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Abstract

Research in the field of gene therapy has potential to become a revolutionary way to the existing

treatment for a wide spectrum of neurological diseases. To treat these disorders causally, by specific

substituting, deleting, silencing or editing faulty genes could be a privilege of gene therapy. The concept of

translational medicine is to facilitate the transfer of working principles in preclinical research into treatment in

humans. Its key issue is to overcome limitations associated with the gap between the tremendous variety

molecular biology tools of preclinical research and the lack of simple corresponding options in humans.

Clinical implementation of most of the preclinical approaches is still considered to be limited. The main focus of

this thesis is to summarize latest advancements of molecular and genetic engineering tools that themselves or

in combination have the potential to promote most preclinical gene therapy of neurological diseases to

clinical use. Based on that, this study aims to suggest perspective methods of treatment for selected

neurological diseases.

Keywords: gene therapy, translational medicine, neurological diseases, immune response, vector

delivery, epilepsy

Abstrakt

Výzkum v oblasti genové terapie má potenciál se stát revolučním přístupem k léčbě širokého spektra

neurologických onemocnění. Léčit tyto poruchy kauzálně, specifickou substitucí, delecí, umlčením nebo

úpravou vadných genů, by mohlo být výsadou genové terapie. Koncept translační medicíny je soustředěn na

přenos principů fungování v překlinickém výzkumu do léčby u lidí. Jeho klíčovým problémem je překonat

omezení spojená s velkou mezerou mezi obrovskou rozmanitostí nástrojů molekulární biologie překlinického

výzkumu a nedostatkem odpovídajících možností u lidí. Klinickou implementaci většiny předklinických

přístupů je stále možné považovat za omezenou. Hlavním záměrem této práce je shrnout nejnovější pokroky

nástrojů molekulárního a genetického inženýrství, které samotné nebo v kombinaci mají potenciál posunout

většinu preklinické genové terapie neurologických onemocnění do klinické praxe.

Klíčová slova: genová terapie, translační medicína, neurologická onemocnění, imunitní odpověď,

vektorové doručení, epilepsie
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1. Introduction

Gene therapy is a therapeutic approach that involves modifying patient’s genetic composition. It utilizes

the delivery of therapeutic genes, gene editing tools, or transcription modulating tools to specific cell

populations in order to correct for the underlying genetic defects, or promote the proper function or survival

of the target cells. By restoring or modulating the expression of key genes, gene therapy can provide long-

lasting therapeutic benefits and improve the quality of life.

Gene therapy has potential to revolutionize the treatment of various neurological diseases. One of the

most promising applications of gene therapy in neurology is the treatment of genetic disorders by addressing

the underlying pathophysiology mechanisms of the disease. For example, in Huntington's disease, gene therapy

aims to silence or remove the mutant huntingtin gene 1, while in spinal muscular atrophy, gene therapy delivers

a functional copy of the survival motor neuron 1 gene 2. Another application of gene therapy in neurology is

the treatment of late-onset diseases by delivering therapeutic genes that can replace lost or damaged cells,

restore function, or reduce inflammation. In Parkinson's disease, therapy targets non-dopaminergic neurons to

produce dopamine and improve motor function 3. In Alzheimer's disease, gene therapy regulates the production

of beta-amyloid or tau proteins, reducing their accumulation and preventing neuronal damage 4. Gene therapy

can also be used to deliver genes for neurotrophic factors that promote the survival and growth of neurons,

which can be beneficial in diseases such as amyotrophic lateral sclerosis 5 and spinal cord injury 6. In addition,

gene therapy has potential in precision medicine, where treatments can be customized based on a patient's

unique genetic makeup. In diseases such as epilepsy 7, in which genetic factors can play a significant role, gene

therapy can already help via targeting specific mutations or variations that contribute to the disease.

The potential of gene therapy to spread widely as a causal treatment for neurological diseases is

significant but it requires careful translation from preclinical studies to clinical trials. Preclinical studies

provide proof-of-concept and test safety and efficacy in animal models. Clinical translation requires identifying

the genetic cause of the condition, developing efficient methods to manipulate the genome or specific activity,

and designing effective delivery methods. Cost, logistics, and regulatory hurdles must also be addressed before

therapy can be approved for clinical use.

Fortunately, recent technological advancements, such as the decreased cost of next-generation sequencing

(NGS), have made it possible to conduct genetic analysis on every patient who visits a neurological clinic,

which is crucial for developing effective gene therapies. Once the problem has been identified, targeted gene

therapies can be used to identify causal treatments.

Advanced molecular tools, such as clustered regularly interspaced short palindromatic repeats (CRISPR) with

CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9) or opto/chemogenetics, have ponential to revolutionize

the field of gene therapy by allowing for more precise and efficient manipulation of the neuronal genome or

specific neuronal activity. CRISPR-Cas9 has emerged as a powerful tool for targeted gene editing, using RNA-

guided nucleases to cut and modify specific DNA sequences 8. Opto/chemogenetics, on the other hand, allows

for the specific manipulation of neuronal activity using light or chemical signals to activate or inhibit specific
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neural circuits. The selectivity of these tools makes them ideal to be used in gene therapies that can target

specific causal mechanism related to genetic mutations or variations.

Developing effective delivery methods for therapeutic genes is another key challenge for translating preclinical

gene therapy studies into clinical trials. In neurological diseases, the targeted cells, often located in the brain

or spinal cord, are protected by the blood-brain barrier (BBB). Developing a successful delivery method for

gene therapies must be able to cross the BBB, provoke only a low immune response, and show some selectivity

to target the specific cells. The use of adeno-associated virus (AAV) vectors evolves as a delivery method for

gene therapy in neurological diseases 9. AAV vectors in conjunction with short promoters and gene regulatory

elements have been shown to successfully deliver therapeutic genes to the nervous system while eliciting a

minimal immune response.

The use of NGS, CRISPR-Cas9, opto/chemogenetics and AAV vectors with short promoters and gene

regulatory elements have already helped to better understand the genetic mechanisms underlying neurological

diseases. Proper combining of the mentioned advanced methods can be used to treat many more neurological

disorders and create causative and highly personalized therapies.

In this thesis, the latest molecular and genetic engineering tools for preclinical gene therapy for

neurological diseases are thoroughly examined. The study focuses on the strengths, limitations, and potential

for clinical translation of these tools. The identification of tools that can be translated to clinical practice is

crucial in the development of safe and effective gene therapies. Moreover, potential treatment methods for

specific neurological disease using these tools, either alone or in combination, is proposed in the later chapter.

This study's evaluation of the potential of these tools for clinical translation could aid in bridging the gap

between preclinical research and clinical trials.

Overall, this thesis seeks to describe molecular and genetic engineering tools that have the potential for clinical

translation, propose potential treatment method for specific neurological disease, and ultimately contribute to

the development of effective and safe gene therapies for these debilitating disorders.
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2. Next-generation sequencing

Next-generation sequencing (NGS) methods enable investigation of the genetic basis of diseases and

provide insights into disease prognosis and potential treatment options10. The main difference between first-

generation sequencing and NGS (second and third generation) is the method and its large degree of

parallelization used to sequence the DNA. First-generation sequencing methods, such as Sanger sequencing,

are laborious and time-consuming, involving separation of DNA fragments by size using gel electrophoresis.

Second-generation sequencing, including Illumina, uses a sequencing-by-synthesis approach that involves

fragmenting DNA, attaching adapters, amplifying, and sequencing in parallel. Third-generation sequencing

technologies, such as Pacific Biosciences and Oxford Nanopore, reads long DNA stretches in real-time via

single-molecule sequencing without polymerase chain reaction (PCR) or cloning.

NGS methods have advantages over first-generation sequencing, including high throughput, accuracy, and

lower cost. These advancements have led to faster and more cost-effective sequencing of entire genomes and

transcriptomes, resulting in the discovery of new genetic variants and a better understanding of the genetic

basis of disease. In clinical settings, targeted gene panels, whole-exome sequencing, and whole-genome

sequencing are used 10. Whole-exome sequencing uses short DNA fragments while whole-genome sequencing

uses long reads. Combining both methods overcomes their limitations, with short-read sequencing used to

correct errors introduced by long-read sequencing during de novo genome or transcriptome assembly 11.

2.1 Illumina

Illumina sequencing involves creating a library of DNA fragments. All fragments are flanked by either

of two specific oligonucleotide adapters. These adapters noncovalently anchor the DNA fragments to a glass

flow cell. For one fragment the process is depicted in (Figure 1).
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Figure 1. Mechanism of Illumina sequencing. (1) Fragmented DNA into short sequences with adapters is

hybridized onto surface-anchored oligonucleotides. (2) The single-stranded fragment is initially amplified by

PCR to create identical DNA fragments. (3) The double-stranded PCR product is denatured, resulting in

single-stranded DNA fragment. (4) The single-stranded DNA fragment is allowed to hybridize to

complementary oligonucleotides on a solid surface, forming a bridge between the surface and the DNA

fragment. (5) The bridge is amplified through PCR, resulting in multiple copies of the DNA fragment. (6) The

double-stranded DNA is denatured, and each strand is anchored to the surface at a different location, resulting

in two surface-anchored strands. (7) The forward strand clusters are sequenced using fluorescent reversible

terminator chemistry. (8) The fluorescent signals generated during sequencing are recorded and analyzed to

determine the nucleotide sequence of the DNA fragment. Adopted from12.

