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Herpes simplex virus (HSV) has several potential advantages as a vector for delivering genes to the nervous
system. The virus naturally infects and remains latent in neurons and has evolved the ability of highly efficient
retrograde transport from the site of infection at the periphery to the site of latency in the spinal ganglia. HSV
is a large virus, potentially allowing the insertion of multiple or very large transgenes. Furthermore, HSV does
not integrate into the host chromosome, removing any potential for insertional activation or inactivation of
cellular genes. However, the development of HSV vectors for the central nervous system that exploit these
properties has been problematical. This has mainly been due to either vector toxicity or an inability to maintain
transgene expression. Here we report the development of highly disabled versions of HSV-1 deleted for ICP27,
ICP4, and ICP34.5/open reading frame P and with an inactivating mutation in VP16. These viruses express
only minimal levels of any of the immediate-early genes in noncomplementing cells. Transgene expression is
maintained for extended periods with promoter systems containing elements from the HSV latency-associated
transcript promoter (J. A. Palmer et al., J. Virol. 74:5604-5618, 2000). Unlike less-disabled viruses, these
vectors allow highly effective gene delivery both to neurons in culture and to the central nervous system in vivo.
Gene delivery in vivo is further enhanced by the retrograde transport capabilities of HSV. Here the vector is
efficiently transported from the site of inoculation to connected sites within the nervous system. This is
demonstrated by gene delivery to both the striatum and substantia nigra following striatal inoculation; to the
spinal cord, spinal ganglia, and brainstem following injection into the spinal cord; and to retinal ganglion

neurons following injection into the superior colliculus and thalamus.

Herpes simplex virus type 1 (HSV-1) has a number of fea-
tures that could be exploited in the development of vectors for
the delivery of genes to the nervous system. These include a
natural tropism for neurons, a large (152-kb) genome allowing
multiple gene insertions, and the ability to establish lifelong
latent infections. During latency, the viral genome is main-
tained in an episomal state, and gene expression from the vast
majority of the HSV genome is silenced. However, part of the
long repeat region of the viral genome is transcribed during
latency, generating a population of RNA species collectively
known as the latency-associated transcripts (LATSs) (58).

Considerable previous work has been reported on the de-
velopment of HSV as a vector for gene delivery to neurons
(reviewed in references 19 and 57). This work has focused on
overcoming the two main problems with wild-type HSV-1 as a
vector system: the toxicity of the virus and the transient ex-
pression of inserted genes that usually occurs.

Following infection of permissive cells, HSV-1 expresses
more than 80 viral genes in a well-ordered cascade of imme-
diate early (IE), early (E), and late (L) gene products (25).
This gene cascade results in lysis of the infected cells and
release of progeny virions. The IE genes are transactivated by
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the virion component VP16, which interacts with cellular Oct1
and host cell factor (HCF) to bind to TAATGARAT elements
present in the IE gene promoters (reviewed in reference 44).
The viral genome encodes five IE genes: ICP0, ICP4, ICP22,
ICP27, and ICP47. Of these, ICP4 and ICP27 are absolutely
required for viral replication (14, 51), and the deletion of ICP0O
and ICP22 significantly impairs virus growth, especially at a low
multiplicity of infection (MOI) (8, 10, 55). The ICPO, ICP4,
ICP22, and ICP27 proteins regulate the expression of the later
replication and structural (E and L) genes. ICP47 is not a
regulatory IE protein, but inhibits the transporters of antigen
processing (TAP), thereby aiding the virus in avoiding the host
immune response (67). ICP47 can be deleted from the virus
genome without significantly affecting virus growth (39).
ICP4 is the major viral transactivator protein, and deletion
of this gene alone results in a dramatic reduction in the ex-
pression of the remaining ~80 HSV-1 genes. Infection of non-
permissive cells with an ICP4 deletion mutant results in the
expression of the four remaining IE genes, the large subunit
of ribonucleotide reductase (ICP6), and open reading frame
(ORF) P, but no other known HSV genes (14, 66). However,
despite the fact that the majority of the virus genome is not
transcribed, ICP4 deletion mutants are still highly toxic to cells
(29). A number of studies have demonstrated that this toxicity
is largely caused by the products of the remaining regulatory
IE genes, ICP0O, ICP22, and ICP27 (29, 30, 32, 52, 64). When
these genes are inactivated in combination with deletion of
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ICP4, toxicity is eliminated (52). An optimal HSV vector
should therefore not express significant amounts of any of the
regulatory IE genes.

As described above, IE gene expression can be reduced or
prevented by the individual deletion or inactivation of each of
the IE genes. However, the efficient propagation of such vi-
ruses requires that all of the regulatory IE gene products are
provided in frans by a complementing cell line. This presents a
problem, because the toxicity of the IE gene products means
that cell lines directing their stable expression are hard to
generate. Although cell lines complementing several IE gene
deletions have been described (ES cells [ICP4], B130/2 cells
[ICP27], E26 cells [ICP4 and ICP27], and FO6 cells [ICP4,
ICP27, and ICPO]) (14, 26, 53, 54), the plating efficiency of
disabled viruses on cells expressing multiple IE genes de-
creases significantly with passage. For example, the previously
reported cell line expressing ICP4, ICP27, and ICP0O (FO6
cells) cannot be reliably used after passage 15 (54). No cell line
complementing all of the regulatory IE genes has yet been
reported, even though such a cell line would be required in
order to achieve optimal growth of viruses deficient for each of
the IE genes.

As an alternative approach to inactivating the IE genes in-
dividually, we have deleted the two essential IE genes ICP4 and
ICP27 and prevented the transactivation of the promoters of
the remaining IE genes by including a disabling mutation in the
virion protein VP16. VP16 has a dual role both as a transac-
tivator of the IE genes and as an essential structural protein (4,
46). For this reason, VP16 cannot be deleted from the virus, but
a number of mutations to the C-terminal domain have been
shown to reduce or abolish the transactivation ability of the pro-
tein without affecting the structural integrity of the virus (1, 56).

