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ABSTRACT

Two main types of vectors can be derived from herpes simplex type 1
(HSV-1), non-replicative vectors and replication-selective oncolytic
vectors. The main goal of this review is to describe the key features that
make non-replicative HSV-1 vectors (nrHSV-1) extremely appealing for
gene therapy of peripheral and central nerve diseases. This includes the
many outstanding adaptations that this human neurotropic virus has
developed to safely infect, persist, and perform long-term gene
expression in neurons, their very large transgene cargo capacity, unique
amongst nuclear mammalian viruses, and the very important fact that they
can be readministered several times due to the extremely low levels of
immunological responses they elicit. This review also describes several
preclinical studies as well as the clinical trials that have been developed
or are ongoing with nrHSV-1, including gene therapy of cancer-related
intractable pain and of recessive dystrophic epidermolysis bullosa (RDEB),
which has been recently approved by the FDA. In the second part of this
review, we compare side-by-side, the advantages and the drawbacks of
nrHSV-1 and adeno-associated vectors (AAV), the most currently used
gene therapy vector. Lastly, we will very briefly describe oncolytic vectors
and a second type of nrHSV-1 vectors known as amplicons.
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Introduction

Several  recent  preclinical and  clinical
developments have confirmed the outstanding
potential of gene therapy for the treatment of
genetic and non-genetic diseases. Amongst the
gene transfer instruments that are being used to
reach these goals, non-replicative viral vectors
occupy a prominent place. This review will focus on
the main features of one of these systems, the
recombinant non-replicative (nr) herpes simplex
virus type 1 (HSV-1)-derived vectors. In the first and
main part of this review article, following a brief
introduction to relevant aspects of the molecular
and cellular biology of HSV-1, we will address the
current  preclinical and  clinical status of
recombinant nrHSV-1 vectors. In the second part
we will compare the relevant features of nrHSV-1
with those of the adeno-associated vectors (AAV),
which are by far the most common viral vector
currently used in gene therapy. In the last part, we
will briefly tackle a different type of non-replicative
HSV-1 vector (known as the amplicon vectors),
which have not yet reached the clinic, but
possesses some outstanding properties that make
them potentially a vector system of choice for many
gene therapy applications, provided that current
limitations, linked mainly to the difficulty of
producing these vectors in high amounts and GMP

compliant procedures can be resolved.

Hsv-1 cell cycle and molecular biology

HSV-1 is a prevalent neurotropic enveloped human
pathogen with worldwide prevalence of about
67%'. This virus normally induces immunity that
prevents reinfections with the same serotype, but
not with HSV-2% Infection can be asymptomatic,
mild, or life-threatening. Transmission of HSV-1
occurs through close contact and typically follows
a three-phase biological cycle: primary infection of
epithelial cells in the oral (HSV-1) or genital (HSV-2)
mucosa, lifelong latency in the sensory neurons
innervating the infected region, and reactivation,
generally ending in reinfection at the site of entry
in peripheral mucosa®. In immunocompetent

individuals, HSV-1 causes only mild and self-

resolving diseases, such as stomatitis, cold sores,
or genital herpes?. In extremely rare situations,
infection is associated with diseases with high
morbidity (herpes stromal keratitis, meningitis) and
mortality (herpes simplex encephalitis)®. Although
the reasons underlying this increased morbidity are
not completely elucidated, they seem to be related
to subtle defaults in immunity, as genetic
polymorphisms/mutations in innate defenses are
often linked to a higher risk of encephalitis or
disseminated disease®’. Neonatal infection is more
aggressive, leading to systemic dissemination with
high morbidity if untreated®. In most cases,
however, primary infection and reactivations are
rapidly controlled by the immune system without
significant  inflammation or strong immune
reactions*®. In addition, effective anti-viral drugs,
such as acyclovir, are available, as opposed to most
other viruses®. HSV-1 has evolved numerous
functions to evade, moderate, and subvert immune
surveillance?. Engineering the virus to exploit and
manipulate these counteracting functions is key to
designing optimized HSV-1 vectors, allowing, for
example, repeated vector administrations®” in contrast
to other vectors impeded by their immunogenicity.

The HSV-1 DNA genome is a linear molecule with
a size of about 150-kbp and encodes more than 80
genes and more than a dozen miRNAZ? This
genome is contained into an icosahedral capsid,
coated with tegument, a layer of at least 20
proteins important for gene expression and virion
assembly, and a lipid envelope studded with 11
different
envelope glycoproteins are involved in viral entry,

virus-encoded  glycoproteins?.  The

spread, and immune evasion. Several of them (gB,
gD, gH, and gl), are necessary for infection,
interacting with nectin-1, the main cellular
receptor, and inducing fusion of the virus and

cellular membranes’'°.

