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Abstract. G
�

ene delivery to the nervous system represents perhaps the ultimate challenge of gene therap� y in view
o� f the complexity of this system, the wide variety of intractable neurological diseases and

	
 the need to deliver the

g
 ene to non-dividing cells. Although a variety of systems for such gene delivery are under deve� lopment, herpes
simplex virus has unique advantages in terms of its large genome size and its ability to enter a l

�
atent state in

neuronal cells. Considerable progress has been made in the effective disablement of this virus whilst retaining its
a
 bility to deliver genes and in producing long term expression of the foreign gene. Although mu� ch remains to be
a
 chieved in the further disablement of the virus and its testing in rodent and primate models of human diseases,
i

�
t is likely 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
d

	
elivery of a gene or genes to an individual with the

a
 im of achieving a therapeutic benefit. For example, it
i

�
s evident that where an individual is suffering from the

e� ffects of a genetic disease caused by a mutation in
a
  specific gene, delivery of a functional copy of that
g
 ene would, in many cases, provide effective relief of
t

�
he disease. As well as being applicable to such genetic

d
	
iseases, the gene therapy approach is also applicable

t
�
o situations other than those where the primary genetic

d
	
efect is understood. Thus, for example, gene therapy

f
�
or cancer can involve the delivery of genes which

stimulate an immune response to the tumor cells or
w� hich allow a non-toxic pro-drug to be converted to
a
  toxic form by the cancer cell, thereby killing the cell.
H

�
ence, gene therapy can involve the delivery of genes

w� hich are of therapeutic benefit in the disease regard-
l

�
ess of whether the disease has a genetic component or
w� hether such a genetic component is fully understood.

This second type of gene therapy is particularly ap-

p� licable in diseases of the nervous system where many
o� f the complex diseases either do not have a simple
g
 enetic basis or that basis is not understood. Thus, for
e� xample, it has been shown that the symptoms of Par-
kinson’s disease can be relieved both in animal models
a
 nd human individuals by the transplantation of foetal
neurons, because such neurons provide a source of do-
p� amine to replace the deficit of this substance caused
b

�
y the loss of dopaminergic neurons during the course

o� f the disease (BA
�

CKLUND et al.2
�
)

�
. Hence, gene therapy

for Parkinson’s disease could be attempted by deliver-
i

�
ng the gene encoding tyrosine hydroxylase which is

t
�
he rate-limiting enzyme for dopamine production.

Similarly, it would be possible to deliver the gene en-
c� oding glial-derived neurotrophic factor, since this fac-
t

�
or has been shown to promote the survival of dopa-

minergic neurons and, hence, could be used to arrest
t

�
he progressive loss of dopaminergic neurons which is

c� haracteristics of the disease (OPACKA-JU
�

FFRY et al.3
�

1)
�
.

These possibilities have led numerous laboratories



t
�
o attempt to develop means of effectively delivering

g
 enes to different organs in vivo. Clearly, the simplest
method of delivering genes to any organ would be the
d

	
irect 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.
I

�
ndeed, even when the DNA is coated with cationic

liposomes to enhance gene delivery, only relatively low
levels of gene expression are obtained following injec-
t

�
ion into the brain, for example (TSUDA and IM� AOKEA3

�
6)

�
.

Thus, many laboratories have turned their attention
t

�
o virus vectors, since viruses naturally deliver their

g
 enetic material into the cells of the organisms which
t

�
hey infect. Unfortunately, the retroviral vectors based

o� n Moloney murine leukemia virus, which are used in
m� any  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
c� ontain predominantly non-dividing cells. However,
lentiviral vectors based on the human immunodefi-
c� iency virus (HIV) type of retrovirus, adenovirus,
a
 deno-associated virus and herpes simplex virus (HSV)
have all been used as gene delivery vectors capable of
d

	
elivering genes to non-dividing cells in the brain.

I
�
n comparing such vectors in terms of their genome

size (Table 1) it is immediately apparent that HSV has
a
  much larger genome than any of the other viruses.
This is of particular importance, since a virus will only
p� ackage the appropriate size of nucleic acid into a virus
p� article. Hence, viruses with small genome sizes cannot
a
 ccept very large DNA inserts even when the majority
o� f their genes are eliminated. This is of particular sig-
n� ificance when it is necessary to introduce a large gene
into cells or when effective therapy may require the
d

	
elivery of more than one gene. Thus, for example,

w� hen adenovirus vectors were used in an animal model
o� f motor neuron disease, effective therapy required
b

�
oth neurotrophin-3 and ciliary neurotrophic factor,

w� hich had to be delivered in two separate adenovirus
v� ectors (HAASE et al.16)

�
. This would not have been

necessary with HSV due to its much larger genome
size.

