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A B S T R A C T

This literature review provides a comprehensive overview of the development and application of herpes simplex
virus type 1 (HSV-1) vectors in gene therapy, with a specific focus on functional urology. Gene therapy is
becoming more and more a clinical reality as more and more products getting market-approval. The text
highlights the advantages of viral vectors, especially HSV-1, in delivering therapeutic genes due to their
large cargo capacity, efficient growth in tissue culture, and tropism for neuronal cells. The neuronal system
is crucial in functional urology because the intricate network of nerves or neuronal structures control and
regulate the complex functions of the urinary system. In functional urology, HSV-1, vectors show promise
in addressing conditions such as bladder pain syndrome, diabetic detrusor underactivity, and neurogenic
detrusor overactivity. Studies demonstrate successful localized expression of therapeutic genes in animal
models, indicating potential applications in treating bladder-related disorders.

This review underscores the promising frontier that HSV-1 vectors represent in functional urology, ac-
knowledging the need for further research to optimize transduction efficiency, address potential immunogenic
concerns, and ensure long-term effectiveness.
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1. Introduction

The concept of gene therapy has its origins in the 1960s, when
early studies demonstrated the ability to introduce DNA sequences into
mammalian cells for gene repair [1]. This groundbreaking approach
not only offers the potential to treat disease symptoms but also targets
the fundamental genetic issues embedded in our DNA. Despite being
proposed over fifty years ago, the progress of gene therapy was initially
hindered by technical challenges and ethical concerns [2]. However,
recent breakthroughs in gene editing technologies, along with a deeper
understanding of the human genome, have reignited interest and en-
thusiasm for gene therapy. Today, it has transformed from a theoretical
concept into a practical and increasingly effective clinical reality.

A significant challenge in the development of gene therapy is de-
vising a method to precisely deliver the therapeutic gene to the target
tissue while ensuring the right level and duration of expression. Naked
genetic material in the form of DNA and RNA is highly susceptible
to degradation and can trigger unwanted immune responses when
exposed to biological fluids [3]. This can lead to the loss of their ther-
apeutic effectiveness. Hence, there is a demand for a system that can
shield genes from degradation in the biological environment, traverse
biological barriers, and facilitate precise targeting within cells. Because
viruses can efficiently enter and replicate in human cells reflecting
their unique biology and host cell preferences, it appeared that viruses
could be engineered as effective gene delivery vehicles, called viral
vectors [4].

To date, a plethora of viral vectors including adenovirus (AV),
adeno-associated virus (AAV), lentivirus (LV) and herpes simplex virus
type 1 (HSV-1) have proven their potential in safely and efficiently
delivering gene therapies [2]. HSV-1 is a neurotropic virus and is
particularly useful to deliver gene therapy locally in neurons that may
modify or modulate their function. The neuronal system is crucial in
functional urology because the intricate network of nerves or neuronal
structures control and regulate the complex functions of the urinary
system. In this literature review, we focus on the HSV-1 vector for
gene therapies, its advantages and disadvantages and possible use in
(functional) urology.

2. HSV biology

HSV-1 is an ubiquitous, double-stranded DNA human pathogen [5].
HSV-1 is primarily transmitted through close contact and primarily
infects epithelial cells, which are found on the skin and mucous mem-
branes, including the mouth, lips, eyes, and genitals. HSV-1 begins
to replicate at the site of infection and then proceeds to travel by
retrograde flow down an axon to the dorsal root ganglia (DRG) or
trigeminal ganglia. It is in these ganglia, within the sensory neurons,
that latency is established [6]. Here, it has the option to either reinitiate
a lytic phase or enter a dormant, non-infectious state. The lytic cycle is
characterized by productive viral infection that can lead to sores. Due
to several stimuli such as sunburn, stress or other infections, the virus
can be reactivated from the latent state. Very rarely the viral particle is
retrograde transported to the central nervous system and starts a latent
or a lytic infection, which can evolve in encephalitis [7]. The life cycle
is depicted in Fig. 1.
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3. HSV molecular biology

The herpes simplex virus is among the largest DNA viruses. The
virus consists of an envelope, a subenvelope structure referred to as the
tegument, and a capsid, surrounding the internal DNA (figure 1) [8].
This linear double-stranded genome contains genes that can be clas-
sified as accessory and essential. Accessory genes can be individually
deleted without substantially compromising virus replication. On the
other hand, deletion of any essential gene completely blocks productive
virus infection [5]. The manipulation of these viral genes has led
to the creation of three types of HSV vectors: replication-defective
recombinant vectors, replication-competent recombinant vectors and
amplicon vectors.