Single-stranded DNA fragment is attached to the first type of oligonucleotides on a glass flow cell, and

a complement of the hybridized fragment is synthesized by DNA polymerase. Clonal amplification of strands

is given by repeated hybridization of the unattached ends to the second type of oligonucleotide on a flow cell,

complementary strand synthesis and denaturation of the two strands. This, so called bridge cloning mechanims,

results in the formation of highly localized clusters of identical DNA fragments. The clusters are sequenced

using fluorescent dyes, with each nucleotide added during DNA synthesis modified with a cleavable dye of

different color and cleavable next nucleotide blocker. When a specific nucleotide of the complementary strand

of templates within the cluster is synthesized, a fluorescent signal with a specific wavelength of the last added

nucleotide is recorded, and subsequently the dye and the blocker are chemically cleaved. The repetition number

of this process, with each cycle adding a new nucleotide to the growing DNA strand, equals the read length.

Sequence of letters read out from one fragment is given by the sequence of the fluorescent colors read out in

consecutive steps from the particular cluster. Finally, the resulting sequences from all clusters are analyzed

using specialized software that aligns the sequence reads to a reference genome, identifies genetic variations

and mutations, and determines the sequence of the original DNA before fragmentation.

2.2 Single molecule real-time sequencing by Pacific Biosciences

Single-molecule real-time (SMRT) sequencing, developed by Pacific Biosciences 13, begins with library

construction, which involves ligation of hairpin adaptors to double-stranded DNA, generating a single-stranded

circular DNA template. This template is then loaded into a SMRT Cell chip containing zero-mode waveguides

(ZMWs), which are nanophotonic structures that enable the detection of fluorescent signals from individual

nucleotide (Figure 2).
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Figure 2. Mechanism of single molecule real-time sequencing by Pacific Biosciences. (A) Double-stranded

DNA is prepared as a library with hairpin adapters. (B) The library is loaded onto a SMRT Cell with nanoscale

observation chambers. (C) Fluorescently labeled nucleotides are incorporated by polymerase in the vicinity

of ZMWs. (D) The emitted fluorescence is recorded in real time. Created in Adobe Photoshop with help of

Biorender.com.

During SMRT sequencing, DNA polymerase molecules selectively bind to the bottom of ZMW in the detection

region. As nucleotides are incorporated into the growing DNA strand, the formation of phosphodiester bonds

by DNA polymerase results in the release of fluorophores from the incorporated nucleotides. The emitted light

signals from replications across all ZMWs are interpreted in real-time to generate a continuous long-read

nucleotide sequence.

SMRT sequencing has a unique advantage in detecting epigenetic modifications in DNA. The interpulse

duration, which is the time between the incorporation of nucleotides by DNA polymerase, can be used to

identify these modifications. For example, methylation of cytosine can cause a delay in the incorporation of

the next nucleotide, which increases the interpulse duration. By analyzing these values, it is possible to estimate

epigenetic modifications and their locations within the genome 14.

2.3 Nanopore sequencing by Oxford Nanopore Technologies

Nanopore sequencing uses a biological membrane separating two ionic solutions to identify different

bases passing through a designed membrane protein (Figure 3), allowing the detection of both single-stranded

RNA and DNA 15.

5



Figure 3. Mechanism of nanopore sequencing. Two chambers (cis and trans) filled with ionic solutions are

separated using a membrane containing a nanopore. A nucleic acid is electrophoretically driven through the

pore in a controlled manner due to the presence of a motor protein. Only one strand of nucleic acid passes

through the pore being unwound upon translocation. Current shifts are recorded in real time as single

nucleotides of DNA or RNA chain translocates through a pore. Adopted from 16.

The sequencing process uses a flow cell containing a nanopore that only allows single-stranded nucleic

acids to pass through the membrane (Figure 3). The hairpin adapter is applied between the forward and reverse

strands to enable 2D sequencing, which allows for sequential sequencing of both strands of double-stranded

DNA. A processive helicase motor enzyme is used to control the movement of a single strand through the pore

in the 5‘-to-3’ direction 17. During sequencing, electric amplifiers record any changes in the ion current across

the membrane, which are then analyzed by a base-calling algorithm to identify the nucleotide sequences 18.

2.4 Translational potential and relevance to clinic

The decreasing cost of NGS (Figure 4) is making genomics more accessible for clinical applications19.

NGS technologies, such as Illumina, SMRT, and nanopore sequencing, are promising due to their low cost and

ability to generate large amounts of genetic data quickly.

Figure 4. Whole genome sequencing cost per human genome over time. Adopted from19.

In the context of neuronal diseases, NGS can be used to sequence the genome or transcriptome of

patients to identify the genetic mutations that may be responsible for the disease. This enables the development

of personalized treatments that target specific genetic mutations and the identification of genetic markers that

predict disease progression, helping to monitor and adjust treatment as necessary 20. Additionally, NGS can be

useful for identifying potential drug targets involved in the disease, leading to the development of new drugs

or repurposing existing ones 21. However, standardization of protocols for data analysis and interpretation

remains a challenge that needs to be addressed.
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3. CRISPR-Cas9

The clustered regularly interspaced short palindromatic repeats (CRISPR) with CRISPR-associated

protein 9 (Cas9) (CRISPR-Cas9) system is a naturally occurring adaptive immune response in prokaryotes that

allows bacteria and archaea to defend against bacteriophages intercepted as foreign DNA 22. When a cell is

invaded by foreign DNA, a small portion of the DNA called the protospacer is incorporated into an array of

CRISPR that is located on prokaryotic chromosome. This protospacer becomes a spacer when a palindromic

repeat is added to the primary transcript, thereby separating the spacers (Figure 5) 23. The CRISPR array is

transcribed into a precursor CRISPR RNA (pre-crRNA), which is then attached to the non-coding trans-

activating CRISPR RNA (tracrRNA) present in the cell through the stereotype repeat regions 24. After RNase

type III processing, crRNA and tracrRNA form a complex known as a guide RNA (gRNA). The gRNA

includes a spacer RNA that is linked by hydrogen bonds to tracrRNA and plays a crucial role in defining the

target sequence to be modified by the connected Cas9 protein. During the interference stage of the CRISPR-

Cas system, the gRNA directs the Cas9 endonuclease to cleave foreign DNA, but only in the presence of

a specific shot sequence called the protospacer adjacent motif (PAM).

Figure 5. CRISPR-Cas system as adaptive immune response in prokaryotes. (A) Viral DNA is incorporated

into the prokaryotic genome in the form of spacers separated by repeats. (B) Transcription occurs to form pre-

crRNA that contains both the repeats and spacers. (C) tracrRNA forms a duplex with crRNA and targets Cas9

to crRNA. The complex is then cleaved by RNase III. (D) In the case of reinfection by the same virus, the virus

genome with a PAM is recognized by the cr:tracrRNA complex with Cas9. This complex then cleaves the viral

DNA by two Cas9 nuclease domains (RuvC and HNH) causing double stranded break, preventing the virus

from replicating and causing an infection. Adopted from 25.
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The required PAM sequence varies with the type of Cas protein used. To ensure effective CRISPR-Cas9

editing, the target DNA sequence must match the PAM sequence of the Cas protein utilized. For the widely

used Cas9 from Streptococcus pyogenes (SpCas9), the PAM sequence is 5‘-NGG-3‘, where N represents any

nucleotide 26. However, a modified version of SpCas9 called SpRY nuclease has been engineered to recognize

nearly all DNA sequences and thus minimize the requirement for specific PAM sequences 27.

The PAM sequence is located immediately downstream of the target DNA sequence and is not complementary

to the gRNA (Figure 5). When the Cas9 endonuclease recognizes the PAM sequence, it triggers the formation

of a complex between the gRNA and Cas9, resulting in the cleavage of the target DNA sequence. This precise

mechanism enables DNA cutting and editing using the CRISPR-Cas system 28.

The Cas9 protein consists of two nuclease domains that cleave one strand of double-stranded DNA

upstream of PAM and induce a blunt-ended double-stranded break (Figure 5). The RuvC domain (named after

the RuvC protein, which is a DNA repair endonuclease in E. coli) splits non-complementary DNA strands,

whereas the HNH nuclease domain (named after the HNH motif, which is a conserved sequence of amino

acids present in the domain) cuts the complementary DNA strand.

The prokaryotic immune defense system has been adapted as a gene-editing tool in eukaryotic cells

using a 20-nt guide sequence fused to chimeric single-guide RNA (sgRNA) (Figure 6Chyba! Nenašiel sa

žiaden zdroj odkazov.). This enables the specific and precise editing of genes in eukaryotic cells, which was

previously difficult to achieve.

Figure 6. Comparison of Cas9 protein structures programmed by different RNA constructs. The left-side image

shows the structure of the Cas9 protein that recognizes the PAM, which is programmed by a duplex of crRNA

and tracrRNA. On the right side, there is a different structure of the Cas9 protein also recognizing PAM, but

in this case, it is programmed by a sgRNA that is formed by a duplex of crRNA and tracrRNA linked by a loop.