Disabling VP16 as a means to reduce IE gene expression has
a potential advantage over deleting the genes individually, be-
cause this does not then require the complementation of all the
toxic regulatory IE genes for virus growth. Mutations to VP16
can be complemented by addition of hexamethylbisacetamide
(HMBA) to the growth medium (41). However, when IE genes
have also been deleted, the transactivation provided by HMBA
is insufficient for effective virus growth (62). The VP16 gene
cannot be included in the cell line used for virus growth, be-
cause this may result in recombinational repair of the mutation
in the virus or packaging of functional VP16 into the resulting
virions. We therefore developed cell lines by using the equine
herpesvirus 1 (EHV-1) homologue of VP16 (gene 12) together
with HSV-1 ICP4 and ICP27 and found that these cell lines
allow multiply disabled viruses to be grown effectively in cul-
ture (62). EHV-1 gene 12 has only minimal DNA sequence
similarity to HSV-1 VP16, and the protein product of EHV-1
gene 12 is not packaged into HSV virions (62).

A second consideration in the design of HSV vectors is the
choice of promoter to drive the expression of exogenous genes.
Most of the HSV and non-HSV promoters that have been
tested have been found to be transcriptionally silenced along
with the majority of the viral genes at the onset of latency. It
has been reported that the LAP2, but not the LAP1, promoter
is able to drive the expression of a transgene through latency,
although here the expression levels detected were very low and
could only be detected by reverse transcription-PCR (22, 57).
Alternatively, when an internal ribosome entry site (IRES) was
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inserted into the 2-kb LAT such that it directed the expression
of a lacZ transgene under the control of the endogenous LAT
promoter elements, strong expression that continued during
latency in the peripheral nervous system and in a small number
of cells in the brain was obtained from a nondisabled (essen-
tially wild-type) virus (34). It has also been reported that when
a region of DNA downstream of LAP1 was placed next to
LAP1 at an exogenous site in the HSV genome, LAP1-medi-
ated transcription was maintained during latency in the periph-
eral nervous system (5, 35). We have previously reported that
a similar region of DNA (LAT P2, between PstI at nucleotide
[nt] 118866 and BstXI at nt 120219 in HSV-1 strain 17+) can
confer latent gene expression characteristics to neighboring
heterologous (non-HSV) promoters or LAP1, including when
such promoter cassettes are inserted at non-LAT sites in the
HSV genome (45).

Previous work aimed at developing HSV vectors for persis-
tent transgene expression has mainly used replication-compe-
tent or conditionally replication-competent viruses (5, 6, 9, 16,
34, 35, 38). Previous work has also so far been limited to testing
in the peripheral nervous system, except in a few cases in which
low efficiency and/or transient delivery to the central nervous
system (CNS) has been reported (6, 27, 37). The aim of the
current work was therefore to develop replication-incompetent
vectors that express no IE genes and are therefore minimally
toxic to target cells and that direct the extended expression of
exogenous genes in the CNS. Extended expression of a trans-
gene in the CNS, other than in a very few cells (6, 27, 37), has
not previously been reported with HSV vectors.

MATERIALS AND METHODS

Cell culture and virus propagation. BHK and Vero cells were maintained by
standard cell culture procedures. All viruses used in this study were propagated
on BHK-derived complementing cell lines that have been described previously
(B130/2 cells for virus strains 17+ 27— and 1764 27— [26] and 27/12/M:4 cells for
virus strain 1764 27— 4— [62]). These cell lines only complement the genes that
have been deleted, and there is no sequence overlap between the viral and
cellular genomes. Complementing cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum and 5%
tryptose phosphate broth. Continual selection was achieved by maintaining the
cells in 800 pg of G418 per ml (cell line B130/2) or 800 pg of G418 per ml and
750 pg of Zeocin per ml (cell line 27/12/M:4). HMBA (3 mM) was included in
the growth media of viruses containing the in1814 mutation (1).

Promoter cassettes. The pR20.5 and pR19 promoter cassettes have been
described previously (45). The pR20.5 cassette (45) was inserted into a plasmid,
allowing insertional inactivation of UL41, the gene encoding Vhs (insertion at
the unique Nrul site at nucleotide 91854 in UL41). The pR19lacZ and pR19GFP
cassettes used here (Fig. 1) were recombined into the endogenous LAT regions
between the two BstXI sites (nt 120220 and 120408). HSV-1 nucleotide numbers
refer to GenBank file HE1CG. The structures of each of these shuttle plasmids
are shown in Fig. 1.

Virus nomenclature. All viruses were derived from HSV-1 strain 17syn+ (7).
The term “1764” describes a virus with the in1814 mutation in the gene encoding
VP16 (1) and with the genes encoding ICP34.5 and ORF P completely deleted
(between nt 124945 and 125723) (12). The term 27— refers to the deletion of
nucleotides 113273 to 116869, which contain the genes UL54, -55, and -56 (26).
ULS54 is the gene encoding the essential IE protein ICP27, and ULS5 and -56 are
both nonessential genes. Virus strains 1764 27— and 1764 27— 4— were also
deleted for the endogenous LAT P2 regions (between nt 118768 and 120470,
Ddel to Hpal) in order to prevent the recombinational instability that was
otherwise found to occur after insertion of LAT P2-containing expression cas-
settes outside of the LAT region (45).

Viruses. The shuttle plasmids described above were recombined into either
virus strain 17+ 27— (26) or virus strain 1764 27— (12) by standard calcium
phosphate techniques (60). Recombinant viruses were identified by reporter
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FIG. 1. Viruses used in this study. (a) Vector backbones. In each
case, the indicated genes have been deleted or inactivated. Further details
are given in Materials and Methods. (b) Promoter cassettes. The three
promoter cassettes used in the study and their insertion sites into the
viral genome are indicated. Details are given in Materials and Methods.

gene transfer and plaque purified. Genome structures were confirmed by South-
ern blotting.

