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ICP4, ICP0, and ICP27 are the immediate-early (IE) regulatory proteins of herpes simplex virus that have
the greatest effect on viral gene expression and growth. Comparative analysis of viral mutants defective in
various subsets of these IE genes should help elucidate how these proteins affect cellular and viral processes.
This study focuses on the mutant d97, which is defective for the genes encoding ICP4, ICP0, and ICP27 and
expresses the bacterial b-galactosidase (b-gal) gene from the ICP0 promoter. Together with the d92 virus
(ICP42 ICP272) and the ICP0-complementing cell line L7, d97 provided a unique opportunity to evaluate
ICP0 function in the absence of the regulatory activities specified by ICP4 and ICP27. The pattern of protein
synthesis in d97-infected cells was unique relative to other IE gene mutants in that it was similar to that seen
in the absence of prior viral protein synthesis, possibly approximating the effect of cellular factors and virion
components alone. Inactivation of ICP0 in the absence of ICP4 produced a significant decrease in the levels of
the early mRNAs ICP6 and thymidine kinase (tk). There was also a marginal reduction in the levels of the IE
ICP22 mRNA, and this was most notable at low multiplicity of infection (MOI). In d97-infected L7 cells, the
levels of the viral mRNAs were mostly restored to those observed in infections with d92. Nuclear runoff
transcription analysis demonstrated that the presence of ICP0 resulted in an increase in the transcription
rates of the analyzed genes. The transcription rates of the early genes were dramatically reduced in the absence
of ICP0. At low MOI, the transcription rates of ICP6 and tk were comparable to the rate of transcription of a
cellular gene. Relevant to the potential use of d97 as a transfer vector, it was also determined that the absence
of ICP0 reduced the cellular toxicity of the virus compared to that of d92. The b-gal transgene expressed from
an IE promoter was detected for up to 14 days postinfection; however, the level of b-gal expression declined
dramatically after 1 day postinfection. In the presence of ICP0, the level of expression of b-gal was increased;
however the infected monolayer was destroyed by 3 days postinfection. Therefore, deletion of ICP0 in the
absence of ICP4 and ICP27 reduces toxicity and lowers the level of expression of genes from the viral genome.

When herpes simplex virus (HSV) infects cells, the first viral
genes to be expressed are referred to as the immediate-early
(IE) or a genes (42). IE genes are operationally defined as
those that are transcribed in the absence of prior viral protein
synthesis (42, 43). The transcription of IE genes in the absence
of prior viral protein synthesis is a function of cis-acting sites
located in the promoters of IE genes for cellular transcription
factors and VP16 (8, 45, 53, 54). VP16 is a component of the
virion (3, 8), which activates transcription by binding to TAA
TGARAT elements with cellular oct 1 and C1 (30, 31, 36, 48,
49, 65, 91). There are five IE genes, which encode infected-cell
polypeptides 4, 0, 22, 27, and 47 (ICP4, ICP0, ICP22, ICP27,
and ICP47, respectively) (15, 43, 68, 93). ICP4, -0, and -27 have
been shown to have a profound effect on subsequent viral gene
expression and viral growth (17, 22, 58, 61, 73, 74, 85, 88).

ICP4, ICP0, and ICP27 are nuclear phosphoproteins (68,
97). ICP4 is a large multifunctional protein that either re-
presses (18, 38, 64, 67, 72) or activates (18, 24, 28, 66, 70)
transcription through different sets of contacts with the general
transcription machinery (9, 37, 38, 84). ICP4 is largely respon-
sible for the transition from the IE to the E phase of viral gene

transcription (22, 69, 94). ICP0 will activate most test promot-
ers in transient assays (24, 28, 66, 70) and has been shown to
elevate the levels of viral gene expression and growth in tissue
culture and in the trigeminal ganglia of mice (6, 7, 51). ICP0
also facilitates the reactivation of virus from latency in the
mouse model (7, 51). The level at which ICP0 functions and
the mechanism by which it works to increase expression levels
are not known. However, ICP0 has been shown to associate
with a 135-kDa cellular protein (62, 63) and has also been
shown to dissociate the nuclear structures known as ND10 (27,
56, 57), which are thought to be involved in the proliferative or
differentiation state of the cell (23, 47, 96). ICP27 also appears
to be multifunctional. ICP27 has been shown to regulate viral
and cellular mRNA processing events (11, 39, 40, 59, 60, 78–80,
85). Several studies have also shown that it may modulate the
activity of ICP4 and ICP0 (61, 71, 81), as well as the modifi-
cation state of ICP4 (61, 71, 89). The combined activities of
ICP27 contribute to efficient DNA replication and late gene
expression (58, 73). Recent studies have shown that ICP27 also
significantly contributes to elevated levels of early gene expres-
sion (76, 92). Therefore, ICP4, ICP0, and ICP27 have been
postulated to affect gene expression by a variety of mecha-
nisms. They do so by modulating different host cell metabolic
pathways and must collectively result in the alteration of a wide
range of host cell processes.

In cells infected with mutant viruses that do not specify ICP4
activity, the remaining IE proteins are overexpressed relative

* Corresponding author. Mailing address: E1257 Biomedical Sci-
ence Tower, Department of Molecular Genetics and Biochemistry,
University of Pittsburgh School of Medicine, Pittsburgh, PA 15261.
Phone: (412) 648-9947. Fax: (412) 624-1401. E-mail: neal@hoffman
.mgen.pitt.edu.

4614



to the levels produced in the presence of ICP4 (17). As a
consequence, and despite the fact that most of the HSV ge-
nome is not expressed, ICP4 mutants are very toxic to cells
(46). There are presumably several underlying reasons for the
toxicity, and published reports support the involvement of both
necrotic and apoptotic modes of cell death (46, 52). The ob-
served toxicity of mutants that lack ICP4 can be markedly
reduced through the additional inactivation of VP16, which
results in the reduced expression of the remaining IE genes
(45). We have also previously shown that the simultaneous
inactivation of ICP4, ICP22, and ICP27 results in prolonged
cell survival and gene expression relative to other previously
existing IE mutant backgrounds (98). Presumably, the high
level of gene expression observed in the mutant lacking ICP4,
ICP22, and ICP27 activities is in part related to the overex-
pression of ICP0 in this background. The current study exam-
ines the contribution of ICP0 to gene expression and cell sur-
vival in a background that is already deleted for the ICP4 and
ICP27 genes. The results of these experiments are relevant to
the function of ICP0 and to the use of virus-based vectors for
gene transfer.

