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Fig. 3.8. Target ssDNA and Casl4-crRNA+tracrRNA interaction

molecular weight), which is half the size of other Cas proteins found in the so-called
class 2 CRISPR/Cas systems [148].

There are 24 variants of the cas/4 gene, which are classified into three
subgroups (casl4a—c). All these variants share the predicted RuvC nuclease domain
typical of a number of CRISPR/Cas enzymes. Unlike other Cas enzymes, Casl4
has not been found in bacterial genomes; it has been found only in the genome of
the archaea group. Consequently, it is assumed that Cas14 can be a more primitive
version of larger and more complex Cas9 and Cas12 proteins (Fig. 3.8).

Casl4 can bind and cleave the target sequence of the single-stranded DNA.
Unlike Cas9, Casl4 does not require a PAM sequence. In addition to the specific
RNA-guided cleavage, the activated Casl14 can non-specifically cleave a single-
stranded DNA [148].
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Table 3.5. Diversity of Casl3 proteins

PFS (protospacer
No CRISPR/Cas13 systems flanking motif) Reference
5’ 3’
1 Leptotrichia shahii (LshCas13a) - H [40, 144]
2 Leptotrichia wadei (LwaCasl3a) — H [40, 144]
3 Listeria seeligeri (LseCas13a) - — [40]
4 Lachnospiraceae bacterium - - [40]
(LbmCasl13a)
5 Lachnospiraceae bacterium (LbnCasl3a) - — [40]
6 Clostridium aminophilum (CamCasl3a) - - [40]
7 Carnobacterium gallinarum (CgaCasl3a) — - [40]
8 Carnobacterium gallinarum - - [40]
(Cga2Casl13a)
9 Paludibacter propionicigenes - - [40]
(Pprcas13a)
10 Listeria weihenstephanensis - - [40]
(LweCasl13a)
11 Listeriaceae bacterium (LbfCas13a) - — [40]
12 Leptotrichia wadei (Lwa2cas13a) - — [40]
13 Rhodobacter capsulatus (RcsCasl13a) - — [40]
14 Rhodobacter capsulatus (RcrCasl3a) — — [40]
15 Rhodobacter capsulatus (RcdCasl13a) - - [40]
16 Leptotrichia buccalis (LbuCasl3a) — H [40, 145]
17 Herbinix hemicellulosilytica (HheCas13a) — — [40]
18 Eubacterium rectale (EreCasl3a) - - [40]
19 Eubacteriaceae bacterium (EbaCasl3a) — — [40]
20 Blautia sp. (BmaCas13a) — — [40]
21 Leptotrichia sp. (LspCasl13a) — — [40]
22 Bergeyella zoohelcum (BzoCas13b) ND NNNN [40]
23 Prevotella intermedia (PinCas13b) DD NNNN [40]
24 Prevotella buccae (PbuCasl3b) ND NDNN [40]
25 Alistipes sp. (AspCas13b) DR NDDN [40]
26 Prevotella sp. (PsmCas13b) VD DNNN [40]
27 Riemerella anatipestifer (RanCas13b) ND MDDN [40]
28 Prevotella aurantiaca (PauCas13b) NR NNNN [40]
29 Prevotella saccharolytica (PsaCas13b) DN NNNN [40]
30 Prevotella intermedia (Pin2Cas13b) DN NNNN [40]
31 Capnocytophaga canimorsus ND NHHA [40]
(CcaCas13b)
32 Porphyromonas gulae (PguCas13b) ND MHHA [40]
33 Prevotella sp. (PspCas13b) DD GBKN [40]
34 Flavobacterium branchiophilum KR NNNG [40]
(FbrCas13b)
35 Porphyromonas gingivalis (PgiCas13b) ND NNNN [40]
36 Prevotella intermedia (Pin3Cas13b) ND NNNN [40]

Table 3.5 to be continued on page 76.
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PFS (protospacer
No CRISPR/Cas13 systems flanking motif) Reference
5’ 3

37 Fusobacterium necrophorum - - [40]
(FnsCas13c)

38 Fusobacterium necrophorum - - [40]
(FndCas13c)

39 Fusobacterium necrophorum - - [40]
(FnbCas13c)

40 Fusobacterium necrophorum (FnfCas13c) — — [40]

41 Fusobacterium perfoetens (FpeCasl3c) — - [40]

42 Fusobacterium ulcerans (FulCas13c¢) - — [40]

43 Anaerosalibacter sp. (AspCasl3c) — — [40]

44 Ruminococcus flavefaciens (RfxCas13d) — - [146]

45 Eubacterium siraeum DSM 15702 - - [146]
(EsCas13d)

46 Ruminococcus sp. N15.MGS-57 - - [147]
(RspCas13d)

47 Anaerobic digester metagenome - - [146]
(AdmCas13d)

48 Ruminococcus albus (RaCas13d) - — [146]

49 Ruminococcus flavefaciens FD1 - - [146]
(RffCas13d)

Note: D=A, G, T(U);R=A,GM=A,C;K=G, T{U); B=C,G, T (U,
H=A,C, T @U).

3.5. CRISPR/Cas applications

Targeted genome editing with programmable nucleases has taken leading
positions among genome modification technologies within a short time. Today,
CRISPR/Cas is the most popular system in targeted genome editing [149-151].
CRISPR/Cas nucleases have a number of advantages, namely: high efficiency,
multiple editing, low cost, and a short cycle [152, 153].

The CRISPR/Cas systems can have different applications involving gene editing,
from cell-based human and animal hereditary disease modeling, functional genome
screening, epigenome studies and visualization of cellular processes to applications in
the food industry to receive high-quality food products, in agriculture to create new
livestock breeds and plant varieties, and in medicine. In addition, the CRISPR/Cas
systems can be used in the diagnosis of diseases through the identification of genetic
sequences, for example in viruses or oncogenes, for prevention of infectious diseases
through gene modification in disease carriers rather than in humans, for example, in
malaria, and for the treatment of socially significant diseases, both hereditary and
acquired, including cancer, autoimmune diseases, orphan diseases, infectious diseases,
and many others.
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3.5.1. CRISPR/Cas in the food industry

Fermented foods are a staple in the modern diet, with milk, meat, cucumbers,
grains, and cabbage being the most common substrates. Starter cultures play an
essential role in transforming these substrates into respective products [154]. Other
microbes act as probiotics defined as ‘living microorganisms, which, when taken
in adequate quantities, are beneficial for the host health’ [155]. Probiotics can be
incorporated into fermented food products or other food matrices, or they can be
available as food supplements. Although fermentation processes including useful
microorganisms have been known for centuries, they still encounter such problems as
safety and quality of the product, purity and composition of the culture, fermentation
failure caused by bacteriophage attack.

Lactic acid bacteria commonly used in starter cultures and probiotics are
very frequently found to have CRISPR/Cas systems; their loci are generally found
in 62.9% of the studied lactobacilli genomes and 77% of bifidobacteria genomes
[156, 157]. The distribution of CRISPR/Cas in these bacteria and the diversity of
these systems provide a historical perspective of phago-microbial ecosystems of large-
scale fermentation. Besides, CRISPR/Cas can be an excellent tool for fermentation
management, including applications for strain typing, phage resistance, plasmid
vaccination, genome editing, and anti-microbial activity.

3.5.2. Typing of microorganisms

The adaptive nature of CRISPR/Cas helps receive a dynamic picture of the
evolutionary development of a certain microorganism strain. When external threats
are detected, new spacers are incorporated into a CRISPR array, in chronological
order, at the proximal end of the leader sequence [8, 158, 159]. As the acquisition of
new spacers is, first of all, caused by the threats present at some particular time, the
position of the spacer in the CRISPR array of the host genome can offer important
historical, geographic and environmental information about the particular strain
[159-161]. Therefore, CRISPR/Cas becomes an excellent tool not only for strain
typing but also for studies in strain divergence and relatedness, microbial ecology
and evolution, for epidemiological concepts and understanding of genotypes at the
cohort level in complex environmental samples [162, 163].

To identify accurately strains present in starters and probiotics, the food industry
needs specific typing techniques. This is essential for maintaining the invariable
composition of particular starter culture and for optimizing processes involving
isolation and identification of new starter strains to be further used in the industry.

To find a fast and cost-effective way of identification of strain types and variations
(typing), a number of techniques were studied and assessed, including pulsed-field gel
electrophoresis, PCR-based assay of repeats and 16S rDNA sequencing [164]. Typing by
using amplification and sequencing of arrays of repeated CRISPR spacers is a new and
efficient tool, which can be added to the existing toolbox. The absence of CRISPR/Cas
in the specified strains is the greatest limitation for its application in this field.
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Table 3.6. CRISPR/Cas typing of microorganisms

No | Microorganism Reference
Food industry (starters/probiotics)
1 S. thermophilus [62]
2 Lactobacillus casei [165]
3 Lactobacillus paracasei [166]
4 Lactobacillus rhamnosus [167]
5 Enterococcus faecalis [168]
6 Bifidobacterium genus [156]
7 Lactobacillus gasseri [169]
Spoliage microorganisms
8 Spoliage microorganisms [163]
9 Lactobacillus buchneri [170]
Pathogenic microorganisms
10 Salmonella [171-182]
11 Campylobacter jejuni [183]
12 Clostridium difficile [184]
13 Corynebacterium diphtheriae [185]
14 E. coli [186]
15 Legionella pneumophila [187]
16 Staphylococcus aureus [188]
17 Vibrio parahaemolyticus [189]
18 Mycobacterium tuberculosis [190, 191]
19 Yersinia pestis [7, 192]

Nevertheless, since CRISPR/Cas is very frequently found in many microorganisms
involved in fermentation, the food industry can use the CRISPR/Cas typing to identify
species present in the starter cultures and probiotics (Table 3.6) [162].

In addition, CRISPR can be useful for tracking pathogenic microorganisms. The
speed and easiness of the CRISPR/Cas typing turn it into an ideal method for strain
identification in case of contamination problems or disease outbreaks.

The CRISPR/Cas typing can be used independently and in combination with tra-
ditional methods used for typing of microorganisms. The application of CRISPR/Cas
can provide additional discriminatory power in identifying particular isolates present
in starter cultures and probiotics used in the food industry. In addition, the information
obtained during CRISPR/Cas typing of food spoilage microorganisms and pathogens
can be further used for the development of strategies aimed at the safety and quality
of food products.

3.5.3. Constructing microorganism strains resistant
to bacteriophages and unwanted plasmid DNAs

Phages are the most abundant biological entities on Earth, outnumbering bacteria
[193]. As lytic phages replicate by destroying their bacterial hosts, no wonder that
they present a problem for fermentation processes in the food industry. In an attempt

78



Chapter 3. CRISPR nucleas

to minimize economic losses caused by each phage infection, the food industry
offered several solutions to limit the impact of phages, including changes in the
factory design, sanitary measures, ventilation systems, technological protocols, starter
media and culture change procedures [194]. Nevertheless, phage infection of starter
cultures is the main factor causing slow or failed fermentation in the industry [194].
As phages are often present in raw materials and are robust against different types
of treatment, including thermal treatment, high pressure, ionizing radiation and
pasteurization, they are virtually impossible to eliminate [195]. Bacteria have evolved
to cope with the problem, and many of them have innate mechanisms of protection
against bacteriophages [196—201]. CRISPR/Cas is another defense mechanism.
Considering the prevalence of phages in fermentation processes, it is not surprising that
CRISPR/Cas systems are so common in fermentation microorganisms. CRISPR/Cas
helps microorganisms acquire resistance to phages. When a new spacer, which
corresponds to the phage it was infected by, is incorporated, the strain is effectively
vaccinated against any other encounters with this phage or any other related phages
carrying the same protospacer sequence [159].

In addition to their impact on bacteriophages, CRISPR/Cas systems prevent
the uptake of plasmids by DNA cleaving [9, 12]. When encountering a plasmid,
the microorganism having a CRISPR/Cas system acquires a respective spacer and
is subsequently vaccinated against plasmid uptake. The main advantage gained
from such vaccination is that it restricts the uptake of undesirable DNA elements,
such as pathogenicity islands or antibiotic resistance genes, which are frequently
transmitted through plasmids [202—-205]. Although vaccination against such elements
can develop naturally, the CRISPR/Cas system can also be designed to affect such
genetic elements.

Food industry workers are especially concerned about antibiotic resistance
prevalent among microorganisms. Monitoring the transfer of genes of these antibiotic-
resistance elements in the food chain is seen as a priority in the demonstration of safe
application of such microorganisms [206].

In the same manner as phage resistance can be programmed in strains containing
native CRISPR/Cas systems, the resistance to plasmids carrying antibiotic resistance
genes can be programmed, thus making the modified microorganism resistant to
uptake or spread of antibiotic resistance genes [12, 207].

3.5.4. Modification of microorganisms

It is known that CRISPR/Cas9 induces a double-strand break at the specified
genomic locus (programmable by a selection of the respective guide RNA). Genome
editing takes place when the cell repairs the damage by using endogenous pathways of
DNA reparation, such as non-homologous end joining or homologous recombination,
which frequently cause alterations in the cleavage site of CRISPR/Cas. However, when
dealing with prokaryotes, the approach for using CRISPR/Cas as a tool for genome
editing must account for bacterial physiology and DNA homeostasis mechanisms. For
example, the double-strand break of bacterial genomes most frequently leads to cell
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death because of the lack of robust endogenous DNA repair; therefore, genome editing
in bacteria should be driven primarily by recombination events [208]. The interest in
using the CRISPR/Cas technique for bacterial genome editing, gene knockout and
gene screening in bacterial and archaeal genomes is steadily increasing [209-213].

It should be noted that CRISPR/Cas is an exceptionally well-suited tool for
screening and selection of low-frequency desired genotypes [214, 215] as well as for the
selection of specific genotypes in fermentation organisms S. thermophilus and probiotic
Lactobacillus reuteri [211, 215]. Besides, the CRISPR/Cas-mediated genome editing
technique coupled with recombination and using of linear single-stranded or double-
stranded DNA templates has been developed and successfully applied to E. coli [216].

Theoretically, CRISPR/Cas can be used to select any number of naturally
occurring genotypes for further exploration of their functional abilities and
applications, thus making high-throughput genome editing tools useful for selection
of economically valuable strains.

3.5.5. Antimicrobial activity

The type I and II CRISPR/Cas systems can be used as programmable
antimicrobials; they can easily target undesirable sequences such as antibiotic
resistance and virulence genes to destroy pathogenic bacteria or to destroy undesirable
plasmids they may sometimes carry [217, 218].

The type 11 CRISPR/Cas system from S. pyogenes, which is characterized by
the ability to destroy bacteria communities based on their sequences, was used as
a selection tool to introduce mutations [209], providing the first evidence of CRISPR-
mediated genome editing in bacteria. The type I systems from E. coli and Salmonella
as well as type Il system from S. thermophilus were also used for selective destruction
of even closely related organisms (up to 99% of the homology) by targeting unique
sequences in a complex microbial community [219]. The self-targeting strategy, when
the endogenous CRISPR/Cas9 system is used for destroying a bacterial population,
makes it possible to eliminate the vast majority of the bacterial population (the
destruction efficiency ranges from 2 to 5 folds when using single spacers) [217].