Western blotting. Samples for Western blot analysis were prepared by stan-
dard techniques. Extract from approximately 10 cells (per lane) was loaded onto
a sodium dodecyl sulfate (SDS)-polyacrylamide gel. Proteins were transferred to
nitrocellulose and probed with appropriate antibodies by standard techniques.
Antibody against HSV-1 ICP0 was purchased from ABI. Antibodies to HSV-1
ICP22, ICP6, and ICP47 were provided by Bernard Roizman (University of
Chicago), Barklie Clements (MRC Institute of Virology, Glasgow, Scotland),
and David Johnson (Oregon Health Sciences University, Portland), respectively.
Detection was performed with the ECL enhanced chemiluminescence system
(Amersham).

Primary neuronal cultures. Organotypic hippocampal slice cultures were pre-
pared as previously described (59) and maintained in a mixture of 50% MEM, 25
mM HEPES, 25% horse serum, and 25% Hanks’ balanced salt solution supple-
mented with 2 mM L-glutamine and 6.4 mg of p-glucose per ml. Slices were
maintained on porous rafts (Millicell; Millipore) over 1 ml of growth medium,
which was changed every second day. Four organotypic slices were cultured on
each raft. Slices were infected 1 week postplating by covering each raft in 2 ml of
10° PFU of virus stock per ml diluted in growth medium supplemented with 2%
TCM Supplement (ICN Biomedicals) for 1 h. Dorsal root ganglion (DRG)
neurons from an adult rat were prepared as described previously (13). Neurons
were plated on laminin-coated coverslips and maintained in DMEM supple-
mented with 10% horse serum, half of which was changed every third day.
Neurons were infected by incubation for 1 h with an MOI of 10 of the appro-
priate virus diluted in serum-free DMEM.
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In vivo gene delivery. Adult (220-g) male Lewis rats were inoculated by ste-
reotaxic injection of vector suspensions into the striatum, superior colliculus, or
spinal cord (at the C6 level). At various times postinoculation, animals were
perfusion fixed in ice-cold 4% paraformaldehyde and sectioned as described in
the figure legends. Sections including the injection site and connected sites within
the nervous system were stained with 1X phosphate-buffered saline (PBS) con-
taining 5 mM K;Fe(CN),, 5 mM K,Fe(CN)O - 6H,0, 1 mM MgCl,, and 150 pg
of 4-chloro-5-bromo-3-indolyl-B-galactosidase (X-Gal) per ml in order to visu-
alize lacZ expression. Some sections were counterstained in 0.02% neutral red.

RESULTS

Virus strain 1764 27— 4— does not express significant
amounts of any IE gene. In work aimed at generating a non-
toxic HSV backbone, vectors were constructed by the sequen-
tial deletion or inactivation of ICP27, VP16, ICP34.5, ICP4,
and Vhs. Here we aimed to combine IE gene deletions (ICP27
and/or ICP4) with VP16 inactivation such that the remaining
IE genes, which had not been specifically deleted, would not be
expressed in target cells. To test the levels of residual IE gene
expression, noncomplementing BHK cells were infected at
MOIs of 10, 5, and 1 with 17+ 27—, 1764 27—, and 1764 27—
4— viruses. Complementing 27/12/M:4 cells (62) were infected
with the same viruses at an MOI of 1 as a positive control. Cells
were harvested 48 h postinfection and analyzed for the expres-
sion of ICPO, ICP22, and ICP47 by Western blotting (Fig. 2).

It can be seen from Fig. 2 that the 17+ 27— virus expressed
significant amounts of all three of the IE genes that have not
been deleted (ICP0, ICP22, and ICP47). This is consistent with
the phenotype of ICP27 deletion mutants (23, 40, 51). The
subsequent inactivation of VP16 and deletion of ICP34.5 (the
1764 27— virus) leads to reduced but still significant levels of
ICPO, ICP22, and ICP47 expression, although ICP22 and
ICP47 are here expressed at higher levels at a low rather than
high MOI, which is discussed later. Thus, the inclusion of the
in1814 mutation to VP16 in the context of an ICP27-deleted
virus is not sufficient to completely prevent the transactivation
of the remaining IE gene promoters and leads to an unusual
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FIG. 2. Virus strain 1764 27— 4— does not express significant
amounts of any of the IE genes. Extracts were prepared from non-
complementing BHK cells harvested 24 h postinfection with the vi-
ruses 17+ 27— pR19GFP, 1764 27— pR20.5, and 1764 27— 4— pR20.5
over a range of MOIs. Complementing cells were infected at an MOI
of 1 as a positive control. Western blots were probed for ICP0, ICP22,
or ICP47.
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FIG. 3. Virus strain 1764 27— 4— pR20.5 can direct the simultaneous high-level expression of two exogenous genes on complementing and
noncomplementing cells. (a) Complementing cell line 27/12/M:4 (62) was infected with virus 1764 27— 4— pR20.5 at an MOI of 0.01. The plaque
was photographed under fluorescence 72 h after infection, stained for lacZ expression, and photographed again. (b) Duplicate wells of non-
complementing BHK cells were infected with virus 1764 27— 4— pR20.5 at an MOI of 1. Forty-eight hours postinfection, one well was stained with
X-Gal, and then the wells were photographed under bright field (for lacZ) or fluorescence (for GFP).

expression pattern for ICP22 and ICP47. However, prevention
of transactivation of the other IE gene promoters can be
achieved by the additional deletion of ICP4 (the 1764 27— 4—
virus). The Western blots for ICP0, ICP22, and ICP47 reveal
that there is no detectable expression of any of these IE genes
from this virus, even at a high MOL.

The 1764 27— 4— virus does not therefore express signifi-
cant amounts of any of the IE genes. The essential IE genes
ICP4 and ICP27 have been completely deleted from the viral
backbone, and the remaining IE genes ICP0O, ICP22, and
ICP47 are not expressed. This lack of IE gene expression
requires the combination of VP16 inactivation and ICP4/
ICP27 deletion and provides a level of disablement to the virus
similar to that resulting from the individual deletion of each of
the IE genes (52).