MATERIALS AND METHODS

Cells and viruses. Vero cells and the complementing cell lines E26, L7, and
FO6 were maintained by standard cell culture procedures as previously described
(16, 22). The E26 cell line has been previously described (76), and construction
of the L7 and FO6 cell lines is described below. Viruses carrying mutations in
either ICP4 or ICP27 or both, including d120 (17), 5dl1.2 (58), and d92 (76),
were propagated, and titers were determined on E26 cells. The ICP0 mutant
virus n212 (6) was grown on L7 cells, and the d97 virus was propagated on FO6
cells.

The transfection procedures used to construct the cell lines have been de-
scribed before (76). The DNA-calcium phosphate precipitates were prepared
essentially as described by Graham and van der Eb (35). To construct the L7 cell
line, approximately 106 Vero cells plated in two 60-mm dishes were transfected
with 5 mg of pW3DHS8 (19) and 1 mg of pSV2neo for G418 selection (87). Two
days after transfection, the cells were trypsinized and seeded into 20 100-mm
petri dishes, and the dishes were incubated in medium supplemented with 700-
mg/ml G418. This concentration of G418 was lowered to 400 mg/ml 5 days after
transfection. G418-resistant colonies were expanded and screened for their abil-
ities to complement n212.

The FO6 cell line was constructed by transfecting approximately 106 E26 cells
in two 60-mm petri dishes with 5 mg of pW3DHS8 and 1 mg of plasmid pSV2Hyg,
which encodes the hygromycin resistance gene from Escherichia coli under the
control of the simian virus 40 early promoter (obtained from Paul Robbins,
University of Pittsburgh). Two days after transfection, the cells were trypsinized
and seeded into 20 100-mm petri dishes, and the dishes were incubated in media
containing 500-mg/ml G418 and 400-mg/ml hygromycin for 6 days, after which the
antibiotic concentrations were lowered to 400 mg/ml for G418 and 300 mg/ml for
hygromycin. Individual colonies resistant to G418 and hygromycin were ex-
panded and screened for their abilities to complement d92 and n212.

Plasmid constructions. Plasmid p0b was derived from pW3DHS8 (19), which
contains the 4.5-kb SacI-to-PstI insert encoding the ICP0 gene. A unique NcoI
site (CCATGG) in pW3DHS8 contains the initiator methionine codon for ICP0,
and 0.7 kb into the protein-coding sequence is a unique BamHI site. p0b was
constructed by replacing the 0.7-kb NcoI-BamHI fragment in pW3DHS8 with the
3-kb BamHI fragment from plasmid pSC8 (10), which encodes the E. coli b-ga-
lactosidase (b-gal) gene. This was done by first modifying with the oligonucleo-
tide linkers 59-CATGGAGCCCCCG-39 and 59-GATCCGGGGGCTC-39 the
NcoI site in pW3DHS8, which has BamHI ends, thereby putting the ATG in
frame with the b-gal coding sequence. This construction puts b-gal expression
under the control of the ICP0 promoter. Plasmid pucBN was constructed by
cloning the wild-type BamHI-N fragment into the unique BamHI site in puc19.
The orientation of the insert fragment was such that digestion of the plasmid with
HindIII produced a 2-kb fragment containing ICP22 sequence. The plasmids
M13-ICP6 and M13-btub were used to produce the single-stranded probes to
detect ICP6 and b-tubulin mRNAs, respectively, in the nuclear runoff transcrip-
tion assays. M13-ICP6 contained the 0.8-kb BamHI fragment derived from
pKX2-bG3 (34), and M13-btub contained the 1.5-kb PstI fragment isolated from
pRbT.3 (4). Both insert fragments were cloned into the appropriate restriction
sites in the polylinker region of the M13mp19 vector.

Preparation of viral DNA and Southern blot analysis. Small-scale viral DNA
preparations were done as described previously (76). DNAs isolated from the
wild-type and IE mutant viruses were cleaved with HpaI to detect the 5dl1.2
mutation in ICP27 (58), with PstI and SacI to detect the 0b substitution in ICP0,
and with BamHI to detect the d120 mutation in ICP4 (17). Digested viral DNAs

were fractionated by agarose gel electrophoresis, transferred to nitrocellulose,
and hybridized to nick-translated probes as previously described (77, 86). Gel-
purified DNA fragments used as probes included the 2.4-kb BamHI-SacI frag-
ment derived from pKHX-BH (5) for detecting ICP27, the 3-kb BamHI-PstI
fragment from pW3DHS8 (19) for detecting ICP0, and the 1.8-kb BamHI-Y
fragment from pKBY (76) for detecting ICP4.

Isolation of infected-cell RNA and Northern blot analysis. Total infected-cell
RNA was prepared as previously described (76). Fractionation of the RNA
samples in 1.3% agarose formaldehyde gels and the conditions for blotting,
hybridization, and washing have also been described previously (44, 77). Gel-
purified DNA fragments that were nick-translated and used for probes included
the 2-kb HindIII fragment from pucBN for detecting the ICP22 mRNA, the
1.6-kb ScaI fragment from pKX2-bG3 (34) for detecting ICP6, and the 0.7-kb
SacI-SmaI fragment from the thymidine kinase (TK)-coding region for detecting
TK (76).

Analysis of viral proteins. Viral polypeptides were radiolabeled by incubating
approximately 6 3 105 cells infected at a multiplicity of infection (MOI) of 10
PFU per cell with 100 mCi of [35S]methionine per ml of medium at 6 to 9 h
postinfection (hpi). For cycloheximide reversal experiments, the medium was
supplemented with 100 mg of cycloheximide per ml 1 h prior to and during
infection. The infected cells were incubated in the presence of cycloheximide for
6 h. The monolayers were then washed twice with Tris-buffered saline and
further incubated for 3 h in the presence of actinomycin D (10 mg/ml) and
[35S]methionine (100 mCi per plate). The labeled viral proteins were extracted
from the infected cells and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as previously described (50, 55).

Nuclear runoff transcription. The nuclear runoff transcription assay was per-
formed as described previously (20, 82, 95). The M13 probes used for detecting
ICP22 and TK have been described previously (32, 58, 83); construction of
M13-ICP6 and M13-btub was described above. Typically, 3 mg of single-stranded
M13 DNA containing a portion of the HSV type 1 (HSV-1) DNA sequences
complementary to the mRNA species being detected was immobilized on nitro-
cellulose membranes. The 32P-labeled runoff RNA was generated from infected-
cell nuclei isolated at 6 hpi. For the infections done at a MOI of 10, the infected
nuclei for each sample were derived from 5 3 106 cells. For the infections done
at a MOI of 1, the infected nuclei were derived from 107 cells. All of the RNAs
isolated from each sample (approximately 108 cpm/5 3 106 cells) was used to
probe the filters above. The conditions for hybridization, washing, and RNase
treatment of the probed filters were exactly as described previously (95). The
dried filters were then exposed to film for autoradiography and quantitated with
the AMBIS 4000 radioanalytic imaging system (AMBIS, Inc., San Diego, Calif.).