Following fusion, the
tegument proteins and capsid dissociate, with the
capsid being transported to the nuclear
membrane, from where the genome enters the
nucleus'. Tegument proteins of incoming virus
particles exert their effects immediately following

entry. Many of them counteract cellular antiviral
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innate defenses while others, such as the tegument
VP16 (also known as a-TIF, or alpha-transinducing
factor), promote gene expression® Following
arrival to the cell nuclei, the DNA genome, which is
linear in virions, takes a circular configuration.
Then, depending on the type of infected cell, the
HSV-1 life cycle will establish either a lytic or a
latent infection. During a lytic productive infection,
which generally takes place in epithelial cells, a
temporal cascade of gene expression occurs,
characterized by the successive synthesis of
immediate-early (IE or a), early (E or B), and late (L
or y) viral proteins®. Most IE proteins (ICPO, ICP4,
ICP22, and ICP27), whose expression is induced by
VP16, are regulatory proteins that counteract the
innate cellular defenses, including genome
silencing, and activate expression of the early and,
after virus DNA replication, the late genes?
Another IE protein, ICP47, is an inhibitor of human
transporter associated with antigen processing
(TAP), blocking MHC | antigen presentation and
facilitating escape from adaptive immune
responses'?. Early proteins include the virus DNA
polymerase, helicase/primase, and other proteins
required for replication and packaging of the virus
genome, while the late proteins are structural
proteins (capsid, tegument, envelope) involved in
virion morphogenesis and cell exit, which is
accompanied by cell death, generally between 12-
and 20-hours post-infection, depending on the
multiplicity of infection (MOI) and the susceptibility

of the infected cells.

Following infection of sensory neurons through the
neuron terminals and efficient retrograde transport
along the axons to the neuron nucleus, the virus
genome generally establishes a latent infection. In
this case, no |E proteins are expressed, in part due
to a retention of VP16 in the axons. In the absence
of |E proteins the virus cannot counteract genome
silencing nor induce expression of early and late
genes, so that the transcription cascade is not
triggered, the virus genome will be epigenetically
repressed by heterochromatin, and will remain as a
non-integrated silent nuclear extrachromosomal

episome?. Only the LAT locus of the virus genome,

which expresses a family of untranslated latency-
associated transcripts (LATs), remains transcriptionally
active since it is bordered by two DNA insulator
motifs that protect this locus from DNA silencing™.
Genome latency in the nuclei of sensory neurons in
the dorsal root ganglia (DRG) or the trigeminal
ganglia (TG) can be considered as a sort of
compromise where the silent HSV-1 genome and
infected cells are preserved from immune attack,
while the host CNS is protected from virus spread.
The virus genome can remain in a latent state for
years, before being eventually reactivated by
danger signals such as  stress, fever,
immunosuppression, or other stimuli, in which case
the lytic gene expression cascade resumes, giving
raise to progeny particles that are addressed via
the axons in anterograde direction until reaching
peripheral epithelial cells, where recurrent or

secondary infection takes place®".

Non-replicative hsv-1-based vectors

There are two types of vectors that can be derived
from HSV-1: (a) non-replicative vectors for
therapeutic transgene delivery to treat genetic and
non-genetic diseases (gene therapy) and (b)
replication-selective oncolytic viruses for cancer
treatment (virotherapy)'. Both vector types inherit
many of the features of the wild-type virus,
including the fact of being non-integrative, and
leverage them to achieve their therapeutic goals.
As above quoted, this review will focus mostly on
recombinant nrHSV-1 vectors developed for gene
therapy. These vectors are deficient in at least one
essential function and can be efficiently produced
only in complementing cells expressing the missing
function(s). First-generation nrHSV-1 vectors were
non-replicative due to the absence of the essential
immediate-early ICP4 protein. However, they
displayed cytotoxicity in non-neuronal cells due to
the expression of the other IE functions, mainly
ICPQO and ICP27'¢. These early studies introduced
the notion that nrHSV-1 vectors were cytotoxic and
immunogenic, an outdated view that has persisted
despite further engineering that resulted in vectors

functionally deficient in the expression of all IE

© 2024 European Society of Medicine 3



genes." These last-generation vectors are fully non-
toxic in infected cultured cells yet preserve robust
and durable transgene expression when driven by
adequate regulatory sequences and are protected
from epigenetic silencing. Moreover, these vectors
show no evidence of cell toxicity or induction of
inflammatory cell infiltrates following injection in