Virus strain 1764 27— 4— pR20.5 simultaneously expresses
high levels of two exogenous genes. The large genome size of
HSV is often cited as one of the potential benefits of HSV as
a gene delivery vector. However, to date, HSV has only been
used to deliver multiple genes in a highly transient fashion
(31). The pR20.5 cassette has been described previously (45)
and consists of a central LAT P2 element flanked by two
heterologous promoters (cytomegalovirus [CMV] and Rous
sarcoma virus [RSV]) arranged in a back-to-back orientation
(Fig. 1), designed to allow the simultaneous expression of two
exogenous genes. This is demonstrated in Fig. 3a, where the
same plaque can be seen to be simultaneously expressing two

transgenes (lacZ and the gene coding for green fluorescent
protein [GFP]) in complementing cells.

It has been previously reported that in the absence of IE
gene products, the expression of inserted genes is undetectable
in the majority of transduced cells even at short times postin-
fection (48, 52). It has been proposed that this absence of
transgene expression is attributable to an active repression of
both HSV and non-HSV promoters by a cellular factor, but
that this effect is masked in less-disabled viruses by the pres-
ence of the potent viral transactivators VP16, ICP0, and ICP4
(48). In Fig. 3b, noncomplementing BHK cells were infected at
an MOI of 10 and visualized by fluorescence microscopy or
processed to detect lacZ expression 48 h postinfection. This
shows abundant transgene expression from the 1764 27— 4—
pR20.5 virus, even though IE gene expression levels are min-
imal (Fig. 2). This could be due to LAT P2 elements in the
promoter preventing the transcriptional shutoff, which might
otherwise occur (45), and/or might alternatively be due to
low-level ICPO expression, which, while undetectable in West-
ern blots, might still aid expression from the CMV and RSV
promoters used.

Exogenous gene expression from cassettes inserted into vi-
rus strain 1764 27— 4— is dose dependent in noncomplement-
ing cells. It can be seen from Fig. 2 that the expression level of
ICP22 and ICP47 from the 1764 27— virus in noncomplement-
ing cells is not dose dependent, the peak of expression occur-
ring at an MOI of 1. This suggests that with this intermediately
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disabled virus, interactions between the virus genome and re-
maining viral factors are affecting virus gene expression. In
order to examine this further, noncomplementing BHK cells
were infected with a selection of disabled viruses over a wider
range of MOIs, and the samples were harvested 48 h postin-
fection. Western blots were then probed for the expression of
ICP22 and ICP47 as before. This experiment showed that in
the case of the 17+ 27— virus, ICP22/47 expression is dose
dependent, but with the 1764 27— virus, the peak of ICP22/47
expression is at an MOI of 0.5 (data not shown). As in Fig. 2,
no expression of ICP22 was detected at any MOI from the 1764
27— 4— virus. This phenomenon was investigated further and
found to also apply to exogenous genes inserted into the 1764
27— virus, but not the less-disabled 17+ 27— virus or the
more-disabled 1764 27— 4— virus. As an example of an exog-
enous gene, a Western blot for CMV-driven GFP expression
from all three viruses is shown (Fig. 4). Virus strains 17+ 27—
pR19GFP and 1764 27— 4— pR20.5 demonstrate a dose-de-
pendent pattern of GFP expression. However, with virus strain
1764 27— pR20.5, the pattern of GFP expression follows that
of ICP22/47, with expression levels peaking at an MOI of 0.5.
The reason for this expression pattern is unclear, but a similar
dose effect has been reported previously when ICPO and ICP4
were used in combination to activate IE gene target promoters
in transient transfection assays (20, 21). Whatever the mecha-
nism, it might be anticipated that a linearly dose-dependent
pattern of transgene expression such as that directed by the
most-disabled virus would be more desirable in gene delivery
applications than the pattern shown by the less-disabled virus.

Virus strain 1764 27— 4— expresses ICP6. Because ICP6
(the large subunit of ribonucleotide reductase, required for
virus replication in neurons) is inefficiently expressed in the
absence of prior viral protein synthesis, it was originally clas-
sified as an E gene (25). However, the identification of IE-type
cis-responsive elements in the promoter for ICP6 expression
has led it to now be considered a hybrid IE/E gene (61). Unlike
classical E genes, high levels of ICP6 are expressed in the
absence of ICP4 (14). We therefore examined whether virus
strain 1764 27— 4— still allowed ICP6 to be expressed.

To test levels of ICP6 expression, noncomplementing BHK
cells were infected at MOIs of 10, 5, and 1 with the viruses 17+
27— pR19GFP, 1764 27— pR20.5, and 1764 27— 4— pR20.5.
Complementing 27/12/M:4 cells (62) were infected with the
same viruses at an MOI of 1 as a positive control. Cells were
harvested 48 h postinfection and analyzed for the expression of
ICP6 by Western blotting (Fig. 5).

Figure 5 shows that ICP6 was expressed from all three vi-
ruses and that the deletion of ICP4 made little difference to the
levels observed, as might be expected from previous work (14,
54). However, because previous work has also shown ICP6 to be
nontoxic (30), it was not anticipated that ICP6 expression would
impair gene delivery when the vectors were used in the CNS.

Virus strain 1764 27— 4— directs high-efficiency gene deliv-
ery to cultured neurons. In order to test the ability of 1764 27—
4— viruses to deliver exogenous genes to cultured neurons,
primary cultures of DRG neurons were infected at an MOI of
10 with 1764 27— 4— pR20.5 (Fig. 6). Mock-infected neurons
or neurons infected with virus strain 17+ 27— pR19GFP were
used as controls. One week postinfection, neurons were pho-
tographed under phase-contrast and fluorescence microscopy.
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FIG. 4. Expression of exogenous genes from virus 1764 27— is not
dose dependent. Noncomplementing BHK cells were infected at MOIs
from 0.01 to 10 with virus strains 17+ 27— pR19GFP, 1764 27—
pR20.5, and 1764 27— 4— pR20.5. Complementing 27/12/M:4 cells
(62) were infected at an MOI of 1 as a positive control (indicated as +
in the figure). In the case of the 17+ 27— pR19GFP virus, the positive
control was run on a separate gel and is not shown. All samples were
harvested at 48 h postinfection.

