
Vol. 58, No. 1JOURNAL OF VIROLOGY, Apr. 1986, p. 36-42
0022-538X/86/040036-07$02.00/0
Copyright C 1986, American Society for Microbiology

Pathogenicity in Mice of Herpes Simplex Virus Type 2 Mutants
Unable To Express Glycoprotein C

DAVID C. JOHNSON,'* MARK R. McDERMOTT,' CLARENCE CHRISP,2 AND JOSEPH C. GLORIOSO2'3

Host Resistance Program, Department of Pathology, McMaster University, Hamilton, Ontario, Canada L8N 3Z5,1 and
Unit for Laboratory Animal Medicine2 and Department of Microbiology and Immunology,3 University of Michigan

Medical School, Ann Arbor, Michigan 48109

Received 24 September 1985/Accepted 30 December 1985

Herpes simplex virus type 2 (HSV-2) mutants that were unable to express glycoprotein C (gC-2) were

isolated. Deletions were made in a cloned copy of the gC-2 gene, and recombinant viruses containing these
deletions were screened by using an immunoreactive plaque selection protocol. The viruses did not display a
syncytial phenotype. Intravaginal inoculation of BALB/cJ mice with one of the HSV-2 gC-2- viruses produced
local inflammation followed by a lethal spread of the viral infection into the nervous system in a manner
identical to that produced by parental HSV-2 strain 333. Similarly, intracerebral inoculation of DBA-2 mice
with the gC-2- virus produced a lethal neurological disease paralleling that caused by HSV-2 strain 333. These
results indicate that gC-2 is not required for the spread of HSV-2 infections in mice.

The envelopes of herpes simplex virus (HSV) types 1 and
2 (HSV-1 and HSV-2, respectively) are composed of a
cell-derived lipid bilayer and a number of virus-specified
glycoproteins. At least five HSV-1 glycoproteins, designated
gB, gC, gD, gE, and gH, have been mapped in the viral
genome (3; reviewed in reference 46). HSV-2 counterparts
for gB, gC, gD, and gE have been described (10, 34, 35, 43,
50), as has an HSV-2 glycoprotein, gG (31, 38). These
polypeptides are exposed on the surfaces of virions and
infected cells and are believed to play important roles in the
adsorption and entry of viruses into cells and in the cell-to-
cell spread of virus. In addition, viral glycoproteins most
probably play central roles in tissue tropism and recognition
of viral infections by the immune system.

It has been very difficult to study the activities of individ-
ual HSV glycoproteins principally because very few muta-
tions in the glycoprotein genes have been identified. Studies
involving the HSV-1 mutants tsB5 and tsJ12 have suggested
a role for gB in the entry of virions into cells (27, 40) and in
cell-cell fusion (15, 30). Furthermore, evidence supporting
the role of gB and gD in virus attachment to cells and
cell-cell fusion has come from experiments with reconsti-
tuted viral glycoproteins (23) and monoclonal antibodies (13,
33). Spontaneous HSV-1 gC- (gC-1) mutants have emerged
in cell cultures (4, 18, 19), suggesting that gC-1 is not
required for viral replication in these cells. In many cases,
these spontaneous HSV-1 gC- mutants were recognized
because of their syncytial (syn) or fusion-inducing pheno-
type. Subsequently, the gC- and syn phenotypes were
genetically separated (21, 26, 39) although, for unknown
reasons, these phenotypes often coincide. syn mutations
have been mapped to at least four locations, all of which are
removed from the HSV-1 gC gene (7, 28, 36, 39). More
recently, a mutant of HSV-2 which does not express HSV-2
gC (gC-2) was isolated (51). This mutant is fully able to
replicate in cultured monkey and human cells and expresses
a syn phenotype.

Since gC-1 and gC-2 appear to be dispensable for the
replication of HSV-1 and HSV-2 in cultured cells, it is
reasonable to suggest that these glycoproteins play a role in
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the spread of viral infections in their human hosts. To test
this hypothesis, we examined the role of gC-2 in the repli-
cation of HSV-2 in murine models involving the female
genital tract (32) and the brain (25). Mutant viruses in which
a sizeable, genetically engineered deletion was made in the
gC structural sequences were isolated. These viruses did not
display the syn phenotype and replicated normally in cul-
tured cells. After intravaginal inoculation of mice, one of the
gC-2- mutants produced a local infection accompanied by an
inflammatory response and followed by a lethal spread of
virus into the central nervous system (CNS), a disease
pattern identical to that observed with wild-type virus. In
addition, the gC-2- mutant and parental HSV-2 produced
very similar patterns of lethal neurological disease after
intracerebral inoculation of mice. We conclude that gC-2
does not play a central role in the replication of HSV-2 in
mice.