animal models in vivo, including the CNS""8,

Since HSV-1 is a natural neurotropic virus, it is
normal that first attempts to perform gene
therapies using recombinant nrHSV-1 vectors,
mainly in preclinical settings, addressed diseases
or aberrant gene expression of peripheral neurons,
thereby exploiting the many outstanding
adaptations of HSV-1 to these neurons. These

features include:

e High density of cellular receptors (nectin1) in
neurons', favoring vector infection and thus
allowing for limited vector doses to reach efficacy,

eTegument viral proteins that interact with
microtubule-associated proteins®, allowing the
capsids to be very efficiently and rapidly
retrogradely transported along the axons up to the

neuron nucleus,

¢ The presence of several virus tegument proteins
in the incoming particles, able to overcome cellular
antiviral defenses from the beginning of infection?’,
thereby reducing the multiplicity of infection
required for efficient transgene transduction,

e Establishment of latent infection in sensory
neurons?, a condition in which, as above quoted,
the vector genome is maintained as an
extrachromosomal episome, with no insertional
mutagenesis®, and in which the full set of virus
genes expressing lytic functions is epigenetically
repressed. Only the short LAT region of the virus
genome, which expresses no virus proteins,
remains transcriptionally open and can be used to
accommodate foreign transgenic DNA with long-

term expression?,

e The very large size of the virus genome, which
allow to transport and deliver up to 30/40-kbp of
foreign DNA to the nucleus of peripheral neurons®,

e The fact that the immune reactions against the
virus are low since they are efficiently counteracted
by tegument proteins delivered to the cells or by
viral proteins expressed immediately after infection®,
resulting in no rejection of virus particles or infected
cells, no significant modification in the immune
status of the receiving patient, no immune reaction
precluding transgene expression and, above all,
the possibility of redosing several times the vector

at the same or different anatomic place’?,

e Lastly, owing to their large size and efficient entry,
the vector displays limited tissular diffusion upon

local administration, thus favoring targeted delivery.

Several nrHSV-1 vectors have intended to exploit
one or more of these features, resulting in non-
toxic vectors that can express transgenes in
peripheral neurons in the medium or long-term. At
the preclinical level, such vectors were used to
treat experimental animal models of neurogenic
bladder
inflammatory pain

overactivity”’?,  neuropathic  and
2230 or neuropathies.®'#? Examples
of transgenes used in these cases are (a) glutamic
acid decarboxylase (GAD65 or 67)¥, to increase
secretion of the inhibitory GABA neurotransmitter,
or kynurenine aminotransferase (KAT)?, to increase
the expression of kynurenic acid, an inhibitor of
glutamatergic receptors, in both cases resulting in
reduction of neurotransmission and mitigation of
chaotic bladder contractions in neurogenic detrusor
overactivity, (b) human proenkephalin® or miRNA
to inhibit sodium channel Nav subunits® to reduce
pain, and (c) different neurotrophic factors such as
NGF®* or NT3* in different models of diabetic
neuropathy. In all these cases the vector particles
were inoculated in peripheral tissues, from where
they were retrogradely transported to the innervating
DRG followed by transgene expression, showing in
all cases a clear alleviation of symptoms. Based in
these and other observations, one vector
prototype (termed NP2) was used for a first clinical

trial, to treat intractable cancer-related pain®.

Gene therapy for cancer-related pain

This first clinical trial exploited the ability of HSV-1
vectors to express transgenes after establishing a
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latent infection in the DRG. A dose-escalating,
phase 1 clinical trial of NP2 (NCT00804076), a non-
replicative HSV-1 recombinant vector expressing
human proenkephalin (PENK), was conducted in
terminal cancer patients with intractable focal
pain®*. NP2 was injected into the affected
dermatomes, with virus taken up by nerve terminals
and transported to the DRG, where the vector
institutes a persistent, quasi-latent state with stable
PENK expression. No treatment-related serious
adverse events (AE) were reported and no subject
seroconverted®. Pain relief was reported for the
middle and high doses (10E8-10E9 plaque forming
units (pfu) per individual)®. Since NP2 establishes a
silent latent infection in the DRG, no expression of
toxic lytic functions took place. This clinical trial
showed for the first time that intradermal delivery
of a nrHSV-1 vector was safe and potentially
efficacious, and that a nrHSV-1 recombinant vector
expressing a therapeutic function from a latent
genome in DRG could be used in humans, which
were the primary endpoints of this trial. A phase 2
trial (NCT01291901) was unfortunately discontinued
for financial reasons.

