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Abstract. Gene delivery to the nervous system represents perhaps the ultimate challenge of gene therapy in view
of the complexity of this system, the wide variety of intractable neurological diseases and the need to deliver the
gene to non-dividing cells. Although a variety of systems for such gene delivery are under development, herpes
simplex virus has unique advantages in terms of its large genome size and its ability to enter a latent state in
neuronal cells. Considerable progress has been made in the effective disablement of this virus whilst retaining its
ability to deliver genes and in producing long term expression of the foreign gene. Although much remains to be
achieved in the further disablement of the virus and its testing in rodent and primate models of human diseases,
itislikely that these viruses may ultimately be of use in human gene therapy procedures for otherwise intractable

neurological diseases.
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The term “gene therapy” is used to described the
delivery of a gene or genes to an individua with the
aim of achieving a therapeutic benefit. For example, it
is evident that where an individual is suffering from the
effects of a genetic disease caused by a mutation in
a specific gene, delivery of a functional copy of that
gene would, in many cases, provide effective relief of
the disease. Aswell as being applicable to such genetic
diseases, the gene therapy approach is also applicable
to situations other than those where the primary genetic
defect is understood. Thus, for example, gene therapy
for cancer can involve the delivery of genes which
stimulate an immune response to the tumor cells or
which alow a non-toxic pro-drug to be converted to
atoxic form by the cancer cell, thereby killing the cell.
Hence, gene therapy can involve the delivery of genes
which are of therapeutic benefit in the disease regard-
less of whether the disease has a genetic component or
whether such a genetic component is fully understood.

This second type of gene therapy is particularly ap-

plicable in diseases of the nervous system where many
of the complex diseases either do not have a simple
genetic basis or that basis is not understood. Thus, for
example, it has been shown that the symptoms of Par-
kinson's disease can be relieved both in anima models
and human individuals by the transplantation of foetal
neurons, because such neurons provide a source of do-
pamine to replace the deficit of this substance caused
by the loss of dopaminergic neurons during the course
of the disease (BAckLUND et al.?). Hence, gene therapy
for Parkinson’s disease could be attempted by deliver-
ing the gene encoding tyrosine hydroxylase which is
the rate-limiting enzyme for dopamine production.
Similarly, it would be possible to deliver the gene en-
coding glial-derived neurotrophic factor, since this fac-
tor has been shown to promote the survival of dopa
minergic neurons and, hence, could be used to arrest
the progressive loss of dopaminergic neurons which is
characteristics of the disease (OpackA-JUFFRY et al.%).

These possibilities have led numerous laboratories



336

to attempt to develop means of effectively delivering
genes to different organs in vivo. Clearly, the ssimplest
method of delivering genes to any organ would be the
direct injection of DNA in a standard plasmid vector.
However, such methods have proved to be of relatively
low efficiency for organs other than skeletal muscle.
Indeed, even when the DNA is coated with cationic
liposomes to enhance gene delivery, only relatively low
levels of gene expression are obtained following injec-
tion into the brain, for example (Tsupa and IMAOKEA®).

Thus, many laboratories have turned their attention
to virus vectors, since viruses naturally deliver their
genetic material into the cells of the organisms which
they infect. Unfortunately, the retroviral vectors based
on Moloney murine leukemia virus, which are used in
many gene delivery experiments, will not infect non-
-dividing cells and, hence, cannot be used for gene de-
livery to the many tissues, including the brain, which
contain predominantly non-dividing cells. However,
lentiviral vectors based on the human immunodefi-
ciency virus (HIV) type of retrovirus, adenovirus,
adeno-associated virus and herpes simplex virus (HSV)
have all been used as gene delivery vectors capable of
delivering genes to non-dividing cells in the brain.

