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Abstract—Gene therapy for rare monogenetic neurological disorders is reaching clinics and offering hope to fam-
ilies affected by these diseases. There is also potential for gene therapy to offer new and effective treatments for
common, non-genetic disorders. Treatments for Parkinson’s Disease are in clinical trials, and treatments for
refractory epilepsies are due to enter first-in-human clinical trials in 2022. Gene therapies for these disorders
are based on delivering genes that address the mechanism of the disease, not repairing a mutated gene. Similar
‘mechanistic’ gene therapies could offer treatments to a wide range of neurological and neuropsychiatric dis-
eases where there is a known mechanism that could be restored using gene therapy. However, the permanent
nature of most gene therapies is a serious drawback for translation of gene therapies to a wide-range of diseases
because it could present risk of irreversible adverse effects. Several lines of research are aimed at developing
gene therapy approaches that allow for the treatment to be turned on and off, including: using proteins activated
by exogenous ligands, and promoters turned on by activators. We review these approaches and propose an over-
all de-risking strategy for gene therapy for common neurological and psychiatric diseases. This approach is
based on using a temporary mRNA-based treatment to initially assess efficacy and safety of the planned manip-
ulation, and only following with permanent, virally-delivered treatment if the approach appears safe and effective.
� 2022 The Authors. Published by Elsevier Ltd on behalf of IBRO. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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GENE THERAPY IS MOVING FROM THEORY TO
CLINICS

In the last few years gene therapy treatments for rare

monogenetic disorders have finally begun to reveal their

promise, including Zolgensma for the severe

neurological disorder SMA (NIHR, 2018; Day et al.,

2021; Jensen et al., 2021). Most people, when asked

about gene therapy, immediately think of this sort of gene

replacement approach, where a disease caused by a

known mutation is treated by delivering healthy copies

of that gene.

However, the vast majority of patients affected by

neurological or psychiatric diseases do not have obvious

causative mutations in particular genes. Does gene

therapy offer any hope for them? In the case of patients

with Parkinson’s Disease, there is already a clinical trial

and years of slowly-accruing safety and efficacy data on

the use of AAV-mediated delivery for dopamine-

synthesising enzymes (Muramatsu et al., 2010; Sehara

et al., 2017) and lentiviral delivery of dopamine (Palfi
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et al., 2014; 2018). While there is still work to be done,

there is a potential treatment, and it does not rely upon

patients having mutations that can be corrected in individ-

ual genes.

Similarly, gene therapy strategies are being

developed to treat refractory focal epilepsies, based on

findings in rodent models of acquired epilepsy that do

not rely upon known mutations, but upon epileptogenic

insults. Indeed, the spatially localised nature of gene

therapy delivery to the brain renders it highly

appropriate to focal epilepsies, where seizures arise

from a relatively well-defined pathological ‘epileptogenic

zone’, but less amenable to treatment of epilepsies with

monogenic causes, where the entire brain is implicated

in disease pathophysiology. These strategies, like those

for Parkinson’s, rely upon decades of neurophysiology

showing how neurons change as epilepsy becomes

established. As epilepsy develops, neuronal networks

become too excitable, and gene therapy can deliver

instructions to specific types of neurons in order to

modulate their excitability and restore the balance

between excitation and inhibition. Strategies used to

date include antisense knockdown of Adk (Theofilas

et al., 2011), and expression of Bdnf and Fgf-2
(Bovolenta et al., 2010; Paradiso et al., 2011), Gabra1
(Raol et al., 2006), Gdnf (Kanter-Schlifke et al., 2007),
/licenses/by/4.0/).
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Table 1. A summary of current pre-clinical gene therapy strategies in

focal refractory epilepsy

Therapeutic

gene

Delivery

vector

References

Adk

(antisense)

AAV8 (Theofilas et al., 2011)

Fgf-2 and

Bdnf

HSV (Bovolenta et al., 2010; Paradiso

et al., 2011)

Gabra1 AAV2 (Raol et al., 2006)

Gdnf AAV2 (Kanter-Schlifke et al., 2007)

Kcc2 Lentivirus (Magloire et al., 2019)

Kcna1 Lentivirus,

AAV

(Wykes et al., 2012; Snowball

et al., 2019)

Npy AAV1/2,

AAV1,

AAV2

(Richichi et al., 2004; Sørensen

et al., 2009; Noe et al., 2010)
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Kcc2 (Magloire et al., 2019), Kcna1 (Wykes et al., 2012;

Snowball et al., 2019) and Npy (Richichi et al., 2004;

Sørensen et al., 2009; Noe et al., 2010; see also Table 1).