Gene therapy for severe skin diseases

More recently, a nrHSV-1 known as B-VEC
(beremagene geperpavec, Vyjuvek™, or KB103)
that expresses two copies of the COL7A1 gene
driven by the strong HCMV promoter, was
developed to treat recessive dystrophic
epidermolysis bullosa (RDEB), a shattering skin
disease resulting from collagen VII (C7) mutations
impairing anchoring fibrils**. Repeated doses of
B-VEC were topically administered to freshly
renewed skin to treat the symptoms but not cure
the disease. Unlike the NP2 study, this trial
exploited the ability of B-VEC to strongly express
transgenes in superficial layers of the skin and to
be readministered as many times as required. This
trial is unprecedent and innovative in that the
vector does not address the peripheral nerve
system. Latency is therefore irrelevant in this trial,
as is the fact that B-VEC can express some toxic

immediate-early functions, such as ICPO and ICP27,

since skin cells are constantly being renewed. B-
VEC also expresses |[E ICP47, which inhibits antigen
presentation and reduce immune recognition®,

facilitating multiple administrations®.

A randomized, placebo-controlled, phase 1/2
clinical trial (NCT03536143), matching wounds
from RDEB patients receiving topical B-VEC and
placebo repeatedly over 12 weeks, met primary
and secondary objectives®. No grade 2 or above
B-VEC-related AEs, vector shedding, or skin
immune reactions were noted®. A phase 3,
double-blind, intra-patient randomized, placebo-
controlled clinical trial of weekly applications of B-
VEC gel in RDEB patients (NCT04491604) was
completed with similar results for safety and lack of
significant immune responses®. The primary
endpoint was complete wound healing at 6
months, reached in 67% of wounds and
significantly better than the placebo 22%. Six of
eight seronegative patients seroconverted, and 13
of 18 developed antibodies to C7 without
significant  immunologic  reaction, and no
association between HSV-1 serostatus or C7
seroconversion®®. Based on this, B-VEC was the first
nrHSV-1 vector and the first topical gene therapy
approved in the US, in 2023%. The ease of topical
application has advantages over invasive
procedures, but more data is necessary to confirm

long-term efficacy™®.

Following a similar approach, KB105, a non-replicative
HSV-1 vector encoding human transglutaminase |
(TGM1), was developed to treat autosomal
recessive congenital ichthyosis (ARCI)*. Preclinical
studies demonstrated that repeated topical
administration induced TGM1 protein in the target
epidermal layer only at the dose site, without
fibrosis, necrosis, or acute inflammation®. A phase
1 clinical trial has recently begun (NCT04047732).

To summarize, these clinical trials and preclinical
studies clearly demonstrate the absence of severe
AEs thus confirming the safety of recombinant
nrHSV-1 vectors, while displaying varying levels of
efficacy. Importantly, in no case did vector

administration or transgene expression result in
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immune reactions that might prevent treatment
efficacy, independently of pre-existing HSV-1

exposure.

nrHSV-1 and AAV vectors, A side-

by-side comparison

As for now, eighteen in vivo viral based gene
therapies have already obtained regulatory
approval by FDA. Various non-replicative viral
vectors are being used, including adenovirus (Ad),
adeno-associated virus (AAV), lentivirus (LV), and
herpes simplex virus (HSV). Of them, AAV is by far
the preferred choice in clinical trials. AAV vectors
have emerged as a potential cure for untreatable
genetic diseases owing to their many distinctive
appealing attributes, including the ease with which
they can be built and the fact that they can be
administered systemically via intravenous inoculation,
and are being employed in ongoing clinical trials
for ocular, neurological, hematological, metabolic,
neuromuscular, and cardiovascular diseases as well
as cancers. Seven AAV-based gene therapy
products have received regulatory approval. For a
recent and comprehensive review article on AAV

vectors see’?,

However, despite some significative successes,
such as Luxturna, an AAV vector developed to treat
Leber congenital amaurosis type II*', or
Zolgensma, a vector used to treat spinal muscular
(SMA)*,

challenges remain that restrain the widespread

atrophy numerous concerns  and
applications of AAV, particularly for complex
disorders. These limitations and drawbacks include
inadequate tropism to many cell types, limited
cargo capacity, inefficient transduction capability -
thus requiring very high vector doses to obtain the
desired therapeutic effect-, induction of immune
responses to high systemic doses, coupled with
significant sensitivity to neutralizing antibodies
and, most important, several serious adverse
effects such as genotoxicity, hepatotoxicity,
thrombotic microangiopathy, and neurotoxicity,
sometimes reaching lethality, have been reported

following high-dose administration.