3.1. Replication-defective recombinant vectors

The replication-defective recombinant vectors are viral vectors
where ‘essential’ genes for in vitro viral replication are either mutated
or deleted. As such, they are unable to replicate but retain many
advantageous features of wild-type HSV-1, particularly the ability to ex-
press transgenes after having established latent infections in peripheral
neurons. They are non-toxic to host cells [9]. This type of HSV-1 gene
therapy was recently approved by FDA for the treatment of dystrophic
epidermolysis bullosa by recurrent local cutaneous application and
shows a very good safety profile in humans. [10]

3.2. Replication-competent recombinant vectors

Deletion of some non-essential viral genes results in viruses that
retain the ability to replicate. Unlike replication-defective vectors, uti-
lizing replication-competent vectors enables the initial delivery of genes
to a small number of cells, with the potential for subsequent transfer to
neighboring cells as the infection spreads. This approach can substan-
tially enhance the effectiveness of gene delivery [11]. Attenuated HSV
vectors have been tested mainly as oncolytic viruses, but also as live
viral vaccines or as gene therapy vectors to deliver transgenes to the
nervous system. [12]

3.3. Amplicon vectors

The genome of amplicon vectors does not carry any HSV-1 genes
except one origin of DNA replication for production and one packaging
signal allowing encapsidation [13]. The amplicon carries the gene(s)
of interest. Amplicon vectors have the ability to accommodate very
large sequences, compared to other viral vectors. The major limitation
of amplicon-based gene delivery has been the generation of amplicon
vector stocks that are free of the helper virus, which are needed
to provide the functions necessary for packaging the amplicon into
infectious viral particles. Amplicon stocks contaminated with helper
virus are not desirable for gene therapy applications as it could lead
to potential cytotoxicity and inflammatory responses [8].

After the viral vector is created, the next crucial step is to introduce
the HSV-1 vector with the genes of interest into the target cells or
tissues. This can be achieved through various delivery methods, such
as direct injection, intravenous infusion, or local administration [2].
Once the HSV-1 vector enters the target cells, it follows the natural
HSV-1 infection pathway. The vector infects the cells and delivers its
cargo, including the therapeutic genes, into the host cell’s nucleus.
Inside this nucleus, the therapeutic genes carried by the HSV-1 vector
are expressed allowing transcription and translation phases leading to
the synthesis of functional proteins or molecules, which are responsible
for mediating the intended therapeutic effect. [14] Fig. 2 depicts a
schematic overview on the mechanism of viral vector gene delivery.
2
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Fig. 1. HSV-1 structure (A) and life cycle (B). (A) The virus consists of an envelope, a subenvelope structure referred to as the tegument, and a capsid, surrounding the internal,
double-stranded DNA. (B) HSV-1 is primarily transmitted through close contact and primarily infects epithelial cells, which are found on the skin and mucous membranes. HSV-1
begins to replicate at the site of infection and then proceeds to travel by retrograde flow down an axon to the dorsal root ganglia or trigeminal ganglia. It is in these ganglia,
within the sensory neurons, that latency is established. Very rarely the viral particle is retrograde transported to the central nervous system.
Source: Adapted from Bearer EL. HSV, axonal transport and Alzheimer’s disease: in vitro and in vivo evidence for causal relationships. Future Virol. 2012 Sep;7(9):885-899. doi:

0.2217/fvl.12.81. PMID: 23335944; PMCID: PMC3546524.
Fig. 2. Schematic overview of how viral vectors can be used to deliver genetic material to cells. After the viral vector is created, the HSV-1 vector is introduced into the target cell
or tissue. Once the HSV-1 vector enters the target cell, it delivers its cargo, including the therapeutic genes, into the nucleus of the host cell. Inside the nucleus, the therapeutic
genes are translated into functional proteins or molecules, which are responsible for mediating the intended therapeutic effect.
Source: Adapted from Ju, W. (2023, March 5). 3.6: Viral mediated delivery of genes to neurons. Medicine LibreTexts. https://med.libretexts.org/Bookshelves/Pharmacology_and_