MATERIALS AND METHODS

Cells and viruses. African green monkey (Vero) cells were
obtained from the American Type Culture Collection,
Rockville, Md., and grown in ot-minimal essential medium
(GIBCO Laboratories, Burlington, Ontario, Canada) con-
taining 10% fetal bovine serum, penicillin, and streptomycin.
HSV-2 strain 33 [HSV-2 (333)] was obtained from P. Spear,
University of Chicago, Chicago, Ill., and propagated in Vero
cells.

Plasmids. pTYL302, which contains the BamHI A frag-
ment of HSV-2 cloned into pBR322, was obtained from P.
Spear. pDJ218 and pDJ1013 were derived from pTYL302 by
cleaving the DNA with BglII, digesting the DNA with
nuclease Bal3l, and religating the plasmids after an end-
filling reaction with the Klenow fragment of Escherichia coli
DNA polymerase I.

Preparation of viral DNA for transfections. HSV-2 (333)
viral DNA was isolated from cytoplasmic nucleocapsids as
described elsewhere (44). Briefly, infected Vero cells were
washed with phosphate-buffered saline, suspended in 0.01 M
Tris hydrochloride buffer (pH 7.8) containing 0.01 M EDTA
and 0.5% Triton X-100, held on ice for 10 min, Dounce
homogenized, and centrifuged at a low speed to pellet the
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FIG. 1. Organization of the region of the HSV-2 genome encoding gC-2 and locations of deletions made in this region. (A) Location of the
BamHI A fragment in the HSV-2 genome. (B) Restriction map of the BamHI A fragment. Abbreviations: Ba, BamHl; Bg, BglII; Bs, BstEll;
Ec, EcoRI; Pv, PvuII; Sa, Sall; Sc, Sacl. (C) Location of gC-2 mRNA (arrow) and protein-coding region (hatched box) from Swain et al. (47).
(D) Map coordinates of HSV-2. (E) Plasmids pDJ218 and pDJ1013 containing 130- and 550-bp deletions, respectively.

nuclei. The cytoplasmic fraction was centrifuged at 80,000 x
g for 1 h, and the pellet containing the viral nucleocapsids
was suspended in 0.01 M Tris hydrochloride buffer (pH 7.5)
containing 0.15 M NaCl, 0.01 M EDTA, and 0.5% sodium
dodecyl sulfate. The preparation was extracted twice with
phenol and dialyzed against TE buffer (0.01 M Tris hydro-
chloride buffer [pH 7.5], 0.001 M EDTA).

Isolation of gC- viruses by using an immunoreactive plaque
assay. Subconfluent monolayers of Vero cells were cotrans-
fected with mixtures of HSV-2 (333) viral DNA and either
pDJ218 or pDJ1013 plasmid DNA by the procedure of
Graham and van der Eb (14) as modified by Wigler et al. (49).
Progeny viruses were plated on Vero cells growing in 60-mm
petri dishes, and plaques were stained by using an in situ
enzyme immunoassay modified from that described by Hol-
land et al. (20). Briefly, the cells were washed and incubated
for 30 min in phosphate-buffered saline containing 0.001 M
CaCl2, 0.001 M MgCl2, and 1% (wt/vol) bovine serum
albumin (black plaque buffer) at 4°C. Monoclonal antibodies
17cxA2 and 111-188, both specific for gC-2 (1 ml of a 1:100
dilution of ascites fluid in black plaque buffer) were added,
and the cells were incubated for 1 h at 4°C. The monolayers
were washed three times with black plaque buffer and
incubated with 1 ml of biotinylated rabbit anti-mouse immu-
noglobulin G (Sigma Chemical Co., St. Louis, Mo.) diluted
with 1:250 in black plaque buffer. The cells were washed
three times with black plaque buffer and incubated with
Vectastain ABC reagent (Vector Laboratories, Burlingame,
Calif.) for 1 h at 4°C. The monolayers were washed three
times with black plaque buffer, incubated with peroxidase
substrate (0.01% [wt/vol] 4-chloro-1-naphthol [Sigma],
0.003% [vol/vol] H202) for 10 min at room temperature, and
washed three times with black plaque buffer. Plaques that
did not stain with the insoluble grey-black precipitate de-
rived from 4-chloro-1-napthol were touched with a sterile
wooden rod, and viruses were transferred to 2.2-cm2
monolayers of Vero cells. Virus isolates were subjected to a
second round of plaque purification by the same method.

Extraction of viral DNA, Southern blot transfer, and hy-
bridization. Viral DNA was extracted from infected Vero

cells growing in 25-cm2 flasks by the method of Hirt (17).
Viral or plasmid DNA was digested with restriction en-
zymes, electrophoresed on 1% agarose gels, and transferred
to nitrocellulose paper (Schleicher & Schuell, Inc., Keene,
N.H.) by the procedure of Southern (45). Nitrocellulose
filters were hybridized to a 32P-labeled DNA probe and
washed as described by Maniatis et al. (29).