I
�
n addition, whilst all the viruses can infect neuronal

c� ells, only HSV naturally infects neuronal cells as part

o� f its normal life cycle. Indeed, following initial infec-
t

�
ion at the periphery, the virus migrates up the sensory

nerve processes innervating the site of initial infection
a
 nd establishes life-long latent infections of the neuro-
nal cell bodies without in any way damaging the neuron
o� r compromising neurological function (for review see
R

 
OIZMAN and SE

!
ARS3

�
3, LA

�
TCHMAN2

�
2)

�
. Such latent infec-

t
�
ions serve as a reservoir for further infections at the
p� eriphery following reactivation of the infection, but
such reactivation, once again, does not apparently dam-
a
 ge the neuronal cell.

Hence, this ability to deliver its DNA to neuronal
c� ells without causing any damage renders the virus
ideal for similarly delivering a foreign gene which it is
n� ecessary to express within the neuronal cell. Of
c� ourse, in order to achieve this it will be necessary to
d

	
isable the virus so that it can no longer conduct the

lytic replication which produces peripheral facial and
g
 enital sores. This is particularly true since direct injec-
t

�
ion of virus into the brain results in lytic replication

l
�
eading to encephalitis and rapid death. Therefore, if

a
 dvantage is to be taken of the ability of the virus to
e� nter a latent state in neuronal cells, the potentially da-
maging effects of lytic replication must first be elimi-
n� ated.

O
"

f course it is essential to do this in a manner which
still allows the virus to be grown up so that stocks can
b

�
e prepared for in vivo injection. It is this requirement

t
�
o disable the virus for use in vivo w� hilst still allowing

stocks to be prepared in vitro w� hich constitutes the
e� ssential problem in effectively disabling the virus.
Two basic methods of achieving this have been pro-
p� osed and these will be discussed in turn.

The first method involves the inactivation of a virus
g
 ene which is essential for lytic replication in all cell
t

�
ypes. The most frequently inactivated gene in vectors

o� f this type is that encoding the essential immediate
e� arly protein ICP4 (CHIOCCA et al.5

#
, DOBSON et al.12)

�
. It

i
�
s also possible to inactivate the other essential imme-

d
	
iate early gene which encodes the viral ICP27 protein

(SACKS et al.3
�
4)

�
. Removal of either of these genes effec-

t
�
ively renders the virus incapable of lytic replication in

a
 ny cell type and it will not, therefore, produce ence-
p� halitis when injected into the brain.

T
$

he 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
w� hich have been artificially engineered by introduction
o� f the gene encoding ICP4 or ICP27 and, therefore,
a
 llowing lytic growth of the virus. Although this pro-
c� edure does allow the virus stocks to be grown up, it
suffers from the disadvantage that recombination can

Table 1. Genome size of potential virus vectors for the nervous
s% ystem

Adeno-associated virus
Adenovirus
Herpes simplex virus
Lentivirus

  8 500 base pairs
 35 000 base pairs
150 000 base pairs
 10 000 base pairs
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o� ccur between the defective virus genome lacking func-
t

�
ional ICP4 or ICP27 and the functional ICP4 or ICP27

g
 ene in the cell line. This will evidently result in the
r& egeneration of dangerous wild-type virus.

To overcome this problem, an alternative approach
is to inactivate a virus gene which is necessary for re-
p� lication 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
w� ill not replicate lytically in the brain, but stocks can
readily be grown on dividing cells in vitro. Because of
t

�
he advantages of this method, our laboratory has

u� tilized a virus strain lacking the gene encoding
ICP34.5. The removal of this gene renders the virus
n� on-neurovirulent upon injection into the brain but con-
t

�
inues to allow it to replicate on dividing cells (MA

�
-

CLEAN et al.2
�

7)
�
. We have introduced a marker ß-galac-

t
�
osidase into this vector and shown that it is able to

d
	
eliver genes to the central and peripheral nervous sys-

t
�
ems following direct injection into the brain or the

f
�
ootpad of mice, respectively (COFFIN et al.8)

�
.