Colony-forming inhibition assays. Inhibition of colony formation by the dif-
ferent viral mutants was assayed as previously described (98). Briefly, Vero cells
infected at different MOIs and control uninfected monolayers were trypsinized at
6 hpi to prepare single-cell suspensions that were then serially diluted and plated
in medium supplemented with 20% serum. Two weeks after plating, the colonies
were stained with crystal violet and counted. The fractions of surviving cells were
represented relative to those obtained with the uninfected monolayers.

Measurement of b-gal expression. b-Gal was assayed in situ by staining with
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) as previously de-
scribed (2). The o-nitrophenyl-b-D-galactopyranoside (ONPG) cleavage assay
was used for quantification of b-gal activity in cells. Cell lysates of infected Vero
cell cultures on 60-mm petri dishes were prepared at the indicated times as
previously described (2). The ONPG assay for b-gal was performed as previously
described (2). The b-gal activity (in arbitrary units) was normalized to the protein
concentration determined by using the Bio-Rad reagent.

RESULTS

In the absence of ICP4, the remaining IE proteins are over-
expressed relative to the levels seen in cells infected with wild-
type virus. In addition, low levels of RNA (about 1 to 5% of
wild-type levels) of certain early genes can also be detected
(44, 76). We have previously described mutants deficient in
combinations of ICP4, ICP27, and ICP22 (98). These studies
revealed that the simultaneous inactivation of ICP4, -27, and
-22 results in the prolonged high-level expression of ICP6 and
ICP0 and residual tk expression (98). Expression was pro-
longed due to the decreased toxicity associated with the inac-
tivation of ICP22 in an ICP4- and ICP27-deficient background.
It was hypothesized that expression remained at a high level
due to the continued expression and accumulation of ICP0.
However, the infected cells stopped dividing and eventually
died. It was not possible to directly assess the contribution of
ICP0 to the observed levels of gene expression. In the present
study, we addressed the ability of ICP0 to affect gene expres-
sion and transcription, independent of the regulatory functions
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of ICP4 and ICP27. The effect of ICP0 on survival of the
infected cells was also determined. These studies were under-
taken following the construction and analysis of a mutant si-
multaneously deficient in ICP4, ICP27, and ICP0.

Construction of an ICP4-, ICP27-, and ICP0-complement-
ing cell line and an ICP42 ICP272 ICP02 virus. In contrast to
mutants in ICP4 and ICP27, mutants in which ICP0 is inacti-
vated can be propagated in cells that do not supply ICP0.
However, the plating efficiency of ICP0 mutants on non-
complementing cells is markedly reduced (74, 88). We have
previously constructed mutants from which ICP4 and ICP27
were simultaneously deleted and a complementing cell line
(E26) in which to propagate and assay such viruses (76). Not
surprisingly, E26 cells will inefficiently host mutants in ICP0 in
a manner similar to that for nontransformed Vero cells. How-
ever, despite considerable effort, we were not able to isolate a
virus using E26 cells that had both copies of the ICP0 gene
mutated in the background of a genome from which ICP4 and
ICP27 were deleted. Therefore, E26 cells were used to con-
struct a cell line that simultaneously complemented ICP4,
ICP27, and ICP0 mutants. These cells, designated FO6, were
constructed as described in Materials and Methods and re-
sulted in a 10- to 40-fold increase in the plating efficiency
(Table 1) of an ICP0 mutant, n212 (6). This does not represent
full complementation of an ICP0 mutant, since it was possible
to obtain a cell line that resulted in 80-fold more plaques than
those seen on Vero cells (data not shown). This cell line, L7,
contains the genes for ICP0 and G418 resistance and was
constructed as described in Materials and Methods. The plat-
ing efficiency of ICP0 mutants on FO6 cells also tended to
decrease with passage (Table 1); therefore, FO6 cells were not
used for plaque assays past passage 15. Because of the difficulty
in obtaining full and consistent complementation of ICP0 de-
ficiencies, stocks of viruses that have mutations in ICP0 often
contain more infectious units than PFU. For this reason, the
titer of ICP0 mutants used in this study was normalized with
respect to the titer of the ICP01 viruses by determining the
relative numbers of genomes in infected-cell nuclei at 6 hpi,
the amount of a particular IE mRNA synthesized in the pres-
ence of cycloheximide, and the numbers of cells containing
antigen expressed from the viral genome as measured by im-
munofluorescence. The number of infectious units of an ICP0
mutant was typically 3-fold higher than the titer on FO6 cells
at passage 7 (data not shown). Table 1 also shows that FO6
cells were as efficient hosts for d92 (ICP42 ICP272) as E26
cells.

The isolation of FO6 cells enabled the construction of a
mutant virus deficient in ICP4, -0, and -27. This was carried out
in two steps. First, the gene for b-gal was inserted into the
ICP0 locus of KOS, deleting the first exon and intron of ICP0,
such that the initiator ATG of ICP0 would direct the transla-
tion of b-gal (Fig. 1B). This was performed by cotransfection of

L7 cells with KOS DNA and plasmid p0b. Progeny that stained
blue with X-Gal were further plaque purified and analyzed by
Southern blot hybridization to obtain an isolate in which both
ICP0 loci were modified by insertion of the b-gal coding se-
quence. This virus was referred to as 0b. Second, the virus 0b
was used to coinfect FO6 cells with the virus d92 (ICP42

ICP272 [76]). The progeny of this infection that produced blue
plaques on FO6 cells and failed to form plaques on L7 cells
were analyzed by Southern blot analysis for incorporation of
the d120 (ICP4), 5dl1.2 (ICP27), and 0b (ICP0) mutant alleles.
One isolate, d97, contained all three mutant alleles and was
further plaque purified on FO6 cells.