Antibodies and immunoprecipitations. Monoclonal anti-
body 17otA2, specific for gC-2 (1), was provided by S.
Bacchetti and W. Rawls, McMaster University, Hamilton,
Ontario, Canada. Rabbit antiserum R 71, prepared against
HSV-2 gC (50), and monoclonal antibody 111-188, directed
against gC-2 (50), were kindly provided by P. Spear. Im-
munoprecipitations were performed as previously described
(22) with extracts from virus-infected Vero cells that had
been labeled with [35SJmethionine from 3 h until 12 h after
infection, and the precipitated products were analyzed on
8.5% sodium dodecyl sulfate-polyacrylamide gels cross-
linked with N,N'-diallyltartardiamide (16).

Intravaginal inoculation of mice and tissue processing.
Strains of HSV-2 were inoculated intravaginally into 6-week-
old BALB/cJ mice (Health Research Inc., West Seneca,
N.Y.) as previously described (32). Groups of 10 mice were
scored for the severity of vaginal inflammation, hind limb
paralysis, and mortality each day after inoculation. Dorsal
spinal ganglia and spinal cords were surgically removed from
some animals 5 or 6 days after inoculation with 106 PFU of
HSV-2 (333) or the gC-2- virus, C2-4, as previously de-
scribed (48). Explanted tissues were rinsed in media, homog-
enized, sonicated, and clarified by centrifugation, and virus
titers were assayed on Vero cells (32).

Intracerebral inoculation of mice. Groups of eight, 6-week-
old female DBA-2 mice (Jackson Laboratory, Bar Harbor,
Maine) were inoculated with five doses of HSV-2 (333) of the
gC-2- virus, C2-4, suspended in 10 [lI of phosphate-buffered
saline as previously described (41). The doses ranged from
100.5 to 103 PFU per animal. Mortality was recorded daily,
and the experiments were terminated after 20 days. The 50%
lethal dose (LD50) was calculated by the method of Reed and
Muench (37).
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Construction of recombinant viruses. Plasmid pTYL302,
which contains the BamHI A fragment of HSV-2 (333)
cloned into pBR322, was used in the construction of dele-
tions of the gene for gC-2. pTYL302 has a single BglII site at
a position corresponding to approximately 0.621 map units in
the HSV-2 genome (Fig. 1). Dowbenko and Lasky (8) and
Swain et al. (47) found this BglII site to be 525 base pairs (bp)
downstream from the transcription start site of gC-2 mRNA
within the structural sequences of the polypeptide. Se-
quences flanking the BglII site in pTYL302 were deleted
with nuclease Bal31. Two plasmids derived from Bal31-
digested pTYL302 were isolated; pDJ218, to which contains
a 130-bp deletion in the BstEII-PvuII fragment (map units
0.613 to 0.626) containing the BglII site, and pDJ1013, which
contains a 550-bp deletion in the BstEII-PvuII fragment (Fig.
1), were chosen for further study. HSV-2 (333) DNA and
either pDJ218 or pDJ1013 DNA were transfected into Vero
cells, and the viral progeny were screened for gC-2- mutants
by using an immunoreactive plaque screening protocol mod-
ified from that described by Holland et al. (20). Cell
monolayers containing virus plaques were stained by incu-
bation with a gC-2-specific monoclonal antibody, 17otA2,
biotinylated rabbit anti-mouse immunoglobulin G, peroxi-
dase-coupled avidin, and peroxidase substrate. Plaques de-
rived from viruses lacking the 17cxA2 epitope did not stain
with the insoluble grey-black precipitate (black plaque), and
viruses could be isolated from these plaques. Approximately
103 virus plaques derived from transfections with pDJ218
DNA were screened. Ten plaques were found which did not
stain with 17aA2 or, subsequently, with monoclonal anti-
body 111-188, both of which are specific for gC-2 (1, 50).
However, the viral progeny from transfections with pDJ1013
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FIG. 3. Polypeptides precipitated by anti-gC-2 antibodies from
extracts of Vero cells infected with HSV-2 (333) or viruses isolated
by using the immunoreactive plaque selection protocol. Infected
cells were labeled with 100 ,uCi of [35S]methionine per ml from 3 to
12 h after infection, and extracts of the cells were made. The
extracts were immunoprecipitated with a mixture of anti-gC-2 serum
R 71 and monoclonal antibodies 17axA2 and 111-188, and the precip-
itated products were analyzed on sodium dodecyl sulfate-
polyacrylamide gels. The precursor of the immature form of gC-2 is
denoted pgC2. The numbers on the right side of the figure refer to
molecular weight markers (x 103).
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FIG. 2. Southern blot hybridization analysis of DNAs from
viruses isolated from cells transfected with pDJ218 DNA and HSV-2
(333) DNA and selected by using the immunoreactive plaque selec-
tion protocol. Viral DNA extracts were digested with BglII and Sall,
electrophoresed on 1% agarose gels, transferred to nitrocellulose,
and hybridized to 32P-labeled pTYL302 DNA. The positions of the
1.1-kb Sall-BglII fragment (0.610 to 0.621 map units), the 1.8-kb
Bglll-SaIl fragment (0.621 to 0.639 map units), and a novel 2.8-kb
band detected in the mutants and in pDJ218 are shown. Virus
isolates C2-1, C2-2, etc., are denoted C21, C22, etc.