In comparing such vectorsin terms of their genome
size (Table 1) it isimmediately apparent that HSV has
a much larger genome than any of the other viruses.
Thisis of particular importance, since a virus will only
package the appropriate size of nucleic acid into avirus
particle. Hence, viruses with small genome sizes cannot
accept very large DNA inserts even when the mgjority
of their genes are eliminated. Thisis of particular sig-
nificance when it is necessary to introduce a large gene
into cells or when effective therapy may require the
delivery of more than one gene. Thus, for example,
when adenovirus vectors were used in an animal model
of motor neuron disease, effective therapy required
both neurotrophin-3 and ciliary neurotrophic factor,
which had to be delivered in two separate adenovirus
vectors (Haase et a.*). This would not have been
necessary with HSV due to its much larger genome
size.

In addition, whilst all the viruses can infect neuronal
cells, only HSV naturally infects neuronal cells as part

Table 1. Genome size of potential virus vectors for the nervous
system

Adeno-associated virus 8 500 base pairs

Adenovirus 35 000 base pairs
Herpes simplex virus 150 000 base pairs
Lentivirus 10 000 base pairs
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of its normal life cycle. Indeed, following initia infec-
tion at the periphery, the virus migrates up the sensory
nerve processes innervating the site of initial infection
and establishes life-long latent infections of the neuro-
nal cell bodieswithout in any way damaging the neuron
or compromising neurological function (for review see
RoizvaN and Sears®, LATCHMAN?). Such latent infec-
tions serve as a reservoir for further infections at the
periphery following reactivation of the infection, but
such reactivation, once again, does not apparently dam-
age the neurona cell.

Hence, this ability to deliver its DNA to neuronal
cells without causing any damage renders the virus
ideal for smilarly delivering a foreign gene which it is
necessary to express within the neurona cell. Of
course, in order to achieve this it will be necessary to
disable the virus so that it can no longer conduct the
lytic replication which produces peripheral facia and
genital sores. Thisis particularly true since direct injec-
tion of virus into the brain results in lytic replication
leading to encephalitis and rapid death. Therefore, if
advantage is to be taken of the ability of the virus to
enter a latent state in neuronal cells, the potentially da-
maging effects of lytic replication must first be elimi-
nated.

Of courseit isessential to do thisin amanner which
till alows the virus to be grown up so that stocks can
be prepared for in vivo injection. It is this requirement
to disable the virus for usein vivo whilst still allowing
stocks to be prepared in vitro which congtitutes the
essential problem in effectively disabling the virus.
Two basic methods of achieving this have been pro-
posed and these will be discussed in turn.

The first method involves the inactivation of avirus
gene which is essential for lytic replication in al cell
types. The most frequently inactivated gene in vectors
of this type is that encoding the essential immediate
early protein ICP4 (CHiocca et al.®, DossoN et al.*?). It
is also possible to inactivate the other essential imme-
diate early gene which encodes the viral ICP27 protein
(Sacks et a.*). Removal of either of these genes effec-
tively renders the virus incapable of lytic replication in
any cell type and it will not, therefore, produce ence-
phalitis when injected into the brain.

The problem evidently remains, however, of grow-
ing these viruses in order to produce sufficient stocks.
This is achieved by growing the virus on cell lines
which have been artificially engineered by introduction
of the gene encoding ICP4 or ICP27 and, therefore,
allowing lytic growth of the virus. Although this pro-
cedure does allow the virus stocks to be grown up, it
suffers from the disadvantage that recombination can
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occur between the defective virus genome lacking func-
tional 1CP4 or ICP27 and the functional |CP4 or ICP27
gene in the cell line. This will evidently result in the
regeneration of dangerous wild-type virus.

To overcome this problem, an alternative approach
is to inactivate a virus gene which is necessary for re-
plication in non-dividing cells such as neurons but is
not required for replication in dividing cell types.
Hence, the virus will not produce encephalitis since it
will not replicate lytically in the brain, but stocks can
readily be grown on dividing cellsin vitro. Because of
the advantages of this method, our laboratory has
utilized a virus strain lacking the gene encoding
ICP34.5. The removal of this gene renders the virus
non-neurovirulent upon injection into the brain but con-
tinues to alow it to replicate on dividing cells (Ma-
cLEAN €t al.?). We have introduced a marker 3-galac-
tosidase into this vector and shown that it is able to
deliver genes to the central and peripheral nervous sys-
tems following direct injection into the brain or the
footpad of mice, respectively (Corrin et a.5).