Adapted from 25.

3.1 CRISPR-Cas9 applications

Using the DNA targetting, CRISPR-Cas9 can induce specific changes in DNA sequences. This approach

can be used to knockout genes that cause or contribute to neurological diseases using non-homologous end

joining (NHEJ) or to knock-in or replace genes that can treat or cure these diseases using homology-directed

repair (HDR). Single-stranded breaks in DNA offer the opportunity for single-base or prime editing, which

enables precise correction of point mutations associated with neurological diseases. Another potential

application of the CRISPR-Cas9 system is to control gene expression by epigenome editing.
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One important consideration when using the CRISPR-Cas9 system for gene therapy is the potential for off-

target effects, which can result in unintended changes to DNA sequences. However, there are several methods

being developed to increase the specificity and reduce off-target effects of CRISPR-Cas9.

3.1.1 Gene silencing

In gene therapy, the CRISPR-Cas9 system has the potential to target and eliminate undesirable genes by

inducing mutations in the DNA sequence.

One method involves using of two targeted sgRNAs along with a double Cas9 nickase, which has only one of

the two nuclease domains (Figure 7). The double Cas9 nickase is capable of creating nicks on both strands of

the double-stranded DNA, using only one of its nuclease domains. This process produces single-stranded

overhangs that are removed, allowing the double-stranded DNA to be ligated without the undesirable genes 29.

By utilizing two sgRNAs, this technique enhances specificity and minimizes off-target effects by ensuring that

Cas9 only binds to the intended target site, decreasing the likelihood of binding to off-target sites.

Figure 7. Restriction sites of double Cas9 nickase. Using a sgRNA, two Cas9 nickases can direct their

restriction sites to opposite strands of a DNA target site. The HNH domain of each nickase creates a nick on

each strand of the DNA, resulting in a double-stranded break at the target location. Adapted from 25.

Another approach involves using Cas9 to create a blunt double-stranded break in the DNA sequence, which

then undergoes repair through the error-prone mechanism of NHEJ (Figure 8). During this process, random

conversions can result in frameshift mutations or stop codons, ultimately leading to the knockout of the targeted

gene 30.

Figure 8. The role of double-strand break repair in promoting gene editing. (A) The NHEJ pathway, which is

prone to errors, results in small deletions or insertions. (B) The HDR pathway, allows for the introduction of

a repair template, which facilitates assisted recombination and can lead to gene correction or insertion.

Adopted from 25.
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3.1.2 Gene replacement

Gene replacement involves the use of high-fidelity HDR to knock down the desired sequence (Figure

8). During HDR, a donor template containing the desired mutation is introduced and is surrounded by

homology arms that match the target site. The Cas enzyme then creates a double-stranded break at the target

site, which is repaired by the cell using the donor template as a repair template. This results in the desired

sequence being inserted at the target site with a high accuracy 30.

3.1.3 Base editing

Base editing enables the precise modification of single DNA bases, offering a potential cure for a wide

range of point-mutation genetic diseases 31. One strategy for base editing involves the use of cytosine-based

editors (CBEs) composed of a cytidine deaminase enzyme fused with Cas9 nickase. CBEs can convert cytidine

to uridine or guanine to adenine depending on the target site. Another type of base editor is adenine-based

editor (ABEs), formed by fusing adenine deaminase enzyme with Cas9 nickase. ABEs can convert A-T base

pairs to G-C base pairs 32.

3.1.4 Prime editing

The prime editing method involves the use of RNA-programmable Cas9 nickase to induce single-

stranded breaks, which are then preserved while adding reverse transcriptase and prime editing guide RNA

(pegRNA) (Figure 9). The pegRNA contains an sgRNA chain associated with a primer-binding site that is

linked to the reverse transcriptase template containing the desired edits 33. The DNA mutation is copied at the

nicking point from an edit-encoding extension of the pegRNA using reverse transcriptase activity. The

resulting 5‘ flap, which contains unedited DNA, is washed away, and the DNA repair process ensures the

permanent insertion of the genetic information into the double-stranded DNA sequence, thereby creating

precise editing.

Figure 9. The preservation of RNA-programmable Cas9 nickase-induced single-stranded breaks with the

addition of reverse transcriptase (RT) and pegRNA. (A) PegRNA binds to the target DNA sequence, and Cas9

nickase makes a nick. RT is also recruited to the nick site. (B) The pegRNA's primer binding site (PBS)

hybridizes with the genomic DNA at the nick site, and RT template (RTT) on pegRNA includes the edit

sequence. (C) The RT copies the edit sequence into a 3' flap on the genomic DNA. (D) The 3' flap and 5' end

of genomic DNA undergo an equilibration process to form a flap structure. (E) The 5’ flap is cleaved and the

nick site is ligated, repairing the genomic DNA with the edited sequence. Adapted from 34.
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3.1.5 Epigenome regulation

Epigenetic markers control gene expression, and their manipulation can be used to regulate gene

function. Nuclease-deactivated Cas9 (dCas9) can be fused with epigenetic modifiers to manipulate methylation

and acetylation 35, enabling targeted changes to DNA 36 or histone complexes 37. These modifications can either

silence or activate genes.

3.1.6 Transcription regulation

Gene expression can also be effectively silenced or enhanced by attaching the dCas9 protein to a

transcriptional repressor 38 or activator domain 39(Figure 10).

Figure 10. Regulating gene expression with Cas9 programmed by a sgRNA and recognizing a PAM. The left

image shows the Cas9 protein fused with a repressor domain that binds to the target gene and prevents its

transcription, while the right image shows the Cas9 protein fused with an activator domain that activates the

transcription of the target gene. Created with Biorender.com in Adobe Photoshop.

3.2 Off-target effects

Off-target effects can be caused by factors such as incomplete base-pairing between the gRNA and the

DNA target, as well as the presence of similar sequences elsewhere in the genome. They can result in

unintended changes to genes and other genomic regions, which can have unpredictable and potentially negative

consequences, such as disrupting normal gene function or even causing diseases like cancer, taking into

account many oncogenes and tumor suppressor genes 40. Off-target effects are a significant challenge for

CRISPR-Cas9 technology in clinical applications, but there are various strategies to minimize them.

The verification of in vivo off-targets (VIVO) strategy can be used to identify off-target effects of the CRISPR-

Cas9 system 41. In this method, the genome of cells treated with the CRISPR-Cas9 system is sequenced in vivo

and compared to the patient's reference genome. Any unintended alterations that may have arisen can be

detected, providing insight into the off-target effects of the system.

Another technique used to identify off-target cleavage sites is circularization for in vitro reporting of cleavage

effects by sequencing (CIRCLE-seq) 42. This method involves using synthetic oligonucleotides to circularize

genomic DNA fragments that have been cleaved by the CRISPR-Cas9 system in vitro. The circularized DNA

fragments are then sequenced, and any off-target cleavage sites can be identified by comparing the resulting

sequences to the reference genome.

Limiting the delivery of CRISPR-Cas9 components solely to the intended cells is an alternative approach to

minimize unintended modifications. This can be accomplished using cell-specific promoters that restrict the

expression of the Cas9 enzyme to the target cells (as discussed in 6).
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To further minimize off-target effects, a process called CRISPR gRNA-assisted reduction of damage (CRISPR

GUARD) can be used 43. CRISPR GUARD involves using a sgRNA to recruit a dCas9 protein to the target

site. The dCas9 protein lacks the nuclease activity necessary for DNA cleavage, but it can still bind to DNA

and block other nucleases, including Cas9. This technique allows for precise genome editing by limiting the

activity of Cas9 to the target site, reducing the likelihood of unintended alterations.

3.3 Translational potential and relevance to clinic

The CRISPR-Cas9 system has shown great promise for clinical applications in gene therapy, but the

risk of off-target effects has been a significant obstacle to its widespread use. Recent progress in reducing off-

target effects has significantly improved the potential of CRISPR-Cas9 as a therapeutic tool.

One of the approaches to minimize off-target effects involves inducing single-stranded breaks at the site of a

double-stranded break. This can be achieved through various techniques, such as using double Cas9 nickase

to gene silencing 29 and employing Cas9 nickase in base editors 44 or prime editing.

New techniques, including CRISPR GUARD, VIVO strategy and CIRCLE-seq, have further improved the

specificity and accuracy of CRISPR-Cas9. CRISPR GUARD uses a modified sgRNA to recruit dCas9 to the

target site and block the activity of Cas9, thereby reducing the chance of off-target effects 43. The VIVO

strategy entails sequencing the genome of cells treated with the CRISPR-Cas9 system in vivo and comparing

it to the patient's reference genome to identify unintended changes, providing insight into the off-target effects

of the system 41. CIRCLE-seq allows for the detection of off-target effects by sequencing circularized DNA

fragments 42.