Neuroscience/Neuroscience_(Ju)/03%3A_Fundamental_Neuroscience_Techniques/3.06%3A_Viral_Mediated_Delivery_of_Genes_to_Neurons.
4. Advantages and drawbacks

Depending on the specific therapeutic goals and safety considera-

tions, both viral and non-viral vectors have their unique advantages,
3

and the choice between them depends on the specific requirements of
the gene therapy approach. Compared to their non-viral alternatives,
viral vectors are known for their high efficiency in delivering genetic
material to target cells. As mentioned before, naked genetic material is
highly susceptible to degradation. Viral vectors however can integrate
into the host genome, allowing longer-lasting gene expression. More-
over, viral vectors are excellent at infecting a wide range of cell types,
making them suitable for a variety of applications. They offer greater
flexibility in terms of cargo capacity and can be engineered for specific
purposes [15].

On the other hand, non-viral vectors are generally safer and less
immunogenic than viral vectors. Additionally, non-viral vectors are
often easier and more cost-effective to manufacture and have fewer
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Table 1
Advantages and disadvantages of viral vectors versus non-viral vectors.

Advantages Disadvantages

Highly efficient in delivering
genetic material

Possibility to trigger immune
responses and inflammatory
reactions

Can be used in a wide range of
different cells

Complex and costly production
methods

Flexible cargo capacity Possibility to cause mutagenesis
(integrative vector only)

Variety of viral vectors with
different specific characteristics,
which can be exploited for
different targets

Questions about persistence in
dividing cells

Longer persistence in cells

regulatory hurdles to overcome. Table 1 comprises some benefits and
drawbacks of viral vectors.

Four viral vectors are most commonly used in preclinical and clini-
cal studies: adenovirus, adeno-associated virus, lentivirus and the her-
pes simplex virus type 1. The main advantage of HSV-1-based vectors
is the large cargo capacity, because the DNA coding for non-essential
genes can be substituted with transgene material.

Apart from the large cargo, there are other features of HSV biology
which also make it attractive as a vector. The virus grows well in
tissue culture and high-titer stocks (large enough to consider manu-
facturing) can be obtained. Genetic manipulation of the viral genome
is straightforward [16]. Furthermore, its tropism for neuronal cells
has been exploited to obtain efficient gene delivery to neurons distal
from the site of inoculation, making it ideal for treating neurogenic
diseases [16]. Especially intriguing in this treatment paradigm is its
ability to ‘‘peacefully’’ coexist within the neuron in a latent state and
possibly remain there for life, as it has the ability to evade the host
immune system [17]. In addition, the virus DNA will not integrate into
cellular DNA, but remains episomal as a closed circular molecule, thus
reducing the risk of insertional mutagenesis [18]. Finally, there are
antivirals available for HSV in the event of unintended exposure.

There has traditionally been a concern with safety for the HSV-
1, as the virus makes products that are highly toxic. However, Fink
et al. demonstrated the safety of defective HSV-1 in phase 1 clinical
trials testing of NP2, a replication-defective vector expressing pre-
proenkephalin in sensory neurons to treat pain in patients with cancer:
no serious adverse events or modifications in immune status occurred,
even in individuals who were seropositive to HSV-1 at treatment ini-
tiation [19]. The harmlessness of HSV-1 vectors was confirmed by
preclinical studies that demonstrated that non-replicative vector inocu-
lation does not induce reactivation of resident latent virus genomes. In
addition, as of December 2019, the US clinical trials portal has listed up
to 38 clinical trials assessing the safety and effectiveness of oncolytic
HSV-1 against several types of cancers [20].