This system thus combines the ability of the virus
to be grown up in culture without a complimenting
virus gene expressed in a cell line, with the lack of
damaging encephalitis upon injection into the brain
allowing gene transfer without damaging side effects.
Unfortunately, however, in these experiments only
arelatively small number of cells in the brain success-
fully expressed the marker 3-galactosidase following
injection (CorriN et a.?). We therefore developed this
vector further by inactivating also the gene encoding
the viral ICP27 protein, thereby introducing two defects
into the virus genome. Very surprisingly, the resulting
virus not only produced considerably less damage when
injected into the brain in vivo, but it was aso capable
of a much higher efficiency of gene delivery with ap-
proximately one thousand fold more neurons express-
ing the marker gene than with the single mutant virus
lacking only functional 1CP34.5. (HowarD et a.’).
This double mutant virus, therefore, has both added
safety, since it contains two disabling mutations, but is
also a much higher efficiency gene delivery vector.

This virus does, however, have to be grown on
acdll line which artificially expresses ICP27, since this
protein is essential for lytic growth of the virus on all
cell types (Sacks et al.3). The possibility of recombi-
nation resulting in a functional 1CP27 gene being re-
generated within the virus is minimised, however, by
completely deleting the ICP27 gene from the virus and
ensuring that there is no overlap between the DNA
sequences remaining in the virus genome and those
contained within the cell line. Moreover, even if arare
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recombination event were to occur, this would still not
regenerate a wild-type virus, since the resulting virus
would continue to lack 1CP34.5 and would still not
cause a damaging encephalitis.

Hence, this doubly disabled virus represents a rela
tively safe and efficient gene delivery vector which can
be used as a platform for further disablement by delet-
ing, for example, the gene encoding the other essential
immediate early protein |CP4 and may, therefore, result
ultimately in a virus which is safe enough for thera-
peutic use in humans.

Once the virus has been effectively disabled, it is
possible to use it as a gene delivery wehicle. One ap-
proach to this utilised by our laboratory will be dis-
cussed here and involves the introduction of the
exogenous gene into the virus by recombination. An
aternative approach using so called “amplicon” vectors
is discussed extensively elsewhere (LATCHMANZ, Cor-
FN and LATcHmAaN’, Leie and Ouivo®, Fink et al.*?,
KENNEDY?Y).

In the recombination method the foreign gene of
interest together with an appropriate promoter is
flanked by two adjacent regions of the virus genomein
a plasmid vector. If this vector is then introduced into
cells by transfection together with full length viral
DNA, recombination will occur between the viral DNA
in the plasmid and the equivalent sequences in the
virus, resulting in the insertion of the gene into the
virus. This method was first used to introduce marker
genes such asthe 3-gal actosidase gene (Ho and Mocar-
s«i1t’) or the hypoxanthine phosphoribosyltransferase
gene (PaLeLLa et a.®?) into the virus genome and
viruses constructed in this manner have been shown to
effectively deliver such genesto the central and periph-
eral nervous systemsin vivo (BLoowm et al.3, DoBsoN et
a.?).

Following recombination, some virus particles will
contain recombinant virus having the gene of interest,
whilst others will contain the original non-recombinant
virus. However, it is relatively easy to separate these
two types of viruses. Thus, both the recombinant and
non-recombinant viruses will form plaques on suitable
cell lines which compliment any defects in the vector
and the recombinant virus can, therefore, be purified
provided it can be distinguished from the non-recombi-
nant virus. This can be achieved, for example, by intro-
ducing the gene of interest into the thymidine kinase
locus of the virus, thereby inactivating this locus and
rendering the resulting virus resistant to the effects of
the anti-herpes drug acyclovir (Ho and Mocarski*’, Pa-
LELLA et d.®). Alternatively, the recombinant virus can
be distinguished on the basis that it contains a readily
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assayable marker gene such as R-galactosidase either
alone or in association with the gene of interest. If this
cannot be achieved, it is also possible in all cases to
grow virus from individua plagues and identify those
carrying the gene of interest by southern blot hybridi-
zation.