T
$

his system thus combines the ability of the virus
t

�
o be grown up in culture without a complimenting
v� irus gene expressed in a cell line, with the lack of
d

	
amaging encephalitis upon injection into the brain

a
 llowing gene transfer without damaging side effects.
U

'
nfortunately, however, in these experiments only

a
  relatively small number of cells in the brain success-
fully expressed the marker ß-galactosidase following
injection (COFFIN et al.8)

�
. We therefore developed this

v� ector further by inactivating also the gene encoding
t

�
he viral ICP27 protein, thereby introducing two defects

i
�
nto the virus genome. Very surprisingly, the resulting

v� irus not only produced considerably less damage when
injected into the brain in vivo, but it was also capable
o� f a much higher efficiency of gene delivery with ap-
p� roximately one thousand fold more neurons express-
ing the marker gene than with the single mutant virus
l

�
acking only functional ICP34.5. (HOWARD et al.19)

�
.

This double mutant virus, therefore, has both added
safety, since it contains two disabling mutations, but is
a
 lso a much higher efficiency gene delivery vector.

T
$

his virus does, however, have to be grown on
a
  cell line which artificially expresses ICP27, since this
p� rotein is essential for lytic growth of the virus on all
c� ell types (SACKS et al.3

�
4)

�
. The possibility of recombi-

nation resulting in a functional ICP27 gene being re-
g
 enerated within the virus is minimised, however, by
c� ompletely deleting the ICP27 gene from the virus and
e� nsuring that there is no overlap between the DNA
sequences remaining in the virus genome and those
c� ontained within the cell line. Moreover, even if a rare

r& ecombination event were to occur, this would still not
regenerate a wild-type virus, since the resulting virus
w� ould continue to lack ICP34.5 and would still not
c� ause a damaging encephalitis.

Hence, this doubly disabled virus represents a rela-
t

�
ively safe and efficient gene delivery vector which can

b
�
e used as a platform for further disablement by delet-

ing, for example, the gene encoding the other essential
immediate early protein ICP4 and may, therefore, result
u� ltimately in a virus which is safe enough for thera-
p� eutic use in humans.

O
"

nce the virus has been effectively disabled, it is
p� ossible to use it as a gene delivery wehicle. One ap-
p� roach to this utilised by our laboratory will be dis-
c� ussed here and involves the introduction of the
e� xogenous gene into the virus by recombination. An
a
 lternative approach using so called “amplicon”  vectors
is discussed extensively elsewhere (LATCHMAN23, COF-

F
(

IN and LA
�

TCHMAN7
)
, LE

!
IB and OL

*
IVO2

�
4, FI

+
NK et al.14,

KENNEDY21)
�
.

I
�
n the recombination method the foreign gene of

i
�
nterest together with an appropriate promoter is

flanked by two adjacent regions of the virus genome in
a
  plasmid vector. If this vector is then introduced into
c� ells by transfection together with full length viral
DNA, recombination will occur between the viral DNA
i

�
n the plasmid and the equivalent sequences in the

v� irus, resulting in the insertion of the gene into the
v� irus. This method was first used to introduce marker
g
 enes such as the ß-galactosidase gene (HO and MOCAR-

SKI17)
�
 or the hypoxanthine phosphoribosyltransferase

g
 ene (PALELLA et al.3
�

2)
�
 into the virus genome and

v� iruses constructed in this manner have been shown to
e� ffectively deliver such genes to the central and periph-
e� ral nervous systems in vivo (BLOOM et al.3

�
, DOBSON et

a
 l.12)
�
.

F
,

ollowing recombination, some virus particles will
c� ontain recombinant virus having the gene of interest,
w� hilst others will contain the original non-recombinant
v� irus. However, it is relatively easy to separate these
t

�
wo types of viruses. Thus, both the recombinant and

non-recombinant viruses will form plaques on suitable
c� ell lines which compliment any defects in the vector
a
 nd the recombinant virus can, therefore, be purified
p� rovided it can be distinguished from the non-recombi-
nant virus. This can be achieved, for example, by intro-
d

	
ucing the gene of interest into the thymidine kinase

locus of the virus, thereby inactivating this locus and
r& endering the resulting virus resistant to the effects of
t

�
he anti-herpes drug acyclovir (HO and MOCARSKI17, PA-

L
*

ELLA et al.3
�

2)
�
. Alternatively, the recombinant virus can

b
�
e distinguished on the basis that it contains a readily
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a
 ssayable marker gene such as ß-galactosidase either
a
 lone or in association with the gene of interest. If this
c� annot be achieved, it is also possible in all cases to
g
 row virus from individual plaques and identify those
c� arrying the gene of interest by southern blot hybridi-
zation.