Figure 1 shows a Southern blot in which restriction digests of
KOS, d120, 5dl1.2, d92, and d97 were probed to demonstrate
the structures of the ICP4, ICP27, and ICP0 genes in d97.
Figure 1A shows the locations of the ICP0, ICP4, and ICP27
genes relative to the HSV genome. Figure 1B shows an ex-
panded map of a section of the genome, highlighting the se-
quences used to probe the Southern blots (asterisks); the lo-
cations of the coding sequences for ICP4, -0, and -27; relevant
restriction sites; the mutant alleles; and the sequences present
in complementing cell lines. To visualize the ICP27 sequences
in the viruses, electrophoretically separated HpaI fragments of
the indicated viruses were probed with the indicated frag-
ments. The viruses 5dl1.2, d92, and d97 all contained the short-
ened HpaI fragment as a consequence of the 1.2-kb deletion in
ICP27 (Fig. 1C). Therefore, d97 contained the ICP27 mutant
allele from 5dl1.2 (58). To visualize the ICP0 sequences in the
viruses, electrophoretically separated PstI-SacI fragments of

FIG. 1. Structure of the d97 virus with mutations in ICP4, ICP0, and ICP27.
(A) The general structure of the genome; small arrows, locations of the IE genes.
UL and US, unique long and unique short sequences, respectively. (B) Expanded
maps of ICP4, -0, and -27; boldface arrows, exon structures. The relevant re-
striction sites (B, BamHI; H, HpaI; N, NcoI; P, PstI; and S, SacI) are indicated.
White bars, d120 and 5dl1.2 deletions in ICP4 and ICP27, respectively; striped
bar, 0b-gal substitution in ICP0. Insertion of the lacZ sequence introduced a
BamHI restriction site (indicated in parentheses) next to the NcoI site. The
bracketed boldface lines indicate the sequences present in the different comple-
menting cell lines: E5 (41), E26 (41 271), FO6 (41 271 01), and L7 (01). Viral
DNAs from cells infected with wild-type KOS, d120 (42), 5dl1.2 (272), d92 (42

272), and d97 (42 272 02) were isolated; cleaved with HpaI (C), PstI-SacI (D),
or BamHI (E); and analyzed by Southern blotting. The following nick-translated
IE fragments used to probe the corresponding blots are indicated by lines of
asterisks: a 2.4-kb BamHI-SacI fragment derived from plasmid pKHX-BH (5)
for the ICP27 probe, a 3-kb BamHI-HpaI fragment derived from plasmid
pW3DHS8 (19) (where the HpaI site was converted to a PstI site) for the ICP0
probe, and the 1.8-kb BamHI-Y fragment from plasmid pKBY (76) for the ICP4
probe.

TABLE 1. Growth of HSV-1 IE mutant strains in Vero, E26, and
FO6 cells

Expt Cell line
(passage no.)

Virus yield (PFU/ml)

KOS d92 n212

1 Vero 9.1 3 109 0 3.3 3 107

E26 8.8 3 109 2.8 3 108 9.0 3 106

FO6 (p11) 9.2 3 109 3.5 3 108 2.3 3 108

2 Vero NDa ND 2.1 3 107

FO6 (p7) ND ND 8.3 3 108

a ND, not done.
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the indicated viruses were probed with the indicated frag-
ments. The insertion of b-gal sequences into the ICP0 locus
provides an additional SacI site (Fig. 1B). Digestion of d97
DNA with SacI and PstI produced a smaller version of the
SacI-PstI fragment relative to the other viruses (Fig. 1D).
Moreover, there were no detectable fragments in the d97 di-
gests characteristic of the wild-type ICP0 allele. This demon-
strates that d97 contained the b-gal insertion at both ICP0 loci.
To visualize the ICP4 sequences in the viruses, electrophoreti-
cally separated BamHI fragments of the indicated viruses were
probed with the indicated fragments. d120 and d92 contained
the d120 allele (17), as indicated by the fusion of BamHI Y
sequences to the BamHI fragment spanning the joint, by virtue
of the deletion in ICP4. This fragment extended into ICP0
(Fig. 1B). d97 did not contain BamHI Y and possessed a
shortened version of the fragment characteristic of d120 (Fig.
1E) due to the incorporation of a BamHI site adjacent to the
NcoI site at the beginning of ICP0 (Fig. 1B). Moreover, there
were no detectable fragments in the d97 digests characteristic
of the wild-type ICP4 allele, demonstrating that d97 contained
the ICP4 mutant allele from d120 at both genomic loci. There-
fore, d97 is mutant in both copies of ICP4, both copies of ICP0,
and ICP27. In addition, it possesses an insertion of the b-gal
gene in both copies of ICP0.

Figure 1 shows that d97 contains the intended mutations in
the genes for ICP4, ICP0, and ICP27 and thus should not
express these proteins. To determine if this is the case, a
cycloheximide reversal experiment (42) was performed on cells
infected with the same viruses used in the experiment depicted
in Fig. 1. The autoradiogram of the SDS-PAGE gel from this
experiment is depicted in Fig. 2. ICP4 was not synthesized in
d120-, d92-, and d97-infected cells. ICP27 was not synthesized
in 5dl1.2-, d92-, and 97-infected cells. As expected, ICP22 was
synthesized in all of the infected cell cultures. In addition, ICP0
was not synthesized in d97-infected cells; instead, a 115-kDa
protein corresponding to b-gal was observed. Furthermore,
ICP0 was not detected by Western blot analysis of extracts
from d97-infected Vero cells (data not shown). The expression
of b-gal as an IE protein is consistent with the engineering of
d97 to express b-gal from the ICP0 promoter. Therefore, the
d97 genome does not express ICP0, ICP27, and ICP4 and
expresses b-gal as an IE gene.

Expression of the viral genome in the absence of ICP4,
ICP27, and ICP0. Of the IE proteins, ICP4, ICP0, and ICP27
have the most-profound effects on the expression of viral
genes. The mutant d97 provides an opportunity to view viral
gene expression in the absence of the activities of these gene
products, possibly more closely resembling the situation in the
absence of prior viral protein synthesis. Therefore, expression
from the d97 genome is likely to be a sole function of cellular
factors and virion components.

The experiment described in the legend to Fig. 2 examined
gene expression in the absence of prior viral protein synthesis.
This type of experiment predominantly limits viral gene ex-
pression to that of the IE genes. The experiment depicted in
Fig. 3 was performed in parallel to that of Fig. 2, except that
the macromolecular synthesis inhibitors were omitted in order
to observe the effects of the expressed IE genes on subsequent
gene expression. Figure 3 shows the typical permissive pattern
of viral protein synthesis from 6 to 9 hpi in cells infected with
wild-type virus (KOS). In the absence of ICP4 (d120), ICP6
was abundantly expressed and was expressed to somewhat re-
duced levels in the absence of ICP27, regardless of whether
ICP4 was expressed. However in the d97 background, ICP6
was undetectable. In fact, the polypeptide profile of d97 in Fig.
3 is very similar to that observed in the absence of prior viral

protein synthesis (Fig. 2). This is the only mutant background
thus far examined to produce this result. From the standpoint
of viral vectors, this may be desirable, since the expression of
genes inserted into the HSV background will most likely be
expressed and possibly regulated as a function of cellular fac-
tors without the involvement of viral regulatory proteins.