Persistence is another issue for viral vectors. The question remains
whether engineered vectors can establish a quasi-latent state in cells
and whether gene expression can remain lifelong. For example HSV-1
replication-defective vectors, as they are not incorporated in the host
cell genome, are lost during cell division. Avoiding an immune response
from viral vectors also commits to the efficacy of the treatment. Both
innate and adaptive immune responses against viral vectors can occur
in human patients. This can limit the repeated use of the same viral
vector due to neutralizing antibodies, and transduction efficiency due
to immune response to the introduced viral structures [2]. This is par-
ticularly true for AAV [21]. In the case of HSV-1 vectors, the interaction
between HSV-1 and the host’s immune system is notably harmonious.
HSV-1 has developed multiple strategies to evade host innate responses
and facilitate a latent-state [22]. Recent estimates by the WHO show
that more than 3,5 billion people worldwide are infected with HSV-1,

most of them being asymptomatic [23]. This suggests that the immune

4

Table 2
Advantages and disadvantages of HSV-1 vectors versus other viral vectors.

Advantages Disadvantages

Large cargo capacity (up to 150 kb) Possible toxicity

Tropism for a wide variety of cells,
especially the nervous system

Lack of persistence in dividing
cells

Easy genetic manipulation

Ability for a latent state and
theoretically durable gene-expression

Antivirals available

Harmonious relationship between vector
and host’s immune system

Easy to obtain high-titer stocks

No mutagenesis as vector is
non-integrative

response against HSV-1 is sufficiently robust to restrain the reactivated
virus’s spread. Advantages and disadvantages of HSV-1 vectors are
depicted in Table 2.

5. Current HSV-1 viral vector use in humans

5.1. Replication-competent recombinant vectors

Almost all of the trials with HSV-1 replication-competent vectors
currently focus on cancer applications [2]. The principal mechanism of
action of these products is based on: (1) the engineered viral vectors
have intrinsic oncolytic properties and/or (2) the carried gene leads to
expression of tumor suppressors or immunomodulators that enhance
the anti-tumor efficacy [24]. Currently more than 50 different types of
oncolytic HSV-1 have been constructed and studied in animal models of
cancer. Nine of them are currently being tested in phase 1 or 2 clinical
trials.

Talimogene Laherparepvec (T-VEC, IMLYGIC) has become the first
oncolytic vector to gain approval for clinical use by the EMA and
FDA [25]. It was approved for the treatment of local recurrent un-
resectable melanoma after initial surgery via direct intralesional ad-
ministration. The viral vector contained the granulocyte-macrophage
colony-stimulating factor (GM-CSF) gene. The expression of GM-CSF at-
tracts dendritic cells that lead to an improved immune response against
the tumor, apart from tumor lysis [26]. Currently, it is being tested for a
multitude of other cancers, including ovarian cancer, pancreatic cancer
and soft tissue sarcoma.

Teserpaturev (Delytact) is a oncolytic replication-competent HSV-1
derived vector used for the treatment of malignant glioma. Delytact is
expected to have a tumor lysis as well as immunogenic activity [27].
Based on preliminary results, a conditional and time-limited approval
in Japan has been issued as of 2021. This means the company has to
verify the safety and efficacy of the drug in the next seven years, after
which the drug can be fully approved in the market. No FDA or EMA
approval has been granted so far.

5.2. Replication-defective recombinant vectors

5.2.1. Monogenic diseases
In May 2023, the FDA approved Beremagene Geperpavec (B-VEC,

Vyjuvek), a HSV-1 vector-based gene therapy, for the treatment of
wounds in patients suffering from dystrophic epidermolysis bullosa
with mutations in the COL7A1 gene. These patients experience painful
and persistent skin wounds and rarely survive beyond 30 years of age.
The skin wounds arise from loss of dermal and epidermal cohesion
because of genetic mutations in the COL7A1 gene. Vyjuvek replaces
the collagen gene with two normal copies of the gene in keratocytes
and fibroblasts. This leads to better wound healing [10]. It is a topical
treatment and repeat dosing is necessary. Currently, there are two other
HSV-1 based replacement trials running in clinical trials: one targeting
cystic fibrosis and one for the improvement of aging skin. [27]
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5.2.2. Pain
HSV-1 based vectors can be effectively used to deliver pain-

