD could fully account
for the interference-resistant phenotype of HSV-1(ANG) and

FIG. 2. Relative sensitivities of several HSV-1 strains to interference medi-
ated by gD-1. Serial dilutions of each of four HSV-1 strains were plated on
uninduced cells. The titer of each virus stock as determined on H-gD-1 cells was
divided by the titer determined in parallel on H-control cells and then multiplied
by 100 to yield the normalized data shown here. The values given are the
geometric means of three independent experiments, and the error bars indicate
standard deviations. By Student’s t test, the mean for HSV-1(KOS) is signifi-
cantly different, in pairwise comparisons, from the means obtained for HSV-1
strains F (P 5 0.01), 17 (P 5 0.002), and ANG (P , 0.001).
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the ANG/KOS recombinants. HSV-2(333) gD differs from
HSV-1(KOS) gD at about 70 positions. The available data do
not permit conclusions about the domains of gD-2 that might
be responsible for the reduced sensitivity to interference ex-
hibited by the 333/KOS recombinants. It should be noted that
333 gD is identical to KOS gD at positions 25 and 27 but differs
from KOS gD in the region of the cytoplasmic domain adjacent
to the membrane.
The structural determinants of gD required for mediating

interference, on the one hand, and for mediating entry of HSV
and influencing the sensitivity of virus to interference, on the
other hand, can be considered separately and may even be
distinct. As discussed above, all forms of alphaherpesvirus gD
characterized to date have been shown to mediate interference
with homologous and certain heterologous alphaherpesviruses.
In some instances, heterologous interference may be more
pronounced than homologous interference, at least with the
challenge virus strains used. The fact that divergent as well as
closely related forms of gD can interfere with infection by a
single herpesvirus suggests that the various forms of gD can
interact with a common target in cells or virions. The relative
interference activities of different variants of cell-associated
gD are difficult to assess with cloned transformed cell lines
because of variations in the level of gD expressed and in cell
factors that may influence cell susceptibility to infection. Def-
inition of the gD determinants required for mediating inter-

ference will depend on devising strategies for more controlled
expression of various mutant and wild-type forms of gD in
uncloned cell populations and for quantitating interference
under these conditions.
The roles of gD and other unidentified HSV genes in influ-

encing the sensitivity of HSV to interference emerge from this
study of different HSV strains and from earlier studies of
HSV-1 mutants selected for resistance to gD-mediated inter-
ference. Most of the mutants have amino acid substitutions in
gD close to the N terminus at positions 25 (Leu25Pro) or 27
(Gln27Pro/Arg) (Fig. 4) (1, 4, 8). Two mutants have Ala185Thr
substitutions in gD. Both the Leu25Pro and Ala185Thr substi-
tutions appeared to be only partially responsible for the re-
duced sensitivity of the mutant viruses to gD-mediated inter-
ference, as assessed by plaque formation (1, 23), whereas the
Glu27Pro/Arg substitutions alone could confer the interfer-
ence-resistant phenotype (8).
HSV-1(ANG) is the only wild-type strain of HSV-1 shown to

have amino acids other than Leu and Gln at positions 25 and
27 and also shown to be almost completely resistant to gD-
mediated interference. HSV-1(ANG) was isolated from a clin-
ical specimen that was plated under an agar overlay (19, 20).
Because agar contains sulfated polysaccharides that can inhibit
HSV infection, the possibility exists that the method of isola-
tion selected a variant with altered entry characteristics. Mu-
tants with reduced sensitivity to gD-mediated interference