Although the CRISPR self-targeting is a powerful programmable
antimicrobial tool, the delivery to the target population remains the main problem
in its application for destroying bacteria causing infectious diseases. To achieve
clinically significant efficacy, the delivery should be specific and efficient. Some
studies showed that the DNA encoding bactericidal proteins different from Cas
nucleases can be delivered to bacterial communities by using phage particles
as vectors. For example, the M13 phagemid was used for delivery of different
toxins or restriction enzymes in E. coli [220-222], while the Pf3 phage was also
used for delivery of a restriction enzyme and successful treatment of the infection
caused by P. aeruginosa in mice [223]. With the above strategy, self-guiding
CRISPR/Cas systems were successfully delivered to E. coli and S. aureus by
using phage capsids as delivery vectors [224, 225]. In addition, CRISPR/Cas
systems with a set of spacers, which are targeted at antibiotic resistance genes, are
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successfully used for re-sensitization of cells that initially transfer plasmids with
target sequences of antibiotic resistance genes [226].

Thus, the CRISPR/Cas systems are an attractive option for creating pro-
grammable and specific antimicrobials. The unique advantage of CRISPR-based
antimicrobials over all other strategies (phagotherapy, antimicrobial peptides,
antibodies or vaccines) is represented by their ability to kill bacteria carrying strictly
specific sequences. This can be useful when it is desirable to destroy only a selected
group of bacteria within a particular community, which would be difficult to achieve
by using the existing strategies. The application of CRISPR/Cas systems will help
solve two main tasks related to the currently available antibiotics. Firstly, it will
prevent non-selective elimination of bacteria, which can be useful; secondly, it will
reduce the selective burden on the resistance by allowing the off-target population to
thrive and occupy the environmental niche. Thus, CRISPR/Cas systems are a novel
tool for monitoring the composition of microbial communities rather than a traditional
broad-spectrum antibiotic.

3.5.6. HIV therapy

The CRISPR/Cas systems are used to explore target genes and genomic
modification processes [227], splicing mechanisms [228], transcription [229] and
epigenetic regulation [230]. In addition, CRISPR/Cas systems are used to study and
develop therapeutic approaches to the treatment of hereditary diseases [231, 232],
infectious diseases, cancers [233] and immunological diseases [234-236].

Targeted genome editing with CRISPR/Cas systems is used as an antiviral
therapy when treating infectious diseases. The therapeutic effect is achieved either
through alteration of the host genes essential for the life cycle of the virus or through
targeting viral genes essential for replication [237]. Today, modification of genes
associated with the infection (first of all, with HIV entry into T cells), which is aimed
to create CD4"-T cells robust against HIV and to reinfuse the edited cells to patient,
is one of the approaches to HIV therapy based on targeted genome editing.

To enter host cells, HIV-1 interacts with the CD4 molecule and CCR5
(C-C chemokine type 5 receptor) or CXCR4 (C-X-C chemokine type 4 receptor)
co-receptors. Therefore, HIV tropism is linked to expression patterns of these
two co-receptors [238]. There are two types of HIV strains: T-cell-tropic HIV and
macrophage-tropic HIV strains. The macrophage-tropic HIV uses the chemokine
CCRS receptor as a co-receptor in the infection of macrophages and primary T cells,
and accounts for up to 90% of primary infections. The T-cell-tropic HIV uses CXCR4
as a co-receptor [239-240]. However, it should be noted that there are dual-tropic
viruses [238].

The CRISPR/Cas9 systems were used for inducing a site-specific human genomic
modification in vitro and in vivo in mouse models of HIV infection [241-245].
Multiple groups of scientists successfully completed the knockout of the CCRS
receptor in CD4*-T lymphocytes by using CRISPR/Cas9, which was targeted at
the open reading frames of the gene encoding CCRS. This approach helped inhibit
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HIV-1 infection without significant side effects [244]. Editing of CCRS5 both in the
population of hematopoietic stem cells and in the population of CD4*-T lymphocytes
is a promising strategy for creating HIV-resistant cells and for subsequent re-infusion
of edited cells to patients.

Nevertheless, this approach is not efficient for CXCR4-tropic HIV strains.
It was found that CRISPR/Cas9 could provide high precision and efficacy in the
editing of the CXCR4-encoding gene. The knockout of the HIV CXCR4 co-receptor
is accompanied by minor off-target effects and provides resistance to HIV infection
caused by CXCR4-tropic HIV strains [242, 246—248]. This approach can be used
to create human experimental and therapeutic primary CD4*-T cells to provide
an alternative method of treatment of HIV-1 X4 infections. At the same time, the
concurrent knockout of both HIV co-receptors — CCRS5 and CXCR4 — leads to
reduced expression of CCRS and CXCR4, thus, making modified cells resistant to
infection with RS and X4 tropic viruses even when using dual-tropic viruses [242].

3.5.7. Targeting persistent viral infections

Following the initial infection, many viral pathogens continue to persist in a
human body, integrating their genome into a chromosomal DNA or maintaining
it episomally within host cells. The viral pathogens that cause persistent infection
include HIV, hepatitis viruses, herpesviruses, papillomaviruses, etc. In recent years,
the CRISPR technology has been successfully used to reduce or eliminate permanent
viral infections in vitro and in animal models in vivo, giving hope that it can be used
for the treatment of latent and chronic viral infections [249].

Following acute HIV infection, proviral DNA becomes integrated into host cells,
resulting in chronic infection despite antiretroviral therapy. CRISPR/Cas systems were
used to combat HIV infection in vitro in different cell lines. Researchers were able not
only to suppress HIV gene expression in infected T cells and microglial cells but also
to eliminate the HIV proviral DNA from multiple other cell lines, including neural
progenitor cells, which act as latent reservoirs of HIV infection [250-252].

The CRISPR/Cas systems also showed their efficiency in combating HIV infec-
tion in vivo. The HIV proviral DNA was eliminated from animals’ spleen, lungs, heart,
colon, and brain in a humanized model of chronic HIV infection [252]. In addition,
researchers used the CRISPR/Cas system to eliminate the HIV proviral DNA from in-
fected human peripheral blood mononuclear cells in a transgenic mouse model [253].

As of today, more than 250 million people are infected with hepatitis B virus
(HBV) worldwide, resulting in around 900 thousand deaths each year [254]. The
presence of covalently closed circular DNA (cccDNA) of HBV, together with the
DNA integrated into the host genome, creates risks of virus reactivation and can lead
to the development of hepatocellular carcinoma. Nucleoside/nucleotide analogs per
se can hardly eliminate replicative HBV forms composed of cccDNA or integrated
HBV DNA. In 2017, the CRISPR/Cas9 system was used to remove a full-length
HBV DNA fragment that was chromosomally integrated and episomally located as
cccDNA in chronically infected cells. This approach made it possible to completely

82



Chapter 3. CRISPR nucleas

eliminate HBV in a stably infected cell line in vitro. Thus, it can be assumed that
the CRISPR/Cas9 system is a highly promising tool for eradication of HBV chronic
infection and complete recovery from HBV [255, 256].

Furthermore, the CRISPR/Cas system has been successfully used in vitro in the
fight against infections caused by herpesviruses. Guide RNAs used simultaneously
led to a significant reduction in replication of herpes simplex virus 1 in cells
[257, 258]. The CRISPR/Cas system can eliminate up to 95% of the Epstein—Barr
virus and cytomegalovirus DNA within 11 days; then, the organism develops mutant
viral forms resistant to CRISPR/Cas [257, 258]. The efficiency of CRISPR/Cas
systems was also demonstrated by eliminating other viral pathogens in vitro, such as
John Cunningham virus and human papillomavirus 16 and 18 [259, 260].

3.5.8. Development of therapeutic approaches to monogenic diseases

Monogenic diseases are caused by a defect in a single gene and are inherited
according to traditional Mendelian patterns [261]. These disorders affect millions of
people, and it has been estimated that more than 10 thousand human diseases fall under
this category. Monogenic diseases are mainly classified as dominant, recessive, and
X-linked [261]. Treatment of most of these diseases is still limited to the management
of symptoms without addressing the underlying genetic defect. The advent of genome
editing tools such as the CRISPR/Cas system opens avenues for the development
of therapeutic strategies for the treatment of monogenic diseases (Table 3.7) [262].

3.5.9. Development of therapeutic approaches to cancer treatment

Cancer is responsible for millions of human deaths worldwide, and researchers
have been searching for efficient methods of treatment for years. New drugs,
chemotherapy, and radiological therapy have been available for the treatment of patients
for years; however, all the offered approaches have side effects. The CRISPR/Cas
revolutionary tool for genome editing opened up new vistas for developing
therapeutics for cancer. CRISPR/Cas has enormous potential for advancement in
gene and cell therapy for malignancies (Table 3.8).

3.6. Clinical trials

Currently, a total of 30 clinical trials have been launched to evaluate candidate
therapeutic products based on CRISPR/Cas nucleases. The CRISPR/Cas efficiency
is evaluated for hematological and solid malignancies such as acute lymphoblastic
leukemia, non-Hodgkin lymphoma, lymphoblastic lymphoma, esophageal cancer,
invasive bladder cancer, hormone-resistant prostate cancer, and non-small cell lung
cancer as well as for hereditary diseases such as sickle cell disease, thalassemia,
Kabuki syndrome, Rubinstein-Taybi syndrome. Finally, as of June 2020, there are
two clinical trials evaluating CRISPR/Cas designed to combat infectious diseases,
such as HIV and human papillomavirus (Table 3.9).
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Table 3.7. CRISPR/Cas-mediated therapeutic approaches to human monogenic

diseases
No | Target & Strategy | Outcome |Reference
Cystic fibrosis
1 |Strategy: CRISPR/Cas9, [Successful editing of Delta F508 CFTR [263]
guide RNA specific to mutation in easily accessible airway basal
the CFTR gene sequence |stem cells obtained from patients with cystic
Method: homologous fibrosis. The editing resulted in 30-50%
recombination allelic correction in stem cells and bronchial
. epithelial cells in 10 patients (the CFTR
Dehv;ry: ad.eno- function was restored to 20-50% against the
associated viral vector control samples without cystic fibrosis in
differentiated epithelium). The modified cells
retained their differentiation capability, as
shown on the animal model in vivo (the pig)
2 | Strategy: CRISPR/Cas9, |CRISPR/Cas9-mediated homologous [264]
guide RNA specific to recombination successfully corrects the
the CFTR gene sequence. | mutant F508del allele in intestinal stem
Method: homologous cells isolated from two patients with cystic
recombination fibrosis. The functionality of the corrected
Delivery: plasmid DNA allele is demonstrated in the organoid system
3 | Strategy: CRISPR/Cas9, |The CRISPR system is used to correct [265]
guide RNA specific to deletion of F508 in the CFTR gene in
the CFTR gene sequence. |induced pluripotent stem cells (iPSCs)
Method: homologous obtained from patients with cystic fibrosis.
recombination It was observed that the corrected iPSCs
Delivery: plasmid DNA had normal CFTR expression and function
when they differentiated into mature airway
epithelial cells.
Sickle cell disease
4 | Strategy: CRISPR/Cas9, [It has been found that HiFi Cas9 [266]
guide RNA specific to provides efficient correction (homologous
the HBB gene sequence. |recombination) of the Glu6Val mutation
Method: homologous in the HBB gene, which causes sickle cell
recombination disease, in CD34" cells obtained from patients
. with sickle cell disease
Delivery:
ribonucleoprotein
complex
5 | Strategy: CRISPR/Cas9 | The modified version of Cas9 (hGemCas9) [267]
hGemCas9, guide RNA | with reduced nuclease activity in the G1
specific to the HBB gene |phase of the cell cycle, and synchronization
sequence. of mobilized peripheral blood stem cells in S/
Method: homologous G2 phases resulted in a 4-fold increase in the
recombination rate of homologous recombination in vitro
Delivery: mRNA and in vivo
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No Target & Strategy Outcome Reference
6 Strategy: CRISPR/Cas9, |The novel editing technology in human [268]
guide RNA specific to pluripotent cells by using the Cas9 protein
the HBB gene sequence. |combined with chemically modified guide
Method: homologous RNAs and recombinant AAV6 vectors for
recombination delivery of donor templates for homologous
Delivery: information is recombination can be used for integration of
b a 2.2-thousand bp DNA expression cassette at
not available frequencies up to 94% at the HBB locus. The
technology was used successfully to correct
63% of the iPSCs obtained from patients with
sickle cell disease
Thalassemia
7 | Strategy: CRISPR/Cas9, |The mutation in the B-globin gene (HBB) in [269]
guide RNA specific iPSCs obtained from patients with HbE/
to the HbE mutation B-thalassemia was corrected by using the
sequence CRISPR/Cas9 system. Modified clones
Method: homologous were differentiated into erythroid cells that
recombination contained mature HBB gene and expressed
Delivery: plasmid DNA functional HBB protein
8 |[Strategy: CRISPR/Cas9, |CRISPR/Cas9 corrects, at 95% efficiency, [270]
guide RNA specific to the HBB!S110>4 mutation
HBBS-11%G>4) mutation in CD34*-HBB""S11%>4 homozygous
sequence erythroblasts obtained from patients
Method: non-homologous
end joining
Delivery:
ribonucleoprotein
complex
9 | Strategy: CRISPR/Cas9, |CRISPR/Cas9-ssODNs successfully correct [271]
guide RNA specific to the CD41/42 (-CTTT) mutation of the the
the HBB CD41/42(—CTTT) | B-globin gene (HBB) in iPSCs obtained from
mutation sequence patients with B-thalassemia. Modified clones
Method: homologous retain full pluripotency and have normal
recombination karyotypes. Erythroblasts differentiated from
. .. modified iPSCs express HBB
Delivery: lentiviral vector
Huntington’s Disease (HD)
10 |Strategy: CRISPR/Cas9, |The strategy for allele-specific editing [272]
guide RNA specific of mHTT sequence based on
to mutant huntingtin CRISPR/Cas9 technology takes advantage
(mHTT) sequence of highly prevalent SNPs at the H7T locus
Method: knockdown for guiding mutant allele-specific cleavage
Delivery: adeno- and sho.ws its effectlveness. in 'reducmg the
NS expression of mutant proteins in human HD
associated viral vector fibroblasts in vitro and mice brain in vivo

Table 3.7 to be continued on page 86.
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from Staphylococcus
aureus, guide RNA
specific to mutant
huntingtin (mHTT)
sequence