Both viruses were able to efficiently deliver exogenous genes to
neurons in culture. However, by 7 days postinfection, the 17+
27— virus caused considerable toxic effects, with loss of sup-
porting cells, clumping of neuronal cell bodies, and retraction
of neuronal processes. In contrast, cells infected with the 1764
27— 4— virus are indistinguishable in morphology from mock-
infected cells under phase-contrast microscopy. The fluores-
cence photomicrograph of neurons infected with the 1764 27—
4— virus shows that both neuronal cell bodies and processes show
abundant levels of GFP, demonstrating efficient gene delivery.
Virus strain 1764 27— 4— pR20.5 directs the expression of
delivered genes for extended periods in neuronal and nonneu-
ronal cells. Previous work found that the genomes of viruses
individually mutated for all of the IE genes are capable of
persisting in Vero cells for at least 28 days postinfection (52),
but that gene expression from the CMV promoter was com-
pletely repressed immediately after infection in the vast ma-
jority of cells. Gene expression could, however, be stimulated by
superinfection with a less-disabled virus expressing ICPO (52).
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FIG. 5. ICP6 expression from 17+ 27—, 1764 27—, and 1764 27—
4— viruses. Western blots of extracts from BHK cells prepared 48 h
after infection with virus strains 17+ 27— pR19GFP, 1764 27—
pR20.5, and 1764 27— 4— pR20.5 at MOIs of 10, 5, and 1 were probed
with an anti-ICP6 antibody. 27/12/M:4 cells (62) infected with each of
the viruses at an MOI of 1 are shown as a positive control.

In order to test if the 1764 27— 4— virus could also establish
a persistent infection, a similar experiment was performed.
Vero cells at 50% confluence were infected at an MOI of 10
with virus strain 1764 27— 4— pR20.5. Following infection,
cells were maintained in a low serum concentration at 34°C. At
the last time point (23 days), a duplicate well was superinfected
at an MOI of 5 with virus strain 17+ 27— (expressing no
reporter gene). The results of this experiment are shown in Fig.
7. Here it can be seen that GFP expression was evident at all
time points during the experiment and that, unlike in the
previously published work (52), superinfection was not neces-
sary for transgene expression to occur. GFP expression was
present in decreasing numbers of cells over time, as in previous
work (52), which is probably due to cell division in the culture
and the finite life span of both transduced and untransduced
cells. Superinfection of the cultures at 23 days did increase
GFP expression levels slightly, but the effect was not marked.
This demonstrates that the genome of virus strain 1764 27—
4— pR20.5, like that of the multiple IE gene-deleted viruses
reported previously (52), is capable of persisting in the nucleus
of infected cells, indicating the low toxicity of the vector. At all
times up to the end of the experiment, the cells infected with
virus strain 1764 27— 4— pR20.5 were indistinguishable from
mock-infected cells (not shown). However, in contrast to pre-
vious work (52), virus strain 1764 27— 4— pR20.5 allowed
continuous GFP expression without the need for superinfec-
tion. This previously unreported continued gene expression
might be speculated to be due to the LAT P2 element in the
promoter used (which has previously been shown to direct
gene expression from heterologous promoters during herpes-
virus latency [45]), residual ICP0 expression, or a combination
of the two.

In order to extend these findings, the expression character-
istics of virus strain 1764 27— 4— pR20.5 in rat organotypic
hippocampal slice cultures was also investigated. At various
times after infection of the cultures with virus strain 1764 27—
4— pR20.5, a single slice was photographed under a fluores-
cence microscope (Fig. 8).
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Figure 8 shows that the high level of transgene expression
observed at 2 days postinfection was still clearly detectable in
the cultures 3 weeks after infection, albeit in a reduced number
of cells. The processes of transduced neurons, even at the
3-week time point, were not swollen or beaded, suggesting that
degeneration of transduced neurons had not occurred. In-
fected cultures maintained normal morphology and did not
differ from mock-infected control cultures at any time. These
results again suggest that the toxic effects of 1764 27— 4—
pR20.5 on transduced cells are minimal, at least by morpho-
logical criteria, even over extended periods in culture.

Virus strain 1764 27— 4— gives widespread gene expression
in the CNS following retrograde transport from the site of
injection. In order to examine transgene expression in the CNS
in vivo with the viruses developed in this study, injections into
the rat striatum, spinal cord, or superior colliculus were carried
out with the 1764 27— 4— pR19lacZ virus. Transgene expres-
sion (lacZ) at both the injection site and connected sites within
the nervous system was analyzed. The results of these experi-
ments are shown in Fig. 9. In each case, the virus gave high-
level gene expression at the site of injection and was also effi-
ciently transported from the site of injection to the cell bodies
at connected sites. This was clearly demonstrated by transport
of the disabled virus from the striatum to the substantia nigra,
from the superior colliculus via the optic nerve to the retinal
ganglion cells, and from the C6 level of the spinal cord to
DRG, the brainstem, and areas of the hind- and midbrain.

Both the promoter cassette and the vector backbone affect
the levels of transgene expression in the CNS at inoculated
and distant sites. In order to test whether a promoter cassette
containing the LAT P2 region was sufficient to drive the ex-
pression of a transgene and allow gene delivery to connected
sites in the CNS regardless of the virus backbone, the following
experiment was performed. Virus strain 17+ 27—, 1764 27—,
or 1764 27— 4—, each containing the pR19lacZ cassette (Fig.
1), was stereotaxically injected (2 X 10° PFU) into the striatum
of adult rats. The results of injection of this set of viruses are
shown in Fig. 10. All three viruses gave lacZ expression at the
early time points, but expression levels from the 17+ 27— and
1764 27— viruses were dramatically reduced between 3 days
and 1 week postinjection, and expression was only detectable
in a few cells by 1 month. However, with the 1764 27— 4—
virus, expression was strong at 1 week and was still clearly
evident at 1 month postinjection, in both the striatum and the
substantia nigra. This suggests that the lack of expression with
the 17+ 27— and 1764 27— viruses at later time points was due
to the residual toxicity of these less-disabled viruses, rather
than transcriptional shutoff of the LAT P2/CMV promoter,
because this was able to remain active in the 1764 27— 4— virus.