In essence, these are all different approaches to reversing

the increase in network excitability that drives seizures,

rather than attempts to correct a single genetic cause.

For both refractory focal epilepsy and Parkinson’s

disease there is justification for the risks inherent in

invasive delivery of genetically modified viruses that will

permanently change parts of the brain. In Parkinson’s

the inexorable progression of the disease, and lack of

alternatives, is justification for the potential risks. In

refractory epilepsy, we have justified the risks of the

treatment by focussing on treating patients in our first-

in-human trial (ClinicalTrials.gov Identifier:

NCT04601974; EudraCT Number: 2019-000923-41)

who are scheduled to have the area of the brain

causing seizures surgically removed (Rosenow and

Lüders, 2001; Jobst and Cascino, 2015). If adverse

effects are observed, the treatment may be ‘stopped’ by

carrying out the planned surgical removal of the treated

tissue.

What is needed to offer the hope of gene therapies to

people who have other neurological diseases? What are

the barriers, and how might they be overcome? This

review is based on our current understanding of the field

and what we would wish to see in order to de-risk gene

therapy for patients with common devastating

neurological disorders. We focus on lessons from

epilepsy where our expertise lies.
CURRENT GENE THERAPY APPROACHES IN
FOCAL EPILEPSY

Epilepsy is not a rare disease. It presents a substantial

global socioeconomic burden, affecting between 50

(WHO, 2019) and 70 (Ngugi et al., 2010) million people

worldwide. Current frontline treatment is with anti-

seizure medications (ASMs) that offer a blanket reduction

in brain excitability, thereby aiming to restore the balance

between excitation and inhibition. However, ASMs can be

associated with severe adverse effects (Perucca and

Gilliam, 2012), they do not address the non-seizure co-

morbidities of epilepsy (Mula et al., 2021) and, above
all, they are not adequately effective in 30% of people with

epilepsy. This figure rises to roughly 75% in temporal lobe

epilepsy, the most common refractory focal epilepsy

(Schmidt and Loscher, 2005). Uncontrolled epilepsy can

have devastating consequences including Sudden Unex-

pected Death in Epilepsy (SUDEP), with a crude esti-

mated incidence of 1.16 in 1000 people with epilepsy

(Thurman et al., 2014). The result is an urgent and unmet

clinical need for new epilepsy therapies with superior effi-

cacy and minimal side effect profiles.

There are several appealing characteristics of gene

therapy approaches in neurological disease which make

them a promising candidate for patients with refractory

focal epilepsy (Kullmann et al., 2014). First, gene thera-

pies provide very long-term expression of a therapeutic

transgene, offering long-term benefit from a single inter-

vention (Jensen et al., 2021). Transgene expression from

adeno-associated virus (AAV) vectors has been docu-

mented for up to 10 years in humans (Chu et al., 2020)

and 15 years in non-human primates (Sehara et al.,

2017). Second, advances in promoter technology allow

the control of cell-type transgene expression from viral

vectors. Cell-specific expression can also be enhanced

by incorporating microRNA binding sites into the trans-

gene, to block its expression in cells expressing that

microRNA. Third, viral vectors have a relatively restricted

spatial spread, permitting more precise targeting of spec-

ified pathological brain networks such as the epilepto-

genic zone in focal epilepsies, whilst sparing distinct

areas which are not implicated in disease progression (it

should be noted that this property is actually a barrier to

gene therapy in monogenic epilepsies where the entire

brain is affected by a gene mutation, rather than a rela-

tively restricted ‘epileptogenic zone’ as seen in focal

epilepsies). As such, gene therapy offers the hope of a

safe and permanent ‘cure’ for focal epilepsy and, in ani-

mal models, it is effective: several virally-delivered treat-

ments show great promise in vitro and increasingly

in vivo (Richichi et al., 2004; Raol et al., 2006; Kanter-

Schlifke et al., 2007; Sørensen et al., 2009; Bovolenta

et al., 2010; Noe et sl., 2010; Paradiso et al., 2011;

Theofilas et al., 2011; Wykes et al., 2012; Magloire

et al., 2019; Snowball et al., 2019). However, even the

most enthusiastic supporters of gene therapy for epilepsy

recognise that the treatments have risks, which without

the fall back of surgery, would make these treatments dif-

ficult to justify.