Method: knockout

Delivery: adeno-
associated viral vector

packaged with a single guide RNA in the
adeno-associated viral vector can be used

to disrupt the expression of the mutant HTT
gene in the mouse model of Huntington’s
disease following its in vivo delivery to the
striatum. It was found that CRISPR-Cas9-
mediated disruption of the mutant HTT

gene resulted in a 50% decrease in neuronal
inclusions and significantly improved lifespan
and certain motor deficits

No Target & Strategy Outcome Reference
11 |Strategy: CRISPR/Cas9, |The reduction of mHTT expression in striatal [273]
guide RNA specific neuronal cells in adult mice (specialized
to mutant huntingtin HD model) did not affect viability, though
(mHTT) sequence alleviated motor deficit. Studies showed
Method: knockdown that CRISPR/Cas9-medicated allele-specific
Delivery: adeno- editing could be used to eliminate efficiently
ery: ad neuronal cell toxicity caused by an extended
associated viral vector polyglutamine (polyQ) tract, in the human
adult brain
12 | Strategy: CRISPR/Cas9 | The KamiCas9 system demonstrated high [274]
KamiCas9 (a self- efficiency in genome editing of neuronal and
inactivating editing glial cells of the mouse brain and in iPSC
system for achieving cultures obtained from HD patients. The
transient expression of molecular analysis demonstrated an improved
the Cas9 protein and high | safety profile of KamiCas9, which is
editing efficiency), guide |essential in the context of CNS applications
RNA (sgHTT1) targeted |and, in particular, slowly progressive
at the region close to the [neurodegenerative diseases
HTT translation start site |such as Huntington’s disease
to cause permanent H7TT
disruption
Method: knockout
Delivery: lentiviral vector
13 | Strategy: CRISPR/Cas9 | The Staphylococcus aureus Cas9 nuclease [275]

Duchenne muscular dystrophy

DMD)

14

Strategy: CRISPR/Cas9
from Staphylococcus
aureus, guide RNA
specific to intron 22 and
23 sequence (to remove
the exon 23 from the
Dmd gene in the MDX
mouse model of DMD)

Method: non-homologous
end joining

Delivery: adeno-
associated viral vector

AAV-CRISPR/Cas9 successfully removes

the mutated exon 23 from the dystrophin
gene. The deletion of the exon 23 restores
expression of a modified dystrophin gene,
partial recovery of functional dystrophin
protein in skeletal myofibers and cardiac
muscle, improvement of muscle biochemistry,
and significant enhancement of muscle force
in model animals

[276]
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No Target & Strategy Outcome Reference
15 |Strategy: CRISPR/Cas9 | AAV-CRISPR restores dystrophin expression [277]
from Staphylococcus in the mouse model of DMD for one year.
aureus, guide RNA AAV-CRISPR did not cause any signs of
specific to intron 22 and |toxicity in the mouse model during one year
23 sequence (to remove
the exon 23 from the
Dmd gene in the MDX
mouse model of DMD)
Method: non-homologous
end joining
Delivery: adeno-
associated viral vector
16 |Strategy: CRISPR/Cas9 | The simple and efficient strategy is [278]
from Streptococcus designed for correction of exon 44 deletion
pyogenes, guide RNA mutations by CRISPR/Cas9 gene editing
specific to sequences of |in cardiomyocytes obtained from patients’
splice acceptor or donor |iPSCs in vitro and in vivo
sites of exons 43 and 45
of the Dmd gene in the
mouse model of DMD
Method: non-homologous
end joining
Delivery: adeno-
associated viral vector
17 |Strategy: CRISPR/Cas9 | AAV-CRISPR/Cas9 edits the Dmd gene in [279]
from Streptococcus the mdx4cv mouse model. Treated muscles
pyogenes and demonstrate robust dystrophin expression
Staphylococcus aureus, following both local and systemic delivery,
guide RNA specific to resulting in significant morphometric and
the Dmd gene sequence | pathophysiological improvement of the
Method: non-homologous dystrophic phenotype. AAV-CRISPR/Cas9
end joining, homologous induces Dmd gene correction in vivo through
recombination homologous recombination
Delivery: adeno-
associated viral vector
18 |Strategy: CRISPR/Cas9 | AAV-CRISPR/Cas9 restores dystrophin [280]
from Streptococcus expression in dogs 6 weeks after
pyogenes, guide RNA intramuscular delivery or 8 weeks after
specific to the Dmd gene |systemic delivery. After the systemic
sequence (the exon 51 delivery in skeletal muscles, dystrophin was
splice acceptor site) restored to levels ranging from 3 to 90% of
Method: non-homologous the normal level,. depending on the musc!e
end joining type. Ip the cardiac mL}sc}le, the dystrophln
. levels in the dogs receiving the highest dose
Delivery: adeno- reached 92% of the normal level
associated viral vector

Table 3.7 to be continued on page 88.
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No Target & Strategy Outcome Reference
19 |Strategy: CRISPR/Cpfl Cpfl efficiently corrects mutations causing [281]
from Lachnospiraceae Duchenne muscular dystrophy, in vitro in
bacterium and ) human cells and in vivo in the mouse model
Acidaminococcus, guide
RNA specific to the Dmd
gene sequence
Method: non-homologous
end joining, homologous
recombination
Delivery: adeno-
associated viral vector
Hemophilia
20 |Strategy: CRISPR/Cas9, |The adenoviral vector delivery of [282]
guide RNA specific CRISPR/Cas9 components and templates for
to the sequence of the homologous recombination provides correct
ROSA26 gene encoding | restoration of the FIX-encoding gene, thus
clotting factor FIX contributing to long-term improvement in
Method: homologous FIX activity and phenotypic correction in the
recombination mouse model of juvenile hemophilia
Delivery: adenoviral
vector
21 |Strategy: CRISPR/Cas9, |CRISPR/Cas9-ssODN efficiently corrects the [283]
guide RNA specific to FVIII-encoding gene in iPSCs obtained from
the sequence of the gene |patients with hemophilia (HA-iPSCs). The
encoding clotting factor | FVIII expression and activity were restored
FVIII (exon 14) in vitro and in vivo in endothelial progenitor
Method: homologous cells obtained from modified HA-iPSC
recombination
Delivery: plasmid DNA
22 | Strategy: CRISPR/Cas9, |The encoding sequence of human F9 was [284]
guide RNA specific integrated into the AAVSI locus in iPSCs
to the sequence of the obtained from the hemophilia B patient
11:1tegrat10n lpcu(sl of the | by yging the CRISPR/Cas9 system. The
? Ail\(;-sals)somate virus hepatocytes obtained during differentiation of
] modified iPSCs expressed steadily F9, even
Method: homologous after implantation to animals in vivo
recombination
Delivery: plasmid DNA
23 | Strategy: CRISPR/Cas9 |The genome editing technology used dual [285]
Staphylococcus aureus, AAV vectors encoding Staphylococcus aureus
guide RNA specific to Cas9, guide RNA (SaCas9-gRNA) and
the intron sequence 13 at | codon-optimized gene encoding human FVIII
the locus of liver-specific | with human B-domain deletion (BDD-FS).
albumin (Alb) BDD-F8, in a site-specific manner, is
Method: h 1 integrated into the locus of the liver-specific
regorgbinagglr? ogous albumin (Alb), thus causing production of
. . FVIII in the liver. In the mouse FVIII-gene
Delivery: ad.en?' knocked out model (FSKO, hemophilia A
associated viral vector model), editing caused increased levels of
FVIII protein, which remained active in the
liver within 7 months, without any noticeable
toxicity for the liver
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No Target & Strategy Outcome |Reference
Diabetes
24 | Strategy: dCas9/sgFabp4 |The targeted delivery of the anti-Fabp4 [286]
Method: CRISPRi CRISPRi system to white adipocytes by
. . using ATS-9R resulted in the effective Fabp4
?p zlggzy;,:rili%?ym- knockout, thus causing a reduction in the
body weight, reduction in inflammation,
Sﬁ%ﬁi}’:ﬁ;ﬁge and restoration of hepatic function in mice
. with obesity. The application of anti-Fabp4
(9 residues) — ATS-9R CRISPRi system ameliorated obesity and
type 2 diabetes caused by obesity through
suppression of the Fabp4 expression
25 | Strategy: CRISPR/ Pancreatic B-cells obtained from iPSCs and [287]
Cas9+ssODN CRISPR/Cas9-modified for correction of
Method: homologous the pathogenic variant causing diabetes, in
recombination Wolfram syndrome type 1 (WFS1) secreted
. . . insulin in vitro in response to glucose and
Dehvery. . stopped the development of streptozotocin-
not available induced diabetes after grafting to mice
26 |Strategy: CRISPR/Cas9/ |The delivery of CRISPR/Cas9/sgDPP-4 [288]
sgDPP-4 ribonucleoprotein complexes specific to
Method: knockout dipeptidyl peptidase-4 gene modulates
. ) . the function of glucagon-like peptide 1.
Delivery: nanoparticles Complexes injected with nanoparticles to
model mice with insulin-dependent type 2
diabetes reduced the blood glucose level,
normalized the response to insulin and
reduced damage in the liver and kidneys
27 | Strategy: CRISPR/ Successful creation of knockout lines of [289]
Cas9, CRISPR/Cas9, pancreatic B-cells (EndoC-BH1) demonstrate
guide RNA specific the possibility of CRISPR/Cas9-based
to the sequences genome editing in the above types of cells
encoding peptidyl- and offers additional opportunities for using
glycine alpha-amidating |of CRISPR interference (CRISPRi), CRISPR
monooxygenase (PAM), |activation (CRISPRa), CRISPR genome
an insulin destroying screening systems, epigome modification
enzyme (IDE) and insulin | systems and CRISPR base editing systems
(INS)
Delivery: lentiviral vector
Cardiovascular diseases
28 | Strategy: CRISPR/Cas9, |Excessive and/or normal TNNI3K expression [290]
guide RNA specific to is associated with susceptibility to dilated
sequences encoding cardiomyopathy. It is assumed that TNNI3K
TNNI3K (TNNI3 knockout can prevent ventricular dilation,
interacting kinase) which will be clinically beneficial for
Method: knockout patients with refractory disease
Delivery: plasmid DNA

Table 3.7 to be continued on page 90.
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respective guide RNAs

Method: homologous
recombination

Delivery: different techniques

or TCR-cassette is inserted

in the endogenous locus of

the TCR gene to alleviate the
graft-versus-host response,
thus making impossible any
accidental integration of the
cassettes and providing smooth
expression of CAR (chimeric
antigen receptor)

No Target & Strategy Outcome Reference
29 |Strategy: CRISPR/Cas9, | AAV-CRISPR/Cas9 provides in vivo [291]
guide RNA specific to correction of the Ldlr gene and partially
sequences encoding the restores the LDLR expression, thus reducing
low-dGHSIg]DIipﬁ)proteln symptoms of atherosclerosis in model
receptor ( ) animals. AAV-CRISPR/Cas9 can offer an
Method: homologous efficient therapeutic approach to the treatment
recombination of patients with familial hypercholesterolemia
Delivery: adeno-
associated viral vector
30 |Strategy: CRISPR/Cas9, |The CRISPR/Cas9 system helps restore wild- [292]
guide RNA specific to type LDLR (normal phenotype) expression
the sequence of adeno- in the iPSC model. The obtained model cells
associated virus (AAVS1) | can be used for studying the regulation
integration locus of cholesterol metabolism. It was found
Method: homologous that LDLR pla}ys rol.e in the late stage
recombination gf the heg)olatltls C virus (HfCV) .hff: cycle —
. . . in assembly or secretion of a viral progeny.
Delivery: plasmid DNA LDLR*-iPSC can be used as a platform for
screening of drugs administered for treatment
of dislipidemy and HCV infection
31 |[Strategy: CRISPR/Cas9, |The study has proved efficacy and safety of [293]
guide RNA specific to the CRISPR/Cas9 system targeted at human
the sequence encoding PCSK9 gene in human hepatocytes in vivo
proprotein convertase (chimeric mice with a humanized liver)
subtilisin/kexin type 9
(Pcsk9)
Method: knockout
Delivery: adenoviral
vector
Table 3.8. CRISPR/Cas-mediated therapeutic approaches to human cancers
No Target & Strategy Outcome Reference
1 Strategy: CRISPR/Cas9, Creating CAR-T cells — T cells |[294-304]
respective guide RNAs with chimeric antigen receptor,
Method: TCR, B2M and PD-1 having high anti-tumor activity,
molecules were removed including universal CAR-T
simultaneously to increase anti- | cells — allogeneic T cells with
tumor activity. Other genes, such |removed endogenous TCR and
as CTLA-4, LAG-3, TIM-3 and HLA
Fas, were also destroyed together
with TCR and B2M
Delivery: different techniques
2 Strategy: CRISPR/Cas9, CAR-T cells, in which the CAR |[305-309]
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There is no doubt that the number of clinical trials of CRISPR/Cas-modified
therapeutic products is going to increase from year to year, as numerous candidate
therapeutics are being evaluated through preclinical studies for such conditions as
infectious diseases, orphan diseases, cancers.

3.7. CRISPR/Cas delivery systems

The efficient delivery of CRISPR/Cas genome editing elements to target cells
is of paramount importance for using CRISPR/Cas tools in therapy [310]. Generally,
three strategies of delivery of CRISPR/Cas elements are used — in vitro, ex vivo and
in vivo, as well as other methods such as physical methods, viral and non-viral vector
delivery, etc. Physical methods of delivery imply short-term disruption of the membrane
target cell and include electroporation, sonoporation, nano-injection, microinjection, and
hydrodynamic injection [311]. Viral vectors are the earliest molecular tool for transfer
of genes to human cells; they transfer nucleic acids encoding CRISPR/Cas components
to target cells in the envelope of a virus, for example, an adenovirus, adeno-associated
virus, retrovirus, lentivirus, Epstein—Barr virus, herpes simplex virus and bacteriophages
[312, 313]. In addition, the recently reported alternative (non-viral) methods of CRIS-
PR/Cas delivery, for example, by using lipid nanoparticles, polymer nanoparticles and
hydrogel nanoparticles, hybrid gold, graphene oxide, metal-organic framework, black
phosphorus nanomaterials, etc. [314].

CRISPR/Cas elements can be delivered to a live cell as a set of plasmid
DNAs encoding the Cas protein and guide RNA or as a combination of the
Cas-protein-encoding mRNA and the guide RNA. The third option suggests
delivery of the pre-assembled ribonucleoprotein complex (Cas protein and the
guide RNA) into the cell (Table 3.10). The CRISPR/Cas delivery in the form

Table 3.10. CRISPR/Cas delivery systems

Forms of delivered CRISPR/Cas

Method of delivery elements
DNA mRNA protein
Electroporation + + +
Viral vectors + + -
Lipofection + +
+

Lipid nanoparticles -

Polymer nanoparticles - -
Hydrogel nanoparticles —
Gold nanoparticles - -

Graphene oxide — —
Metal-organic compounds — —
Nanolayered black phosphorus — -
Cell penetrating peptides — —
DNA nanostructures - -

||+
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of a ribonucleoprotein complex has several advantages, including high editing
efficiency; low non-specific activity; editing starts immediately after the delivery
to the cell; fast screening of efficiency of guide RNAs in vitro; reduced immu-
nogenicity due to the short-term presence of CRISPR/Cas elements in the target
cell. Therefore, ribonucleoprotein complexes offer promising opportunities in
CRISPR/Cas-based genome editing.