DNA did not yield any gC-2- plaques, although over 104
plaques were screened.
The DNAs of viruses selected by the immunoreactive

plaque assay were digested with BglII and Sall and analyzed
by Southern blot analysis with 32P-labeled pTYL302 as a
probe. Two virus isolates (C2-4 and C2-8) had a 2.8-kilobase
(kb) fragment not present in HSV-2 (333) and lacked the
1.1-kb SacI-BgIII fragment (0.610 to 0.621 map units) and the
1.8-kb BglII-SacI fragment (0.621 to 0.639 map units) (Fig.
2). Other restriction analyses confirmed the presence of a

130-bp deletion at the BglII site in these viruses (data not
shown).

Analysis of gC-2 expression in virus isolates. To determine
whether the viruses isolated by the immunoreactive plaque
screening protocol expressed gC-2, we immunoprecipitated
[35SJmethionine-labeled infected cell extracts with a mixture
of rabbit anti-gC-2 serum R 71 (50) and monoclonal antibod-
ies 111-188 and 17acA2. Virus isolates C2-4 and C2-8, which
contained deletions in gC-2 structural sequences, did not
express gC-2 (Fig. 3) but did express gD, as assayed by
immunoprecipitations with monoclonal antibody 17PA3,
specific for HSV-2 gD (data not shown). Another of the virus
isolates, C2-2, did not express gC-2, although viral DNA
from this isolate did not contain a detectable deletion sur-

rounding the BglII site (Fig. 1 and 2). It is possible that C2-2

RESULTS

J. VIROL.



PATHOGENICITY OF HSV-2 gC-2- MUTANTS 39

TABLE 1. Determination of virus titers in homogenized spinal
cord and dorsal spinal ganglia from mice inoculated with HSV-2

(333) or a gC-2- virus

Animal Inoculated virus Days post- PFU in:inoculation Spinal cord Ganglia

A C2-4 5 1,100 200
B C2-4 5 350 60
C C2-4 5 9,200 170
D C2-4 5 10 80
E 333 5 2,100 0
F 333 5 1,440 12
G 333 5 230 320
H 333 5 2,400 19
I C2-4 6 7,800 18
J C2-4 6 6,300 320
K C2-4 6 1,320 90
L C2-4 6 710 270
M 333 6 0 0
N 333 6 2,150 270
0 333 6 810 22
P 333 6 38 0

-43
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FIG. 4. Polypeptides precipitated by anti-gC-2 antibodies from
extracts of Vero cells infected with viruses recovered from mice.
Samples of homogenized dorsal spinal ganglia from animals J and L
inoculated with the gC-2- virus C2-4 and from animal N inoculated
with HSV-2 (333) were used to infect 35-mm dishes of Vero cells.
The infected cells were labeled with 100 ,Ci of [35S]methionine per
ml from 4 to 20 h after infection, and extracts of the cells were
immun,'precipitated with a mixture of monoclonal antibodies 17aA2
and II1-188.

acquired the gC-2- phenotype through a point mutation, as
has been described for HSV-1 strain MP (9). None of the
isolates described above exhibited the capacity to fuse Vero
or 143 cells.

Intravaginal inoculation of a gC-2- virus. One of the gC-2-
virus recombinants, C2-4, was arbitrarily chosen for use in
subsequent experiments. A total of 10 6-week-old BALB/cJ
mice were inoculated intravaginally with 103 PFU of C2-4,
and another 10 mice were inoculated with 103 PFU of HSV-2
(333). McDermott et al. (32) found that, for mice in this age
group, the LD50 of HSV-2 (333) was from 103 to 104 PFU per
animal. After 5 to 7 days, 7 of 10 mice inoculated with the
gC-2- virus and 6 of 10 mice inoculated with HSV-2 (333)
displayed vaginal inflammation accompanied by mucus dis-
charge, followed by hind limb paralysis at 7 to 8 days and
death between 9 and 18 days. The mice which survived in
each group were inoculated intravaginally with 106 PFU of
C2-4 or HSV-2 (333), respectively, and all died 7 to 8 days
later.