It is accepted that the expression of ICP6 is different from
that of other classical early genes in that it is abundantly ex-
pressed in infected cells in the absence of ICP4 (17). In addi-
tion, it is expressed to a much greater level in the absence of
ICP4 than in the absence of prior viral protein synthesis (17).
This led to the suggestion that other IE proteins mediate the
elevated levels of ICP6 expression in the absence of ICP4 (17).
We have previously shown that the deletion of ICP27 from the
background of an ICP4 mutant reduced the levels of ICP6
protein and RNA at 6 hpi relative to those seen in the ICP4
mutant-infected cells, suggestive of the involvement of ICP27
in determining the expression levels of ICP6 (76). Other in-
vestigators have shown that ICP0 also contributes to the level
of ICP6 expression in infected cells (21, 90). Figure 4 is a
Northern blot of electrophoretically separated RNAs isolated
from infected cells at 6 hpi and probed for ICP6 mRNA. This
experiment was performed to determine the relative contribu-
tions of ICP4, ICP0, and ICP27 to the accumulation of ICP6
mRNA. Deletion of ICP4, ICP27, or ICP0 resulted in reduc-
tion in accumulation of ICP6 mRNA. This is consistent with
previous findings (21, 90), although the contribution of ICP4 to
the level of ICP6 RNA was substantial. This has been largely
overlooked due to the high level of expression of ICP6 in the

FIG. 2. Synthesis of IE proteins in cells infected with the d97 virus. A cyclo-
heximide reversal experiment was conducted in Vero cells infected with the
indicated viruses at a MOI of 10 PFU per cell as described in Materials and
Methods. The infected cultures were labeled with 100 mCi of [35S]methionine per
35-mm plate at 6 to 9 hpi and were processed for SDS-PAGE. The positions of
the IE polypeptides and the b-gal protein expressed from the ICP0 loci are
indicated on the right.
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absence of ICP4. However, it is consistent with the general
ability of ICP4 to activate polymerase II promoters. Consistent
with previous results (76), deletion of ICP27 in addition to
ICP4 further reduced the accumulation of ICP6 mRNA, and
the additional deletion of ICP0 resulted in no detectable ICP6
RNA. Despite these findings, the levels at which ICP27 and
ICP0 function to elicit these effects have not been established.
The following experiments address the effect of ICP0 on the
expression of viral genes in the absence of ICP4 and ICP27 and
determine if the observed effects are due to ICP0-dependent
changes in the transcription rates of the analyzed genes.

In the first experiment, the levels of ICP6, ICP22, and tk
accumulating in Vero cells infected with d92 (ICP42 ICP272)
and d97 (ICP42 ICP272 ICP02) were compared. In addition,

the levels of these transcripts were also compared to those in
d97-infected L7 cells. L7 cells supply complementing levels of
ICP0. Therefore, this experiment observes the contribution of
ICP0 to the levels of transcript accumulation by providing
ICP0 from two different sources. The second set of experi-
ments was performed to determine if the levels of these tran-
scripts were affected by ICP0 at the level of transcription rate.

ICP6 mRNA was clearly detectable in d92-infected Vero
cells at a MOI of 1 PFU/cell and increased as a function of
MOI (Fig. 5). Consistent with the results shown in Fig. 4, ICP6
RNA was not detected in d97-infected Vero cells at any of the
MOIs tested. However, the accumulation of ICP6 RNA was
readily seen in d97-infected L7 cells. Therefore, ICP0 clearly
results in elevated levels of ICP6 RNA. tk is another early gene
that differs from ICP6 in that its expression is more markedly
reduced in the absence of ICP4 (or ICP4 and ICP27). The level
of tk RNA accumulating in d92-infected Vero cells is detect-
able (Fig. 5) and has been estimated to be less than 1% of that
seen in wild-type-virus-infected cells (76). Like ICP6, tk RNA
was clearly detectable in d92-infected Vero cells but was not
detected at any MOI in d97-infected Vero cells. Therefore,
ICP0 contributes to the levels of tk RNA in the absence of
ICP4. The inability to detect tk mRNA in d97-infected L7 cells
may reflect the limiting quantity of ICP0 provided by L7 cells
and the fact that the detection of tk mRNA is at the assay’s
limit of sensitivity. ICP22 is an IE gene and, therefore, is
transcribed in the absence of viral protein synthesis by virtue of
the activity of VP16 in the virion. ICP22 RNA was abundantly
expressed as a function of MOI in d92-infected Vero cells.
Lower levels of ICP22 RNA accumulated in d97-infected Vero
cells at comparable MOI. Again, the levels of ICP22 RNA
were greater in d97-infected L7 cells than in d97-infected Vero
cells and were similar to the levels observed in d92-infected
Vero cells. Therefore, the accumulation of ICP22 RNA is a
function of ICP0 in the absence of ICP4. This demonstrates
that ICP0 functions in the absence of ICP4, and the general
increase in the abundance of mRNA from different promoters
is consistent with previous cotransfection experiments demon-
strating that ICP0 is a promiscuous activator of gene expres-
sion (12, 26, 28, 66, 67, 70).

The approach applied above was also used to determine if
ICP0 elevated the expression of the three different types of
HSV genes (ICP22, ICP6, and tk) at the level of transcription
rate. Instead of harvesting the infected cells and isolating total
RNA, nuclei were isolated and used in in vitro transcription
runoff experiments. Nascent transcripts were extended by in-
cubation of the nuclei with nucleoside triphosphates, including

FIG. 3. Synthesis of viral polypeptides in cells infected with the d97 virus.
Vero cells were infected with the indicated viruses at a MOI of 10 PFU per cell,
pulse-labeled with 100 mCi of [35S]methionine per 35-mm plate at 6 to 9 hpi, and
processed for SDS-PAGE. The positions of the IE polypeptides and the b-gal
protein expressed from the ICP0 loci are indicated on the right. Some of the early
and late viral proteins are also indicated on the left.

FIG. 4. Accumulation of ICP6 mRNA in cells infected with d97. Vero cells
were infected with the indicated viruses at a MOI of 10 PFU per cell. Ten
micrograms of total infected cellular RNA prepared from cells harvested at 6 hpi
per sample was used in Northern blot analysis. The 1.6-kb ScaI fragment isolated
from plasmid pKX2-bG3 (34) was used as a probe. A long exposure and a short
exposure of the gel are shown.