3.8. Diagnosis of infectious diseases

Solutions of epidemiological problems addressing the understanding of
infectious disease outbreaks, detection and identification of the pathogen, and
detection of specific bacterial genes require design and implementation of advanced
technologies of molecular epidemiology. One of such technologies involves using
CRISPR/Cas genetic editing elements. This technology is successfully used for
developing treatment strategies for some diseases, despite some difficulties associated
with unforeseen mutations. Thorough studies of the CRISPR/Cas system found that
it could be used for fine diagnostic procedures aimed to identify the pathogen(s) of
infection in humans and to genotype them.

3.8.1. CRISPR/Cas9-based diagnosis

CRISPR/Cas9 was used by several researchers developing diagnostic kits for
identification of infectious diseases. For example, to detect Zika virus, K. Pardee and
collaborators first amplified the viral RNA using an isothermal amplification — nu-
cleic acid sequence based amplification (NASBA) combined with the CRISPR/Cas9
system. By using the technique, scientists could accurately differentiate between
closely related viral strains by the presence/absence of the strain-specific PAM [315].

In 2016, the technique based on optical mapping was offered for direct iden-
tification of antibiotic resistance genes. In this technique, DNA sequences of single
plasmids, which carry antibiotic resistance genes and are present in bacterial isolates
in nanofluidic channels, were optically mapped. The technique makes it possible to
identify antibiotic resistance genes by using CRISPR/Cas9 and guide RNAs speci-
fic to antibiotic resistance genes, such as blaCTX-M-1 group, blaCTX-M-9 group,
blaNDM, and blaKPC. During the assay, the CRISPR/Cas9 ribonucleoprotein complex
linearizes circular plasmids in the antibiotic resistance gene region, and the resulting
linear DNA molecules are identified by using optical DNA mapping. In future, the
offered assay and technique can be applied to low concentration samples to identify
antibiotic resistance genes [316].

Later, CRISPR/Cas9 was combined with FISH (fluorescence in situ hybrid-
ization) to detect methicillin-resistant Staphylococcus aureus (MRSA) strains.
The method employs the dCas9 system, in which the ribonucleoprotein complex
coupled with a SYBR fluorescent probe recognizes the mecA gene of S. aureus.
The method makes it possible to detect MRSA at a concentration of 10 CFU/ml and
to distinguish between S. aureus isolates with and without the mecA gene [317].
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In addition to the above-mentioned technologies, a new technology was re-
ported in 2019. It combined next-generation sequencing (NGS) and CRISPR/Cas9
capabilities. The novel technology was called Finding Low Abundance Sequences
by Hybridization (FLASH) and is used for targeted enrichment during NGS. The
FLASH method uses a set of guide RNAs that cut the intended sequences into
fragments suitable for further sequencing by using the Illumina platform. The
input genomic DNA or cDNA is first blocked by phosphatase treatment and then
is cleaved with Cas9 ribonucleoprotein complexes programmed by the set of
guide RNAs. The resulting cleavage products are ligated to universal adapters
for sequencing. During the subsequent amplification, the target sequences are
enriched over the background and get ready for binding to the sequencing flow
cell. This method goes beyond other CRISPR-based diagnostic tools by providing
high levels of multiplexing and making it possible to analyze concurrently up to
1,000 targets, being reinforced by the precision and sequence identity inherent
in a traditional NGS readout. FLASH-NGS was successfully used in studies and
diagnosis of antibiotic-resistant infections to evaluate the burden of antimicrobial
resistance genes in pneumonia-causing gram-positive bacteria and drug resistance
in the malaria parasite [318].

3.8.2. CRISPR/Cas12 and CRISPR/Cas13-based diagnosis

In 2018, it was found that one of the CRISPR enzymes — Cas12 commenced
non-specific cleavage of the single-strand DNA after it had recognized its target
DNA. This property of Casl12 can be used to indicate the presence of a specific
target, for example, a viral or bacterial genome. Researchers used this discovery
to create a technological platform for the detection of nucleic acids, known as
DETECTR (DNA Endonuclease Targeted CRISPR Trans Reporter). The platform
combines the Casl2a nuclease, its guide RNA specific to the nucleic acid, and a
fluorescent reporter molecule. The DETECTR technology was first used to identify
and genotype the human papillomavirus (HPV). It took DETECTR one hour to
differentiate between HPV16 and HPV18 in the unpurified DNA extracts from
human cultured cells and clinical samples. DETECTR correctly (comparable with
the result of the PCR test) identified HPV16 in 25 and HPV18 in 23 out of 25
clinical samples [319].

Another important CRISPR/Cas application is the identification of pathogens
and detection of specific bacterial genes by using the SHERLOCK (specific high-sen-
sitivity enzymatic reporter unlocking) platform. The platform combines the Cas13a
nuclease, its guide RNA specific to the nucleic acid, and a fluorescent reporter mol-
ecule. The Cas13a complex binds and cleaves the pre-amplified nucleic acid with
high specificity. Using SHERLOCK, it became possible to differentiate between
closely related Zika and Dengue virus strains, to genotype several Escherichia coli
and Pseudomonas aeruginosa strains with low cross-reactivity. In addition, the
SHERLOCK platform can be used to distinguish between clinical isolates of
Klebsiella pneumoniae with two different antibiotic resistance genes, thus opening
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vast opportunities for multiplex systems combining the identification of bacterial
pathogens and detection of antibiotic resistance genes [144].

SHERLOCK was further improved (SHERLOCKV?2) to detect up to 4 targets in
the same assay. Multiplexing was achieved by combining multiple Cas13 nucleases
and a Cas12 nuclease with specific fluorescent reporter complexes, which provided
signal detection at different wavelengths. Quantitative detection was achieved by
optimizing concentrations of oligonucleotides used during pre-amplification so that
the input signal and signal intensity would closely correlate across a broad range of
sample concentrations. The enhanced sensitivity was achieved by adding Csm6 to
increase the intensity of the cleavage of a fluorescent reporter. It should be noted
that SHERLOCKYV?2 is a portable assay, as the fluorescence readout is replaced with
visual detection in lateral flow assays [320].

SHERLOCK can be combined with the HUDSON (heating unextracted
diagnostic samples to obliterate nucleases) method, which eliminates the need
for nucleic acid extraction and makes it possible to detect pathogens directly in
patients’ biological specimens (blood, serum or blood plasma, blood cells, saliva,
sputum, lymphoid tissues, tissues of hematopoietic organs, and other biological
materials). In HUDSON, heating and chemical reduction inactivate nucleases
present at high levels in patients’ biological specimens; then, viral particles are
lysed, releasing nucleic acids into the solution. HUDSON offers high-sensitive
detection of the Dengue virus in patients’ whole blood, serum, and saliva within
2 hours. HUDSON also makes it possible to distinguish between the four Den-
gue virus serotypes and detect the 6 most common HIV reverse transcriptase
mutations [321].

Thus, CRISPR/Cas opens up promising vistas for future diagnostic systems,
including multiplex systems, to be used for identification of bacterial or viral
pathogens, for detection of antibiotic resistance genes in bacterial pathogens, and
differentiation of closely related strains/isolates of bacterial and viral pathogens.

3.9. Resources for CRISPR/Cas

The CRISPR/Cas system was adapted as a powerful tool for genome editing
and became widely used in genomic studies due to its simplicity and cost-effective-
ness. The efficiency of the CRISPR/Cas system depends on the properly designed
single-guide RNA (sgRNA); therefore, multiple bioinformatics tools were offered
to create highly active and specific sgRNA. These tools vary in design, parameters,
reference genomes, efc. Some of the bioinformatics tools are given in Table 3.11,
while others can be found at BioinfoGP>.

SURL: https://bioinfogp.cnb.csic.es/tools/wereview/crisprtools
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Table 3.11. Bioinformatics tools and resources for the CRISPR/Cas system

No

Resource name |

Link |

Application

| Reference

The design of guide RNAs for the CRISPR/Cas system

1

CRISPR Guide
RNA Design

https://www.
benchling.com/
crispr/

Guide RNAs can be
designed with an imported
target sequence; gene
coordinates can be
specified within the
selected genome to be
further automatically
annotated by Benchling
(with the exon and coding
sequence information
required to design guide
RNAs). Sequence import
directly from more than
160 reference is possible.

With Benchling and the
latest algorithms, the
designed guide RNAs can
be scored by specificity
and efficiency to provide

selection of the best
guides

GPP sgRNA
Designer

https://portals.
broadinstitute.org/
gpp/public/analysis-
tools/sgrna-design

The tool ranks and picks
candidate guide RNA
sequences for selected

attempting to maximize
on-target effectiveness
and minimize off-target

target genes, while

activity

[322-325]

CHOPCHOP

http://chopchop.cbu.
uib.no

The tool ranks and picks

sequences for selected
target genes, analyzing

candidate guide RNA

their effectiveness

[326-328]

CRISPOR

http://crispor.tefor.
net

design, evaluate and clone
sequences coding guide

The program helps

RNAs for the
CRISPR/Cas9 system

[329]

E-CRISP

http://www.e-crisp.
org/E-CRISP/
designcrispr.html

The tool identifies
candidate guide RNA
sequences for selected

target genes, while
providing information
about their estimated

effectiveness and off-target

activity

[330]

Table 3.11 to be continued on page 102.
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No Resource name Link Application | Reference
Prediction and analysis of non-specific activity of the CRISPR/Cas system
6 Cas-OFFinder | http://www.rgenome. | The fast and universal [331]
net/cas-offinder/

algorithm for searching
potential off-target sites
of RNA-guided Cas9
endonucleases (non-

specific activity sites).
7 COSMID https://crispr.bme. | The tool for identification [332]
gatech.edu/ and verification of
off-target editing sites
(non-specific activity)
8 CRISPR- https://sourceforge.

Taking into account [333]
specified target sites and
based on the reference
genome, this autonomous
tool will identify assumed
sited of off-target activity
and will set the predicted

activity based on modeling
Search for new elements of the CRISPR/Cas system

offinder-v1-2 net/projects/crispr-

offinder-v1-2/

9 CRISPRCasFinder | https://crisprcas. The CRISPRCasFinder | [334-338]
i2bc.paris-saclay. program facilitates
fr/CrisprCasFinder/ | detection of CRISPR loci
Index and cas genes
in the sequences provided
by the user
10 CRISPRTarget http://crispr. The program for [339]
otago.ac.nz/

identification of the
detected CRISPR/Cas
systems (bacteriophage
and plasmid sequences)
The program provides a | [340-342]
uni-freiburg.de/ quick and detailed insight
CRISPRmap/Input. | into CRISPR repeats both
jsp in bacterial and archaeal
systems. It includes the
largest set of CRISPR data
and makes it possible to
conduct a comprehensive
independent clustering
analysis to identify
families of conserved
sequences, potential
structure motifs and
evolutionary relationships

CRISPRTarget/
crispr_analysis.html

11 CRISPRmap http://rna.informatik.

Table 3.11 to be continued on page 103.
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No Resource name Link Application Reference
12 CRISPRviz https://github. The program identifies [343]
com/CRISPRIab/ and extracts repeats and
CRISPRviz spacers from genome
files and then displays
this information via local
web server for additional
manipulations
13 CRISPRStudio https://github. The program was [344]
com/moineaulab/ designed to facilitate
CRISPRStudio and accelerate CRISPR
array visualization in
the analyzed sequences
(genomes)
Post-experimental analysis
14 CRISPResso02 https://crispresso. Analysis of genome [345]
pinellolab.partners. | editing outcomes by using
org deep sequencing data
(on-target and off-target
effects)
15 Cas-Analyzer http://www.rgenome. | A JavaScript-based instant [346]
net/cas-analyzer/#! | assessment tool for high-
throughput sequencing
data for genomes/genome
fragments of edited cells
16 CRISPR Genome http://crispr-ga.net/ Outcome assessment [347]
Analyzer of high-throughput
sequencing data of genome
editing
17 TIDE/TIDER https://tide.nki.nl/ Analysis of genome [348, 349]
editing results by the
Sanger sequencing
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CHAPTER 4

Methods of detecting nonspecific activity
of genome editing systems

All researchers who use some genome editing system (programmable or
engineered nucleases) in their work face the same problems regardless of the target
organism: confirming the desired mutation in the target sequence and identifying
unintended, yet predictable, mutations outside the target site (off-target sites).

Currently, all programmable nucleases those are used for targeted genome
editing/alteration (ZFN, TALEN, CRISPR/Cas) generate mutations outside the
target locus at sites that may differ by several nucleotides from the target sequence.
The formation of double-strand breaks at off-target genomic loci can lead to an
insertion or deletion and to a translocation, which should be carefully monitored [1].
Understanding and avoiding the effects of non-specific editing are important for both
fundamental and applied purposes.

Specific methods have been developed to identify off-target mutations; most of
them incorporate a specific variant of screening to detect mutations either in predicted
regions or anywhere in the genome.

4.1. Biased methods (for off-target mutations’ confirmation
at the predicted sites)

One of the strategies for detecting off-target sites of the CRISPR/Cas system is based
on the search for potential loci binding to the guide RNA, using bioinformatics meth-
ods, the i.e., in silico prediction. Pre-selected off-target recognition sites of the CRISPR/
Cas system are then analyzed by using standard methods such as PCR and heteroduplex
analysis or high-throughput sequencing of PCR products. Various research groups have
provided extensive data on possible off-target effects induced by different CRISPR/Cas
systems. The data obtained were used to develop more accurate algorithms to identify
potential off-target sites, such as Cas-OFFinder (www.rgenome.net/cas-offinder) [2],
Feng Zhang lab’s Target Finder (http://crispr.mit.edu), CasFinder (http://arep.med.har-
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vard.edu/CasFinder/), CRISPR Design Tool (http://www.genome-engineering.org) [3],
E-CRISP (http://www.e-crisp.org/E-CRISP) [4], Breaking-cas (http://bioinfogp.cnb.
csic.es/tools/breakingcas) [5], and others. These algorithms have been used by sev-
eral research groups to identify potential off-target sites. For example, Y. Chen et al.
identified candidate genes in human pluripotent stem cell lines that may undergo non-
specific editing. The authors applied the Feng Zhang lab’s Target Finder algorithm and
analyzed 114 potential off-target sites, none of which were found to contain deletions
or insertions [6]. Other authors, using the analysis of data obtained by deep sequenc-
ing aimed to identify a limited number of off-target sites, concluded that the editing
occurred even in places that are quite different from the intended target site [3, 7, 8].