Since the death of mice after inoculation with HSV is
primarily due to the spread of virus into sensory ganglia and
the brain (2, 6), we attempted, in a separate experiment, to
detect viruses in nervous tissue taken from mice inoculated
intravaginally with HSV-2 (333) or the gC-2- virus. In all but
one animal inoculated with HSV-2 (333), homogenized dor-

sal spinal ganglia or spinal cord or both yielded plaques after
2 days in Vero cell monolayers (Table 1). In most animals,
we observed relatively higher levels of virus in the spinal
cord than in the ganglia; however, the amount of tissue in the
spinal cord homogenates was often greater than that in the
ganglion homogenates, and undiluted samples of
homogenates from ganglia were sometimes toxic to Vero
cells. Viruses isolated from the ganglia of animals J and L
inoculated with the gC-2- virus and animal N inoculated
with HSV-2 (333) were propagated on Vero cells and ana-
lyzed for the expression of gC-2 immunoprecipitation of
[35S]methionine-labeled infected cell extracts with a mixture
of monoclonal antibodies 111-188 and 17aA2 (Fig. 4). As
expected, viruses recovered from animals inoculated with
the gC-2- virus did not express gC-2, and viruses recovered
from the animal inoculated with the wild-type virus did
express gC-2. Thus, this phenotype of the viruses remained
constant in the mice.

Intracerebral inoculation of a gC-2- virus. Intracerebral
inoculation of mice with a gC-2- virus, C2-4, and HSV-2
(333) was performed to test the relative ability of the viruses
to replicate when inoculated directly into CNS tissue. Two
experiments, each including 80 6-week-old DBA-2 mice,
were performed. In each case, the LD50 of the gC-2- virus
was very similar to that of HSV-2 (333) (Table 2). In
addition, the kinetics of mortality of animals inoculated with

TABLE 2. Pathogenicity of HSV-2 (333) and a gC-2- virus in
mice after intracerebral inoculation

Expta Virus LD50b
1 HSV-2 (333) 2

C24 12

2 HSV-2 (333) 12
C24 35

a Two independent experiments were performed in which 40 DBA-2 mice
were inoculated with either HSV-2 (333) or C24 (a gC-2- virus) in five doses,
as described in Materials and Methods.

b The LD50 of each virus was determined after intracerebral inoculation of
wild-type or mutant virus, as described in Materials and Methods. The results
shown represent the mean of two independent experiments.
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the gC-2- virus was not different from that of animals
inoculated with HSV-2 (333) (data not shown).

DISCUSSION
We report here the isolation of HSV-2 mutants which do

not express the glycoprotein gC-2. These mutants were
screened, by using an immunoreactive plaque assay, from
pools of virus derived from transfections involving wild-type
viral DNA and mutagenized copies of the gC-2 gene. Re-
combinant viruses containing a 130-bp deletion in the gC-2
gene (flanking the BglII site at 0.621 map units) were isolated
at a frequency of approximately 10-2. However, we were
unable to rescue into virus a fragment containing a 550-bp
deletion. It is possible that this 130-bp deletion in some way
affects the synthesis of the 18-kilodalton polypeptide which
maps to the right of gC-2 (8, 47) or the 56-kilodalton
polypeptide which maps in the BglIl N fragment (0.585 to
0.621 map units) to the left of the gC-2 structural sequences,
although these sequences would likely be over 1 kb from the
BglII site. Alternatively, this deletion may affect the synthe-
sis of potential reading frames which overlap the gC gene
region and were first described by Frink et al. (12) in the gene
for gC-1 and by Dowbenko and Lasky (8) in the gene for
gC-2.

Viruses which contained the 130-bp deletion did not
express gC-2 or truncated forms of the polypeptide detect-
able by monoclonal and polyclonal antibodies, most proba-
bly because the deletion produced a frameshift in the gC-2
structural sequences. It seems highly unlikely that an in-
phase deletion resulting in a truncated form of gC-2 oc-
curred, because such a deletion would produce a polypep-
tide with greater than 90% of the gC-2 structural sequences.
At least a fraction of the antibodies used here would be
expected to recognize such a polypeptide. The mutant
viruses isolated by this strategy did not display the syn
phenotype associated with a number of gC-1- mutants (4,
18) and with the gC-2- mutant described by Zezulak and
Spear (51). Therefore, as is the case with gC-1, the lack of
expression of gC-2 is not directly responsible for the syn
phenotype. The relationship between these two phenotypes
is intriguing and will hopefully be clarified upon closer
examination of the syn mutations.
Although gC- mutants of HSV-1 and HSV-2 arise spon-

taneously in cultured cells, they have not been observed in
clinical isolates. These observations suggest a role for gC-1
and gC-2 in the survival of HSV-1 and HSV-2 in humans. It
appears, however, that whatever functions are carried out
by gC during the spread of HSV infections in humans, they
are not grossly visible in animal models of HSV infections.
The MP strain of HSV-1, which does not express gC-1 and is
mutated at two syn loci (36, 39), causes a lethal disease
involving the nervous system in mice inoculated in the
cornea or subcutaneously (24) and in rabbits inoculated in
the cornea (5). In this study, intravaginal inoculation of mice
with HSV-2 (333) or a gC-2- mutant derived from HSV-2
(333) led to identical local inflammation, swelling, and hem-
orrhage. Local infections produced by the parental and
gC-2- viruses usually led to neurological disease, hind limb
paralysis, and death. The death of the animals was presum-
ably caused by viral replication in the CNS, since we were
able to recover infectious virus from the ganglia and spinal
cords. Mice which did not succumb after the first inoculation
with 103 PFU of virus died after a second inoculation with
106 PFU of virus. The first inoculation of these mice may not
have produced mucosal penetration, since we know that
animals inoculated with 103 PFU of /\TK-HSV-2, a thymi-