Moreover, improvements in delivery methods, such as the use of AAV with short human promoters (as seen

in 6), have also significantly increased the translational potential of CRISPR-Cas9.
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4. Optogenetics and chemogenetics

Advances in molecular biology have opened new ways to manipulate the activity of cells, particularly

excitable cells, including neurons. Two such techniques are optogenetics and chemogenetics, which can

directly stimulate or inhibit cells or modulate their activity by regulating their signaling pathways,

transcription, or translation. The potential applications of these techniques extend beyond excitable cells and

could have significant implications for the treatment of neurological diseases in humans as a component of

gene therapy.

4.1 Optogenetic tools

Optogenetic tools, such as opsins with light-sensitive ion channels or pumps, have greatly impacted the

field of neuroscience, enabling precise control over the activity of specific neurons and neural circuits. These

tools are capable of regulating the flow of ions across the cell membrane in response to light, allowing for

direct stimulation or inhibition of neuronal activity. Optogenetic metabotropic glutamate receptor 6 is another

type of optogenetic tool that can activate downstream signaling pathways and alter neuronal activity. To

improve the specificity and control of these tools, they can be combined with light-sensitive domains like

phytochrome B, cryptochrome 2, and light-oxygen-voltage. With the ability to target specific areas of the brain

and cells, these optogenetic tools hold immense potential for treating neurological disorders with high

accuracy.

4.1.1 Opsins with coupled light-sensitive ion channels or light-driven pumps

Opsins are a type of naturally occurring light-sensitive protein that have undergone extensive

optimization for various characteristics, including conductivity, speed, excitation spectrum shift, light

sensitivity, and trafficking.

Channelrhodopsins (ChRs) 45 are proteins that enable the flow of positively charged ions such as sodium or

potassium across the cell membrane when exposed to blue or green light 46,47. Influx of kations depolarizes

neurons, triggering an action potential and leading to increased neural activity. ChR2_H134R is the most

commonly used variant and has significantly increased conductivity compared to the wild-type variant 48.

Chronos, the fastest variant, has a response time in the order of single milliseconds, allowing for precise and

fast control of neuronal activity 49. Chrimson and ChRmine are prominent constructs with a red-shifted

excitation spectrum, allowing for deeper penetration into brain tissue 50. Using red-shifted and highly sensitive

ChRmine, experiments using excitation of structures as deep as 7mm in intact brain have been shown feasible.

Guillardia theta anion channelrhodopsin (GtACR) 1 and 2 are long-seeked naturally occurring light-driven

chloride channels that are highly sensitive and conductive. Thus, they can be used as strong inhibitory actuator

that is driven by green, or blue light, respectively 51. Chloride channels such as stGtACR2 have been

substantially optimized, showing the importance of optimized membrane protein trafficking 52.

Original ion pumps such as halorhodopsin and archaerhodopsin, which respond to green or yellow light,

respectively 53, have also been optimized. ArchT3.0 and NpHR3.0 are examples of these pumps that can induce

hyperpolarization in a cell, making it less likely to fire an action potential and consequently inhibit neurons 54.
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4.1.2 Optogenetic metabotropic glutamate receptor 6

The natural mechanism of metabotropic glutamate receptor 6 (mGluR6) involves its activation by

glutamate, a neurotransmitter released by photoreceptor cells in the retina in response to light stimuli. This

activation triggers a signaling cascade that ultimately leads to the hyperpolarization of the photoreceptor cell

and the inhibition of neurotransmitter release 55.

Optogenetic metabotropic glutamate receptor 6 (Opto-mGluR6) is a modified form of mGluR6 that is

engineered to be light-sensitive 56. It is composed of the extracellular domain of mGluR6, which is a G protein-

coupled receptor (GPCR), and a light-sensing domain such as LOV or PhyB that is attached to its intracellular

domain. When exposed to light, the attached light-sensing domain undergoes a conformational change that

activates the intracellular domain of Opto-mGluR6. The activated G protein signaling pathway leads to the

inhibition of the enzyme adenylate cyclase and a decrease in the intracellular concentration of cyclic adenosine

monophosphate (cAMP). This decrease in cAMP concentration ultimately hyperpolarizes the neuron's

membrane potential, resulting in the inhibition of neuronal activity in a reversible and controlled manner.

4.1.3 Light-sensitive photoreceptors

Phytochrome B (PhyB) is a light-sensitive protein that can be activated by red or near-infrared light

through its N-terminal photosensory domain containing the phycocyanobilin (PCB) chromophore 57. This

activation induces reversible structural changes in the chromoprotein, leading to the binding of a protein-

interacting factor (PIF) (Figure 11). This mechanism involves the dissociation of the PhyB-PIF complex under

far-red light 58. To control gene expression, PhyB is fused with a DNA-binding domain (DBD), while the

transcription factor PIF is tagged with a (trans)activation domain (AD). These associated domains allow for

the activation of gene expression when the PhyB-PCB complex is bound to PIF in the presence of red light.

Figure 11. The process of stimulating gene expression through the co-localization of the AD and DBD. PhyB

and PIF are dimerized through the activation of red light. PCB coupled with PhyB undergoes structural

changes upon exposure to light, leading to the formation of a complex between PhyB and PIF. This complex

activates gene expression through transcription activation. On the other hand, far red light dissociate the

PhyB-PIF complex, leading to transcription repression. Created with BioRender.com.

Cryptochrome-based systems exhibit blue-light responsiveness through two distinct mechanisms.

In the first mechanism (Figure 12), cryptochrome circadian regulator 2 (Cry2) is attached to an AD, while

cryptochrome-interacting basic-helix-loop-helix protein 1 (CIB1) is attached to a DBD 59. Upon exposure to

blue light, the flavin adenine dinucleotide (FAD) associated with Cry2 undergoes reduction, leading to
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dimerization of Cry2 with CIB1. This in turn causes the transcription factor to activate gene expression,

resulting in downstream effects.

Figure 12. Gene expression activated through blue light-activated dimerization of Cry2 and CIB1. This

requires bringing the AD and DBD close together. Upon exposure to blue light, FAD coupled with Cry2 is

reduced and a complex between Cry2 and CIB1 is formed, resulting in transcription activation. In the dark,

the Cry2-CIB1 complex is dissociated, leading to transcription repression. Created with BioRender.com.

In the second mechanism (Figure 13Chyba! Nenašiel sa žiaden zdroj odkazov.), Cry2 and CIB1 co-localize

to reconstitute the active protein. Upon exposure to blue light, Cry2 undergoes reduction via FAD, leading to

dimerization with CIB1. This dimerization event results in the reconstitution of the active protein, which is

then able to activate gene expression and produce downstream effects.

Figure 13. Dimerization of Cry2 and CIB1 via blue light-induced FAD reduction leads to the formation of an

active protein that induces transcription. Transcription is repressed in the dark. Created with BioRender.com.

In addition, there is the possibility of light-inducible targeted gene manipulation using the CRISPR-Cas9-based

transcription system (Figure 14) 60,61. This system consists of two fusion proteins and sgRNA. The first fusion

protein is the genomic anchor probe containing dCas9 and CIB1. The second fusion protein is the activator

probe, which includes the CRY2 and the transcriptional activator domain. Upon blue light irradiation, CRY2

and CIB1 heterodimerize, and the transcriptional activator domain is recruited to the target locus to activate

gene expression 60.

15



Figure 14. Mechanism of CRISPR-Cas9-based photoactivatable transcription system. Cry2 linked with a

transcription activator, binds after blue light irradiation CIB1, leading to dimerization and bringing the

activator in close proximity to DNA to initiate transcription. dCas9, guided by sgRNA, allows for sequence-

specific targeting. Created with BioRender.com.

The Light-oxygen-voltage (LOV) domain is a type of photoreceptor that senses blue light and contains

flavin mononucleotide (FMN) or FAD chromophores. Photon absorption results in a reversible covalent bond

between the cysteine of the LOV domain core and the flavin cofactor 62. The LOV domain is found in various

proteins, such as AsLOV2 from Avena sativa, EL222 from Erythrobacter litoralis, flavin-binding kelch domain

F box 1 (FKF1) protein, and Vivid (VVD).

The LOV domain regulates gene expression through dimerization/dissociation with other proteins. An example

of this is how AsLOV2 and EL222 undergo a conformational change upon light stimulation, which causes the

release of an alpha helix. This results in the repositioning of their DBD and AD, allowing for the initiation of

gene transcription (Figure 15) 63,64. To enhance the system's accuracy by importing it directly into the nucleus,

a nuclear localization signal (NLS) can be inserted into the alpha helix of AsLOV2 or the N-terminus of EL222
65. By forming various complexes with different proteins, the LOV domain can either initiate or inhibit gene

transcription, depending on the specific application.

Figure 15. The reaction of the alpha helix in AsLOV2 triggered by blue light induction, which results in the

uncaging of the α helix and the exposure of the previously hidden NLS. This allows for the nuclear localization

of the AsLOV2 protein, and the repositioning of the DBD and AD to initiate gene transcription. Created with

BioRender.com.

Similarly, light-sensitive proteins such as FKF1 and VVD undergo a conformational change when exposed to

blue light. FKF1 is connected to AD and forms a heterodimer with the GIGANTEA protein, which is linked

to the DBD 66. This interaction results in transcription initiation of the gene. On the other hand, VVD interacts

with other proteins to form a complex that has the ability to impede gene transcription 67. As soon as these
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transcription factors dimerize with their partner proteins, they are moved closer to the promoter region of the

gene, which results in gene activation for FKF1 or gene transcription inhibition for VVD.