modulating transgenes to sensory spinal neurons [28]. In 2011, Fink
et al. conducted a phase-1 trial in which they injected replication-
defective HSV-based vectors carrying the proenkephalin (PENK) gene
intradermally in 10 patients with intractable pain resistant to high
doses of morphine due to terminal cancer [19]. The human PENK
gene encodes preproenkephalin, a precursor protein that is processed
to produce endogenous opioid peptides. The study revealed that the
treatment exhibited a high level of safety and tolerability. It is crucial
to note that, given the advanced stage of the cancer in the patients
studied, the maximum follow-up period extended to just 4 months,
with only 4 out of the initial 10 patients reaching this milestone.
Unfortunately, 4 patients died because of their condition during the
course of the study. Subjects receiving a low dose of NP2 reported no
meaningful effect, while subjects in the middle and high dose cohorts
reported clinically meaningful pain relief for four weeks following
injection of NP2 [29]. Subsequently, a phase-2 trial was conducted.
This trial however failed to show substantial improvement in pain
score compared to the placebo group. On the other hand, the treatment
exhibited a high degree of safety, as evidenced by the similar incidence
of serious adverse events in both treatment groups and the absence of
any serious adverse events attributed to the treatment.

6. HSV1 gene vectors in functional urology

Capitalizing on the clinical success of HSV-1-based therapies in
diverse medical domains, researchers are now turning their attention
to its use in functional urology.

We aim to provide a concise overview of the (ongoing) pre-clinical
research and their results on HSV-1 viral vectors in functional urology
and potential applications in this emerging therapeutic landscape.

6.1. Bladder pain syndrome

Interstitial cystitis (IC)/ bladder pain syndrome (BPS) have been a
major challenge to understand and treat. In the early 2000, Yoshimura
et al. hypothesized that targeted and localized expression of enkephalin
in bladder afferent nerves by PENK gene transfer using HSV vectors can
treat bladder pain [30]. In 2013, Yokoyama et al. demonstrated high
levels of enkephalin gene expression and significantly lower measures
of pain in treated compared to untreated animals when exposed to
stimuli intended to induce bladder irritation [31]. However, no current
clinical trials are underway to look at its potential.

Another research focus pertains to the hypersensitivity of blad-
der sensory afferents contributing to IC and BPS [32]. The transient
receptor potential vanilloid-1 (TRPV1) receptors, largely located in
unmyelinated C-fibers, are associated with afferent sensitization in
these disorders. Majima et al. studied how gene transfer of a negative
regulator of the TRPV1 (i.e. PP1𝛼) modulates afferent activation in
the spinal cord in rats. The study had two interesting results; firstly,
the gene therapy did indeed reduce the detrusor overactivity in rats
significantly. Secondly, they showed that injection of the HSV-vector
into the bladder wall resulted in the presence of the vector not only in
the bladder but also in the cellular body of neurons within the L6 and
S1 dorsal root ganglia, but not in L4, which is the level that does not
innervate the bladder. The authors conclude that these results demon-
strate that the HSV vectors can deliver and express therapeutic genes in
the bladder and its primary sensory neurons, but not in afferent neurons
projecting to other organs after the bladder inoculation. Therefore, they
suggest that HSV vector-based gene therapy could be organ-specific in
nature thereby avoiding systemic adverse effects. [32]
5

6.2. Diabetic detrusor underactivity

The pathogenesis of diabetes-induced bladder dysfunction is likely
to be multifactorial. Alterations in detrusor muscle components, urothe-
lial dysfunction and neuronal impairment are thought to be crucial
factors in diabetic cystopathy leading to diabetic detrusor underac-
tivity [33]. The nerve growth factor (NGF) has been considered as a
very powerful and selective growth factor for sympathetic and sensory
neurons [34]. The decreased synthesis of NGF in the bladder or the
defective transport of NGF to the lumbosacral dorsal root ganglia is
associated with diabetic neuropathy and bladder dysfunction [35].
Sasaki et al. developed a replication-defective HSV-1 derived vector to
deliver and express the NGF-gene in cells [36]. Intravesical injection
lead to increased access of NGF in dorsal root ganglia. Diabetic HSV-
NGF-injected rats also showed significantly reduced bladder capacity
and post-void residual volume indicating that voiding function was
improved after HSV vector-mediated NGF gene delivery. [36]