dine kinase-deficient virus, became immune to a second
inoculation with 106 PFU of wild-type HSV-2 (32). In a
similar fashion, direct inoculation of the wild-type and gC-2-
viruses into CNS tissue produced a lethal neurological
disease. The results of experiments with this HSV-2 gC-
mutant differed from those reported for HSV-1 gC-specific,
monoclonal antibody-resistant mutants, including a gC-1-
virus; it was found that the mutants had a reduced pathoge-
nicity for the nervous system (25).
Our results allow us to conclude that if gC-2 plays any role

in local vaginal infections and the spread of virus into the
CNS in mice, it is a subtle role. Some slight selective
advantage conferred on viruses expressing gC-2 may be
sufficient to maintain the gC-2 gene. HSV-1 gC has been
found to act as a receptor for the C3b complement compo-
nent, and it has been suggested that virus-induced C3b
receptor activity may inhibit the complement activation
pathway, reducing the efficiency of antibody-complement-
mediated lysis of infected cells (11). Although gC-1 and gC-2
share a great deal of homology in their primary amino acid
sequences (7, 12, 47) and might be expected to share some
common activities, C3b receptors were not detected on
HSV-2-infected endothelial cells (11). Alternatively, the
gC-2 polypeptide may play a much more important role in
the spread of virus or in latency in humans. Encephalitis and
death are a common feature in the murine model of genital
infection with HSV-2, whereas the adult human disease,
encephalitis and death are rare, and a latent state is common.
Nevertheless, since HSV-1 and HSV-2 gC- mutants can
replicate in human epithelial (18, 39, 51) and neuroblastoma
(42; D. C. Johnson, unpublished results) cell lines, we sug-
gest that it is unlikely that either of these polypeptides plays
an essential role in the entry of virus into epithelial or
neuronal cells, either in mice or in humans.

ACKNOWLEDGMENTS

This research was funded by grants from the National Cancer
Institute of Canada and the Medical Research Council of Canada and
by Public Health Service grant RROO200-2 from the National
Institutes of Health.
We thank D. Galloway for communicating the sequence of HSV-2

gC before publication, P. Spear for gifts of antibodies and plasmid
pTYL302, and S. Bacchetti and W. Rawls for gifts of monoclonal
antibodies. We also thank V. Feenstra, J. Smiley, and L. Brais for
technical assistance, J. Maljar for secretarial assistance, and W.
Rawls for critically reading the manuscript.

LITERATURE CITED
1. Balachandran, N., D. Harnish, W. E. Rawls, and S. Bacchetti.

1982. Glycoproteins of herpes simplex virus type 2 as defined by
monoclonal antibodies. J. Virol. 44:344-355.

2. Baringer, J. R. 1975. Herpes simplex virus infection of nervous
tissue in animals and man. Prog. Med. Virol. 10:1-27.

3. Buckmaster, E. A., U. Gompels, and A. Minson. 1984. Charac-
terization and physical mapping of an HSV-1 glycoprotein of
approximately 115 x103 molecular weight. Virology 139:408-
413.

4. Cassai, G., R. Manservigi, A. Corallini, and M. Terni.
1975/1976. Plaque dissociation of herpes simplex viruses: bio-
chemical and biological characters of the viral variants.
Intervirology 6:212-223.

5. Centifanto-Fitzgerald, Y. M., E. D. Varnell, and H. E. Kaufman.
1982. Initial herpes simplex virus type 1 infection prevents
ganglionic superinfection by other strains. Infect. Immun.
35:1125-1132.

6. Cook, M. L., and J. G. Stevens. 1973. Pathogenesis of herpetic
neuritis and ganglionitis in mice: evidence for intra-axonal
transport of infection. Infect. Immun. 7:272-288.

J. VIROL.



PATHOGENICITY OF HSV-2 gC-2- MUTANTS 41

7. DeLuca, N., D. J. Bzik, V. C. Bond, S. Person, and W. Snipes.
1982. Nucleotide sequences of herpes simplex virus type 1
(HSV-1) affecting virus entry, cell fusion, and production of
glycoprotein gB (VP7). Virology 122:411-421.

8. Dowbenko, D. J., and L. A. Lasky. 1984. Extensive homology
between the herpes simplex virus type 2 glycoprotein F gene
and the herpes simplex virus type 1 glycoprotein C gene. J.
Virol. 52:154-163.

9. Draper, K. G., R. H. Costa, G. T.-Y. Lee, P. G. Spear, and E. K.
Wagner. 1984. Molecular basis of the glycoprotein-C-negative
phenotype of herpes simplex virus type 1 macroplaque strain. J.
Virol. 51:578-585.