Although HSV-1 is currently less used as a gene
therapy vector, we believe it is interesting and
motivating to compare the main characteristics of
AAV and HSV-1 side by side, in order to highlight

the advantages of HSV-1 in many respects.

Cargo capacity. While the size of the AAV genome,
and therefore its cargo capacity, does not exceed
4.7-kbp®, recombinant nrHSV-1 can be used to
deliver more than 30-kbp of foreign DNA, nearly
one order of magnitude greater', and even higher
amounts using HSV-1 amplicon vectors (see
below). This is extremely important as many genes,
including dystrophin, von Willebrand factor, type 1
neurofibromatosis (NF1), as well as genes involved
in ophthalmic diseases such as Stargardt disease
and Usher syndrome, amongst many others, are
too long be incorporated into the AAV genome,
even as a cDNA copy. Furthermore, most mammalian
genes contain introns and use differential splicing
as a mechanism allowing the generation of
different protein isoforms from a single gene,
which is of critical importance since different
protein isoforms are often expressed in different
tissues. This cannot be obtained with AAV as these
vectors deliver a single cDNA, thus encoding a
unique isoform. In addition, for safety and efficacy
reasons, the therapeutic transgene should in many
cases be driven by tissue-specific and
physiologically controlled regulatory sequences, to
ensure the precise quantitative, spatial, and
temporal parameters defining efficient and safe
therapeutic gene expression. These key sequences
are generally quite long and, again, they cannot be
included in the AAV vector genome. These
requirements, in contrast, can be largely achieved
with nrHSV-1 vectors, as illustrated by B-VEC, a
recombinant vector which delivers some 20-kbp of
foreign DNA to RDEB cells, even bringing 2 copies
of the therapeutic transgene in a single particle®,
or by an HSV-1 amplicon vector delivering the 135-
kbp human frataxin locus, including introns, to cells

derived from Friedreich’s ataxia patients®.

DNA integration and genotoxicity. Wildtype AAV

can integrate into the mammalian genome**** and
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data in animal models suggest that the chance for
viral genome integration is similar between
wildtype AAV and AAV vectors®*. The liver
appears to be a hotspot for AAV integration?, but
viral genome integration in other organs such as
the heart has been found as well®. Although the
frequency of AAV DNA integration is relatively
limited, this clearly constitutes a critical safety issue
as partial or complete genome integration is
dangerous, it can be mutagenic, even oncogenic.
At the opposite, wildtype HSV-1 never integrates®'
and no nrHSV-1 vectors, or even oncolytic HSV-1
vectors which are replication-competent, have ever
been claimed to integrate into cellular DNA and
are therefore safer than AAV in this regard.

Efficiency of transduction. Both in preclinical and
clinical trials, the doses of nrHSV-1 vectors rarely
exceed 10E9 plaque forming units (pfu)/animal or
individual and are often lower. For example, in the
case of B-VEC, the doses can vary from 10E8 to
8x10E8 pfu/wound, depending on the wound size,
while demonstrating high efficacy of therapeutic
action®*. Furthermore, several preclinical studies
demonstrate that doses as low as 10Eé pfu are
enough to ensure high level transgenic expression
and retrograde transport following stereotaxic or
intrathecal inoculation of nrHSV-1 vectors in the
rodent brain'®°, At the opposite, in many clinical
trials with AAV, the inoculated doses often exceed
10E13 genome copies (gc)/kg and can be as high
as 2X10E14 gc/kg**®', meaning for example that a
4-5-kg child could receive a dose in the order of
10E15 gc*. These astonishingly high quantities
imply that the therapeutically efficient AAV doses
are 10E4 to 10ES times higher than those normally
used with HSV-1. It is useful to highlight that AAV
is not a neurotropic virus although some capsid
types, such as AAV9, display superior neurotropism
than others, and lack specific adaptations to neural
tissues while, as above quoted, HSV-1 possess
outstanding neural adaptations, such as very
efficient penetration due to membrane glycoproteins
interacting with high-density (nectin1) neuronal
receptors, rapid and efficient retrograde axonal

transport due to specific interactions with

microtubule associated proteins, lifelong latency,
and neural-specific DNA insulators preserving
transgene expression from epigenetic silencing.