4.2 Chemogenetic tools

Chemogenetic tools are a type of molecular tool that utilizes receptors associated with channels or G

proteins. These receptors can be activated by a specific chemical or a designed ligand, which can be

endogenous compounds or synthetic molecules. When activated by the ligand, these receptors can modulate

the activity of the associated ion channels or G proteins, leading to a variety of downstream effects such as

neuronal depolarization or inhibition, and ultimately allowing the control of specific cellular pathways.

4.2.1 Designer receptors exclusively activated by designer drugs

Designer receptors exclusively activated by designer drugs (DREADDs) are engineered GPCRs that are

capable of regulating neuronal excitation and inhibition.

Different types of DREADDs have been introduced, including a modified Gq-coupled human M3 muscarinic

receptor 68 for the activation of neuronal cells and a modified Gi-coupled human M4 muscarinic receptor 69 for

neuronal inhibition. Both types can be activated by clozapine-N-oxide (CNO), which can be easily

administered orally. However, CNO is converted to bioactive clozapine, which can cause undesirable

behavioral effects 70. To overcome this issue, a new Gi-coupled chemoreceptor called kappa-opioid receptor

DREADD (KORD) has been developed 71. KORD can be activated by a pharmacologically inert ligand

salvinorin B, which causes neuronal silencing through the same mechanism like hM4Di 71. Introduction of a

second chemogenetic system with a chemically different ligand also allows for bidirectional chemogenetic

control, which means that the same neuron can be both activated and inhibited.

4.2.2 Chimeric ligand-gated ion channels

Chimeric ligand-gated ion channels are a type of chemogenetic tool that can be activated by synthetic

pharmacologically selective effector molecules (PSEMs) 72. These tools consist of pharmacologically selective

actuator modules (PSAMs) and ion pore domains (IPDs) derived from different ion channels. The modified

ligand-binding domains in PSAMs selectively bind PSEMs, allowing for the control of specific cellular

pathways. PSAMs derived from modified nicotinic acetylcholine receptors (nAChRs) can cause either

neuronal depolarization or hyperpolarization depending on their associated IPDs, which are derived from the

serotonin type 3 receptor (5-HT3) and glycine receptor (GlyR), respectively (Figure 16) 73.

17



Figure 16. Diagram of modular chimeric channels that can activate or inhibit cells. The channel consists of

three components: PSAM, IPD, and PSEM. When the PSAM is connected to 5-HT3 IPD, it opens the pore,

allowing positively charged ions to flow into the cell, leading to depolarization. Conversely, when PSAM is

connected to GlyR IPD, it opens a pore that allows negatively charged ions to flow into the cell, leading to

hyperpolarization. Adopted from 73.

The designed PSEM for nAchR-derived PSAM is called varenicline, a drug prescribed in human

medicine to support smoking cessation 74. Therefore, its safety profile is well known. Interestingly, the ligand

is not only highly selective but also has a high affinity for its target, which allows for effective control of neural

activity.

4.3 Translational potential and relevance to clinic

The major concern when using opto/chemogenetic tools is their potential for immunogenicity.

Photoreceptors like PhyB, Cry2, and LOV domains have low immunogenicity as they are completely

intracellular. However, opsins like channelrhodopsins, halorhodopsins, and archaerhodopsins can lead to

immune responses, due to their membrane-tethered activation. Opto-mGluR6, a modified version of a protein

found naturally in the human body, reduces the likelihood of triggering an immune response in humans,

making it a promising tool for human gene therapy.

DREADDs are derived from naturally occurring human GPCRs, which lowers the likelihood of an immune

response. However, when the ligand CNO is administered, it gets converted to bioactive clozapine. This is a

concern because clozapine can have off-target effects on other receptors in the body. Chimeric ligand-gated

ion channels, such as the nAChRs, are a type of chemogenetic tool that are derived from human proteins and

have low immunogenicity. Varenicline is a drug that activates nAChRs, and it binds very tightly to its target

with a dissociation constant on the order of nanomoles 75. This tight binding allows even low concentrations of

varenicline to have a significant effect on neural activity, which is beneficial for minimizing potential side

effects and maximizing therapeutic efficacy.

In addition to the issue of immunogenicity, optogenetics faces the challenge of delivering light to

specific neurons, particularly in certain areas of the brain, despite its ability to control the activity of genetically

modified neurons with high temporal resolution in miliseconds using light. To address this challenge,

implantable devices like subdermal magnetic loop antennas linked with light-emitting diodes 76 and

upconversion nanoparticles 77 have been developed. These devices can be used to modulate specific neuronal

populations and convert near-infrared light to various wavelengths to overcome the limited tissue penetration

of blue and green light.

On the other hand, chemogenetics uses small molecules that can approach their specific receptors via

humoral way. Although more convenient and non-invasive, the temporal resolution of chemogenetics is in the

order of minutes in the best case, being determined by factors such as dose, route of administration, and

metabolism 75.
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5. Adeno-associated virus vector for gene therapy

Adeno-associated virus (AAV) is a member of the Parvoviridae family that is non-enveloped, has

approximately 4.7 kbp single-stranded DNA genome enclosed in a ∼25 nm icosahedral capsid 78. The wild-

type AAV (wtAAV) genome includes two genes. One for DNA replication proteins (rep) and the second one

for a structure and membrane proteins (cap). The coding regions of wtAAV DNA are flanked with 145 bases-

long inverted terminal repeats (ITRs) which are essential for transgene replication. At the beginning of the

replication process (Figure 17), the self-primed hairpin structure of the ITR element in the wtAAV genome

serves as a primer for the synthesis of the second strand. Rep proteins facilitate this process by their

endonuclease- and ATP-dependent DNA helicase functions, which cause nicking at the terminal resolution

site (TRS) 79 and generate a new primer for complementary strand synthesis 80. The cellular DNA polymerase

synthesizes the complementary strand, forming a blunt-ended duplex molecule. The ITR then transforms into

a double hairpin structure, which becomes a template for directional strand displacement synthesis of the

genome. This results in the packaging of a single strand and covalently closed duplex molecule, initiating a

new replication cycle 81.

Figure 17. DNA replication of wtAAV. (A) ITR element in wtAAV genome serves as a primer for synthesis of the

second strand. (B) Rep gene protein products that can act as DNA helicase and endonuclease cleave one strand

at the TRS, creating a new primer for complementary strand synthesis. (C) Cellular DNA polymerase

synthesizes the complementary strand, forming a blunt-ended duplex molecule. (D) The ITR reconstituted into

a double hairpin structure creates a template for directional strand displacement synthesis of the genome by

DNA polymerase. The process results in the packaging of a single strand while the duplex molecule is

covalently closed at one end, initiating a new replication cycle. Adopted from 79.
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5.1 Infection cycle

The diverse protein composition of the AAV capsid surface determines its ability to bind to cells, with

different serotypes having specific preferences for receptors such as heparan sulfate proteoglycan 82 or sialic

acid 83. Co-receptor proteins, including growth factor receptors 84 and integrins 85, facilitate the endocytosis of

AAV particles. Once bound to its receptor, the AAV virus undergoes endosomal processing and

conformational changes that allow it to escape into the cytoplasm 86. NLS on the outside of the capsid guides it

to the nucleus, where the AAV genome undergoes uncoating and releases its single-stranded DNA. The

second strand of the DNA is then synthesized (Figure 17). Successful transcription and replication of the

wtAAV genome can be enhanced by the concurrent presence of a helper virus, such as adenovirus or herpes

simplex virus. However, it is also possible for wtAAV to undergo productive replication in the absence of a

helper virus, but it may not be as efficient. When a helper virus is not present, wtAAV may integrate its double-

stranded DNA into the host genome, initiating a state of latent infection.

5.2 Recombinant adeno-associated virus vector

Recombinant AAV (rAAV) vectors (Figure 18) are created by replacing the rep and cap genes with

foreign DNA while keeping the ITR sequences intact. This design enables efficient packing of the transgene

into vector particles. In contrast to wtAAV, rAAV vectors lack the rep gene and are incapable of productive

replication. Once the rAAV vector enters the nucleus of the host cell, the single-stranded transgene replicates

into double-stranded DNA without integrating into the host cell genome. Transgene expression occurs through

transcription of the concatemeric episomal DNA into RNA, which is then translated into a protein by the host

cell machinery 87.

Figure 18. The basic composition of adeno-associated virus expression construct typically includes a

promoter, one or more genes and conditioning regulatory sequences, for example a polyadenylation signal

(poly(A)). ITRs remain intact at both sides. Created in Adobe Photoshop.

Two methods are used to produce recombinant AAV vectors: transient transfection-based and stable

producer cell line-based methods. In transient transfection-based methods, three plasmids are introduced into

human embryonic kidney 293 (HEK293) cells to produce the rAAV vector, and the cells are collected and the

rAAV vectors are purified from the cell lysate 88. This method is simple and fast but yields low titers. Stable

producer cell line-based methods involve integrating the necessary plasmids into the genome of a host cell

line. After culturing and adenovirus infection, the rAAV vectors are harvested from the culture medium 89.