FIG. 5. Accumulation of IE and early mRNAs as a function of ICP0 at high
and low MOIs. Vero and L7 cells were infected with d97 or d92 at a MOI of 10,
3, or 1 as indicated. Total RNA was prepared from cells harvested at 6 hpi and
analyzed by Northern blot hybridization. For the blots probed for ICP22 and
ICP6, 10 mg of total cell RNA per sample was used. For the blot probed for tk,
40 mg of total RNA was loaded per lane, and the blot was exposed considerably
longer to increase the sensitivity of detection.
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[a-32P]CTP. The radioactively labeled RNA was then used as
a probe to hybridize to filters containing single-stranded DNA
probes representative of the ICP22, ICP6, and tk genes. b-tu-
bulin was used as an example of a cellular gene. Previous
results from others (1) and those of Fig. 5 suggest that the
relative contributions of VP16 and ICP0 to the levels of ex-
pression of IE genes may be dependent on MOI. Therefore,
the runoff experiments were performed at MOIs of 1 and 10
PFU per cell.

Figure 6 shows two exposures of the runoff signals repre-
senting transcription of the sense strands of the indicated
genes. Above the autoradiographic images is a quantitative
analysis of the radioactivity present in each of the signals. The
patterns of transcription rates of the ICP22, ICP6, and tk genes
in d120-infected cells (Fig. 6) were consistent with previously
published results (20). The transcription rate of the ICP22
gene was approximately 2 orders of magnitude greater than
those of the tk gene and the cellular b-tubulin gene. ICP6 was
transcribed at a rate intermediate between ICP22 and tk. The
rates of transcription of these genes in d92-infected cells were
not significantly different from those observed with d120-in-
fected cells, suggesting that under these conditions, ICP27 had
little effect on transcription. However, the additional inactiva-
tion of ICP0 resulted in reduction in the rates of transcription
of all of the viral genes tested. This effect was most pronounced
at the lower MOI. At a MOI of 1 PFU per cell, the rates of
transcription of the ICP22, ICP6, and tk genes in the d97
genome in Vero cells were 4-, 30-, and 7-fold lower, respec-
tively, than those in the d92 genome. d97 infection of L7 cells
restored transcription to the levels seen in d92-infected Vero
cells. The same trend, albeit to a lesser extent, was observed at
a MOI of 10 PFU per cell. Rates of ICP6 and tk transcription

were five- and fourfold lower, respectively, in d97-infected
Vero cells than those in d97-infected Vero cells. ICP22 tran-
scription was unaffected. Additionally, complementation by L7
cells was not complete at this MOI, probably reflecting the
limiting quantity of ICP0 expressed from L7 cells. Lastly, the
rates of transcription of the cellular b-tubulin gene were sim-
ilar in all of the genetic backgrounds, indicating that ICP27 and
ICP0 had no effect on the transcription of this cellular gene.

From the above studies, it can be concluded that ICP0 af-
fects gene expression in the absence of ICP4 and that it does so
by increasing the transcription rates of genes. Without ICP0,
the transcription rates of viral genes such as ICP6 and tk are
very low and are similar to the rate of transcription of a cellular
gene.

Transgene expression and cell survival. Viruses lacking
ICP4 have been pursued as potential vehicles for transgene
delivery (13). However, the high level of IE protein expression
from these viruses is toxic to cells. Johnson and colleagues have
shown that ICP4, -0, -22, and -27 are individually toxic to cells
(46). We have provided the means to delete sets of the genes
encoding these proteins and to assess the appropriateness of
the resulting viral constructs as potential vectors (98). Previ-
ously, we described a virus that does not express ICP4, ICP27,
and ICP22 (98). Infection of cells with this virus results in
prolonged cell survival and gene expression from the viral
genome (98). Thus far, the results of the present study that
may have implications for transgene expression and cell sur-
vival in d97-infected cells are the following. (i) In the absence
of ICP4, ICP27, and ICP0, expression from the viral genome
most closely approximates the expression of genes as a func-
tion of cell factors alone. Exceptions to this are the HSV IE
genes, which are activated by the virion component, VP16. (ii)

FIG. 6. Transcription rates of viral and cellular genes as a function of ICP0 at high and low MOIs. Vero and L7 cells were infected with the indicated viruses at
a MOI of 10 or 1 PFU per cell. Nuclei were isolated from cells infected at 6 hpi and used for transcription runoff reactions as described in Materials and Methods.
The in vitro-labeled RNA samples were hybridized to filters on which single-stranded DNA probes containing ICP22, ICP6, tk, and b-tubulin sequences complementary
to the mRNA were immobilized. No hybridization to the strand homologous to the mRNA was detected, with the exception of a very low level of hybridization to the
ICP22 gene (data not shown). The blots were quantitated as described in Materials and Methods, and the results are summarized at the top in graph form.
Autoradiographs of the blots are also shown, including long (top row) and short (bottom row) exposures.
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The simultaneous abrogation of ICP4, ICP27, and ICP0 activ-
ity results in an extremely low level of early gene expression.
Therefore, the potential contribution of viral early proteins to
virus-mediated toxicity would be reduced. (iii) ICP4, ICP0, and
ICP27 have all been shown to be involved in virus-mediated
toxicity (46). The elimination of these activities should improve
long-term cell survival. (iv) Relatively high levels of IE gene
transcription still occur in the d97 background. d97 contains
the gene for b-gal under the control of the HSV ICP0 pro-
moter, and it is expressed as an IE gene. Therefore, it can be
used as a convenient model for transgene expression in the d97
background. The following experiments address cell survival
and transgene expression in d97-infected cells.

To assess the toxicity of d97 in Vero cells, monolayers were
infected with d97 and d92 at different MOIs. Six hours later,
the monolayers were trypsinized to generate single-cell suspen-
sions, and dilutions of these suspensions were plated for CFU.
Enhanced cell survival was observed for d97 relative to d92
(Fig. 7). However, at the highest MOI, the survival of d97-
infected cells was reduced to 40%. This most probably reflects
the levels of expression of ICP22 at the higher MOI. We have
previously shown that the inactivation of ICP22 in an ICP42

ICP272 background results in prolonged cell survival (98).
Cells infected with an ICP42 ICP272 ICP222 virus (d95) do
not demonstrate the characteristic rounding up and detach-
ment from the monolayer seen with mutants blocked early in
the HSV life cycle. A survival curve for d95-infected cells was
included in the experiment shown in Fig. 7 to demonstrate that
in this assay, d97 was less toxic to cells than d95.