It is also noteworthy that at early times postinjection, the
expression pattern differed according to the level of disable-
ment of the virus. In the case of the 17+ 27— virus, the
striatum, substantia nigra, and cortex were all stained at 3 days
postinjection. However, by 1 week postinjection, the striatum
was not labeled, and gene expression was only apparent at
connected sites—the majority of gene expression was in the
cortex, although some expression in the substantia nigra could
still be seen. By 1 month postinjection, labeling of only a few
cells was seen with the 17+ 27— virus. However, with the
intermediately disabled 1764 27— virus, a different expression
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17+27-

N

FIG. 6. Virus strain 1764 27— 4— is not toxic to primary neurons in culture. DRG neurons from an adult rat were either mock infected or
infected at an MOI of 10 with virus strain 17+ 27— pR19GFP or virus strain 1764 27— 4— pR20.5. One week postinfection, cells were photo-
graphed under phase-contrast and fluorescence optics. Cells infected with the 1764 27— 4— virus (GFP and phase contrast) and mock-infected cells
(phase contrast only) are also shown at higher magnification (* and **, respectively).
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3 days p.i.

23 days p.i.
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23 days p.i. + superinfection

FIG. 7. Virus strain 1764 27— 4— is persistently maintained in cultured cells. Vero cells at 50% confluency were infected at an MOI of 10 with
virus strain 1764 27— 4— pR20.5. The cells were maintained in 2% serum at 34°C. At the last time point, a duplicate well was superinfected at
an MOI of 5 with virus strain 17+ 27— (expressing no reporter gene). GFP expression from 1764 27— 4— pR20.5-infected cells is shown at 3, 7,
and 23 days after infection without superinfection and after superinfection at 23 days.

pattern was observed. Here, intense X-Gal staining was seen in
the striatum, with some staining of the substantia nigra at 3
days postinjection. This pattern was maintained, but signif-
icantly reduced, by 1 week postinjection, and again only
low-level gene expression was seen at 1 month postinjection.
Unlike with the 17+ 27— virus, no gene delivery to cortical
neurons other than those adjacent to the needle track occurred
with this virus at any time point. With the 1764 27— 4— virus,
lacZ expression was of considerably greater intensity in both
the striatum and the substantia nigra at all time points during
the experiment, but no delivery to cortical neurons was seen.

DISCUSSION

A number of studies have concluded that expression of
ICP4, ICP27, ICP0, and ICP22 must be prevented to generate
a nontoxic HSV vector (29, 30, 32, 52, 64). ICP4 is the major
transcriptional regulatory protein expressed by HSV-1. ICP4 is
required for the expression of the E and L genes (14) and is
known to be highly toxic (29). ICP4 is able to transactivate E
and L genes and downregulate the expression of some IE
genes, especially ICPO and ICP4 itself (50). ICP4 can also
repress the activity of the latency promoters, either on its own
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2 days p.i.

21 days p.i.

FIG. 8. Transgene expression from virus strain 1764 27— 4— pR20.5 is maintained for at least 3 weeks in organotypic hippocampal slice
cultures. Organotypic hippocampal slice cultures were prepared and infected 7 days later with 10° PFU of 1764 27— 4— pR20.5. An overview of
an infected slice stained for lacZ and expression of GFP at 2, 7, and 21 days after infection are shown. The insert shows a higher-magnification

image of an infected neuron at 21 days after infection.

or in combination with ICPO (3, 22). ICP27 is the other essen-
tial regulatory IE gene (51), encoding a nuclear phosphopro-
tein which performs a number of diverse functions. These
include repression of IE genes, control of the switch between E
and L gene expression, and selection of transcriptional termi-
nation sites (40, 42). ICP27 normally mediates the shutoff of
host protein synthesis by sequestering snRNPs (23, 24). ICPO is
not essential for a productive infection, but its deletion has
been shown to significantly impair virus replication, especially
at a low MOI (8, 10). Transient transfection studies have
shown that ICPO0 is a promiscuous transactivator of almost any
target promoter, and this is enhanced by ICP4 (17, 18). ICP22
is nonessential for virus growth, but its deletion delays and
reduces synthesis of E and L proteins, respectively (55). These
effects are possibly mediated through an alteration in the phos-
phorylation of the large subunit of cellular RNA polymerase 11
(49). ICP22 is cytotoxic (30). A virus with deletions of ICP27,
ICP22, and ICP4 is less toxic than a virus with deletions of only
ICP27 and ICP4 (32, 64).

Bearing in mind these diverse functions, it is unsurprising
that expression of HSV IE genes results in numerous toxic
effects and that prevention of IE gene expression is necessary
for the construction of a nontoxic HSV vector.

Prevention of HSV IE gene expression has only been
achieved previously by the deletion or inactivation of each
individual IE gene (52). In order to produce such disabled
viruses at high titers, each of the deleted functions should be
provided in the complementing cell line used for virus growth.
This has proven problematic due to the toxicity of the IE genes,
and no cell line expressing all of the IE genes has been re-
ported. Here, we have taken the alternative approach of de-
leting the two essential IE genes (ICP4 and ICP27) and pre-
venting the transactivation of the promoters of the remaining
IE genes by including a disabling mutation in the virion protein
VP16 (the in1814 mutation) (1). This approach was based on
the ability of the in1814 mutation to reduce the transactivation
capability of VP16 (1). Previous work has combined the in1814
mutation with IE gene mutations (ICPO deficiency with a tem-
perature-sensitive mutation in ICP4), but these viruses are
capable of expressing IE genes and are replication competent
below the completely nonpermissive temperature of 38.5°C
(38, 47).