This method is more complex and expensive but yields higher titers and is scalable for large-volume

production.
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5.3 Engineering rAAV vectors for improved nervous system-targeted gene delivery

The effectiveness of nervous system-targeted gene delivery using rAAV vectors can be improved by

optimizing three main aspects: route of administration, a capsid engineering to improve blood brain barrier

(BBB) crossing efficiency and cell attachment and entry, and regulation of transgene expression after nuclear

entry by gene regulatory elements (as seen in 6). Despite these improvements, there are still obstacles to

overcome, such as the limited size of AAV transgenes and immune responses to AAV vector-mediated gene

therapy. Nevertheless, there are strategies available to address these challenges.

5.3.1 Routes of administration

The most common routes of administration for rAAV vectors into the nervous system are direct injection

and systemic delivery.

Direct injection involves localized delivery to a specific region of the brain or spinal cord through

different routes, including intraparenchymal, intracerebroventricular, and intrathecal injection. Direct

intraparenchymal injection is useful for delivering rAAV vectors to specific nuclei, areas, or tracts within the

brain 90. Intracerebroventricular injection involves the injection of rAAV vectors into the cerebrospinal fluid

(CSF) in the brain ventricles, which is suitable for targeting multiple regions of the brain, but only at a limited

distance from the ventricle borders 91. Intrathecal injection involves the injection of rAAV vectors into the CSF

in the spinal canal, which primarily allows for delivery of the vectors to the entire spinal cord and lower

brainstem92.

Direct injection of rAAV vectors into the nervous system has precise targeting and controlled delivery

advantages, which reduce the risk of unintended side effects and optimize therapeutic effects 93. However,

limitations include the limited reach of the vector due to diffusion of the AAV particles from CSF to neuronal

parenchyma.

Systemic delivery via intravenous injection provides a fast route for the vector to enter the bloodstream

and potentially reach the brain and spinal cord by crossing the BBB. Nevertheless, this approach has limitations

due to rapid clearance by the liver and other organs, resulting in limited vector reaching the target cells in the

nervous system. Moreover, the efficiency of BBB crossing is poor. In clinical trials and the first approved

treatment protocols, this is compensated by a high total dose of the AAV vector 94. However, such extreme

titers increase the risk of off-target effects and potential side effects, especially the immune reaction.

In specific cases, the BBB can be temporarily and purposefully bridged by several strategies. One method is to

use receptor-mediated transcytosis, which targets specific receptors on the surface of endothelial cells in the

BBB to transport a peptide and any attached cargo molecules into the brain 95. Another approach is to use

certain drugs, such as mannitol, to temporarily disrupt the BBB via osmotic pressure in endothelial cells and

allow AAV vectors to pass through 96. Alternatively, focused ultrasound can be used to increase the BBB

permeability 97.
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5.3.2 Capsid engineering of rAAV vectors

Already the wild-type serotypes of AAVs have been shown to have somewhat specific tropisms for

different cell types. For instance, AAV1 98, AAV5 99, AAV8 100 and AAV9 101 have been shown to efficiently

transduce neurons in the brain and spinal cord when injected directly into brain parenchyma or CSF. Tropism

to glial cells is less efficient. The only wt serotype with elementary ability to cross BBB is AAV9 102.

Directed AAV capsid evolution involves preparing a library of random mutations in the capsid protein

sequence of rAAV vectors and selecting variants with improved parameters. One notable success of the usage

of direct evolution system was the AAV9 capsid variant called PHP.B, which was shown to have

approximately 10x higher BBB crossing efficiency compared to wtAAV9 capsid 103. This capsid variant was

optimized by repeated sequence of generation of large library of capsid protein variants using an error-prone

DNA polymerase, intravenous application of AAVs with various protein capsids, harvesting the targeted tissue

and sequencing the DNA in the transduced cells. The trick was that the construct contained gene for EGFP

and also the own sequence of the mutated capsid gene that encapsulated the particular AAV DNA. The

harvested tissue was dissociated and sorted using fluorescence-activated cell sorting and the total DNA of the

sorted fluorescent cells was checked and quantified for the specific capsid gene mutations. The second library

was constructed from the most successful variants and after 2-3 repeats of this protocol, the variants with

substantially improved BBB crossing efficiency were identified. Recently, a further improved variant called

PHP.eB was developed by introducing additional mutations to PHP.B, leading to even greater (approximately

100x) BBB crossing efficiency compared to wtAAV9 104. However, later, PHP.eB was found to work only in

certain mouse strains, specifically the C57 strains. This problem was solved using the optimization protocol

performed in mouse crosses with highly heterogenous strain background. Concurrently, the BBB-crossing

variants were also optimized to work in other species. The latest variant AAV.Cap-B10 have been shown to

efficiently transduce neurons and glia cells in the central nervous system (CNS) of rats and marmosets after

intravenous administration 105.

The next strategy uses rational design, which comprises structural information and knowledge of

capsid biology. Ancestral AAV capsid engineering creates new AAV capsids by predicting their sequences

through computation, synthesizing DNA sequences, and again, selecting for improved properties using

directed evolution 106.

5.3.3 Limited rAAV transgene size

To use rAAV vectors for gene therapy, a major challenge is their limited cargo capacity. The AAV

genome can accommodate only up to 4.7 kb of foreign DNA, the ITRs must be spared, which limits the size

of the transgene that can be inserted and delivered. Several strategies have been developed to overcome these

limitations. One possible approach is to use shorter promoters. By using smaller promoters, more space is

available for the therapeutic gene itself (as mentioned in 6). Another strategy is to use multiple AAV vectors

to deliver splitted larger transgenes and their reconstitution in the target cells. This can be accomplished using

a "dual-vector" system, where two separate AAV vectors are used to deliver complementary parts of the

transgene, or a "triple-vector" system in which three vectors are used to deliver the full-length transgene 107.
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However, the CRISPR-Cas9 system, the main strategy for single-nucleotide diseases, is compatible with the

limited AAV capacity 108.

5.3.4 Immune response against AAV vector-mediated gene therapy

AAV-mediated gene therapy faces the challenge of immune responses, especially at very high titers.

To address this, optimization of transduction efficiency and BBB crossing can be utilized. Pre-existing

neutralizing antibodies against AAV in the patient's bloodstream can also limit efficacy 109. Solutions include

developing new AAV vectors with reduced immunogenicity 110 and temporarily suppressing the immune

system with drugs like corticosteroids or cyclosporine 111.

5.4 Translational potential and relevance to clinic

rAAV gene therapy has promising potential in treating neurological diseases 9 by efficiently transducing

a wide range of cell types, including non-dividing cells in the nervous system, such as neurons and glial cells.

Direct injection provides precise targeting but may require multiple injections, while systemic delivery allows

for widespread distribution but lower transduction efficiency. Capsid engineering is another approach to

improve specificity, potency, and safety of AAV vectors. Directed evolution and rational design have produced

AAV9 variants with improved BBB crossing efficiency. Recent preclinical studies in non-human primates

have revealed that AAV.CAP-B10 has an approximately 40-fold higher transduction efficiency in the CNS

compared to AAV9 105. If this finding is replicated in humans, the fraction of AAV particles required for gene

therapy using AAV.CAP-B10 could be reduced by 40 times in comparison to AAV9 while achieving the same

level of transduction efficiency in the CNS.

To put this in perspective, the cost of producing 1012 particles of AAV is approximately $400; non-

commercial producent, without the restriction of good laboratory practice (GLP). For example, in case of

Zolgensma, an AAV9-based intravenous single-dose therapy for spinal muscular atrophy, the used dose is at

1x1014 vg/kg 94. A child weighing 10 kg would require a dose of 1x1015 vg, which would cost around $400 000

for the sole production. Using GLP can be expected to double the price. However, if the dose of AAV.CAP-

B10 needed to achieve the same therapeutic effect as Zolgensma is 40 times lower, the cost for the same

treatment would be approximately $10 000 (20 000 with GLP) if whe use AAV.CAP-B10 instead of AAV9.

The price of the Zolgensma treatment ivolves many components such as production, testing, handling, storage

and, mainly, the intellectual property. However, analyzing the price, approximately $2 000 000, the production

and handling can comprise up to the half of it. Such cost reduction can make the treatment more affordable

and widely used. Widely used treatment can secondarily substantially reduce (dilute) the intellectual property

price component per one patient.

Additionally, using more than one order lower dose of the vector may reduce the risk of adverse side effects

associated with high doses of AAV vectors. Thus, developing PHP.eB and subsequently AAV.CAP-B10 as

more efficient and effective AAV vectors for gene therapy has the potential to significantly reduce the cost

and improve the safety of gene therapy treatments for CNS disorders.
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6. Promoters and other gene regulatory elements

Neurological disorders are complex and multifactorial, and precise delivery of therapeutic genetic tools

to specific cells in the nervous system is essential for successful treatment outcomes. Gene regulatory elements,

DNA sequences that regulate gene expression, play a crucial role in conferring this specificity. By utilizing

cell-specific shortened promoters, enhancers, transcription factors, micro RNAs and polyadenylation signals,

gene expression can be limited to the intended cell types, thus minimizing any adverse effects due to

influencing non-target cells. Precise targeting should result in safer and more effective therapeutic outcomes.