6.3. Neurogenic bladder dysfunction

Neurogenic bladder dysfunction refers to urinary bladder problems
due to disease or injury of the central nervous system or peripheral
nerves involved in the control of urination [37]. It consists of neuro-
genic detrusor overactivity (NDO) with or without detrusor sphincter
dyssynergia (DSD) or a hypocontractile detrusor. NDO is caused by
lesions in the brain or spinal cord associated with a congenital or
acquired condition (e.g., myelomeningocele, stroke, spinal cord injury,
multiple sclerosis, Parkinson’s disease, dementia) [38]. DSD is the
urodynamic description of bladder outlet obstruction from detrusor
muscle contraction with concomitant involuntary urethral sphincter
activation. It is associated with suprasacral lesions of the spinal cord,
such as spinal cord injury, multiple sclerosis, and spina bifida [39].
Currently, HSV-1 gene therapy is used in three research areas aimed
at treating neurogenic bladder dysfunction: intracellular synthesis of
botulinum toxin in dorsal root ganglia to address neurogenic detrusor
overactivity, suppression of TRPV1 channels in C-fiber afferents for
the same purpose, and silencing A𝛿-fibers to target detrusor sphincter
dyssynergia.

6.3.1. Intracellular synthesis of botulinum toxin
Botulinum toxin is a potent neurotoxin produced by the bacteria

Clostridium botulinum. Botox consists of a light chain (BoNT LC),
which is the biological active molecule, and a heavy chain (BoNT HC)
that is involved in binding and delivery of the neurotoxin to cells [40].
The botulinum toxin acts by inhibiting calcium-mediated release of
acetylcholine vesicles at the pre-synaptic neuromuscular junction in
peripheral nerve endings, resulting in temporary flaccid muscle paral-
ysis. To date, seven distinct forms of botulinum toxin exist, including
serotypes A, B, C, D, E, F, and G. Only serotypes A (Dysport®, Xeomin®
and Botox®) and B (Myobloc®) are currently commercially available
for therapeutic use.

Neurogenic bladders in spinal cord injury patients often cause insuf-
ficient bladder emptying, high detrusor pressures and can lead to kid-
ney failure [41]. A possible treatment for NDO is intravesical botox in-
jections in combination with intermittent catheterization. Even though
intravesical botox injections have proven effective in addressing blad-
der overactivity, they come with significant drawbacks. One notable
limitation is the necessity for repeated injections due to the protein’s
limited half-life, approximately every 6–9 months.

A French group currently focuses on long-term intracellular synthe-
sis of the BoNT LC in dorsal root ganglia using herpes viral vectors [42].
The rationale for expressing the botulinum toxin light chain with these
type of vectors is that they are fully safe as the de novo synthesized LC
cannot spread to other cells in the absence of the heavy chain [43].
Moreover, the tropism for peripheral neurons, and particularly for
sensory neurons, make HSV-1-derived vectors particularly well suited
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for delivering the transgenic LC in the appropriate cellular targets. The
intention is to deliver the transgene only in bladder sensory neurons,
sparing the motor output (i.e. the efferents), so that micturition can
be triggered on demand by an electronic implantable device, similarly
to the Brindley procedure which was developed 40 years ago. The
Brindley procedure consists of a stimulator for sacral anterior-root stim-
ulation and a rhizotomy of the dorsal sacral roots to abolish neurogenic
detrusor overactivity. The sacral dorsal rhizotomy is a neurosurgical
procedure that aims to selectively sever the posterior sacral roots from
S2 to S5 that convey the afferent sensory fibers from the bladder
and the pelvi-perineal organs. This procedure efficiently abolishes the
signals that trigger NDO but it is also responsible for an abolition
of reflex penile erection and ejaculation, the remaining bowel reflex
functions and the sensation of the skin in the sacral area. Due to these
major side effects, it is poorly accepted by patients. If this gene therapy
succeeds, the gene therapy would represent an excellent alternative for
the bladder selective dorsal rhizotomy and avoid the invasiveness (and
side-effects) of the procedure.