However, before such viruses can be used effective-
ly for gene therapy, it will be necessary to overcome
another obstacle. Thus, many of the applications of
gene therapy, for example in the nervous system, such
as the treatment of Parkinson’s disease will require
long-term expression of the therapeutic gene. Unfortu-
nately, however, during the onset of latent infection the
virus shuts down the expression of virtually al of its
own genes in order to enter avirtually silent latent state
(for review see Roizman and SeARs®, LATCHMAN?).
This shut-down of gene expression also occurs for any
exogenous genes which are introduced into the virus
genome either under the control of the viruses own
promoters, other virus promoters such as the immediate
early promoter of cytomegalovirus, or a variety of cel-
lular promoters (Ho and MocARski*8, PALELLA et a.%,
Fink et al.', LokensGARD et a.?). This results in ex-
pression of the foreign gene being observed for only
afew days at the most.

Clearly, some means must be found of overcoming
this problem if HSV vectors are to be used successfully
in a variety of diseases where long term expression of
the therapeutic gene will be required. One approach to
this problem involves taking advantage of the fact that
asmall region of the HSV genome remains active dur-
ing latency, producing the so-called latency-associated
transcripts (LATs) (Croen et al.l%, Srevens et a.®).
The expression of these LATsisdriven by two adjacent
promoters known as LATP1 and LATP2 and a number
of laboratories have attempted to use these to drivelong
term expression of a foreign gene. This has been
achieved either by inserting the foreign gene into the
LAT region, hence placing it under the control of the
LAT promoters, or by introducing the foreign gene
linked to LATPL1 or P2 into another region of the
genome.

In general, experiments with LATP1 have indicated
that it is not sufficient for long-term expression either
when a gene is inserted directly downstream of it into
the LAT locus or when a LATP1 promoter linked to
the [3-galactosidase gene is inserted into another site in
the HSV genome (MarcoLis et a.? 2, DossoN et al.1%).
In contrast, the LATP 2 promoter does appear to give
much longer term expression either within the LAT
region or elsewhere, although such expression is rela-
tively weak (Ho and Mocarski*8, Goins et a. ™).

D. S. Latchman: Gene Therapy, HSV, Virus Vectors

To overcome these difficulties, our laboratory has
explored the possibility of whether LATP2 could act as
an enhancer element conferring long term expression
upon a strongly active promoter. Thus, we have linked
LATP2 to the very strong cytomegalovirus immediate
early promoter, which normally gives only very short-
-term expression within an HSV vector, and shown that
this combination can direct strong long-term expression
when introduced into both the central and peripheral
nervous systems. This is likely to be achieved by the
LATP2 promoter acting asa signal to maintain the viral
chromatin in itsimmediate vicinity in an open configu-
ration consistent with transcription, thereby alowing
the CMV |IE promoter to produce high levels of tran-
scription in the long term.

We are currently exploring the possibility of also
linking LATP2 to cellular promoters with cell-type spe-
cific patterns of activity in order to determine whether
such cell-type specific activity could be produced in the
long-term within a virus vector by use of the P2 pro-
moter. The use of the P2 promoter has another advant-
age, however, in that, like classical enhancer elements,
it can act bi-directionally and can, therefore, produce
long term expression of two genes, each under the con-
trol of their own promotersin opposite orientations with
the P2 element contained at the centre of the construct.
This is of particular importance where it is desired to
produce long-term expression of two genes and could
be used, for example, where maximal therapeutic effi-
ciency requires two genes to be successfully expressed.