10. Eisenberg, R. J., M. Ponce de Leon, L. Pereira, D. Long, and
G. H. Cohen. 1982. Purification of glycoprotein gD of herpes
simplex virus types 1 and 2 by use of monoclonal antibody. J.
Virol. 41:1099-1104.

11. Friedman, H. M., G. H. Cohen, R. J. Eisenberg, C. A. Seidel,
and D. B. Cines. 1984. Glycoprotein C of herpes simplex virus 1
acts as a receptor for the C3b complement component on
infected cells. Nature (London) 309:633-635.

12. Frink, R. J., R. Eisenberg, G. Cohen, and E. K. Wagner. 1983.
Detailed analysis of the portion of the herpes simplex virus type
1 genome encoding glycoprotein C. J. Virol. 45:634-647.

13. Fuller, A. O., and P. G. Spear. 1985. Specificities of monoclonal
and polyclonal antibodies that inhibit adsorption of herpes
simplex virus to cells and lack of inhibition by potent neutral-
izing antibodies. J. Virol. 55:475-482.

14. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of adenovirus 5 DNA. Virology
52:456-467.

15. Haffey, M. L., and P. G. Spear. 1980. Alterations in glycoprotein
gB specified by mutants and their partial revertants in herpes
simplex virus type 1 and relationship to other mutant pheno-
types. J. Virol. 35:114-125.

16. Heine, J. W., R. W. Honess, E. Cassai, and B. Roizman. 1974.
Proteins specified by herpes simplex virus. XII. The virion
polypeptides of type 1 strains. J. Virol. 14:640-651.

17. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cells. J. Mol. Biol. 26:365-369.

18. Hoggan, M. D., and B. Roizman. 1959. The isolation and
properties of a variant of herpes simplex producing multinucle-
ated giant cells in monolayer cultures in the presence of anti-
body. Am. J. Hyg. 70:208-219.

19. Holland, T. C., F. L. Homa, S. D. Marlin, M. Levine, and J.
Glorioso. 1984. Herpes simplex virus type 1 glycoprotein C-
negative mutants exhibit multiple phenotypes, including secre-
tion of truncated glycoproteins. J. Virol. 52:566-574.

20. Holland, T. C., R. M. Sandri-Goldin, L. E. Holland, S. D.
Marlin, M. Levine, and J. C. Glorioso. 1983. Physical mapping
of the mutation in an antigenic variant of herpes simplex virus
type 1 by use of an immunoreactive plaque assay. J. Virol.
46:649-652.

21. Honess, R. W., A. Buchan, I. W. Halliburton, and D. H. Watson.
1980. Recombination and linkage between structural and regu-
latory genes of herpes simplex virus type 1: study of the
functional organization of the genome. J. Virol. 34:716-742.

22. Johnson, D. C., and J. R. Smiley. 1985. Intracellular transport of
herps simplex virus gD occurs more rapidly in uninfected cells
than in infected cells. J. Virol. 54:682-689.

23. Johnson, D. C., M. Wittels, and P. G. Spear. 1984. Binding to
cells of virosomes containing herpes simplex virus type 1
glycoproteins and evidence for fusion. J. Virol. 52:238-247.

24. Kristensson, K., A. Vahlne, L. A. Persson, and E. Lycke. 1978.
Neural spread of herpes simplex virus types 1 and 2 in mice after
corneal or subcutaneous (footpad) inoculation. J. Neurol. Sci.
35:331-340.

25. Kumel, G., H. C. Kaerner, M. Levine, C. H. Schroder, and J. C.
Glorioso. 1985. Passive immune protection by herpes simplex
virus-specific monoclonal antibodies and monoclonal antibody-
resistant mutants altered in pathogenicity. J. Virol. 56:930-937.

26. Lee, G. T.-Y., K. L. Pogue-Geile, L. Pereira, and P. G. Spear.
1982. Expression of herpes simplex virus glycoprotein C from a
DNA fragment inserted into the thymidine kinase gene of this

virus. Proc. Natl. Acad. Sci. USA 79:6612-6616.
27. Little, S. P., J. T. Jofre, R. J. Courtney, and P. A. Schaffer.

1981. A virion-associated glycoprotein essential for infectivity
of herpes simplex virus type 1. Virology 115:149-159.

28. Little, S. P., and P. A. Schaffer. 1981. Expression of the
syncytial (syn) phenotype in HSV-1, strain KOS: genetic and
phenotypic studies of mutants in two syn loci. Virology
112:686-697.

29. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

30. Manservigi, R., P. G. Spear, and A. Buchan. 1977. Cell fusion
induced by herpes simplex virus is promoted and suppressed by
different viral glycoproteins. Proc. Natl. Acad. Sci. USA
74:3913-3917.

31. Marsden, H. S., A. Buckmaster, J. W. Palreyman, R. G. Hope,
and A. C. Minson. 1984. Characterization of the 92,000-dalton
glycoprotein induced by herpes simplex virus type 2. J. Virol.
50:547-557.