6.1 Shortened promoters

AAV vectors have proven effective in delivering therapeutic genes, but their limited capacity presents

a challenge for gene therapy development. To address this, short natural or designed human promoters can be

used to reduce the size of the mandatory DNA portion of AAV capacity, allowing for more space for the

therapeutic gene itself.

To begin optimizing a shortened promoter sequence for gene therapy, the first step is to identify the full-

length promoter sequence that initiates gene expression in the target cell type. Various methods such as deletion

analysis, high-throughput screening, and in silico analysis can be employed. Deletion analysis involves

progressively removing specific sections of the full-length promoter sequence to identify the minimum

efficient sequence and gain insights into the functional organization of the promoter 112. High-throughput

screening uses large-scale screening techniques, such as NGS, to simultaneously test the activity of thousands

of promoter fragments in the target cell type to identify the minimum sequence required for efficient gene

expression 113. In silico analysis involves using advanced computer algorithms and modeling to identify

potential regulatory elements and transcription factor-binding sites that are essential for gene expression. This

method can help to identify critical regions that can be further investigated 114.

The shortened promoter sequence is tested in vitro to evaluate its ability to drive gene expression in the selected

cell type 115. Promising sequences may undergo further optimization to enhance activity or specificity. The

optimized promoter is then tested in vivo using animal models to evaluate its effectiveness in specific marker

delivery to target cells, which may involve testing different dosages and delivery methods, in vivo imaging, or

postmortem immunohistochemistry.

The human synapsin-1 (hSyn) promoter is a shortened promoter derived from the region upstream of

the human synapsin-1 gene, which is expressed in neurons of the central nervous system 116. It is optimized for

small size, usually only 0.5 kb, and has strong and sustained gene expression 117. The hSyn promoter has shown

promise in promoting gene therapy delivery using AAV vectors for neurological diseases, including

Parkinson's 118, Huntington's 119, and Alzheimer's disease 120. In preclinical studies, AAV vectors containing the

hSyn promoter effectively delivered therapeutic genes to neurons, leading to improvements in motor function,

cognition, and memory in animal models.

The calcium/calmodulin-dependent protein kinase II (CaMKII) promoter is another short promoter

useful for AAV gene therapy delivery 121. It is derived from the upstream region of the CaMKII gene and
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targets gene expression into excitatory neurons found in the central nervous system, particularly in the

hippocampus and cortex. With a length of approximately 0.4 kb 122, the CaMKII promoter has been used in

AAV gene therapy to treat epilepsy in mice 123.

The human glial fibrillary acidic protein (hGFAP) promoter, with a length of 2.2 kb 124, is a naturally

short promoter that is highly specific to astrocytes, with minimal activity in other cell types in the brain 125.

Astrocytes substantially contribute to maintaining the extracellular composition, neurotransmitter clearance,

modification of synapses, and other major task in healthy brain parenchyma Their dysfunction has been

implicated in a range of neurological disorders. In preclinical studies, for example, the GFAP promoter has

been already used to drive the expression of a gene encoding glial cell line-derived neurotrophic factor in a rat

model of Parkinson's disease 126.This therapy led to significant improvements in the motor function of rats.

Additionally, short, naturally occurring promoters have been identified as potential candidates for gene

therapy targeting specific interneurons in the brain. These promoters are derived from upstream regions of

genes that are selectively expressed in interneurons, such as parvalbumin (PV), somatostatin (SST), vasoactive

intestinal peptide (VIP), glutamic acid decarboxylase (GAD), and vesicular gamma-aminobutyric acid

transporter (vGAT).

The PV promoter is approximately 2 kb in length and active in fast-spiking interneurons in the neocortex 127,

which play a crucial role in regulating neuronal firing synchronization important for cognitive processes, such

as attention and perception. It has shown promise in the treatment of neurological disorders such as epilepsy

and autism 128.

The 2.5 kb long 129 SST promoter has potential in treating epilepsy 130 by targeting somatostatin-positive

interneurons involved in feedback regulation of cortical activity.

The VIP promoter is active in VIP-positive interneurons, which regulate cortical activity and are implicated in

neurological disorders 131. VIP is a neuropeptide that acts as a neuromodulator and is involved in circadian

rhythm, immune function, learning and memory 132, attention, and social behavior.

The GAD and vGAT promoters can target GABAergic interneurons for gene therapy, as GAD converts

glutamate to gamma-aminobutyric acid (GABA) 133 and vGAT regulates GABA transporter transcription 134.

GAD promoter is 2.5 kb long while vGAT promoter is 1.8 kb long.

Short and specific promoters are an appealing approach for targeted gene expression in genetic

engineering, as they can be engineered to activate gene transcription in specific cells or tissues, making them

useful for therapeutic purposes. However, they may not be appropriate for genes requiring high levels of

expression, particularly those involved in producing therapeutic proteins 135. In contrast, in gene editing

techniques like CRISPR-Cas, the need for strong promoters may not be as critical, since only a small number

of copies of the sgRNAs and Cas enzymes are necessary for successful gene editing.

6.2 Transcription factors

Transcription factors are proteins that bind to DNA sequences in genes and regulate their expression.

Adding binding sites for cell-specific transcription factors to an AAV vector carrying therapeutic genes enables

controlled expression in specific cell types. One example is the tetracycline-controlled transcriptional
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activation system (tTA) or its reverse (rtTA), in which the promoter driving transgene expression contains

tetracycline response elements (TREs) that bind to either tTA or rtTA (Figure 19). In the absence of

doxycycline, tTA binds to TRE and activates transgene expression. In the presence of doxycycline, rtTA binds

to TRE and activates transgene expression. By introducing an AAV vector carrying the transgene under the

control of a TRE promoter and expressing tTA or rtTA from the same construct in the target cell type, transgene

expression can be tightly controlled in time by administration or removal of doxycycline 136. This in principle

enables the regulation of the treatment power on demand, i.e., corresponding to the actual disease severity.

Figure 19. Diagram of the tetracycline-controlled transcriptional activation system. The promoter driving

transgene expression contains TREs that bind to either tTA or rtTA. The upper part of the image shows the

Tet-Off system, where in the absence of doxycycline, tTA binds to TRE and activates transgene expression,

while in the presence of doxycycline, tTA is inhibited and the transgene expression is turned off. The bottom

part of the image shows the Tet-On system, where in the absence of doxycycline, rtTA binds to TRE and

represses transgene expression, while in the presence of doxycycline, rtTA is activated and transgene

expression is turned on. Adapted from 137.

6.3 Enhancers

Enhancers are gene regulatory elements that can enhance cell type-restricted gene expression by

increasing promoter activity through binding to transcription factors. They can be located upstream or

downstream of the promoter, and can be close or far away from it. In AAV delivery, enhancers refer to any

sequence that increases the amount of the final protein product.

Enhancers can be either naturally occurring or synthetic. The naturally occurring enhancers include the

human cytomegalovirus enhancer and the simian virus 40 (SV40) enhancer, while the woodchuck hepatitis

virus post-transcriptional regulatory element (WPRE) is an example of a synthetic enhancer 138. Combining

these enhancers with specific promoters has been shown to significantly increase the expression levels of

transgenes. For instance, the hSyn and CaMKII promoters can be combined with WPRE to enhance neuronal

gene expression without compromising the specificity of the promoters 139,140. Similarly, in astrocytes,

combining the GFAP promoter with a human cytomegalovirus enhancer 141 or SV40 enhancer can increase

gene expression.
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6.4 Micro RNA

In gene therapy using AAV vectors, incorporating microRNA (miRNA)-binding sites into the

messenger RNA (mRNA) sequence of the therapeutic gene can provide an additional level of specificity for

controlling gene expression. MiRNAs are small non-coding RNA molecules that regulate gene expression by

binding to complementary sequences on target mRNA molecules suppressing their translation or promoting

their degradation. By incorporating miRNA-binding sites into the mRNA sequence of a transgene, the

expression of the transgene can be regulated by endogenous miRNA expression in a cell type-specific manner.

This allows for fine-tuned regulation of the level and timing of transgene expression, minimizing off-target

effects and increasing the therapeutic efficacy of gene therapy 142.

6.5 Polyadenylation signal

In AAV vectors, polyadenylation signal (poly(A)) serves as a crucial gene regulatory element. During

post-transcriptional processing, a stretch of adenine nucleotides is added to the 3' end of the mRNA, which

extends the lifetime of the mRNA molecule by preventing early degradation. This leads to the production of

multiple protein molecules from a single mRNA. The most commonly used type of poly(A) in AAV vectors

is the bovine growth hormone (BGH) poly(A) sequence, which is a 225 bp fragment derived from the 3'

untranslated region of the BGH gene. Its strong activity results in high levels of transgene expression 143.

Studies have demonstrated the effectiveness of the BGH poly(A) sequence across a broad range of cell types,

making it a versatile tool for gene expression in AAV-based gene therapy 144.