One important limitation to current gene therapies is

their permanence. Once delivered, there is no going

back, as current gene therapies remain constitutively

active – there is no ‘on/off switch’. A related concern is

that excessive expression of therapeutic transgenes

may in itself be harmful. This is partially mitigated by the

ability to modulate transgene expression by using

stronger or weaker promoter systems (Nieuwenhuis

et al., 2020) and different viral serotypes. Other obstacles

remain, although experimental solutions are emerging.

Concerns around oncogenesis due to viral integration

are being addressed by development of nonintegrating

lentiviral vectors (Yáñez-Muñoz et al., 2006) or use of

AAVs which pose a low risk. Another concern is to restrict

http://ClinicalTrials.gov
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the gene therapy only to cells participating in the pathol-

ogy, thus far cell type specific promoters (e.g. CAMK2A

for excitatory neurons) restrict expression to populations

of neurons, but these are still not specific to the cells driv-

ing the seizures, and may also modify any local neurons

that are not responsible for triggering seizures, potentially

leading to off-target adverse effects. As a partial solution

in the context of focal epilepsies, intraparenchymal deliv-

ery (i.e. injecting a small amount of gene therapy treat-

ment directly into the focus) limits off target effects in

distant non-epileptogenic parts of the brain and, as men-

tioned above, has the fall back of surgical resection

(Rosenow and Lüders, 2001; Jobst and Cascino, 2015),

as a rescue.

Finally, for any treatment delivered directly to the

brain, there is the invasiveness of the approach,

requiring (for focal delivery of gene therapies to targeted

regions) stereotaxic surgery to drill a burr hole, and the

insertion of an injection cannula. As transgene delivery

technology improves, it may become possible to

administer genetic therapies using peripheral

applications, reducing the invasiveness of the approach

and therefore opening up a more mainstream

therapeutic application. However, the severity of

neurological diseases often justifies the invasiveness of

current delivery procedures. Indeed, the number of

disorders for which invasive treatments, such as deep

brain stimulation (DBS), are being considered suggests

that if the efficacy of the treatment is sufficient and the

disorder is refractory to other treatments, patients and

clinicians are willing to accept invasive procedures for

neurological (Camacho-Conde et al., 2022) and increas-

ingly for psychiatric disorders (Graat et al., 2017).

Thus, if the safety of viral gene therapy continues to

be established in clinics, and if invasive procedures are

increasingly accepted for a growing number of

neurological disorders, then the key step for gene

therapy is to de-risk the approach to the point where a

surgical fall back is not needed – to find a different way

to rescue, or a different ‘on/off switch’. Having a non-

permanent option will allow gene therapy to be applied

to a wider range of epilepsies and other neurological

and psychiatric diseases.

For clarity, from a regulatory viewpoint, ‘gene therapy’

is defined as the removal, addition, or editing specifically

of DNA, to treat a human disease. In the remainder of

this article, we also use the term ‘genetic therapy’,

which further incorporates approaches that specifically

use or target RNAs to modulate gene expression in a

therapeutic manner.
ADDING AN ‘ON/OFF SWITCH’: EXOGENOUSLY
ACTIVATED PROTEINS

Perhaps the most obvious approach to conditional

expression is conditional activation of the gene therapy

product. Approaches such as optogenetics (Zemelman

et al., 2002; Deisseroth et al., 2006; Häusser, 2014;

Streng and Krook-Magnuson, 2019) or chemogenetics

(Armbruster et al., 2007; Roth, 2017; Weston et al.,

2019) allow delivery of a gene therapy agent that does
nothing in the absence of an exogenous ligand, either

light or a chemical respectively. Both show promise in

models of epilepsy (Wykes et al., 2012; Lieb et al.,

2019), but optogenetics relies upon expression of a non-

human protein, and consequently presents the risk of trig-

gering an immune response (the BBB can be compro-

mised during seizures). Delivery of light to deep

structures within the brain is also not trivial.