The ideal PAM (protospacer adjacent motif) sequence recognized by Cas9 is
5’-NGG-3’, but this protein can recognize and cleave the sites ending in 5°-NAG-3’
or 5’-NGA-3’. Cleavage in close proximity to these sequences is less efficient, but
these sequences can act as a PAM-like motif. Notably, DNA cleavage occurs even in
the presence of a mismatch of up to 6 nucleotides in the protospacer sequence as well
as single nucleotide insertions and/or deletions. Such inconsistencies have a lesser
effect on the efficiency of the CRISPR/Cas system when they are located closer to
the 5’-end of the protospacer sequence.

Several studies have shown a rather complex picture of Cas9 specificity. The
effects of a single mismatch are not always predictable based on their position in
the guide RNA only. In addition, the frequency of cleavage is affected not only by
the genome but also by some epigenomic factors, making it exceedingly difficult
to develop an algorithm that can identify all potential off-target sites. It can be
concluded that the above methods require additional research to reliably identify
off-targets.

4.2. Unbiased methods (for screening off-target mutations across
the whole genome)

4.2.1. Whole genome sequencing

Widespread use of whole-genome sequencing (WGS), especially considering its
screening potential, indicates the possibility of WGS application to detect off-target
mutations generated during genome editing. However, this method is expensive and
can be used for a relatively small number of clones. Sequencing the entire genome
allows to detect not only insertions, deletion and single nucleotide substitutions but also
the structural variants like inversions, rearrangements (translocations), duplication and
large deletions [9]. The limitation of the WGS approach with using a small number of
clones for analysis means that most of the off-target rare mutations could be missed
[10]. Nevertheless, this approach has been used to identify off-target mutations arising
upon CRISPR/Cas9 cleavage for a number of species, including humans (pluripotent
stem cells) [11, 12], mouse [13], nematode [14] and plants [15, 16].
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4.2.2. Whole exome sequencing

Whole exome sequencing represents a compromise between targeted sequencing
and whole genome sequencing to study variants in human genes. Sequencing of
all protein-coding regions in a genome allows identifying relevant alternatives of
off-target mutations in the exome at a much lower cost than WGS [17]. Depending
on the organism, only a small percentage of a genome needs to be covered in this
approach but mutations in regulatory or non-coding regions, such as introns, cannot
be detected. Thus, exome sequencing is limited by the high false-negative rate, and
many off-target mutations could be missed [18, 19].

4.2.3. Chromatin immunoprecipitation sequencing (ChIP-seq)

Chromatin immunoprecipitation and high-throughput sequencing allows
detecting all sites of a ribonucleoprotein complex (containing a specific guide RNA
and Cas protein) bound to DNA in vivo. This indirect method assumes that the
presence of a ribonucleoprotein complex at each genomic locus indicates an induced
double-strand break (DSB).

It is known that chromatin immunoprecipitation is the most preferred
technology for studying protein-DNA binding [20, 21]. The method includes the
treatment of living cells with formaldehyde, which causes the formation of covalent
crosslinks between DNA and close protein regions, as well as protein-protein
crosslinks. After such treatment, chromatin is hydrolyzed, and immunoprecipitation
with specific antibodies allows researchers to isolate the DNA regions for binding
the intended proteins [22]. The combination of chromatin immunoprecipitation and
high throughput sequencing (ChIP-seq) is used to identify the sites where specific
proteins are bound to DNA at the whole-genome level (whole genome distribution
of binding sites).

Like transcription factors, Cas proteins, including Cas9, can recognize and
bind to a DNA region targeted by the guide RNA (Fig. 4.1). In this method, the Cas9
protein is replaced by its catalytically inactive form (dCas9), which in combination
with a single guide RNA can bind to more than 1,000 DNA loci, although less than
50% of these sites are reliably hydrolyzed by the Cas9 protein [23]. Several studies
have confirmed the cleavage at the dCas9 binding sites, while others have found
the genome editing at the Cas9 binding sites to be virtually missing. For example,
R. Chenchik ef al. 2014 found that for the 43 loci predicted by the ChIP-seq method
for the CRISPR/Cas guide RNA system targeting the Trp53 locus, double-strand
breaks were confirmed only at one site in the target and off-target sequences [24].
In another study, K. Kusku et al. 2014 mapped the dCas9 binding sites throughout
the genome for 12 different guide RNAs and found significant cleavage at 50%
of the predicted off-target sites [25]. Thus, this method can provide important
information regarding potential binding sites of the CRISPR/Cas9 system, but its
results do not always correspond to the actual activity of nucleases at off-target
sites.
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Fig. 4.1. Schematic overview of the ChIP-seq method

4.2.4. Integrase-Defective Lentiviral Vectors (IDLV)

The integrase-defective lentiviral vector (IDLV) technology was one of the first
technologies to measure the target and off-target activity of ZFNs across the whole
genome [26]. The IDLV type vectors as well as their integrase-competent lentiviral
homologues can be delivered into most cells with high efficiency. However, since
IDLVs are integrase defective, they remain in the nuclei of the target cells as episomal
DNAs. Such episomal vectors can be integrated into sites of double-strand breaks
so that they can be used in measuring nonspecific activities of both ZFN and other
nucleases including TALE and CRISPR/Cas nucleases [27].

To analyze potential off-target sites, IDLVs are transduced into cells
simultaneously with a genome editing system such as ZFN (Fig. 4.2). Once a double-
strand break has been formed, the IDLV integrates inside it. Then, the genomic DNA
is isolated, fragmented to the required size, and the resulting fragments are ligated
with adapters. The genomic distribution of the IDLV insertion sites is detected by
PCR and subsequent sequencing, and these IDLV insertion sites represent potential
off-target loci of the genome [26].

The main advantage of this technology results from the high efficiency of the
IDLV insertion into the nuclei of the target cells, including hard-to-transfect primary
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human cells. However, this method requires the setting of appropriate control samples,
since IDLVs can accidentally get inserted into the genome of target cells [28].

4.2.5. Genome-wide unbiased identification of DSBs enabled by sequencing
(GUIDE-seq)

Genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-
seq) is based on the insertion of short double-stranded oligodeoxyribonucleotides
(dsODNs) (protected by phosphorothioate linkages) at the double-strand break sites
(Fig. 4.3) [30]. These dsODNs serve as a label for further amplification of genomic
sites containing double-strand breaks, which are then identified by high-throughput
sequencing. Detection of double-strand breaks is performed by mapping the resulting
reads to a reference genome. GUIDE-seq is a quite sensitive method, and it is capable
to detect off-target sites occurring at a frequency of 0.1% per cell population.

Inititally this method was used to identify off-target sites of ten different guide
RNAs corresponding to different genes of two types of cells. The authors were able to
find off-target loci containing up to six mismatches between the expected binding sites
of the guide RNA and the target sequence (i.e. in the protospacer sequence) [29]. The
GUIDE-seq method demonstrated that cleavage of some off-target sites occurred much
more often than the formation of double-strand breaks at the target loci.

128



Chapter 4. Methods of detecting nonspecific activity of genome editing systems

dCas9
SgRNA — Cas9 interaction with
DNA in presence of dsODN
[—
\ \ DSB /
‘e !/
e R E—
I
b — dsODN integration
\l/ — DNA shearing
\l/ — Adaptor ligation
I —
w00 e
e =
=
 —
:?— — Specific amplification
using adaptor- and
\l/ ODN-specific primers
Sequencing

Fig. 4.3. Schematic overview of GUIDE-seq method

The principal advantage of this technology is the accuracy with which dsODN
integration can identify off-target sites, as well as the direct correlation between the
number of reads at a particular site and the frequency of double-strand breaks induced
by the CRISPR/Cas system. The main limitation of this method is associated with
the low efficiency of transfection of the target cells [28].

4.2.6. Direct in situ breaks labeling, enrichment on streptavidin
and next-generation sequencing (BLESS)

The technology of direct in situ breaks labeling, enrichment on streptavidin and next-
generation sequencing (BLESS) involves the mapping of double-strand breaks across
the whole genome by ligation of a biotinylated linker to the free ends of these breaks
and subsequent hybridization of biotinylated fragments with streptavidin (Fig. 4.4).
The labeled fragments are then ligated to a barcoding linker; followed by PCR (with
the primers specific to the labels used and sequencing) [30].

The advantage of this method over the approaches based on the labeling of double-
-stranded breaks is that the breaks themselves are labeled more easily than the proteins
associated with them. Several research groups those used BLESS to detect breaks made
by different Cas9 variants in mice and human cells have observed a low frequency of
off-target activity [31, 32]. Although this method allows mapping breaks across the whole
genome, it can identify only the double-strand breaks which were present at the time of their
labeling, but not the so-called early breaks that have already undergone reparations [33].
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4.2.7. Linear amplification mediated high-throughput genome-wide
translocation-sequencing (LAM HTGTS)

The technology of linear amplification-mediated high-throughput genome-wide
translocation-sequencing (LAM HTGTS) was developed to track genomic translocations
arising from the repair of double-strand breaks induced by programmable nucleases
(TALEN and Cas9) [34]. Based on this method, a programmed nuclease introduced
into the cell cleaves the bait sequence (DSB primers) and the resulting break is repaired
by fusion with another double-stranded break (Fig. 4.5). As a result of this process,
chromosomal translocations can occur if the breaks are located in different chromosomes
or at different loci of the same chromosome. The genomic DNA is then isolated and
fragmented by ultrasound. Since the bait sequence is known, the linear PCR with a
primer-specific biotinylated oligonucleotide can amplify a translocation region including
an unknown double-stranded break. The biotinylated single-stranded DNA is purified
by streptavidin-coated magnetic beads. Adapters are ligated to the end of the purified
biotinylated DNA, followed by PCR. The amplified fragments obtained are subjected to
sample preparation for subsequent high-throughput sequencing. The repaired double-strand
breaks those have not undergone translocation carry a restriction endonuclease recognition
site, which can be used for selective cleavage, and they will not be amplified or sequenced.

Standard LAM-HTGTS technology fails to identify small insertions, deletions,
or single nucleotide substitutions, but it can be modified to fullfill these needs. In
this case, a greater sequencing depth is required to compensate for the higher number
of reads of non-translocated mutations and the bait sequence itself. LAM-HTGTS
technology is a qualitative method to screen cells for large genomic rearrangements
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caused by the programmed nucleases in both target and off-target sequences. However,
it should be noted that upon formation of the double-strand breaks translocations occur
at a rather low frequency constituting one translocation per 300 cells according to
some estimates which indicates the limitations of this method for reliable detection
of all off-target loci [35].

4.2.8. In vitro Cas9-digested whole genome sequencing (Digenome-seq)

Cas9 protein can be used not only as a genome-editing tool but also as a
nuclease for in vitro profiling off-target effects of selected guide RNAs. This forms
the basis for in vitro Cas9-digested whole genome sequencing (Digenome-seq),
where the extracellular genomic DNA is cleaved by the Cas9 protein in vitro,
and the resulting fragments are sequenced by next-generation sequencing (NGS)
(Fig. 4.6). The genomic DNA is isolated from two types of transfected cells —
both with and without introduced nucleases. The resulting DNA is modified using
CRISPR/Cas9 in vitro. For unmodified genes, double-strand breaks will be inserted
at precise (specific) positions, thus representing forward alignment profiles after
sequencing [36]. The sequences of genes carrying mutations will differ from those
of the unmodified genes which cannot be recognized by Cas9 in vitro, resulting in a
stepwise alignment upon sequencing. Thus, the Digenome-seq technology makes it
to create a list of potential off-target CRISPR/Cas nuclease recognition sites based
on the sequence alignment profiles.

Digenome-seq technology can also be used in a multiplexing format, which
makes it possible to analyze up to 10 guide RNAs at a time. The advantages of this
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method are the lack of amplification requirement and the fact that the breaks obtained
in vitro are not subject to reparation. In addition, this technology does not detect
incidentally arose double-strand DNA breaks in a cell [37]. However, the artificial
environment of extracellular genomic DNA, in turn, gives rise to a potential drawback
of Digenome-seq technology: the differences between in vitro and in vivo activity and
Cas9 specificity can lead to false positive or false negative results [38].

To check whether the structure of chromatin in eukaryotic cells affects the target and
the activity of CRISPR/Cas9, the authors of the Digenome-seq technology first identified
a series of identical endogenous DNA sequences present in regions with both high and
low degree of chromatin compaction, and then measured mutation frequencies for these
sites in human cells, using Cas9 in combination with completely complementary (precise)
and substituted guide RNAs [39]. Unlike precise guide RNAs, the RNAs containing sub-
stitutions were highly sensitive to chromatin, which suggested that the chromatin prevents
cleavage of DNA outside the target. Then, using the Digenome-seq technique performed
in parallel on cell-free chromatin DNA and histone-free genomic DNA, it was shown that
only a small part of double-strand breaks found in genomic DNA could be identified in
chromatin DNA. Thus, the chromatin can inhibit the off-target effects of Cas9 across the
genome in the cells facilitating its specificity.

4.2.9. Selective enrichment and identification of tagged genomic DNA
ends by sequencing (SITE-seq)

The technology of selective enrichment and identification of tagged genomic
DNA ends by sequencing (SITE-seq), like BLESS, is based on tagging double-strand
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breaks. The isolated genomic DNA undergoes in vitro modification by CRISPR/Cas9
(Fig. 4.7) to introduce of double-strand breaks in both on-target and off-target regions.
A biotinylated adapter is ligated to the free ends of the breaks; DNA fragmentation
is followed by ligation of the second adapter and hybridization on streptavidine-
coated magnetic beads. Then amplification of enriched fragments followed by high-
throughput sequencing is performed [40].

Unlike BLESS technology, SITE-seq does not depend on endogenous reparation.
Thus, using this technology, it is possible to identify a greater number of off-target sites,
which, in turn, are detected in accordance with the alignment profiles (patterns), thanks to
which the required coverage of the analyzed sequences can be significantly reduced [37].

4.2.10. Circularization for in vitro reporting of cleavage effects by sequencing
(CIRCLE-seq)

Circularization for in vitro reporting of cleavage effects by sequencing
(CIRCLE-seq) is more sensitive than the previously described Digenome-seq
[41]. For the CIRCLE-seq, the isolated fragmented genomic DNA is locked in
a covalently closed circle (i.e., it is circularized) and cleaved by CRISPR/Cas9 in
vitro (Fig. 4.8). When the Cas9 nuclease interacts with both target and off-target loci,
circular DNAs are converted into linear structures with free ends, to which adapters
are ligated, followed by PCR with subsequent sequencing.
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It should be noted that the authors who developed this technology used the
strategies independent of restriction endonucleases for the formation and subsequent
enzymatic selection of one of the two types of covalently closed DNA structures,
namely, the attachment of a hairpin to the ends of DNA or circularization of linear
DNA fragments. Comparison of these two approaches showed that circularization is
dramatically more efficient in the enrichment of genomic DNA fragments cleaved by
the Cas9 nuclease. Notably, nearly all the identified sites revealed by using fragments
of linear DNA with the ends closed in hairpins were also detected by using circularized
DNA, and the numbers of reads in both cases were strongly correlated. This suggested
that circularization did not shift the range or frequency of the identified off-target sites.