Several reasons can be advanced to explain why
such high doses are required with AAV, including
the absence of viral proteins in the incoming particles
able to counteract cellular antiviral responses®, the
fact that AAV vectors are single-stranded and must
be converted into double-stranded genomes
before expression, which is a relatively inefficient
event®, or the fact that the vector genome does
not have natural DNA insulators that could protect
it from epigenetic gene silencing®. All these, and
others, are important questions that cannot be
developed further within the framework of this
review. The central points that we wish to highlight
here are the several negative outcomes that arise
because of the high vector doses employed, which
include (a) the much higher cost of production, (b)
pronounced immune responses elicited by the
huge amount of AAV particles following intravenous
administration, or (c) the direct or indirect toxic
effects often observed, particularly in the liver.

Immunogenicity. The immunogenicity of AAV poses
a specific challenge, impacting the safety, durability,
availability, and efficacy of gene therapy. AAV
encounters numerous biological barriers instituted
by the immune system, including pre-existing
immunity, complement activation, innate pattern
receptors, and adaptive B cell and T cell immunity*.
Pre-existing immunity is the single most
detrimental burden to AAV gene therapy because
even low levels of seropositivity can markedly
reduce transgene expression following intravenous
administration®. While different strategies are
being developed to mitigate immune responses, it
must be emphasized that, as above quoted, AAV
vectors are themselves defenseless particles in that
they lack efficient biological weapons to counteract
the immune barriers. One major consequence of
the presence of neutralizing antibodies is the
difficulty or the impossibility of redosing the vector.
This is at the opposite of what happens with nrHSV-

1 vectors, which contain in their tegument, or
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express soon after infection, several functions able
to counteract both innate and adaptive host immune
responses from the beginning of the infection??.
As above quoted, seropositivity and immune
responses against nrHSV-1 vectors are low and do
not eliminate vectors or infected cells, do not have
a major impact on transgene expression, and the
vectors can be re-administered several times, as
illustrated by B-VEC gene therapy of RDEB***>.

Toxicity. Safety is a major concern for gene
therapy development, and the use of AAV is not
without risks. As above quoted, AAV could be
genotoxic as AAV integration has been found even
in humans. But still more challenging, several
studies reported more direct forms of
hepatotoxicity and neurotoxicity caused by AAV
vectors*®'. Despite remarkable success in SMA
and promising results in other diseases, fatality has
been observed due to liver, kidney, heart, or lung
failure. It has been reported that 4 boys treated for
X-linked myotubular myopathy (XLMTM) died of
liver failure following high-dose AAV vector
administration®, two patients with SMA have died
of acute liver failure following treatment with
Zolgensma®, while a third patient with the same
treatment died from thrombotic microangiopathy
(TMA)”’, and a patient with Duchenne's muscular
dystrophy (DMD) died after high-dose AAV? gene
therapy®®. It is thought that innate and adaptive
immune responses to the very high doses of vector
administration, sometimes exceeding 10E15 total
genome copies, play a critical role in the toxicity,
and several articles have raised warnings and call
for caution concerning the indiscriminate use of so
large doses of AAV*'. |t is difficult however to
compare AAV and nrHSV-1 induced toxicity as
much less preclinical and clinical studies have been
carried out with nrHSV-1 vectors, and most of them
relate to the peripheral nerve system. It is
noteworthy however that no major toxic effects
have ever been described in studies with nrHSV-1

or even with oncolytic HSV-1.

So, a central question that can be asked is why

nrHSV-1 vectors are less used than AAVs. To answer

this question, it is important to realize that, at the
opposite of simpler vectors such as AAV, HSV-1
vectors derive from a complex virus whose genome
has a size of 153-kbp and encode some 80 genes
and more than a dozen microRNA, and that can
establish distinct interactions with different cell
types. The molecular and biological complexity of
HSV-1 has complicated the handling of the viral
genome, which is why only a few teams, with a
deep knowledge of the molecular biology of HSV-
1, have devoted themselves to the design of these
vectors. In addition, it was not until recently, with
the advent of efficient cloning and engineering of
large genomes in bacterial artificial chromosomes
(BAC) together with inexpensive and timesaving
sequencing technologies, that it was finally
possible to advance more rapidly in vector
development.

A second reason is that nrHSV-1 cannot be

efficiently ~ administered systemically  via
intravenous inoculation and does not cross the
brain-blood barrier. This has restricted nrHSV-1
vector applications only to diseases that can be
treated via focal administration. To date these
vectors have been used either in the peripheral
nerve system, where they establish latent
infections®, or in epithelial cells, where they are
used for short-term but renewable therapeutic
strategies®°.