Relevant to the choice of VP16 mutation in the vectors
described here, a recent report has demonstrated that a virus
with the in1814 mutation in VP16 and with ICPO inactivated
was more toxic than a virus with the entire transactivation
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domain of VP16 deleted (the V422 mutation) and ICPO inac-
tivated (43). Viruses with the in1814 mutation probably there-
fore retain a residual transactivation activity (43). However,
Fig. 2 demonstrates no detectable expression of ICP0, ICP22,
or ICP47 from virus strain 1764 27— 4— pR20.5 in noncomple-
menting cells. It has previously been shown that the in1814
mutation does not reduce the level of ICP4 at all (1), whereas
the V422 mutation decreases ICP4 levels significantly (56).
The previously observed differences in toxicity between the
ICP0/in1814 and ICP0/V422 viruses (43) are therefore proba-
bly primarily due to differences in ICP4 expression levels me-
diated by the different mutations to VP16. These results there-
fore suggest that there would be little difference between the
toxicity of a virus containing the in1814 mutation and that of a
virus containing the V422 mutation when ICP4 is deleted, as in
the 1764 27— 4— viruses described here, although a 1764 27—
4— virus containing the V422 mutation rather than the in1814
mutation is currently under construction (and with ICP6 de-
leted [see below]) to test the gene delivery properties of such
viruses.

In addition to the remaining IE genes, a virus with ICP4
deleted continues to express the large subunit of ribonucle-
otide reductase (ICP6) and ORF P, a protein of unknown
function (14, 66). Although ORF P has been deleted from the
1764 27— 4— viruses (along with the deletion of ICP34.5),
ICP6 has not, and so ICP6 expression levels were assessed.
Figure 5 shows that ICP6 is expressed from a 1764 27— 4—
virus in noncomplementing cells. The ICP6 promoter is not
greatly transactivated by VP16, but is sensitive to transactiva-
tion by low levels of ICPO (15, 54, 61). ICP6 expressed by the
1764 27— 4— virus may not therefore be due to residual trans-
activation by the mutated VP16, but due to low levels of ICPO,
although if so, these are undetectable by Western blotting (Fig.
2). In agreement with previous work showing that ICP6 is
nontoxic, we found that despite ICP6 expression, 1764 27— 4—
pR20.5 was nontoxic to cultured neurons and Vero cells at a
high MOI (Fig. 6, 7, and 8), at least to the extent of not
obviously affecting cellular morphology over extended periods.

Previous work with HSV vectors in primary neuronal cul-
tures found that a virus deficient for ICP4, ICP22, and ICP27
was nontoxic to DRG neurons, but caused almost complete
elimination of supporting cells by 4 days postinfection (32).
This is in contrast to Fig. 6, where the number of supporting
cells in cultures infected with virus strain 1764 27— 4— pR20.5
is similar to that in mock-infected cultures. This suggests that
the elimination of supporting cells seen previously (32) is due
to ICPO expression and that if low levels of ICPO are expressed
by 1764 27— 4— viruses, this is not sufficient to have such a
toxic effect.

Interestingly, the expression of ICP22/47 and exogenous
genes in noncomplementing cells was found not to be linearly
dependent on virus dose with the intermediately disabled 1764
27— virus, the peak of expression occurring at an MOI of 0.5.
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A similar phenomenon has been observed previously in tran-
sient transfection assays (20, 21). Here, when plasmids encod-
ing both ICP0O and ICP4 were transfected with any IE gene
promoter linked to the chloramphenicol acetyltransferase
(CAT) reporter gene, the ratio of the ICPO plus ICP4 plasmid
to the target plasmid determined if CAT activity was activated
or repressed. When the ratio of ICPO plus ICP4 plasmid to
target plasmid was low, activation occurred, but when the ratio
was high, repression occurred. This was described as a “spike
response” (20, 21).

Figures 2 and 3 show a similar spike response with the 1764
27— virus. At a high MOI, the levels of ICP4 and ICP0O may
here result in the repression of the ICP22/47 and CMV pro-
moters. At a lower MOI, ICP4 and ICP0O may activate the
promoters, as in the previous work (20, 21). Activation of IE
promoters when ICP0O and ICP4 levels are low (e.g., directly
after infection of a cell with a wild-type virus) and repression of
IE promoters when ICP0 and ICP4 levels are high (e.g., at the
end of IE gene expression) probably normally provide a neg-
ative feedback mechanism that regulates expression of the IE
proteins. With 17+ 27—, functional VP16 presumably masks
these effects, and with 1764 27— 4—, the deletion of ICP4 and
lack of expression of ICP0 probably render any transactivation
dependent on cellular factors, and thus expression levels of the
delivered gene are dose dependent. Interestingly, the previous
work (20, 21) observed that the spike response affects all of the
IE gene promoters. This is in contrast to Fig. 2, where unlike
ICP22 and ICP47, ICPO is expressed in a linear, dose-depen-
dent manner from the 1764 27— virus.

As well as vector cytotoxicity, HSV vector development has
been hampered by a lack of promoters capable of driving
exogenous gene expression at latent times after infection. Re-
cent work has shown that DNA elements from the LAT region
(LAP1 linked to LAP2), an IRES placed within the 2-kb LAT
transcript, and the Moloney murine leukemia virus (MMLV)
promoter in combination with the LAP1 promoter all allow
expression of a reporter gene during latency (5, 16, 34-36). We
have reported that the LAT P2 region is capable of conferring
latent gene expression characteristics on neighboring promot-
ers from either within the LAT region or at sites away from the
LAT region (45). In the current work, we aimed to combine
these promoter cassettes (45) with a nontoxic vector backbone
and test for gene expression characteristics in primary neuro-
nal cultures in vitro and the CNS in vivo.

Figure 6 shows highly efficient gene delivery to DRG neu-
rons, and Fig. 8 shows that in organotypic hippocampal cul-
tures, transgene expression is maintained for at least 23 days,
albeit in a reduced number of cells compared to those at earlier
time points. Previous work with highly disabled HSV, while
showing the vectors to be nontoxic, has also shown that trans-
gene expression is repressed in cultured cells immediately after
infection. The 1764 27— 4— vectors described here are non-
toxic by morphological criteria, while also allowing gene ex-

FIG. 9. 1764 27— 4— pR19lacZ is transported from the injection site in the CNS, giving widespread gene delivery. Adult Lewis rats were
stereotaxically injected with 2.5 X 10° PFU of 1764 27— 4— pR19lacZ either in the striatum (injection 1), at the C6 level of the spinal cord
(injection 2), or in the superior colliculus and thalamus (injection 3). One week (injection 1) or 3 weeks (injections 2 and 3) after injection, the
animals were perfusion fixed, and relevant areas of the nervous system were sectioned and stained for lacZ expression. The sections from injection
1 are 200 pwm thick, and the sections from injections 2 and 3 are 80 pm thick.
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a) 3 days post injection
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17+27- pR19lacZ