FIG. 3. Relative sensitivities to gD-1-mediated interference of parental viruses and recombinant viruses carrying different alleles of gD in the KOS genomic
background. (A) Recombinant viruses in which the gD genes from HSV-1 strains KOS, F, 17, and ANG were placed in the KOS genomic background were constructed.
Subconfluent Vero cells in six-well dishes were transfected with 1 mg of genomic DNA from a gD-negative mutant, KOSgDb (8), together with 1 mg of PCR-amplified
gD or gL DNA (as a control) with LipofectAMINE reagent (GIBCO BRL) in OptiMEM serum-free medium according to the manufacturer’s guidelines. In the
generation of each recombinant, three separate PCR amplifications were performed, and the PCR products were used in three independent cotransfections with
KOSgDb DNA. The primers used to amplify the gD-1 gene had the sequences GAATTCCAGGTCTTCCTCCACTACGC and GGATCCATGTCTGCTTGAGCTC
CTGC, and those used for gL-1 amplification had the sequences TGGGTGCGCGGATCCTAGGCGC and AGAGGGAATTCCCTCTCCCCC. Parental virus stocks
were produced by transfecting Vero cells as described above with 1 mg of parental genomic DNA. Medium on the transfected cells was supplemented with medium
199 containing 10% fetal calf serum at 6 h after transfection and replaced with the same medium at 12 h. At 48 h, the transfected cells were lysed to release progeny
virus, which was amplified by one passage on Hep-2 cells. The resulting virus stocks were counted on H-gD-1 and H-control cells. The titer of each viral stock as
determined on H-gD-1 cells was divided by the titer determined in parallel on H-control cells and then multiplied by 100 to yield the normalized data shown here. The
values shown are the geometric means from three independent determinations and standard deviations. (B) Recombinant viruses in which the gD gene of HSV-2(333)
was placed in the KOS genetic background were constructed. Subconfluent Vero cells in six-well dishes were transfected with 1 mg of KOSgDb DNA together with
0.5 to 3 mg of pHD20, which contains the HSV-2(333) gD open reading frame flanked by HSV-1(KOS) DNA sequences, or pHD15 (8), which contains the HSV-1(KOS)
gD open reading frame and flanking sequences. Vero cells were also transfected with genomic DNAs of the parental strains. The DNA samples were prepared for
transfection by calcium phosphate coprecipitation as described previously (8). Virus stocks prepared from the transfected cells were counted on H-gD-1 cells and
H-control cells as described above. The values shown are as described above and are the geometric means of at least three determinations with standard deviations.
For the data presented in both panels, statistical analysis (Student’s t test) was performed to assess the significance of differences in interference sensitivity observed
between recombinant and parental strains, with the results summarized in the text.
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have been isolated by methods other than selection for repli-
cation on gD-expressing cells, including passage in the pres-
ence of the sulfated polysaccharide heparin (21), passage in the
presence of a particular anti-gD monoclonal antibody, AP7 (4,
18), and selection for replication on BHK clones found to be
resistant to HSV entry (23). The AP7-resistant mutants have
Leu25Pro substitutions in gD (1, 4, 18), and the mutant se-
lected for replication on the BHK clone has a Ser140Asn
substitution in gD (23). This latter mutation contributed only
marginally to the interference-resistant phenotype of the mu-
tant (1, 23). The mutations responsible for the reduced inter-
ference sensitivity of the heparin-selected mutants have not yet
been identified, but some of them appear not to map to gD
(21a).
It can be concluded that virion-associated gD is a key de-

terminant of sensitivity of HSV to gD-mediated interference.
Because some amino acid substitutions in gD are only partially
responsible for the mutant phenotype, certain other HSV
genes must also influence sensitivity, either alone or in com-
bination with the appropriate gD allele. Obvious candidates
for these other genes include those encoding the other viral
glycoproteins that mediate HSV entry, including gB, gC, and
gH-gL. The possibility exists that genes encoding tegument
proteins may also be relevant, particularly in light of the find-
ing that amino acid substitutions in the cytoplasmic or viro-
plasmic domain of gD can result in 10-fold differences in sen-
sitivity to interference. This domain of gD could be expected to
interact with tegument proteins. Alterations in these interac-
tions could influence the conformation and function of the gD
ectodomain and could also influence the amount of gD incor-
porated into virions. Amino acid substitutions in the gD
ectodomain, particularly those at Gln-27, have the most pro-
found effect and determine whether HSV can clear or bypass
the block to entry imposed by cell-associated gD.
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