The main technical difficulties in the development
of non-replicative HSV-1 vectors that were
encountered along the way were (a) the need to
suppress or repress the full set of immediate-early
proteins, which is the key for the stable silencing of
the whole genome, (b) the need to generate
producer cell lines able to express complementing
amount of the missing viral functions, thereby
producing large amounts of the defective vectors,
and (c) the understanding of how to deal with the
epigenetic repression of the virus genome that
occurs when the full set of IE genes is silenced or
deleted. These elements are currently better

d14,‘17,18,62

understood and being resolve , allowing now

to produce and use these vectors in clinical trials.
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Other HSV-1 based-vector types

In addition to recombinant nrHSV-1 there are two
other vector types that can be derived from HSV-1,

amplicon vectors and oncolytic vectors.

Amplicon vectors

HSV-1 amplicon vectors, or amplicons, also are
non-replicative vectors. Although these vectors
cannot yet be used clinically, it is important to
briefly describe them because they have enormous
therapeutic potential, provided that technical
problems that currently hinder their production
under GMP conditions could be resolved. These
vectors are HSV-1 particles lacking the viral
genome, allowing thus to deliver up to 150-kbp of
foreign DNA, the full capacity of the virus particle,
to mammalian cells. The amplicon vector genome
derives from a plasmid (the amplicon plasmid)
containing one origin of virus DNA replication (oriS)
and one virus packaging signal (pac), that allow
their replication/packaging into vector particles.
The amplicon plasmids, and thus the amplicon
vector particle, carry the desired transgenic
expression cassette and frequently include a gene
expressing a reporter protein to facilitate their
counting. Since they lack the HSV-1 genes coding
for virus proteins that are mandatory for the
replication and packaging of its genome, they are
helper-dependent vectors. The helper virus
genome provides the genomic material required
for replication and packaging of the amplicon
genome, thus generating vector particles. Amplicons
are extremely interesting and potentially very
promising vectors since they do not express virus
genes even at trace levels and are therefore
absolutely safe, while being able to deliver very
large amounts of foreign DNA to mammalian cells,
both in vitro and in vivo. However, the presence of
contaminating helper virus particles still hampers

their use in clinical trials®3.

Some 20 years ago, critical improvements in
amplicon vector technology permitted to reduce
the contamination with helper particles. One of

these methods® consists of co-transfecting

eukaryotic cells with the amplicon plasmid
together with a BAC containing a defective HSV-1
genome that cannot be packaged because the
packaging sequences have been deleted. This
strategy does produce helper-free amplicon
vectors but only in very limited amounts, too low to
be used in clinical trials at a reasonable cost. A
different strategy® uses as helper a nrHSV-1 virus
whose genome contains loxP1 sites surrounding
the pac signals. In complementing eukaryotic cells
expressing a Cre recombinase and the essential
genes lacking in the helper, this system produces
large quantities of amplicon vectors, while most of
the helper genomes are not packaged into viral
particles due to the deletion of the floxed pac
sequences by the Cre recombinase. Although this
method does produce large amounts of amplicon
particles, the vector stocks remain however
contaminated with about 1% of helper particles
that have escaped Cre-loxP1 recombination,
precluding their use in clinical trials even if the
helper particles are defective. Therefore, there is
yet no available production system that could
simultaneously generate high amounts of amplicon
vectors free from helper virus contaminants®.
Other aspects of amplicon biology, such as the
possibility to establish long-term latent infections
in neurons have not been thoroughly investigated.
Based on these shortcomings, more work needs to
be done before HSV-1-derived amplicon vectors
could be used in the clinic.

However, amplicon vectors remain interesting
tools to investigate pathophysiology such as
monosynaptic anterograde neural circuit tracing®,
to develop therapeutic proofs of concept, and to
screen potential therapeutic transgenes. Indeed,
amplicon vectors have many advantages, which are
(i) reduced immunogenicity due to the lack of viral
protein expression, (ii) very large cargo capacity,
virtually up to 150 kb*, and (iii) high versatility and
ease of construction. In the last decade, amplicon
vectors have been used in animal models as
potential vectors to address cancer, neuropathic
pain, and neurodegenerative diseases. Screening

strategies can be illustrated by studies aiming to
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use amplicons to screen potential transgene and

promoter candidates to generate optimal
expression cassettes. For instance, amplicons
carrying expression cassettes coding for different
botulinum toxin light chains (BoNT-LC) under the
control of a strong promoter were generated to
assess the inhibition of neuropeptide release
(CGRP) in transduced primary cultures of
embryonic  DRG  neurons®.  This  study
discriminated the potency of different BoNT-LC to
inhibit neurotransmission in this cellular model. In
a complementary study the same group used
amplicon vectors carrying two expression
cassettes, one coding for firefly luciferase (FLuc)
driven by different sensory neurons promoter
candidates, and the other coding for renila
luciferase (RLuc) driven by an invariable strong viral
promoter®®. This study allowed to assess the
strength and selectivity of different promoter
candidates in organotypic cultures of explanted
adult DRG, or sympathetic and parasympathetic
ganglia from control and spinal cord injured (SCI)
rats.  Other

containing  AT-rich and

studies developed amplicons
insulator-like  DNA
sequences to provide longer-term expression
within the rodent central nervous system, up to at
least 6 months®. Others have investigated
retargeting strategies’®. These studies are certainly
stimulating innovation in this field and facilitate the

potential use of amplicon vectors.