6.6 Translational potential and relevance to clinic

Shortened human promoters can enhance AAV gene therapy for neurological diseases by reducing

mandatory DNA sequences. Specific promoters can increase gene expression specificity for target cell types.

Transcription factor binding sites, enhancers, miRNA binding sites, and poly(A) can also be included for

stronger cell-specific expression. Precision is crucial for treating neurological diseases that selectively affect

certain neuron populations. Temporal control of gene expression is possible, regulating therapy expression at

specific disease stages and avoiding long-term overexpression complications 145.
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7. Potential treatment approach for epilepsy

Epilepsy is a complex neurological disorder that affects approximately 1% of the global population 146.

It is a multifactorial condition that is treated primarily for its symptoms rather than its root cause. The main

dogma of epilepsy is that it results from an imbalance between excitatory and inhibitory signaling in the brain.

Children with Dravet syndrome provide an unfortunate illustration of the detrimental effects of epilepsy. This

genetic disorder arises from a mutation in the sodium voltage-gated channel alpha subunit 1 (SCNA1) gene,

particularly in inhibitory cells. Regrettably, despite this knowledge, there is no known causal treatment for

Dravet syndrome. Instead, patients receive a combination of antiepileptic drugs, which cannot fully prevent

seizures and can cause severe side effects, such as liver damage, depression, and cognitive and developmental

delays. This condition can significantly reduce a patient's quality of life, affecting their ability to work, drive,

and engage in daily activities.

Here I propose a solution, to conduct a multi-read NGS to identify the precise location of the problem in

patients with epilepsy. If a known mutation is identified, the preclinical steps can be skipped, but if a new

mutation is identified, the preclinical steps will be required to be carried out. If multiple new mutations are

found, computer modeling will be utilized to determine which mutation could be responsible for the patient's

epilepsy. This will be done through a series of simulations to determine the potential effects of each mutation

on the patient's health. Once the simulation has identified the mutation most likely to be responsible for the

epilepsy, it will be tested in two patient-specific preclinical steps.

To begin the process, a plasmid containing sgRNA and Cas will be created to introduce the specific mutation to

healthy cells. This plasmid will then be transferred into mixed neuronal cultures of mice, which consist of both

excitatory and inhibitory neurons. The neuronal activity of these cultures will then be analyzed using in vitro

techniques such as patch-clamp, multielectrode array, and calcium imaging. The electrical and calcium signals

produced by the cultures will be carefully monitored to determine whether the mutation has any detrimental

effects on neuronal activity. Such effects are supposed to prove the potential involvement of the mutation in

epilepsy.

To further investigate the causality of the mutation in epilepsy, the next step would involve inserting the

plasmid with sgRNA and Cas9 into mouse pups using AAV-PHP.eB with a hSyn promoter. This will allow

the plasmid to edit the genome of the mouse pups, potentially leading to the expression of the mutation in a

more physiologically relevant setting. If the inserted mutation is causative of epilepsy, then the mice are

supposed to develop seizures or other epileptic symptoms.

In case the particular mutation is confirmed to be responsible for the patient’s epilepsy, a radical treatment

plan can be proposed to prevent the patient, often a child, from developing the full symptoms of the condition.

My suggestion would be to design an sgRNA that specifically targets and corrects the identified mutation.

Once the sgRNA has been prepared, I recommend creating an rAAV plasmid that contains the sgRNA and the

Cas14 protein, the latest version of the Cas enzyme 147. To ensure that the sgRNA is expressed effectively, I

suggest using a truncated version of the GAD promoter. Additionally, I recommend adding WPRE and poly(A)

sequences at the end of the plasmid to facilitate efficient transcription and processing of the RNA transcript.
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As the identified mutation is a germline or early somatic mutation present throughout the brain, a systemic and

BBB crossing treatment approach is necessary. To achieve this, I suggest using the AAV.CAP-B10 capsid to

produce viral particles containing the proposed construct genetic material. The final step would be

administration of the viral particles to a slightly immunosuppressed child with the hope that it will significantly

improve their condition. A decade ago, this innovative approach would not be possible due to the lack of

routine availability and affordability of DNA sequencing, as well as the absence of crucial components like a

promoter, capsid, and an optimized Cas enzyme. However, with advancements in technology and research,

these tools and resources are now readily accessible, making once impossible therapies a reality.
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8. Conclusion

Recent advancements in molecular and genetic engineering have significantly enhanced the ability to

translate research into clinical applications. By integrating these tools, personalized treatments that account for

the unique genetic makeup of each patient can be developed. This will not only result in safer and more

effective therapies, but mainly, a lot of new therapeutic designs can represent a causative treatment. To

demonstrate the potential of these modern tools increasing the translatability of preclinical research towards

patient-oriented treatment, we further outline the process of identifying the molecular genetic basis and

designing gene therapy for an unidentified neurological disease, using spinal muscular atrophy (SMA) and

epilepsy as examples.

The first step in identifying an unknown neurological disease is a comprehensive clinical evaluation.

The patient should undergo a physical examination and medical history review, including neurological tests,

imaging studies, and blood tests to rule out other conditions. In the case of SMA, the patient may present with

muscle weakness, motor difficulties, and respiratory problems 148.

The next step is to perform genetic testing. Whole exome sequencing or whole genome sequencing can be

used to identify mutations in the patient's DNA that may be causing the disease. In the case of SMA, genetic

testing can identify mutations in the survival motor neuron (SMN) 1 gene, which is normally responsible for

producing a SMN protein. When a genetic mutation is identified, confirmatory testing can be performed to

confirm that the mutation is the cause of the neurological disease. In the case of SMA, confirmatory testing

can be performed by analyzing the patient's SMN protein levels149.

Once the genetic mutation is confirmed to be causing the neurological disease, gene therapy can be designed

to address the underlying genetic defect. In the case of SMA, gene therapy can involve using an AAV to deliver

a functional copy of the SMN1 gene to the patient's motor neurons 2. The AAV can be engineered to use a

shortened human promoter to ensure that the gene is expressed in the appropriate cells and at sufficient levels. If

the genetic problem is identified as a point mutation or deletion, producing misfolded or truncated protein,

CRISPR/Cas approach can be used with the hope that the necessary AAV titer will be lower.

Once the gene therapy is designed, it can be administered to the patient. In the case of SMA, the AAV can be

injected directly into the patient’s spinal cord, where it can deliver the functional SMN1 gene to the appropriate

cells. Due to new optimized capsids with higher BBB crossing efficiency, the titer can be more than one order

of magnitude lower compared to the latest AAV-using therapies and the immunosuppressing pretreatment and

treatment in general can be milder bringing less adverse effects.

To further describe such approach using epilepsy as an example, the first step would also involve a

comprehensive clinical evaluation to determine the type and severity of seizures the patient is experiencing.

This may include EEG (electroencephalogram) and MRI (magnetic resonance imaging) scans to identify any

abnormalities in the brain that may be causing the seizures.

Genetic testing may be performed to identify any mutations in genes known to be associated with epilepsy.

Let’s suppose that the NGS sequencing focused on such gene batteries shows that the cause is a newly

identified point mutation in one of key voltage-gated ion channel, such as SCN1A.
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Confirmatory testing can be performed by analyzing the mutation induced in neuronal cultures to show that

mutation substantially changes the cellular excitability and network properties. With such knowledge the

personalized gene therapy can be proposed.

Gene therapy design for epilepsy may involve using AAV vectors to deliver a functional copy of the mutated

gene or using gene editing technologies such as CRISPR-Cas9 to correct the mutation 7. The therapy may be

designed to target specific brain regions or cell types to reduce the risk of off-target effects. Inhibitory neurons-

selective promoters and gene regulatory sequences can be used to target the construct only to the problem

causing cell types.

Gene therapy administration for epilepsy may involve injection of the viral vector or gene editing tool directly

into the brain, or through other routes such as intravenous injection. Follow-up monitoring would involve

regular EEG and MRI scans to evaluate changes in brain activity and identify any potential adverse effects of

the therapy. Additionally, the patient's seizure activity and other symptoms would be monitored to assess the

effectiveness of the therapy over time.

In conclusion, recent advancements in molecular and genetic engineering have revolutionized the ability

to develop patient-oriented treatments based on individual genetic profiles. NGS with high parallelization

extremely sped up reading of the entire genomes and decreased the price down to few hundreds dollars. The

development of chemogenetics and optogenetics has been addressing the challenges related to foreign epitopes,

as well as improving sensitivity and driving efficiency. CRISPR-Cas technology has gone a long way in terms

of optimizing the efficiency and, mainly, the off-target site interactions. rAAV capsid engineering has already

develop capsids with substantially improved BBB crossing efficiency and cell selectivity compared to original

wild-type serotypes, which lowers the cost of AAV preparation and reduces the necessary titers to avoid

immune system reactions. Short promotors that have been recently discovered and optimized together with

gene regulatory sequences can even more focus the therapy selectively to cells involved in the pathophysiology

and thus produce substantial lower adverse effect. Altogether, the already achieved improvements and the

further ongoing research can push the causal treatment methods tested in preclinical research directly into

clinical trials.
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