Chemogenetics is not as rapid as optogenetics, but

does use human proteins – reducing immunogenicity –

with relatively few changes and can be activated with an

orally available ligand. This technology uses Designer

Receptors Exclusively Activated by Designer Drugs

(DREADDs), which are engineered receptors that

respond only to exogenously applied ligands. An

example is hMD4i, this is a human muscarinic receptor

with mutations deep within its binding pocket that

change its ligand sensitivity, so that it is silent in the

presence of endogenous acetylcholine, but can be

activated by exogenous drugs. The initial ligand was

CNO, which is not approved for use in humans, but

recent studies (Weston et al., 2019) have identified a ser-

ies of potential ligands that are used in patients, bind with

high affinity, and in some cases have limited adverse

effects. Importantly, the initial DREADD report was almost

a proof of principle, and a rapidly evolving range of

designer proteins is being developed (Magnus et al.,

2019), including ligand gated channels (hM4 is g-protein

coupled). All of these confer a degree of control over

transgene expression but, if the exogenously expressed

protein in the absence of ligand leads to some unex-

pected effect, that would remain irreversible. Moreover,

a chemogenetic therapeutic approach would require

patients to take daily medication to activate the system.

An ideal therapeutic approach would remove the reliance

on daily adherence to any kind of medication.
AN EXOGENOUS ON/OFF SWITCH TO
CONTROL PROTEIN EXPRESSION

A more complete on/off switch would stop expression of

the protein when not needed. Here the gene therapy

remains silent and transcription is only activated when

an exogenous activator is added. Various approaches

are being developed in mammalian systems, and these

have been recently reviewed (Kallunki et al., 2019). The

general principle is to deploy simple gene regulation sys-

tems, often from bacteria, where a small molecule binding

to a transcriptional activator turns on a promoter. The

tetracycline dependent TetON/TetOFF systems are the

best known and originators of these (Gossen and

Bujard, 1992; Goverdhana et al., 2005). In many Cre-

dependent mouse lines similar effects are obtained using

tamoxifen to turn on expression of targeted genes

(Metzger et al., 1995), and a trademarked GeneSwitch

system uses low doses of the hormone mifepristone

(Sirin and Park, 2003). A substantial limitation of these

approaches is that these exogenous activators can have

off target effects, including on regulation of other endoge-

nous genes, so long term administration might be unac-
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ceptable. What is needed is a system activated by a truly

silent compound with good bioavailability.

A closely related route is to harness mechanisms

within cells that regulate at the RNA level, for example

building inducible synthetic RNA circuits (Wagner et al.,

2018; Mc Cafferty et al., 2021). Here the regulation is

not by activation of transcription but by controlling the

reduction of translation by destabilising the mRNA unless

an exogenous ligand (trimethoprim, an antibiotic) is

added. But this system still requires expression of non-

native proteins, which could trigger an immune response.

Many molecular biologists focus on concerns around

leakiness or low levels of induction in the presence of the

activator. For leakiness, it must be remembered that an

inducible promoter with a low level of leak in the absence

of the activator would be replacing current promoters that

are constantly fully active, yet are already seen as

promising and safe enough to progress towards clinical

trials. While a leaky inducible promoter may not be

perfect, it is a lot safer in pragmatic terms than a

constitutively active one. For concerns about inducible

promoters that produce only modest levels of expression,

in epilepsy and in many other neurological and psychiatric

disorders the aim is to return from pathological to normal

activity – not to silence neurons altogether (indeed, if

silencing were the aim, then there would be relatively little

advantage over surgical resection). The aim of these

gene therapies is a relatively minor modification of

neuronal activity. In the case of neurons in an epileptic

focus, we have found expression that drives a small but

significant shift in the input–output curve of neurons is

sufficient to stop seizure like activity, without noticeable

effects on behaviour, even when treating the primary

motor cortex (Wykes et al., 2012). In these cases, less

robust inductionmaybeanasset, whereas systemsprovid-

ing 1000-fold increases in expression may overwhelm and

disrupt neuronal protein synthesis.
NON-PERMANENT GENETIC THERAPIES:
ADVANTAGES OF RNA-BASED APPROACHES

Not all genetic therapies induce permanent changes, and

there may be advantages to temporary gene therapy. A

hallmark of epilepsy is that some patients after

successful treatment with ASMs are able to withdraw

from treatment, without recurrence of seizures. We have

seen that after using over expression of Kv1.1 to reduce

seizures, mice showed wide spread changes in their

transcriptome, which suggested their neurons were

returning from an epileptic fingerprint back towards a

normal distribution of gene expression (Colasante et al.,

2020; Lignani et al., 2020), providing evidence that gene

therapy for epilepsy can correct dysregulation of a signif-

icant subset of genes.