Given that there was a substantial fraction of cells surviving
infection with 3 PFU of d97 per cell, an experiment was then

performed to determine the extent of transgene (b-gal) expres-
sion as a function of time postinfection with a MOI of 3 PFU
per cell. d97-infected Vero and L7 cells stained with X-Gal at
3 and 14 days postinfection are shown in Fig. 8. Approximately
50% of the d97-infected Vero cells stained blue at 3 days
postinfection. They are uniformly blue at 1 day postinfection
(data not shown). The reduction in the number of blue cells at
3 days probably reflects the fact that the Vero cells double at
least once in this time. An important point is that the b-gal-
expressing cells at 3 days postinfection were morphologically
normal. By contrast, the d97-infected L7 monolayer was virtu-
ally destroyed at 3 days postinfection, and the remaining cells
were intensely blue. This observation is again indicative of both
the activation function of ICP0 and its contribution to toxicity.
The increased toxicity of d97 in L7 cells may also be due to an
increase in the level of ICP22 expression as a consequence of
ICP0. The histogram in Fig. 9 shows the amount of b-gal
activity as a function of time postinfection for the 2-week
period. The amount of b-gal enzyme activity is represented as
units per microgram of cell extract. The units of b-gal enzyme
activity in d97-infected Vero cells was greatest at 1 day postin-
fection, decreasing to 5% of this level by 14 days postinfection.
In L7 cells, the level of b-gal was 2-fold greater than that in
Vero cells at 1 day postinfection. However, by 3 days postin-
fection, the level of b-gal in L7 cells was 20-fold greater than
that in Vero cells. It was not possible to measure b-gal activity
in infected L7 cells beyond 3 days postinfection due to the
destruction of the monolayer. The increased accumulation of
b-gal over time in L7 cells is most probably due to comple-
mentation by ICP0 from L7 cells. The difference between the
relative accumulation of b-gal in Vero cells and that in L7 cells

FIG. 7. Survival of cells infected with d97. Monolayers of Vero cells were infected with the viruses d92 (ICP42 ICP272), d95 (ICP42 ICP272 ICP222), and d97
(ICP42 ICP272 ICP02) at the indicated MOIs. At 6 hpi, the monolayers were harvested and plated out for CFU as described in Materials and Methods. Colonies were
counted at 14 days postplating. Shown are the surviving fractions relative to uninfected cells. It was not possible to observe infected L7 cells at 14 days postinfection
due to the destruction of the monolayer.
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at 1 and 3 days postinfection may be due to the turnover of
VP16, which is supplied by the virion and is not expressed
following infection.

DISCUSSION

Many studies have shown that ICP0 will induce the expres-
sion of most test genes in transient assays (12, 26, 28, 66, 67,
70). Its function is required during viral infection for the ex-
pression of wild-type levels of all classes of HSV genes, par-
ticularly at low MOIs (74, 88). We have shown that ICP0

contributes to elevated levels of viral gene expression and
transgene expression in the absence of ICP4. The increase in
gene expression as a function of ICP0 is largely due to the
elevation of transcription. Without ICP0, in an ICP4-deficient
background, gene expression is dramatically reduced, as is
cellular toxicity. The results of this study pertain to how ICP0
potentiates gene expression and provide important insights
into the use of HSV as a gene delivery vehicle.

Stimulation of transcription in the absence of ICP4 and
ICP27. In previous studies, the effects of ICP0 have been more
difficult to examine because of the simultaneous expression of

FIG. 8. Transduction of Vero cells by d97. Vero and L7 cells were infected with d97 at a MOI of 3 PFU per cell. At 3 and 14 days postinfection, the monolayers
were fixed and stained with X-Gal for detection of b-gal. The samples were viewed and photographed through a 403 phase-contrast objective. Also shown are fixed
and stained uninfected Vero cells 3 and 14 days after the duplicate cultures were infected.
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ICP4. To some degree, the activities of these two proteins are
redundant, because they both broadly activate gene expression.
Also, in the context of virus infection, it appears that ICP4
activates gene expression to a greater extent. This presumably
accounts for the facts that ICP4 is absolutely required for viral
growth and that ICP0 is not. The present study examines the
activity of ICP0 in the absence of ICP4. This was done to
determine if ICP0 influences gene expression from the viral
genome in the absence of ICP4 and to more clearly establish if
ICP0 can influence the transcription rates of viral genes. It has
previously been shown that in the absence of ICP4, the levels
of some of the expressed genes are influenced by the presence
of ICP27 (76). Consistent with previous studies of ICP27 (40,
59, 60, 80), we have subsequently found that the effect of
ICP27 in the ICP42 background is predominantly posttran-
scriptional (75). Consequently, ICP27 was also deleted from
the viral genome in order to more clearly examine the effects
of ICP0 on gene expression.

In the present study, genes under the control of HSV IE
promoters were abundantly expressed in the absence of ICP4,
ICP27, and ICP0, relative to the other genes. In d97-infected
cells, the transcription rate of the ICP22 gene was approxi-
mately 3 orders of magnitude greater than that of the tk gene
(Fig. 6). While the presence of ICP0 had a more substantial
effect on the transcription of ICP6 and tk, it only marginally
increased the transcription of ICP22 at a MOI of 1 PFU per
cell. The signals in runoff transcription experiments reflect the
numbers of RNA polymerase molecules on the gene when the
nuclei were isolated and thus reflect the frequency of transcrip-
tion initiation (95). It may be that by virtue of the activation
function of VP16, the loading of polymerase II on the ICP22
gene approaches saturation. In this case, ICP0 is expected to
have a minimal effect on transcription.

Interestingly, Ace et al. also found that mutations that affect
the VP16 activation function significantly affect IE transcrip-
tion only at low MOI and that the reduction in IE gene ex-
pression as a consequence of the VP16 mutation can be par-
tially overcome by ICP0 (1). Their study, in combination with
our results, suggests that VP16 and ICP0 are indeed redundant
and that they increase the initiation of transcription of HSV IE
genes by two different mechanisms. The possession by HSV of
an activity that stimulates HSV IE transcription by a mecha-
nism independent of virus structural components is advanta-
geous for activating the genome in situations in which the
structural components are not present, as in reactivation from
latency. Along these lines, the work of Schaffer and colleagues
(6, 51) has shown that ICP0 helps the virus reactivate from
latency. Additionally, ICP0 was shown to be sufficient to reac-
tivate HSV from an in vitro latency model (41, 100).