In 2019, BoNT LC was successfully induced in cultures of em-
bryonic rat dorsal root ganglia neurons using an amplicon HSV-1
based vector [42]. In 2022 Joussain et al. identified a sensory neuron-
specific promotor displaying selective expression in sensory neurons
only, which is important to spare the motor efferents as much as possi-
ble [44]. This resulted in the construction of EG110 A, a non-replicative
recombinant HSV-1 derived vector that expresses BoNT LC. Recently, a
study where they injected EG110 A in adult female rats was conducted.
The authors found a stable expression of BoNT LC in de dorsal root
ganglia. More importantly, EG110 A counteracted bladder irritation
(induced by capsaicin) as evidenced by a significant decrease in the
frequency of micturition and increase in bladder capacity. Thirdly,
EG110 A did not alter the normal bladder function, meaning the
bladder efferents stay intact. Lastly, administration of the viral vector
seemed safe. Although still early in the research phase, these results
are promising for delivering a long-lasting efficient therapy without the
adverse effects on voiding.

6.3.2. Suppression of TRPV1 channels in C-fiber afferents
In NDO C-fiber afferents play an important role [45]. Its mechanism

is (partially) related to the presence of TRPV1 channels. Patients with
NDO exhibit increased expression of TRPV1 channels in urothelial cells
and nerve fibers, compared to healthy subjects [46]. In humans with
NDO, intravesical administration of C-fiber neurotoxins reduces the
density of TRPV1 immunoreactive nerve fibers. Randomized controlled
trials with SCI patients revealed that these neurotoxins effectively
improved both urodynamic and clinical parameters [47]. Therefore,
TRPV1 channels in the C-fiber afferents are a potential target to tackle
NDO. It has also been reported that HSV-1 vector-mediated gene de-
livery of inactivated TRPV1, in which the segment in C terminus of
TRPV1 receptor is deleted to suppress TRPV1 activation, or protein
phosphate 1𝛼 (PP1𝛼), which negatively modulates TRPV1 activation,
had a therapeutic effect on bladder overactivity in rats with acute
chemical irritation [32]. Shimizu et al. investigated the effect of HSV-1
replication-defective vector-mediated gene delivery of a non-functional
TRPV1 channels or PP1𝛼 to C-fiber afferents in SCI mice. Detrusor over-
activity was significantly reduced, while bladder function remained
intact. The authors conclude that gene therapy with inactivated TRPV1
or PP1𝛼 could become a novel treatment for NDO.

6.3.3. Silencing a𝛿-fibers
To address the problem of DSD, the Pittsburgh group is currently

directing their efforts toward A𝛿-fibers, positing that these fibers play
a key role in the excitation of the external urethral sphincter following
SCI. Their approach involves utilizing the ‘designer receptor exclusively
activated by designer drugs’ (DREADD) principle, a concept which is
part of the so-called ‘chemogenetics’. Essentially, this entails designing
receptors to remain unresponsive to natural ligands while being acti-
vated by pharmacologically inert, drug-like small molecules [48]. By
6

introducing these receptors into target cells, such as neurons, they can
be remotely manipulated using specific designed drugs [48]. Similar
techniques in this field include thermogenetics and optogenetics, which
respectively utilize temperature or light instead of molecules to control
cells.

The Pittsburgh group engineered a replication-defective HSV-1 vec-
tor carrying a modified glycine receptor (the designer receptor) with
high sensitivity to ivermectin (the designer drug). In 2017, Shimizu
et al. successfully developed an HSV-1 vector tailored to target A𝛿-
ladder afferent neurons in mice [49]. Subsequently, in 2020, Saito
t al. administered this viral vector containing the modified glycine
eceptor sensitive to ivermectin into mouse bladders [50]. They ob-
erved that ivermectin-induced silencing of these A𝛿-fiber afferents

led to improved voiding efficiency in SCI-mice. However, significant
further research is necessary in this area before it can be translated
into clinical therapeutics.

7. Conclusion

The utilization of HSV-1 derived vectors in functional urology
presents a promising frontier for innovative therapeutic strategies.
The unique neurotropic and neuroinvasive properties of these vectors
have shown considerable potential in addressing urological disorders,
particularly those involving the intricate neural circuitry of the geni-
tourinary system. While progress has been made in preclinical studies,
the translation of herpes simplex viral vectors to clinical applica-
tions necessitates further investigation, with a focus on optimizing
transduction efficiency, addressing potential immunogenic concerns
and delivering long-term effect. As research advances, the prospect
of leveraging these vectors for targeted and effective gene therapy
in urological conditions holds considerable promise, providing new
avenues for precision medicine in the realm of urological disorders.
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