H
�

owever, before such viruses can be used effective-
ly for gene therapy, it will be necessary to overcome
a
 nother obstacle. Thus, many of the applications of
g
 ene therapy, for example in the nervous system, such
a
 s the treatment of Parkinson’s disease will require
long-term expression of the therapeutic gene. Unfortu-
n� ately, however, during the onset of latent infection the
v� irus shuts down the expression of virtually all of its
o� wn genes in order to enter a virtually silent latent state
(for review see ROIZMAN and SE

!
ARS3

�
3, LA

�
TCHMAN22)

�
.

This shut-down of gene expression also occurs for any
e� xogenous genes which are introduced into the virus
g
 enome either under the control of the viruses own
p� romoters, other virus promoters such as the immediate
e� arly promoter of cytomegalovirus, or a variety of cel-
l

�
ular promoters (HO and MOCARSKI18, PA

�
LELLA et al.3

�
2,

FINK et al.14, LOKENSGARD et al.2
�

5)
�
. This results in ex-

p� ression of the foreign gene being observed for only
a
  few days at the most.

C
-

learly, some means must be found of overcoming
t

�
his problem if HSV vectors are to be used successfully

in a variety of diseases where long term expression of
t

�
he therapeutic gene will be required. One approach to

t
�
his problem involves taking advantage of the fact that

a
  small region of the HSV genome remains active dur-
ing latency, producing the so-called latency-associated
t

�
ranscripts (LATs) (CR

.
OEN et al.10, ST

/
EVENS et al.3

�
5)

�
.

The expression of these LATs is driven by two adjacent
p� romoters known as LATP1 and LATP2 and a number
o� f laboratories have attempted to use these to drive long
t

�
erm expression of a foreign gene. This has been
a
 chieved either by inserting the foreign gene into the
L

0
AT region, hence placing it under the control of the

LAT promoters, or by introducing the foreign gene
linked to LATP1 or P2 into another region of the
g
 enome.

I
�
n general, experiments with LATP1 have indicated

t
�
hat it is not sufficient for long-term expression either

w� hen a gene is inserted directly downstream of it into
t

�
he LAT locus or when a LATP1 promoter linked to
t

�
he ß-galactosidase gene is inserted into another site in

t
�
he HSV genome (MARGOLIS et al.28, 29, DOBSON et al.11)

�
.

I
�
n contrast, the LATP 2 promoter does appear to give

much longer term expression either within the LAT
r& egion or elsewhere, although such expression is rela-
t

�
ively weak (HO and MOCARSKI18, GOINS et al.15)

�
.

T
$

o overcome these difficulties, our laboratory has
e� xplored the possibility of whether LATP2 could act as
a
 n enhancer element conferring long term expression
u� pon a strongly active promoter. Thus, we have linked
LATP2 to the very strong cytomegalovirus immediate
e� arly promoter, which normally gives only very short-
-term expression within an HSV vector, and shown that
t

�
his combination can direct strong long-term expression

w� hen introduced into both the central and peripheral
n� ervous systems. This is likely to be achieved by the
LATP2 promoter acting as a signal to maintain the viral
c� hromatin in its immediate vicinity in an open configu-
r& ation consistent with transcription, thereby allowing
t

�
he CMV IE promoter to produce high levels of tran-

scription in the long term.
W

1
e are currently exploring the possibility of also

linking LATP2 to cellular promoters with cell-type spe-
c� ific 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-
m� oter. The use of the P2 promoter has another advant-
a
 ge, 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-
t

�
rol of their own promoters in opposite orientations with

t
�
he P2 element contained at the centre of the construct.

T
$

his is of particular importance where it is desired to
p� roduce long-term expression of two genes and could
b

�
e used, for example, where maximal therapeutic effi-

c� iency requires two genes to be successfully expressed.
I

�
n addition, however, it could be used to express

b
�
oth a marker gene and a gene of therapeutic interest.