VP16 and ICP0 are redundant with respect to promoting the
elevated rate of transcription of IE genes and viral growth.
ICP4 and ICP0 independently increase the rates of transcrip-
tion of viral early genes. In our studies, both the tk and the
ICP6 genes were activated as a consequence of ICP0 in the
absence of ICP4. These results, taken in combination with
previous results showing that ICP0 increases the expression of
all classes of HSV genes, suggest that ICP0 is probably re-
quired for the optimal transcription of most HSV genes. While
these studies do not address the potential synergy between
ICP0 and other IE proteins (24, 25, 29, 70), they do demon-
strate that ICP0 can increase the transcription rates of HSV
genes independently of ICP4 and ICP27. In addition, while
there are no examples at present of early or late genes that are
solely activated by ICP4 or ICP0 in virus infection, it is likely
that the relative contributions of these proteins to the level of
activation of a particular gene may differ. The ICP6 and tk
genes provide an example of this. Both are activated by ICP0,
albeit to much different extents.

ICP6 is different from most early genes in that its expression
can be detected in the absence of ICP4. Several studies exam-
ining the effects of HSV regulatory proteins on the expression
of ICP6 have been published (21, 90, 99). The results of our
studies are consistent with previous work which shows that
ICP6 is substantially activated by ICP0 (21, 90, 99). The runoff
experiments (Fig. 6) show that ICP0 increases the transcription
rate of the ICP6 gene. However, our results also show that the
level of ICP6 mRNA is decreased in the absence of either
ICP4, ICP27, or ICP0 (Fig. 4). Due to the extremely low level
of ICP6 mRNA in the absence of ICP4, ICP27, and ICP0, our
results appear to conflict with those suggesting that VP16 ac-
tivates the ICP6 gene (99). Therefore, if VP16 induces tran-
scription of the ICP6 gene, it does not act on the ICP6 pro-
moter to the same extent as it acts on the IE promoters. It
should also be noted that ICP6 is not readily visible in cyclo-
heximide reversal experiments (16) (Fig. 2). The difference in
observations may in part be explained by the fact that the
previous study was performed with transient assays in the
HSV-2 system (99).

The nuclear runoff studies and the experiments examining
the levels of RNA and protein indicate that ICP0 generally
increases the transcription rates and expression of different
types of HSV genes. At present, it is difficult to reconcile the
stimulation of transcription with other observations regarding
ICP0. ICP0 has been shown to interact with a 135-kDa cellular
protein (62, 63) and localizes to ND10 complexes and dissoci-
ates them (27, 56, 57). Additionally, when ICP0 is overpro-
duced in the absence of ICP4, ICP27, and ICP22, extremely
high levels of gene expression are accompanied by the inhibi-
tion of cell division (98). That some of these phenomena are

FIG. 9. Quantitation of b-gal activity in d97-infected cells as a function of
time postinfection. Vero and L7 cells were infected with d97 at a MOI of 3 PFU
per cell. These infections were performed in parallel to those performed to
generate Fig. 8. At the indicated times postinfection, the monolayers were har-
vested, and extracts were prepared for the quantitation of b-gal activity. The
assay for b-gal as well as the procedures for preparing the extracts is described
in Materials and Methods. Shown are the values of b-gal activities in arbitrary
units per microgram of extract. This experiment was performed on Vero and L7
cells at 1 and 3 days postinfection. Only Vero cells were analyzed at days 7 and
14, because L7 cells would be completely destroyed by the virus at these times.
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connected is suggested by studies describing mutants unable to
bind the 135-kDa cellular protein or to disperse ND10 struc-
tures that are also defective for transactivation and virus rep-
lication (27, 56, 62). Therefore, the effect of ICP0 on transcrip-
tion may be indirect. It may be that ICP0 stimulates
transcription not by interacting with the basal transcription
machinery (as does ICP4 and VP16) but instead by altering the
physical state or compartmentalization of the transcription ma-
chinery or the template or some other event upstream of the
formation of transcription initiation complexes. Alternatively,
ICP0 may be affecting these apparently diverse phenomena by
independent mechanisms. Also, given that ICP0 may be influ-
encing a number of host cell processes, it is possible that it
increases gene expression by mechanisms in addition to in-
creasing transcription initiation.

ICP4-, ICP27-, and ICP0-defective viruses as gene transfer
vectors. We have previously shown that a virus lacking ICP4,
ICP27, and ICP22 is greatly reduced in toxicity relative to
other viruses from which subsets of these genes have been
deleted (98). However, the colony-forming ability of cells in-
fected with an ICP4, ICP27, and ICP22 mutant (d95) is im-
paired due to the inhibition of cell division (98). d97 is signif-
icantly less toxic to cells than d95 from the standpoint of
colony-forming ability (Fig. 7). Therefore, as speculated in the
previous study (98), expression of ICP0 may influence the
division potential of the cells or cell cycle progression. The
toxicity of d97 at high MOI (Fig. 7) may reflect the increased
accumulation of ICP22 (Fig. 5). This hypothesis is consistent
with the previous observation that the inactivation of ICP22 in
an ICP4- and ICP27-deficient background resulted in pro-
longed cell survival (98). If true, the further inactivation of
ICP22 from the d97 background may result in even more-
reduced toxicity.

While reduced toxicity is one consequence of the deletion of
ICP0 in an ICP4- and ICP27-deficient background, reduced
gene expression is another. Genes in the viral genome are
transcribed at a reduced level in the absence of ICP0. The
model transgene used in this study, ICP0–b-gal, was maximally
expressed in Vero cells at 1 day postinfection. This early high
level of expression is due to the activity of VP16 in the virion.
Presumably, with time this protein turns over and expression
decreases. This is consistent with the lower b-gal activity at 3
days postinfection (Fig. 9). However in L7 cells, which supply
ICP0, the expression of b-gal remains high at 3 days postin-
fection. This is similar to the situation seen with the ICP4,
ICP27, and ICP22 mutant (d95), in which expression remained
at a high level for the life span of the infected cells (98).
Therefore, in the absence of ICP0, transgene expression is
expected to be solely a consequence of cellular factors. This
may be a low level of expression, depending on the promoter,
but it may also provide a situation in which genes inserted into
the virus may be more faithfully controlled by cellular mecha-
nisms.

The abrogation of ICP0 may also provide a background that
will not induce other agents that may be undesirable. ICP0 is
required for the efficient reactivation of HSV from latency (6,
14, 51), and when expressed from a recombinant adenovirus, it
is sufficient to reactivate HSV in a model latency system (100).
Additionally, ICP0 is required to potentiate the growth of or to
reactivate human immunodeficiency virus (HIV) under certain
circumstances (33). In the latter experiments, it was also found
that ICP4 mutants were able to turn on HIV. Therefore, the
elimination of ICP0 from IE-defective mutants will reduce the
toxicity of the vector and provide a backbone with a reduced
potential to activate other pre-existing agents in vivo.
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