1764 27- pR19/acZ

1764 27- 4- pR19 lacZ

FIG. 10. Transgene expression from differently disabled viruses containing the pR19lacZ expression cassette in the rat CNS in vivo. Either 1764
27— 4— pR19lacZ, 1764 27— pR19lacZ, or 17+ 27— pR19lacZ (2.5 X 10° PFU) was stereotaxically injected into the rat striatum. Animals were
perfusion fixed, and 200-pm sections were cut in the parasagittal plane to visualize the striatum and substantia nigra in the same section. (a) lacZ
expression at 3 days after injection. (b) lacZ expression at 1 week after injection. (c) lacZ expression at 1 month after injection. The left panel shows
transgene expression following injection of the 17+ 27— pR19lacZ virus, the middle panel shows the 1764 27— pR19lacZ virus, and the right panel
shows the 1764 27— 4— pR19lacZ virus, as indicated at the bottom of the figure.

pression in cultured cells (Fig. 3, 6, 7, and 8). This could be due
to either the LAT P2 elements in the promoters used, which
have previously been shown to aid the maintenance of gene
expression (45), residual but nontoxic levels of ICPO, or a
combination of the two.

The vectors were also tested in the rat CNS in vivo. Previous
work with disabled HSV to deliver genes to the CNS in vivo
has been severely limited by the toxicity of the vector systems
used, which results in high levels of neuronal damage shortly
after injection and gene expression in only a very few cells in
the longer term (11, 27, 37). Gene delivery to the CNS with
low-toxicity, multiple IE gene-deficient vectors has not been
reported.

Figure 9 shows the results of a set of injections with virus
strain 1764 27— 4— pR19LacZ (Fig. 1). The virus was inocu-
lated at various sites in the rat CNS, and transgene expression

at both the injection site and at connected sites within the
nervous system was examined. The axonal transport capability
of wild-type HSV1 has long been known (2), and this property
has been exploited to trace neuroanatomical pathways (re-
viewed in reference 33). This capability is unique among vi-
ruses currently used as gene delivery vectors and is thought to
be mediated by the interaction of the virion protein UL34 with
cytoplasmic dynein (65). However, in the CNS, HSV vectors
that take advantage of these capabilities have not been de-
scribed, due to either toxicity of the vectors or a lack of trans-
gene expression due to the promoters used (see below). Figure
9 shows that unlike these previously reported HSV vectors, the
1764 27— 4— pR19lacZ virus is efficiently retrogradely trans-
ported, allowing high-level transgene expression not only at the
injection site, but also at connected sites in the nervous system.
Indeed, the widespread gene delivery observed in the striatum
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and substantia nigra following striatal injection; in the thala-
mus, superior colliculus, and retina following injection into the
thalamus or superior colliculus; and in the spinal cord, DRGs,
and mid- and hindbrain following injection into the spinal cord
has not been observed previously with any vector, HSV or
otherwise. These unique capabilities might have important im-
plications for gene therapeutic or functional genomic applica-
tions where target neurons are in regions of the nervous system
that are inaccessible by surgical techniques. This might include,
for example, the dopaminergic neurons of the substantia nigra,
which are affected in Parkinson’s disease; the ganglion cells of
the retina, which are affected in macular degeneration; or the
delivery of genes to the spinal cord and DRG in the study and
treatment of pain or in spinal cord or nerve repair.

Both a highly disabled vector backbone and an appropriate
promoter cassette are required for widespread gene delivery to
the CNS, allowing gene expression over extended periods. This
is demonstrated in Fig. 10, where vectors with various levels of
disablement but containing the same promoter cassette have
been tested for gene delivery following injection into the rat
striatum. It can be seen that less-disabled viruses containing
the same promoter cassette do not drive widespread gene
expression as effectively as the fully disabled 1764 27— 4— virus
and that gene expression is more transient. We have previously
shown that similar promoter cassettes not containing LAT P2
do not give gene expression for more than a few days in the
peripheral nervous system (45), and thus these were not tested
here.

Variable patterns of lacZ gene expression have been previ-
ously reported following injection of HSV vectors into the rat
striatum (11, 27, 28, 37, 63). For example, an ICPO-deficient
virus gave expression in the striatum and cortex but not the
substantia nigra (11), and an ICP4-deficient virus gave expres-
sion in the striatum and a small number of cells in the sub-
stantia nigra (11, 37).

The results in Fig. 10 for the 17+ 27— virus (striatal and
cortical expression) are more consistent with the expression
pattern that had previously been attributed to a replication-
attenuated (ICPO deficient) rather than replication-incompe-
tent virus (11). This suggests that cortical staining is associated
more with high toxicity than replication competence per se, as
had previously been suggested (11). The 1764 27— 4— virus
would be expected to be considerably less toxic than any of the
viruses discussed above, intense lacZ staining is observed in
both the striatum and the substantia nigra and not in the
cortex, and this expression is maintained for more extended
periods than have previously been reported with HSV.

Overall, the current work has combined a promoter system
previously shown to give transgene expression during HSV
latency (45) with a nontoxic, replication-incompetent HSV
vector backbone and achieved efficient gene transfer to cul-
tured neurons and widespread gene expression in the CNS in
vivo. The vectors described here have the advantage of not
requiring the individual complementation of each of the IE
genes by a complementing cell line, yet are still of low toxicity
to target cells. The vectors contain promoters that are able to
drive the expression of exogenous genes for extended periods
and fully utilize the retrograde transport capabilities of HSV.
Therefore, unlike with other vector systems, widespread gene
delivery can result from a single injection and expression can
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be detected at sites far removed from the site of inoculation.
This retrograde transport capability is unique among the vi-
ruses commonly used as gene delivery vectors and potentially
has important applications in therapeutic gene delivery to sur-
gically inaccessible areas of the brain and spinal cord.
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