T
$

his would, for example, facilitate purification of the
v� irus away from non-recombinant virus (see above) on
t

�
he basis of its expression of the marker gene with its

subsequent use to express the therapeutic gene.
A

2
nother example of the use of such a virus contain-

ing both a marker gene and a therapeutic gene would
b

�
e in a situation where it is necessary in vitro t

�
o 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
a
 s bone marrow stem cells or dendritic cells, are ex-
t

�
remely difficult to transduce with exogenous genes. In

t
�
he system proposed, the virus expressing two genes

w� ould be used to infect such cells and the successfully
infected cells could be sorted on the basis of their ex-
p� ression of a reporter gene, producing a 100% pure
p� opulation expressing the therapeutic gene for reintro-
d

	
uction into the patient.

W
1

e have shown the feasibility of this procedure by
u� tilizing a virus which expresses both green fluorescent
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p� rotein (GFP) and ß-galactosidase and showing that
sorting of the infected cells on the basis of their ex-
p� ression of GFP results in a 100% pure population of
c� ells expressing ß-galactosidase (COFFIN et al.9

3
)

�
.

The progress made with disabled recombinant HSV
v� ectors indicates that they represent an effective system
f

�
or gene delivery. This is particularly so with the recent

finding that such viruses do not recombine or reactivate
e� ndogenous latent HSV upon introduction into the brain
(WA

�
NG et al.3

�
8)

�
. This indicates that such a reactivation

o� f wild-type virus already contained within the patient
is unlikely to be a problem with such gene therapy vec-
t

�
ors. Hence, the progress made with the disabling of the

v� irus whilst retaining its efficiency in gene delivery and
i

�
n obtaining long term expression offers hope that such

v� iruses may be of ultimate use therapeutically.
Indeed, in our laboratory we have already con-

structed viruses expressing both tyrosine hydroxylase
a
 nd the neurotrophic factor GDNF, which has a protec-
t

�
ive effect on dopaminergic neurons (OPACKA-JU

�
FFRY et

a
 l.3
�

1)
�
. These viruses have been successfully used to ex-

p� ress the appropriate genes and produce a reduction in
rotational behavior in the 6-hydroxydopamine model of
Parkinson’s disease. Similarly, we have utilized these
v� iruses to express the genes encoding individual heat
shock proteins (hsp). As with delivery of hsp genes by
standard transfection of plasmid constructs (AM

�
IN et

a
 l.1, WYATT et al.3
�

9)
�
, such over-expression, for example,

o� f the 70 kDa heat shock protein (hsp 70) can protect
c� ultured neuronal cells from subsequent exposure to
t

�
hermal stress or ischemia. Moreover, over-expression

o� f the 27 kDa heat shock protein (hsp27) protected the
c� ells not only against thermal or ischemic stress, but
a
 lso against stimuli which induce apoptosis, which was
not observed with hsp70 (WAGSTAFF et al.3

�
7)

�
. Most im-

p� ortantly, the protective effect observed in these experi-
m� ents was significant not only compared to a virus ex-
p� ressing a marker gene alone, but also to samples of
c� ells 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.

I
�
n similar experiments, we also observed a protec-

t
�
ive effect when these viruses expressing hsp were used

t
�
o infect cells of cardiac origin (BR

.
AR et al.6

4
)

�
. This

illustrates that HSV can also be used to deliver genes
t

�
o other cell types and organs. Thus, we have pre-

v� iously shown that the virus can effectively deliver
a
  marker gene to the heart in vivo (COFFIN et al.6

4
)

�
 and

similar results have also been observed in skeletal
m� uscle (HU

�
ARD and GL

*
ORIOSO20 1995) and in liver cells

(LU
�  et al.2

�
6)

�
. Moreover, the ability to deliver to dendritic

c� ells (see above and COFFIN et al.9
3
)

�
 is of particular im-

p� ortance in view of the high efficiency of antigen pres-
e� ntation by these cells which could be of use in cancer
t

�
herapy.

Hence, whilst this review has concentrated on gene
d

	
elivery to neuronal cells because of the particular ap-

p� licability of HSV to this relatively difficult problem,
t

�
he development of HSV vectors may also be of use for

g
 ene delivery to a variety of other tissues and cell
t

�
ypes.
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