Oncolytic HSV-1 vectors

Although not the central focus of this article, we
should not forget the oncolytic HSV-1 vectors
(oHSV-1), which are attenuated but replication
competent HSV-1 vectors that can selectively
multiply only in cancer cells, thus sparing normal
tissues’'. They are a distinct class of cancer
therapeutics, virotherapy, with two unique
mechanisms of action: (i) oncolytic / cytotoxic
activity directly killing cancer cells while sparing
normal tissues and amplifying in situ, and (i)
inducing tumor inflammation and anti-tumor
immune responses. Because cancer is often lethal

with a large commercial market, there have been

many more oHSV clinical trials investigating safety
(phase 1) and efficacy (phase 2 and 3) than with
nrHSV vectors. oHSV was the first genetically
engineered oncolytic virus (OV) described and one
of the most translated OVs to the clinic’?2. oHSVs
can be engineered for oncolytic activity and safety
by deleting/mutating viral genes necessary for
pathogenicity, replication in normal post-mitotic
cells, inhibiting anti-viral immune responses and/or
apoptosis®’’*7>. This  targets dysregulated/
defective cell physiology common to most cancer
cells, such as cell cycle control, cell proliferation,

apoptosis, and innate immunity’".

For oHSV, where immune responses are larger and
a key component of efficacy, immunity does not
seem to have a serious negative impact on safety
and possibly has a positive impact on efficacy.
Overall safety and tolerability in patients are much
better than expected. The spectrum of AEs
attributable to the virus has been relatively modest,
predictable for a viral infection, and less than those
seen with most cancer therapies.”®

One oHSV-1 (T-Vec, Imlygic® or talimogene
laherparepvec) a GM-CSF 'armed' virus, for the
3 has been
A second one (G47A,
Delytact®) was recently approved in Japan for the
treatment of GBM’’. There have been an additional

22 different oHSVs in clinical trials, currently or

treatment of advanced melanoma
approved in the US.

previously, for a range of solid tumors: breast,
colorectal, gallbladder, GBM, head and neck, liver,
melanoma, neuroblastoma, prostate, soft tissue
metastatic

sarcoma, pancreatic, and

(clinicaltrials.gov)’®7?.

Conclusion

The major conclusion stemming from preclinical
and clinical studies is that all types of last-
generation HSV-1 vectors are safe and potentially
efficacious. nrHSV-1 vectors possess numerous
salient features that make them very appealing for
gene therapy. At the opposite of what happens
with other vector systems, the evidence from

preclinical and clinical studies indicates that
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immune responses against HSV-1 vectors do not
constitute a major impediment to efficacy or safety,
and multiple dosing can be achieved®?*, even with
pre-existing HSV seropositivity. Moreover, nrHSV
vectors elicit no or very low levels of immunity, too
weak to impact therapeutic outcomes. However,
nrHSV-1 vectors also have some limitations, and
perhaps the most important is the difficulty to
administer them via intravenous delivery due to
their large size and membranous nature, thus
precluding systemic administration. These vectors

do not cross the brain-blood barrier.

Studies with non-replicative HSV-1 vectors have
demonstrated that they can be used for stable
transgene expression from latently infected DRG
neurons® or for strong but transient expression in

3435 nrHSV-1 vectors have not yet

epithelial cells.
been used in more mainstream gene therapy
applications in non-neuronal cells, such as in
diabetes, liver diseases, or muscular dystrophies.
The next challenge therefore is to demonstrate that
these vectors can produce safe and stable
transgene expression in non-neuronal cells, by
establishing a sort of latent-like infection. This will
require not only the complete suppression of toxic

functions but also to prevent long-term epigenetic

silencing of the vector genome. While these goals
seem ambitious, recent results suggest that we are
not that far from reaching them.'*1"1842 Obtaining
such results in preclinical models of non-neurologic
or CNS disease would represent important
progress toward uncovering the full therapeutic
potential of non-replicative HSV-1 vectors.
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