CIRCLE-seq technology is characterized by a fairly low percentage of
background reads (~1.7%) in the total number of resulting reads, which allows
researchers to reliably identify off-target sites using this technology. The results
obtained with this method can be analyzed without a reference sequence.

Currently the CIRCLE-seq method is a highly sensitive and the most efficient,
in terms of sequencing, in vitro approach to the genome-wide identification of off-
target CRISPR/Cas9 nuclease cleavage sites [41]. Compared to CIRCLE-seq, reads
of SITE-seq and Digenome-seq cover only half of the cleavage sites. Compared to
Digenome-seq, CIRCLE-seq virtually eliminates the high background of random
reads. In addition, the CIRCLE-seq is more sensitive than cell-based methods for
off-target sites detection. In most cases, CIRCLE-seq can identify all off-target sites
in human genomic DNA found by GUIDE-seq, which is one of the most sensitive
cell-based methods. Besides, CIRCLE-seq also identified new reliable off-target
sites which occur in human cells, demonstrating that it can detect new off-target
loci lying outside the GUIDE-seq detection limits [42].

134



Chapter 4. Methods of detecting nonspecific activity of genome editing systems

Cas9/BE + guide RNA
LoxP LoxP + mRNA coding Cre-recombinase
\_dr=mered N
A \ S 2 cell stage embryo
Ai9 mice

14-day embryo

Cell sorting

DNA purification

Whole-genome high-throughput sequencing

Fig. 4.9. Schematic overview of GOTI method

It should be noted that each sample for CIRCLE-seq requires a relatively large
amount of genomic DNA for ‘circularization’ (~25 pg), which may represent a limiting
factor, depending on the availability of the cells studied.

4.2.11. Genome-wide off-target analysis by two-cell embryo injection (GOTI)

The authors of Genome-wide off-target analysis by two-cell embryo injection
(GOTI) edited one blastomere of a two-cell embryo using CRISPR/Cas9 and labeled
it with a red fluorescent protein (Fig. 4.9). On the 14th day of development, the whole
mouse embryo was divided into individual cells. Sorting of the edited cells and wild-
type cells was performed using flow cytometry. The resulting groups of cells were
sequenced by NGS followed by bioinformatic comparative analysis [43].

It should be noted that this in vivo analysis can be used to avoid «noise effects»
caused by in vitro cell expansion. Moreover, since both experimental and control groups
belong to the same fertilized egg, this can exclude the influence of the genetic background.

High editing efficiency, ease of use and low cost are the main contributors to the
popularity of CRISPR/Cas systems in both academic and translational applications.
However, it is important to note that the major limiting factor for the clinical use of
the programmed nucleases (CRISPR/Cas, TALEN, ZFN) is the presence of off-target
effects. The identification of both target and off-target cleavage sites is critical not
only for understanding the potential side effects of genome-editing technologies but
also for development of the new systems with greater specificity.
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Table 4.1. Comparison of methods for defining genome-wide CRISPR—Cas9 specific-
ity (from Lazzarotto C.R., Nguyen N.T., Tang X., et al. Defining CRISPR-Cas9 ge-
nome-wide nuclease activities with CIRCLE-seq. Nat. Protoc. 2018; 13(11): 2615-42)

Method Description Advantages Limitations
IDLV Cell-based method Certain cell types Relatively insensitive due
where integrase- may be more to the low integration
defective lentiviral amenable to infection | efficiency and the
vectors are integrated |with IDLV than requirement for enrichment
with a selective transfection with to overcome it. High
marker into sites of a double-stranded background level as IDLVs
nuclease-induced oligodeoxynucleotide |still retain some capability
DSBs. Vector (dsODN) tag to randomly integrate into
integration sites are the cellular genome in the
enriched by linear absence of nuclease-induced
amplification, followed double-strand breaks. An
by high-throughput IDLV integration can occur
sequencing at some distance from the
nuclease-induced break so it
may be more challenging to
map the relevant sites
GUIDE-seq |Based on efficient High efficiency Requires efficient cellular
integration of dou- of label integra- transfection of the
ble-stranded oli- tion (dsODN) into dsODN tag, which can be
godeoxynucleotide double-strand breaks |challenging in sensitive
(dsODN) tags into improves sensitivity. |cell types or in vivo
DSBs by NHEJ in liv- | Quantitative cor- settings
ing cells, followed by |relation between the
tag-specific amplifica- |number of GUIDE-
tion and high-through- |seq reads and the
put sequencing mutation frequencies
in living cells
HTGTS Detects off-target Can be applied to Nuclease-induced
nuclease-induced detect off-target translocations are rare.
double-strand breaks nuclease activity Translocations occur more
by observation of when nucleases are | frequently with sites in the
translocation junctions [delivered in vivo same chromosome or in
between two nuclease- close nuclear proximity
induced double-
stranded breaks
BLESS Based on in situ Does not require Lack of information about
ligation of adapters to |delivery and nuclease-induced double-
the ends of nuclease- [incorporation of stranded breaks that were
induced double-strand |exogenous DNA for |previously repaired by the
breaks in fixed cells detection cell repair system
DIGENOME- | In vitro method based |Does not require Does not enrich
seq on the detection of PCR; has also tested |for nuclease digested
Cas9-digested genomic | with base editors sequences and requires
DNA by whole a large number of sequen-
genome sequencing cing reads (~ 400 million).
High-level background.
Lacks information about
how cellular factors affect
off-target nuclease activity
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SITE-seq In vitro based on Enriches for nuclease | Reads contain only one
Cas9-cleavage of cleaved fragments; half of the cleaved sites.
high-molecular-weight |reduces the number |Lacks information about
DNA, followed of sequencing reads |how cellular factors
by enzymatic required affect off- target nuclease
fragmentation, activity

biotinylated adapter
ligation, enrichment
and sequencing

CIRCLE-seq |In vitro method, High enrichment, Lacks information about
in which genomic so fewer reads are how cellular factors
DNA is randomly required (3-5 million |affect off-target nuclease
fragmented, followed [reads); reads contain |activity; requires a large
by circularization both halves of the amount of genomic DNA
and generation of cleavage sites

covalently closed
double-stranded DNA
molecules. Circular
dsDNAs are cleaved
by Cas9 at on-target
and off-target

sites, allowing the
selective sequencing
of nuclease-induced
DSBs

The methods most commonly used to assess the off-target activity of nucleases
are presented in Table 4.1. All these methods can be divided into two major categories:
cell-based and in vitro approaches. In general, cell-based methods can directly detect
off-target sites those are cleaved in a particular cell type; however, such methods are
characterized by increased requirements to the cells studied namely, their ability to
cultivate and transfect. In contrast, in vitro methods can be more sensitive and more
scalable than cell-based methods. Both types of methods ultimately require further
validation in vivo to confirm whether the off-target sites identified by these methods
lead to reliable (true) mutagenesis in the cells or tissues modified by genome-editing
nucleases [42].

All the methods reviewed in this chapter have their own advantages and disad-
vantages, and the best method should be chosen carefully for a particular genome-ed-
iting experiment. /n vitro methods such as CIRCLE-seq, Digenome-seq, and SITE-seq
are the most complete. However, off-target mutations detected by them should be
confirmed in subsequent cell experiments. The methods like GUIDE-seq directly
quantify off-target mutations in cells but have limitations in consistent detection of the
sites with a low mutation rate (< 0.1%). Ligation-based methods can help understand
the kinetics of on-target and off-target genome editing.

Algorithms for guide RNAs engineering will be improved with increasing
knowledge of the mechanisms of on-target and off-target activity, while combining
the nucleases with a high reproduction accuracy and optimally designed guide RNAs
will further enhance the precision of the CRISPR/Cas9 system.
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CHAPTER 5

Nosologic and therapeutic aspects
of editing animal genome

Before they become widely available, gene therapy techniques, like any other
drug development process, have to be thoroughly tested and tried, including preclinical
testing on animal models.

Animal models, most valuable for studying the efficacy of gene therapy, are
those that most accurately reproduce the physiological and pathological processes,
which may occur in the human body.

Most of the animals used for modeling are organisms that were genetically
modified to some extent. It is not unusual, when, to simulate a particular disease,
different lines of rodents, for example, are crossed during one experiment. In recent
years, transgenic animals have been frequently developed for specific research
purposes. Laboratory-animal breeding centers offer transgenic, knockout rodent lines
with knocked-out genes at the customer’s choice, animals with overexpression (knock-
in) or with reduced expression (knockdown) of any gene. In addition, when needed,
many researchers independently develop animals with gene mutations required for
their scientific research.

Given the diversity of diseases that can be treated with gene therapy, a variety of
animal species are used to develop models, from fruit flies (Drosophila melanogaster)
to cattle or horses.

Comparative studies have found that the human and mouse genomes are
approximately 70-90% identical, but with a lot of key variations (for example,
some mouse and human gene products are almost identical, while others are hardly
recognizable as close relatives); the similarity between the human and the dog genomes
is 75%, while the pig genome is 71% identical to the human genome. Cats and primates
share a 73% homology with the human genome. Among the 768 identified genes of
cattle, 638 (83%) can be considered identical to human genes. All rabbit chromosome
paints, except for the Y paint, are hybridized to human chromosomes, and all human
chromosome paints, except for the Y paint, are hybridized to rabbit chromosomes.
The DNA sequence of the chimpanzee is 98.8% identical to that in humans while



Chapter 5. Nosological and therapeutic aspects of editing animal genome

the fruit fly genome and the human genome have 60% of the genes in common.
We also share around 50% of the genes with the banana [1].

Despite their genomic similarities to humans, most model organisms typically
do not suffer from the same genetic diseases as humans. Therefore, scientists have
to find ways to alter animal genomes to induce human diseases. Thus, in attempting
to construct a genetic animal model for human disease, it is important to know what
kind of mutation causes the disease to induce it in the corresponding animal gene.

Transgenic animals are used to simulate various human diseases, such as
neurodegenerative disorders, arteriosclerosis, oncological and infectious diseases,
and many others.

Scientists use two approaches for developing animal models. The first approach
is targeted and disease driven, while the other one is non-targeted and mutation-free.
The targeted disease-based approach can employ any of the available techniques,
depending on the specific type of mutation involved in the studied disease. The
general targeted techniques include transgenesis, single-gene knock-ins, knockdowns
or knockouts, conditional gene modifications, and chromosomal rearrangements. The
non-targeted, mutation-driven method of generating mutations implies using radiation
and chemicals. The large-scale mutation screening is one of the most common
techniques associated with this method [2].

Among large-scale mutation screening techniques and methods, exposure to
X-rays or chemical N-ethyl-N-nitrosourea (ENU) mutagen is the most efficient
method to induce mutations. X-rays often cause large deletion and translocation
mutations involving multiple genes. In its turn, the ENU treatment involves mutations
within single genes, such as point mutations; therefore, this method is frequently
used in model organisms such as zebrafish (Danio rerio). These types of models
are especially useful in identifying new pathways and genes contributing to disease.
Thus, these methods involve screening to assess the relationship between phenotypes
of the obtained models and human diseases by using indirect approaches to inducing
mutations in genomes of animal models.

The insertion of complete human genes into genomes of the respective animal
species offers an attractive combination of advantages for each system, which
can be particularly useful for testing human-specific elements of gene function,
regulation, or response to potential therapeutic agents for disease or condition. This
approach often involves the insertion of extended DNA sequences with promoters,
untranslated flanking regions and introns, which most often exceed the throughput
of commonly used plasmid and viral systems. Transgenesis can be performed either
by inserting the foreign DNA directly into the embryo or by using a retroviral vector
to insert a transgene into the DNA of the organism. The first mouse gene transfers
were performed in 1980; however, at that time, the transgenesis methods were not
optimal. For example, the foreign DNA was incorporated into only a small percentage
of embryos and was inconsistently passed on to the next generation. Furthermore,
small transgenes were inserted into random sites in the genome and depending on
their location, they were not always expressed. Recently, scientists have developed
a method to increase the size of the DNA fragments used in transgenesis by cloning
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them in bacterial artificial chromosomes (BACs) or yeast artificial chromosomes
(YAC:s). Three different methods can be used to deliver BAC or YAC DNA to the
germline of mice: pronuclear injection of purified DNA, lipofection of DNA into
embryonic stem cells, or fusion of yeast spheroplasts with embryonic stem cells.
Among these three methods, microinjection of isolated BAC or YAC DNA into the
zygote is the most common method for obtaining transgenic animals [3].

Methods employing knock-out and knock-in models target a mutation at a
specific gene locus. These methods are particularly useful if a single gene is found
to be the primary cause of the disease. Knock-out mice carry a gene that has been
inactivated to reduce the expression and cause the loss of function; knock-in mice are
produced by inserting a transgene into an exact location where it is overexpressed.
Over the years, more than 3,000 genes have been knocked out in mice, and most of
these genes have been related to diseases [4].

Both knock-out and knock-in animals are developed in the same way: a specific
mutation is induced into the endogenous gene, and then it is conveyed to the next
generation through breeding. In some cases, this procedure requires embryonic stem
cells (Fig. 5.1), and in others, it is easier and more convenient to use the CRISPR/Cas
technology of targeted genome editing (Fig. 5.2). One of the distinctive characteristics
of embryonic stem cells is their ability to introduce alterations into all cell populations
when injected into blastocysts; in addition, they can be genetically modified and
selected for the desired gene alterations.

Homologous recombination results in mutations. During this process, two
strands of DNA are physically rearranged for the exchange of genetic material.
Many types of mutations can be induced to a model gene in this way, including null
or point mutations as well as complex chromosomal rearrangements such as large
deletions, translocations, or inversions. Many knockout and knock-in mice have
similar phenotypes to humans and, therefore, are good models for human diseases.