32. McDermott, M. R., J. R. Smiley, P. Leslie, J. Brais, H. E.
Rudzroga, and J. Bienenstock. 1984. Immunity in the female
genital tract after intravaginal vaccination of mice with an
attenuated strain of herpes simplex virus type 2. J. Virol.
51:747-753.

33. Noble, A. G., G. T.-Y. Lee, and P. G. Spear. 1983. Anti-gD
monoclonal antibodies inhibit cell fusion induced by herpes
simplex virus type 1. Virology 129:218-227.

34. Para, M. F., L. Goldstein, and P. G. Spear. 1982. Similarities
and differences in the Fc-binding glycoprotein (gE) of herpes
simplex virus types 1 and 2 and tentative mapping of the viral
gene for this glycoprotein. J. Virol. 41:137-144.

35. Pereira, L., D. Dondero, B. Norrild, and B. Roizman. 1981.
Differential immunologic reactivity and processing of glycopro-
teins gA and gB of herpes simplex viruses types 1 and 2 made in
Vero and Hep-2 cells. Proc. Natl. Acad. Sci. USA 78:5202-
5206.

36. Pogue-Geile, K. L., G. T.-Y. Lee, S. K. Shapira, and P. G.
Spear. 1984. Fine mapping of mutations in the fusion-inducing
MP strain of herpes simplex virus type 1. Virology 136:100-
109.

37. Reed, L. J., and H. Muench. 1938. A simple method of estimat-
ing fifty per cent endpoints. Am. J. Hyg. 27:493-497.

38. Roizman, B., B. Norrild, C. Chan, and L. Pereira. 1984. Iden-
tification and preliminary mapping with monoclonal antibodies
of a herpes simplex virus type 2 glycoprotein lacking a known
type 1 counterpart. Virology 133:242-252.

39. Ruyechan, W. T., L. S. Morse, D. M. Knipe, and B. Roizman.
1979. Molecular genetics of herpes simplex virus. II. Mapping of
the major viral glycoproteins and of the genetic loci specifying
the social behavior of infected cells. J. Virol. 29:677-687.

40. Sarmiento, M., M. Haffey, and P. G. Spear. 1979. Membrane
proteins specified by herpes simplex viruses. III. Role of
glycoprotein VP7 (B2) in virion infectivity. J. Virol. 29:
1149-1160.

41. Schroder, C. H., H. Engler, and H. Kirchner. 1981. Protection of
mice by an apathogenic strain of -ISV-1 against lethal infection
by a pathogenic strain. J. Gen. Virol. 52:159-161.

42. Schwartz, J., and T. S. Elizan. 1973. Growth of herpes simplex
virus in transformed glial and neuronal cells in tissue culture:
ultrastructural studies. J. Neuropathol. Exp. Neurol. 34:
303-312.

43. Showalter, S. D., M. Zweig, and B. Hampar. 1981. Monoclonal
antibodies to herpes simplex virus type 1 proteins, including the
immediate-early protein ICP4. Infect. Immun. 34:684-692.

44. Smiley, J., B. Fong, and W.-C. Leung. 1981. Construction of a
double jointed herpes simplex virus DNA molecule: inverted
repeats are required for segment inversion and direct repeats
promote deletions. Virology 113:345-362.

45. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

46. Spear, P. G. 1985. Glycoproteins specified by herpes simplex
viruses, p. 317-328. In B. Roizman (ed.), The herpesviruses,

VOL. 58, 1986



42 JOHNSON ET AL.

vol. 3. Plenum Publishing Corp., New York.
47. Swain, M. A., R. W. Peet, and D. A. Galloway. 1985. Charac-

terization of the gene encoding herpes simplex virus type 2
glycoprotein C and comparison with the type 1 counterpart. J.
Virol. 53:561-569.

48. Walz, M. A., R. W. Price, and A. L. Notkins. 1974. Latent
ganglionic infection with herpes simplex virus types 1 and 2:
viral reactivation in vivo after neurectomy. Science
184:1185-1187.

49. Wigler, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub, and L.
Chasin. 1979. DNA-mediated transfer of the adenine

phosphoribosyl-transferase locus into mammalian cells. Proc.
Natl. Acad. Sci. USA 76:1373-1376.

50. Zezulak, K. M., and P. G. Spear. 1983. Characterization of a
herpes simplex virus type 2 75,000-molecular-weight glycopro-
tein antigenically related to herpes simplex virus type 1 glyco-
protein C. J. Virol. 47:553-562.

51. Zezulak, K. M., and P. G. Spear. 1984. Mapping of the struc-
tural gene for the herpes simplex virus type 2 counterpart of
herpes simplex virus type 1 glycoprotein C and identification of
a type 2 mutant which does not express this glycoprotein. J.
Virol. 49:741-747.

J. VIROL.