In addition, however, it could be used to express
both a marker gene and a gene of therapeutic interest.
This would, for example, facilitate purification of the
virus away from non-recombinant virus (see above) on
the basis of its expression of the marker gene with its
subsequent use to express the therapeutic gene.

Another example of the use of such a virus contain-
ing both a marker gene and a therapeutic gene would
be in a situation where it is necessary in vitro to deliver
a gene to a population of cells in culture with sub-
sequent reinsertion of these cells into a patient. Thus,
many cells for which it is desired to achieve this, such
as bone marrow stem cells or dendritic cells, are ex-
tremely difficult to transduce with exogenous genes. In
the system proposed, the virus expressing two genes
would be used to infect such cells and the successfully
infected cells could be sorted on the basis of their ex-
presson of a reporter gene, producing a 100% pure
population expressing the therapeutic gene for reintro-
duction into the patient.

We have shown the feasibility of this procedure by
utilizing a virus which expresses both green fluorescent
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protein (GFP) and RR-galactosidase and showing that
sorting of the infected cells on the basis of their ex-
pression of GFP results in a 100% pure population of
cells expressing R-galactosidase (Corrin et al.%).

The progress made with disabled recombinant HSV
vectorsindicatesthat they represent an effective system
for gene delivery. Thisis particularly so with the recent
finding that such viruses do not recombine or reactivate
endogenous latent HSV upon introduction into the brain
(WAaNG et al.*®). This indicates that such a reactivation
of wild-type virus already contained within the patient
is unlikely to be a problem with such gene therapy vec-
tors. Hence, the progress made with the disabling of the
viruswhilst retaining its efficiency in gene delivery and
in obtaining long term expression offers hope that such
viruses may be of ultimate use therapeutically.

Indeed, in our laboratory we have aready con-
structed viruses expressing both tyrosine hydroxylase
and the neurotrophic factor GDNF, which has a protec-
tive effect on dopaminergic neurons (OrACKA-JUFFRY €t
al.h). These viruses have been successfully used to ex-
press the appropriate genes and produce a reduction in
rotational behavior in the 6-hydroxydopamine model of
Parkinson’s disease. Similarly, we have utilized these
viruses to express the genes encoding individua heat
shock proteins (hsp). As with delivery of hsp genes by
standard transfection of plasmid constructs (AmIN et
al.l, WyatT et a.*), such over-expression, for example,
of the 70 kDa heat shock protein (hsp 70) can protect
cultured neuronal cells from subsequent exposure to
thermal stress or ischemia. Moreover, over-expression
of the 27 kDa heat shock protein (hsp27) protected the
cells not only against thermal or ischemic stress, but
also against stimuli which induce apoptosis, which was
not observed with hsp70 (WaGsTAFF et a.*"). Most im-
portantly, the protective effect observed in these experi-
ments was significant not only compared to a virus ex-
pressing a marker gene alone, but also to samples of
cells which were not treated prior to exposure to the
stressful stimuli. Hence, the virus does not produce sig-
nificant damaging effects itself and can deliver
a foreign gene with an appropriate protective effect.

In smilar experiments, we aso observed a protec-
tive effect when these viruses expressing hsp were used
to infect cells of cardiac origin (Brar €t a.%). This
illustrates that HSV can also be used to deliver genes
to other cell types and organs. Thus, we have pre-
vioudy shown that the virus can effectively deliver
a marker gene to the heart in vivo (Corrin €t al.?) and
similar results have aso been observed in skeletal
muscle (Huarp and GLorioso? 1995) and in liver cells
(Lu et al.®). Moreover, the ability to deliver to dendritic
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cells (see above and Corrin et d.0) is of particular im-
portance in view of the high efficiency of antigen pres-
entation by these cells which could be of use in cancer

therapy.
Hence, whilst this review has concentrated on gene

delivery to neuronal cells because of the particular ap-
plicability of HSV to this relatively difficult problem,
the development of HSV vectors may aso be of use for
gene delivery to a variety of other tissues and cell

types.
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