One of the drawbacks of using transgenic, knockout and knock-in mice
to study human diseases is that many disorders occur late in life, and when
genes are altered to model such diseases, mutations can profoundly affect the
development and cause early death. Such effects prevent using animal models
in studying adult diseases in humans. Fortunately, the new technology made
it possible to generate mutations in specific tissues and at different stages of
development, including adulthood. The method involves mice with two different
types of genetic alterations: the first one contains a conditional vector, which is
like an on switch for the mutation, and the other contains specific sites (loxP)
inserted on either side of a whole gene, or part of a gene, which encodes a certain
component of a protein that will be deleted. A conditional vector for the gene is
made by inserting the recognition sequences for the bacterial Cre recombinase
(loxP sites) by using homologous recombination in embryonic stem cells. The
vector contains a drug (typically, antibiotic) resistant marker gene, which allows
only the targeted embryonic stem cells to survive when exposed to the drug. Thus,
the mutant embryonic stem cells can be selected and injected into a host mouse
embryo, which is transferred to a surrogate mouse.
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Fig. 5.1. Methods for modifying genes in primates to study human diseases through injection
of embryonic or pluripotent stem cells into blastocysts, transfer of nuclei of somatic stem cells,
or intracytoplasmic injection of spermatogonial stem cells into the cytoplasm of the zygote

The resulting offspring are chimeras and have multiple populations of genetically
distinct cells. The chimeric offspring are then crossed, and the resulting generation
of the offspring has a recombinase effector gene. The mice containing the Cre
recombinase under the control of tissue-specific or inducible regulatory elements are
crossed with mice having the desired loxP sites. When Cre is expressed, recombination
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Fig. 5.2. Schematic representation of obtaining knockout
and knock-in mice by using CRISPR/Cas technology.

a — injection of guide RNA (gRNA) and Cas 9 will produce indels, which can cause a shift in the translational
reading frame and premature termination of protein synthesis (due to the appearance of a stop codon), thereby
developing knockout (KO) mice. b — addition of a highly homologous DNA template containing a specific
mutation will result in knock-in (KI) mice through the process of homology-directed repair. Reagents are
injected into the cytoplasm of the zygote. Alternatively, they can be injected into the pronucleus of the zygote,
but cytoplasmic injection is simpler and less toxic

occurs at loxP sites, which delete the intervening sequences, and the resulting mutation
is induced in specific regions at a specific time [5].

The above-mentioned advances in the application of embryonic stem cells and
Cre/loxP conditional mutations have helped pave the way for constructing models
for complex human diseases involving chromosomal rearrangements. Murine models
of these disorders can be developed using indirect approaches, such as radiation,
but their usefulness is limited, as pathological endpoints are unpredictable and
undefined. The application of the Cre/loxP recombination system helps overcome
these drawbacks by inducing site-specific mutations essential for obtaining accurate
models of defects caused by human chromosomal rearrangements. These mutations
can include chromosome deletions, duplications, inversions, and translocations as
well as chromosome insertions.

With all the diversity of animal species that can serve as point mutation models,
some of them are more suitable for developing a model of a specific disease. Fish and
non-human primate models deserve special attention. Fish are primarily used as initial
models of gene delivery. Nevertheless, it has been found that they can be used as animal
models of human diseases such as hepatic diseases or cancer [6]. In addition, the data
have shown that zebrafish models can be used to simulate vascular [7, 8] and cardiac
[9, 10] development, cardiac regeneration [11] and congenital cardiomyopathy [12].
On the other hand, modeling of diseases in nonhuman primates, when required, usually
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takes place at the final stages of research, after positive results have been obtained in
other animal models. It is explained by the high cost of these models, as manipulating
genes in monkeys is far more difficult than in other animals.

5.1. Fish

The zebrafish is a good model for a better understanding of human congenital
diseases such as achromatopsia, campomelic dysplasia or defects in neural crest
development. Congenital achromatopsia is caused by mutations in one of a few genes,
for example, in the cone transducin gene (GNAT?2). The no-optokinetic response V!
(nof) zebrafish mutants were used to demonstrate that this disorder can be overcome
by directing targeted expression of the wild-type protein. Plasmid DNAs were used
as vectors in this study [13].

Another example is Waardenburg syndrome (WS) characterized by telecanthus
heterochromia iridis, congenital hearing loss, and lack of pigmentation in separate
hair strands. These disorders are caused by mutations in PAX3, MITF, WS2B, WS2C,
SNAI2, SOX10, EDNRB, and EDN3 genes. However, a specific animal model is
required to simulate the manifestation of each clinical symptom. For example, nof-
zebrafish mutants were used to simulate partial color blindness; Japanese medaka
(Oryzias latipes) mutants chemically obtained through large-scale mutational
screening were used to simulate hearing loss [14]. In their turn, N. Homma et a/. used
CRISPR/Cas9 to disrupt long-wavelength-sensitive opsins of medaka and produced
color-blind fish [15]. In addition, the Japanese medaka fish serves as a model for
studying the organogenesis process, hemoglobin-bilirubin metabolism, and many
other processes.

To simulate Niemann—Pick disease type CI (NPC1), an inherited autosomal
recessive lysosomal storage disorder, Tseng et al. used CRISPR/Cas9-mediated
gene targeting to generate two npcl-null mutants. Since NPC1 is characterized by
abnormal accumulation of unesterified cholesterol and glycolipids in late endosomes
and lysosomes, and common signs include neonatal jaundice, hepatosplenomegaly,
seizures, cerebellar ataxia and cognitive decline, one of the models showed
early liver damage, and the second one manifested a neurological phenotype.
CRISPR/Cas9-mediated gene targeting was used to induce double-strand DNA
breaks: Wild-type zebrafish embryos (FO) were injected with npcl-specific guide
RNA (sgRNA) and Cas9-encoding mRNA at the one-cell stage of development.
The resulting FO zebrafish were raised to adulthood and outcrossed to individual
wild-type adults to obtain F1 embryos. The F1 embryos were screened for germline
transmission of npc1 mutations by PCR and fragment analysis. In their turn, FO adults
carrying potential mutations in their germline were outcrossed to individual wild-type
adults. F1 embryos obtained from this second outcross were raised to adulthood and
screened for npcl mutations. As a result, two mutant alleles, npcl y535 and npcl
hg37 were identified. The observation revealed growth retardation and premature
lethality in npcl mutants, while the histology confirmed high levels of unesterified
cholesterol in the liver of fish larvae [16].
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L.R. Strachan et al. were able to develop a fairly accurate zebrafish model
of X-linked adrenoleukodystrophy (ALD). This disease belongs to the group of
peroxisomal disorders with an X-linked recessive inheritance and is caused by
mutations in the abcd1 gene, affecting peripheral and central nervous system myelin
as well as adrenal glands. The abcdl gene encodes the transmembrane ALDP protein,
which is required for the metabolism of very-long-chain fatty acids. It was found that
the amino acid sequence of the zebrafish abcd! gene is 70% identical to the sequence
of the human abcd! gene and is expressed in homologous regions in ontogeny. The
TALEN technology was used to generate zebrafish abcd1 mutant allele lines and to
induce mutations in exon 1, which produced premature stop codons. Observations
showed that the abcd1l mutants had elevated levels of very-long-chain fatty acids
in the body, development of hypomyelination, decreased survival, impaired motor
function, and delayed development of the interrenal gland (the equivalent of the
adrenal glands) [17].

5.2. Rodents

The biology specifics of mice have turned them into a mainstay of models used
in studying a wide variety of pathological conditions and processes, even though the
biology of small rodents differs significantly from the biology of larger animal species,
let alone humans. The main problem is that the lifespan of mouse-like rodents is short;
therefore, large animal models complement studies on the efficacy of gene therapy.
Thus, large animal models of human genetic diseases complement murine studies,
as they have a longer lifespan, they are more similar in size to a human neonate or a
child, their background genetic heterogeneity is similar to that of humans, and they
are genetically more closely related to humans than mice.

Nevertheless, mice and rats are inexpensive; they are quick to reach puberty; they
have large litters. They are cheap and easy to maintain, and, due to their small size,
they can be kept in large numbers in a relatively small area. Availability of murine
models and an extensive knowledge base in genetics and immunology allow testing
the effects of genetic manipulation and experimental therapeutics on physiological
and pathological processes occurring in model organisms. In their turn, rats are much
larger than mice and therefore, much better suited for manipulations and observation
of the pathological process.

Leptin, a peptide hormone, belongs to the adipokines and regulates lipid
metabolism, producing an anorexigenic effect; thus, a decrease in leptin levels leads
to obesity. In 2017, Y. Chen ef al. presented a method of obtaining a rat model of
obesity, based on Sprague Dawley rats. The leptin receptor (Lepr) was knocked
out through direct injection of in vitro transcribed mRNAs of TALEN pairs into rat
zygotes to induce somatic mutations in 2 of 3 obtained pups, which were efficiently
transmitted to the progenies [18].

T. Larcher et al. generated Dmd™PX rats through TALENS targeting exon 23 of
the Dmd gene to study Duchenne muscular dystrophy (DMD) [19]. These modified
rats showed a significant decrease in muscle strength and a decrease in spontaneous
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motor activity. Dmd™PX rats may become a new fit-for-purpose small animal model
of DMD.

Murine models are consistently used in studies of some clinical manifestations
of cystic fibrosis, neurological and oncological diseases, severe combined
immunodeficiency, hemophilia, DMD, Huntington’s disease, f-hemoglobinopathies,
metabolic diseases, and many other diseases waiting for gene therapy.

The experimental gene therapy of inner ear diseases (hearing loss, vestibular
dysfunction) in mouse mutants demonstrated the possibility of partial restoration of lost
functions by gene replacement, gene augmentation, and gene knockout and knockdown
[20]. K.J. Carroll et al. have developed a transgenic murine model by injecting
Cas9-encoding plasmid DNAs into mouse zygotes; the expression of Cas9 was
regulated by the Myh6 promoter. In this transgenic model, high levels of Cas9
were expressed exclusively in heart cardiomyocytes. Then, the researchers
delivered sgRNAs targeting Myh6 by using an adeno-associated virus (AAV) vector,
subsequently inducing cardiac-specific gene modification. The modification led to
hypertrophic cardiomyopathy in transgenic mice [21]. By using TALENs and inducing
a missense mutation at the Scn8a loci, J.M. Jones et al. have generated a murine
model of early-onset epileptic encephalopathy. The data showed that this murine
model would be useful for studying the development of pathogenesis and therapy of
onset seizure disorders [22].

In 2014, a group of researchers led by W. Xue described a new technique of
developing a liver cancer model in wild-type mice by using the CRISPR/Cas system
in vivo and directly targeting tumor suppressor genes or inducing mutations of
oncogenes in the liver. For this purpose, plasmid DNAs expressing Cas9 and sgRNA
targeting the Pten and p53 tumor suppressor genes were hydrodynamically injected
in combination and separately directly into the liver (Fig. 5.3) [23].

In the same year, R.J. Platt ef al. demonstrated direct genome editing by AAV-
mediated expression of Cre and sgRNA in the brain of Cre-dependent transgenic
knock-in Cas9 mice. 3 weeks after the injection, deep sequencing of the NeuN
locus showed that the Cas9 protein was functional and facilitated on-target indel

Cas9+sgPten

I

Fig. 5.3. Hydrodynamic injection of pX330 plasmids expressing Cas9 and sgRNA targeting the Pten
gene sequence in wild-type mice to induce transient expression of the CRISPR/Cas components in
hepatocytes
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formation. Based on the results, the same group of researchers performed an AAV
delivery of U6-sgRNA cassettes for the oncogene KRAS and the tumor suppressors
p53 and LKB1 (AAV-KPL). Two months after the virus inoculation, the computed
tomography found that all AAV-KPL-treated mice developed nodules in their lungs;
the average total tumor burden over two months was approximately 10% of the
total lung volume. The histological and genetic studies of these tumors showed that
they were lung adenocarcinomas resulting from multiple alveolar adenomas, which
developed within the first month after the inoculation of the vector construct [24].

Humanized models — transgenic animals containing functional genes, cells,
tissues or other morphological structures of the human body — are especially
important for pharmacological and toxicological studies. Murine models carrying
a mutant or human B-globin gene made it possible to gain a better understanding
of hemoglobin regulation and development mechanism of sickle cell disease or
B-thalassemia [25].

Initially, studies focused on humanized monoclonal antibodies obtained in vivo
and characterized by higher therapeutic efficacy compared to original antibodies
of rodents [26, 27]. Homozygous humanized mice were developed in the late
20" century through the replacement of endogenous genes in the constant (C) region
of the kappa light chain with human C kappa genes. Moreover, the resulting mice
produced normal concentrations of serum antibodies, most of which carried chimeric
kappa light chains and displayed normal immune responses [26]. In 2014, the large-
scale in situ genetic humanization of mouse immunoglobulin genes was reported.
The procedure was performed by using specially designed BAC-based recombinant
targeting vectors combining human and mouse BACs, and by pronuclear injection into
blastocyst or eight-cell morula stage mouse embryos. As a result, 6 million base pairs
of mouse immune genes were replaced precisely in situ with their human orthologs;
functionally and morphologically, the immune system of humanized mice was
indistinguishable from that of wild-type mice [28]. The results of this study opened
up the possibility for the humanization of other large complex loci, for example,
major histocompatibility complex loci or T-cell receptor loci [29].

Such animals are especially important for modeling infectious diseases (Fig. 5.4)
when the pathogen cannot be reproduced or the human-like immune response cannot
be received in rodents.

One or a few genes inserted in a mouse is sufficient to replicate pathogens
of such diseases as measles or Middle East respiratory syndrome coronavirus
(MERS-CoV). Thus, by expressing the full-length human receptor dipeptidyl peptidase
4 (DPP4) protein or CRISPR/Cas-mediated amino acid alterations in the mouse DPP4
molecule, the mouse was made permissive to MERS-CoV replication [30, 31].

Another report informed about generating a fully immunocompetent murine
model of Zika virus infection by using the mouse-adapted virus and replacing mouse
stat2 with human stat2 (Fig. 5.5) [32].

Despite these advances in genome editing, some viral pathogens require a
variety of genes in the host to facilitate the introduction and replication of virions
and to induce the disease. Moreover, you should not forget about the limitations
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Fig. 5.5. Generation of an immunocompetent murine model of Zika virus infection

imposed by differences in the immune system of humans and rodents, when using
standard or genetically humanized mouse strains. To overcome these complications,
which impede the modeling of the human response to the pathogen, human tissue
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Fig. 5.6. Three ways to human immune system engraftment into an immunodeficient mice

mouse xenograft models are used. These models are based on mouse strains with a
functionally absent adaptive immune system (for example, knockout mouse strains
lacking rag-1 or IL2RG genes). These mice are permissive to engraftment with human
immune cells if some other mouse genes are removed (for example, the interleukin
(IL)-2 receptor common gamma chain gene). Mice with xenografted human immune
systems are used to study therapies for a wide range of diseases, including malaria,
dengue, tuberculosis, and influenza. Simulating the processes occurring in the human
body, these models have been especially useful in studying the pathogenesis of HIV
and effectiveness of antiretroviral HIV therapy. Before CB17 immunodeficient mice
were engrafted with human immune cells in 1988, the chimpanzee had been the only
model for HIV research [33].

Currently, there are three main methods of introducing the human immune
system into immunodeficient mice (Fig. 5.6).

The first model known as the Hu-PBL-SCID model was developed by
intravenous injection of human peripheral blood leukocytes. This model is perfect for
studying the function of human T cells in vivo, because it followed by the engraftment
of human CD3+T cells during 7 days after the injection. It has a short experimental
window, as mice develop lethal xenogeneic disease within 4-8 weeks.