The enormous investment in mRNA vaccines during

the COVID pandemic has transformed mRNA synthesis,

delivery and stability in clinical settings. The seminal

work by Katalin Karikó and her collaborators on

nucleoside modification of mRNA sequences reduces

immunogenicity, and stabilises mRNA enough to

provide protein expression without the need for a viral
vector (Karikó et al., 2005, 2008; Sahin et al., 2014;

Andries et al., 2015). The success of this approach, and

its extensive safety in the vaccine rollout, raises the real-

istic prospect that therapeutic mRNA can be delivered

directly. Gene delivery by mRNA is inherently transient

and this is likely to preclude some therapeutic applica-

tions, but in others, the transient nature of the change,

and the reduction of risk may be an enormous asset. An

additional benefit of mRNA approaches is that, in vitro

transcribed mRNA is not subject to the packaging size

limitations imposed by AAV and LV vectors. Synthetic

mRNAs up to 12 kb in length have been obtained

(Karikó et al., 2008), raising the prospect of RNA-based

genetic therapies for diseases in which the required trans-

gene is too large to be packaged into viral vectors.
COMBINING SYNTHETIC MRNA AND VIRAL-
BASED DELIVERY: A POSSIBLE ROUTE TO DE-
RISK GENETIC THERAPIES FOR WIDER USE IN

NEUROLOGICAL DISEASES?

The biggest regulatory concern about gene therapy is its

permanence – there is no way to remove the treatment if it

causes harmful adverse effects. How can we de-risk

genetic therapies in order to make them a realistic

prospect in diseases where physical removal of brain

tissue is not an option?

We speculate that a possible solution could be a novel

pre-clinical and translational strategy, combining both

mRNA-based and virally-delivered approaches to take

advantage of the properties of each. Broadly speaking,

mRNA-based genetic therapies offer a faster, safer and,

above all, transient therapeutic modality. Virally-

delivered gene therapy is longer lasting but poses more

risk due to its permanent nature. Therefore, a

translational strategy would be to treat patients first with

focal delivery of an RNA-based therapy and then,

pending a successful therapeutic outcome, switch to a

more permanent virally-delivered approach. The RNA-

based approach is naturally transient, so if it is not

beneficial or harmful, its effects will be self-limited and

other treatment options can be pursued. If needed,

additional synthetic degradation domains could provide

an extra safety level or faster turnover. This would

provide a rapid reversal if overexpression of synthetic

mRNA proved to be harmful. If treatment is successful,

but symptoms return as the mRNA decays, more

permanent virally-delivered gene therapy can be

administered. Further, some microRNA-based

approaches seem to be disease-modifying in epilepsy,

perhaps negating the need for permanent approaches

(Jimenez-Mateos et al., 2012; Morris et al., 2019).

There are several practical considerations that would

need to be addressed in order to bring this strategy to

the clinic. One downside of this approach is that it would

require two invasive surgeries to inject the treatments to

the target region of the brain, however it is important to

balance that against current clinical trials of deep brain

stimulation which can involve permanent implanting of

stimulating electrodes deep in the brain (recently

reviewed in (Xu et al., 2020)). Another consideration is
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the likely heterogeneity in transgene expression achieved

by the two delivery methods, and experimental work will

be required to balance the two. For example, modifica-

tions to mRNA chemistry can be made to alter their bio-

logical availability (Morris et al., 2021), and different viral

serotypes and promoter systems can be used to modu-

late transgene expression from viruses (Nieuwenhuis

et al., 2020). Finally, the two delivery methods have differ-

ent cell-specificities and so this must be considered, pos-

sibly by using microRNA binding sites to confer cellular

specificity via the same mechanism in each case. Using

this method, it is possible that the same transgene could

be delivered first by transient mRNA delivery and then, if it

appears to be safe, using a longer-term viral application.

Gene therapy has the potential to transform treatment

for a wide range of neurological diseases but, in its current

form, has inherent risks which limit its clinical use. For

situations where invasive treatments are warranted (i.e.

any disorder where implanted electrodes are

considered), the predominant risk of gene therapy is

that, once administered, its effects are permanent and

cannot be switched off. Here, we argue that the next

generation of genetic therapies should target non-

genetic diseases associated with discrete structures,

and focus on developing strategies to minimise this risk,

particularly by allowing reversibility. An intermediate

step is to adopt a two-step process with a short acting

mRNA-based treatment followed, where required and

likely effective, by permanent virally delivered treatments.
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Karikó K, Buckstein M, Ni H, Weissman D (2005) Suppression of

RNA recognition by Toll-like receptors: the impact of nucleoside

modification and the evolutionary origin of RNA. Immunity

23:165–175.
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