The second model referred to as the humanized SCID repopulating cell
(Hu-SRC)-SCID model is developed by an intrafemoral or intravenous injection
of CD34+ hematopoietic stem cells obtained from bone marrow, cord blood, fetal
liver, or peripheral blood. This model supports the engraftment of the entire human
immune system by demonstrating the presence of B cells, T cells, myeloid cells, and
antigen-presenting cells in peripheral hematopoietic tissues. However, granulocytes,
erythrocytes, and platelets formed in the bone marrow are detected in whole blood
only in small amounts. The BLT model represents the third version of introducing
the human immune system into the mouse. The model was developed through
transplantation of human fetal liver and thymus cells under the mouse kidney capsule
in combination with intravenous injection of autologous fetal liver hematopoietic
stem cells. Similar to the Hu-SRC-SCID model, the BLT model develops all human
hematopoietic cell lines and a healthy mucosal immune system. In addition, T cells
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are produced in the thymus autologous to the human one and are human leukocyte
antigen restricted. Yet, this model also has a limited window for experiments, as mice
develop the graft-versus-host disease (GVHD) syndrome [34].

Despite their usefulness, animal models with human xenografts have limitations,
such as the efficiency of engraftment and tissue rejection as well as impossibility to
fully predict human immune responses such as antigen-specific antibody responses.
However, these models were a breakthrough in the study of plague pathogenesis and
therapy in the 20th century.

Transgenic animals carrying highly differentiated human hepatocytes were
required to simulate infection with the human hepatitis B virus, as normal mice were
immune to HBV (cccDNA was not formed in mouse hepatocytes). Back in the mid-
1980s, the first HBV-transgenic mice could only be used to study the role of HBsAg,
HBeAg, and HBx proteins and their oncogenic potential. Although the obtained data
were controversial, they set the stage for further HBV research.

In 1995, Chisari et al. demonstrated the ability of human HBV virions to
replicate in mouse hepatocytes. At the same time, no damage to mouse hepatocytes
was observed, indicating that HBV does not have cytopathic properties. These murine
models were produced with a terminally redundant viral DNA construct that starts
just upstream of the HBV enhancer, extends completely around the viral genome, and
ends just downstream of the unique polyadenylation site in HBV [35]. Several years
earlier, it was demonstrated that the adoptive transfer of cytotoxic T lymphocytes to
transgenic mice induced acute hepatitis [36]. Thus, HBV transgenic mice have proven
to be useful for testing antiviral agents that interfere with viral replication. To study
the mechanisms of HBV pathogenesis and viral clearance, murine models have been
developed through transduction of the virus genome into mice by using viral vectors
or through hydrodynamic injection of the HBV genome.

Adenovirus or adeno-associated virus vectors containing HBV genomes
transduce hepatocytes with high efficiency. However, the application of adenoviral
vectors in mice triggers a vigorous immune response to the vector. This disadvantage
was partially compensated by using adeno-associated viral vectors, though it resulted
in mice resistance to viral antigens and persistent viremia in mice without HBV-
specific humoral immune response [37].

When using the hydrodynamic injection technique, a large amount of native
DNA solution is rapidly injected into mice through the tail vein, resulting in DNA
uptake in hepatocytes and further transient gene expression. Although this technique
has certain disadvantages, which can affect the host gene expression or signaling
pathways, its advantage is that various genotypes and HBV variants or mutants can
be injected into mice and analyzed in vivo within a relatively short time. In addition,
the hydrodynamic injection opened the door for research in immune responses in the
acute form of infectious diseases.

The discovery of the CRISPR/Cas 9 system gave hope for its further use in the
selective removal of cccDNA. However, since the presence of cccDNA in mouse
hepatocytes has not been detected, the targeting of CRISPR/Cas9 nucleases at cccDNA
cannot be tested. Moreover, the main concern is the disruption of HBV sequences, which
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can lead to genome instability and the appearance of tumors. In general, none of the
above models stand up to criticism when judged from the perspective of gene therapy
interventions. Therefore, humanized mice were developed with human hepatocytes
stably integrated into the mouse liver parenchyma to achieve the long-term survival of
highly differentiated human hepatocytes permissive to HBV infection in vivo.

Currently, three models of human liver chimeric mice are available to study
hepatotropic virus infections. The Alb-uPA murine model is based on the property of
the uPA (urokinase-type plasminogen activator) transgene to overexpress under the
control of the albumin promoter. The hepatic uPA transgene overexpression results
in elevated uPA plasma levels and leads to hypofibrinogenemia and subacute liver
failure in neonatal transgenic mice. To prevent rejection of xenogeneic hepatocyte
transplants, uPA mice were backcrossed to mice with genetic immunodeficiency
(Rag2™; Scid). The chimerism levels were assessed by measuring the human albumin
serum levels in the blood of mice [38].

Another humanized model is based on mice deficient in fumarylacetoacetate
hydrolase [39].

The third murine model is based on TK-NOG mice, which carry the herpes
simplex virus thymidine kinase (TK) transgene under the control of the liver-specific
albumin promoter and a triple immune defect, as they were backcrossed to NOG mice.
The downside of this model is the infertility of males of this strain [40].

5.3. Rabbits

Unlike mice, the development of transgenic rabbits as a model was impeded
for a long time by the low efficiency of embryonic stem cell usage and somatic cell
nuclear transfer. Only in 2011, the first genetically modified rabbit with a disrupted
endogenous IgM locus was produced by using the ZFN technology [41]. However,
already in 2017, Ragl, Rag2 [42], and Fah [43] knockout animals were obtained
by using the TALEN technology. The CRISPR/Cas9 technology made it possible to
develop rabbit models with a knockout of single or multiple genes at the same time;
the probability of simultaneous multiple gene knockouts reached approximately
100% [44]. Recently, T. Sui et al. developed a DMD rabbit model by co-injecting
Cas9 mRNA and two gRNAs into rabbit zygotes. The CRISPR system was intended
to modify DMD exon 51, and DMD knockout rabbits exhibit the typical phenotypes
of DMD. Moreover, clear pathology was also observed in the diaphragm and heart,
similar to DMD patients. This new model may be more valuable for preclinical trials
than the previous rodent models [45].

Thanks to rabbits, the results of other studies suggest that GJA8 gene encoding
gap junction protein 50 was associated with autosomal-dominant congenital cataract
[46,47]. L. Yuan et al. co-injected Cas9-encoding mRNA and sgRNA into rabbit zygote
to construct a GJA8 knockout rabbit model [48]. As a result, the gene mutation efficiency
of the GJAS site reached 98.7% and 100% in embryos and young rabbit tissues,
respectively. They achieved efficient gene editing of the rabbit genome through the
CRISPR/Cas9 system and provided a good disease model for cataract-related research.
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D. Zhao et al. have published interesting results related to the use of gene
therapy for the regeneration of bone defects. Synergistic effect of the recombinant
plasmid pcDNA3.1-VEGF 165, which encodes vascular endothelial growth factor,
and a gelatin sponge was demonstrated. The post-therapeutic histological examination
showed the presence of a large amount of newly formed blood vessels two weeks after
the beginning of treatment, a number of bone trabeculae with osteoblasts proliferation
after four weeks, fresh periosteum and a reformed medullary cavity after 12 weeks,
while in the control group these structures were formed in later phases [49].

Wilson disease is an autosomal recessive hereditary disorder of copper
metabolism, which is caused by sequence variations in the ATP7B gene. ATP7B
is an important protein contributing to the trans-membrane transport of copper.
Recently, based on the CRISPR/Cas9 mediated single amino acid substitution,
W. Jiang et al. have developed a rabbit Wilson disease model. At the onset of
the disease, the copper content in the livers of modified rabbits increased nine-
fold compared to wild-type rabbits; however, the survival rate of the models was
approximately three months. Therefore, this model can be seen as a potential
Wilson disease model for application in pathological analysis, clinical treatment,
and evaluation of gene therapy efficacy [50].

Given that the gene sequences of rabbits have greater homology with human
genes than rodents, and many diseases are comparable to those found in humans,
the use of rabbits as an animal model puts them in a more advantageous position as
compared to mouse-like rodents [51].

5.4. Pigs

Pigs are physiologically, anatomically, and genetically similar to humans.
Therefore, they seem to be an ideal model for studying cardiovascular structure.
In 2011, the conducted research combined ZFNs with the somatic cell nuclear transfer
technology to develop pigs with a mutation in the y-receptor activated by proliferator
peroxisome (Ppar-y). The PPAR-y knock-out pig model served as a useful tool to
study the role of PPAR-y in cardiovascular diseases [52].

Marfan syndrome is an autosomal-dominant connective tissue disorder caused
by mutations in the FBNI gene and displaying symptoms of cardiovascular and
skeletal abnormalities. K. Umeyama et al. successfully obtained FBNI-mutant pigs
by using ZFNs. The phenotypes of obtained animals, such as scoliosis, delayed
mineralization of the epiphysis, funnel chest, and disrupted structure of elastic fibers
of the aortic medial tissue, indicate the value of FBN/-mutant pigs as a model for
better understanding the pathogenesis of Marfan syndrome and for developing further
treatment [53].

For a better understanding of the mechanisms of Huntington’s disease,
in 2018, S. Yan et al. applied CRISPR/Cas9 technology to accurately insert human
Huntington’s mutation gene containing a 150CAG repeat into the endogenous pig htt
gene locus. This resulted in the development of modified knock-in pigs expressing
a human mutant huntingtin gene (mH7TT) by somatic cell nuclear transfer (Fig. 5.7).
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Fig. 5.7. Knock-in pigs developed by CRISPR/Cas edited fetal fibroblast nuclei transfer
for studies in Huntington’s disease

Moreover, the mutation was heritable. It was the world’s first large animal model to
simulate genetic mutations in patients with neurodegenerative diseases [54].

An important breakthrough in the study of neurodegenerative diseases is the
development of pigs capable of generating the A#f gene, which could contribute to the
development of new drugs for the treatment of neurodegenerative diseases.

Genome editing technologies make it possible to develop models of metabolic
diseases. The pathogenesis of one of them — familial hypercholesterolemia — stems
from apolipoprotein E (4poE) and low-density lipoprotein receptor (LDLR) gene
defects, which can cause atherosclerosis. In 2012, Carlson et al. published the results
of cloning TALEN-modified pigs. Cloning was carried out by chromatin transfer.
The pregnancy of six sows resulted in 18 viable clones, eight of which contained
monoallelic mutations, and ten — biallelic modifications of the LDLR gene [55].
A few years later, when the CRISPR/CAS technology gained popularity, L. Huang
et al. reported the development of biallelic knockout pigs lacking ApoE and LDLR genes.
Although ApoE—/—/LDLR—/— mice have been widely used in atherosclerosis research,
studies have shown that lipoprotein profiles and metabolism in mice, in addition to
their inability to reproduce other important signs of atherosclerosis, differ from those
in humans and pigs. Biochemical studies of the blood serum of the resulting knockout
piglets confirmed an increase in total cholesterol by almost 57%, and an increase in
triglycerides by 120%, and these characteristics remained stable for a long time [56].

5.5. Cattle

Cattle are rarely used in gene therapy experiments because of their size and,
consequently, the need for large quantities of recombinant protein preparations or for
scaling up viral vectors. On the other hand, their size and weight make them suitable for
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modeling pediatric diseases. Therefore, the main types of diseases that can be simulated
in cattle are diseases of the musculoskeletal system and disorders of the urea cycle.

One of these diseases is citrullinemia, which is caused by mutations in the 4SS/
gene or in the SLC254 13 gene. Citrullinemia is the main cause of hyperammonemia in
children and leads to serious neurological disorders and death. In cattle, citrullinemia
is caused by a nonsense mutation in the gene encoding arginosuccinate synthetase. To
study this defect in the urea cycle, neonatal calves, being the most suitable models
for growing children, received an adenoviral vector containing an intact copy of the
arginosuccinate synthetase gene. A week after the administration of the adenovirus,
the calves’ serum showed elevated arginosuccinate synthetase levels, while all other
liver parameters remained normal [57].

5.6. Small ruminants

The weight and size of sheep and goats tend to be close to those of human
adolescents. However, due to the specifics of their physiology as well as the high cost
of their maintenance, their use as models of human diseases is limited, although the
comparability of some sheep diseases with human counterparts has been proven [58].
Back in the 2000s, there were attempts to use sheep as a corneal transplant model
for humans. Since the corneal endothelium is the major target in human corneal
graft rejection, the tested gene therapy options included transduction with herpes
simplex virus type I (HSV-I) and an adenoviral vector encoding the E. coli lacZ
reporter gene. The study showed that the HSV-I vector was not able to efficiently
transduce the endothelium of the sheep cornea, while the adenoviral vector showed
70% transduction efficiency [59].

In addition, sheep are the only experimental model of Tay-Sachs disease (TSD),
a lysosomal storage disease caused by a mutation in the HEXA gene. The HEXA gene
encodes the a-subunit of the enzyme hexosaminidase A (HexA), the deficiency of
which causes damage to the central nervous system. The intracranial gene therapy on
TSD-sheep was tested by using AAVrh8 monocistronic vectors encoding the a-subunit
of Hex or a mixture of two vectors encoding both the o and B subunits separately
injected at high or low doses. The delay of symptom onset and/or reduction of acquired
symptoms were noted in all adeno-associated virus-treated sheep. However, better
HexA and vector genome distribution was achieved in the brain of animal models,
when the two vectors were combined, although the distribution in the spinal cord
remained low in all groups [60].

Another rare lysosomal storage disease is glycogen storage disease type V
(also known as McArdle disease), which is characterized by muscle deformations,
muscle pain and fatigue during exercise due to the buildup of abnormal amounts
of glycogen in muscle tissue; the abnormal accumulation of glycogen is caused by
the impaired catalytic function of muscle phosphorylase (myophosphorylase). By
using the adenoviral vector AdV5, the adeno-associated vector AAV2, and plasmid
DNAs, gene therapy was conducted to deliver DNA encoding myophosphorylase
and the LacZ reporter gene (encodes the B-galactosidase enzyme) into the muscles
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of affected sheep. Plasmids were delivered both by electroporation or sonoporation
and without them. The application of viral vectors produced an increased number of
transduced muscle fibers, which remained especially long after AdVS5, while plasmids
delivered by electroporation resulted in a higher level of transfection compared to
other plasmids [61].

5.7. Horses

Osteoarthritis is the most common and economically significant disease in
horses and humans. Using an established model of equine osteoarthritis that mimics
clinical osteoarthritis, D.D. Frisbie et al. investigated the therapeutic effects resulting
from intra-articular overexpression of the equine interleukin-1 receptor antagonist
(IL-1 Ra) gene through adenoviral-mediated gene transfer. At the end of the study,
clinical examination of the horses showed that the therapeutic expression of IL-1Ra
significantly decreased signs of joint pain as measured by the degree of lameness [62].

L.M. Heinzerling et al. [63] studied gene therapy of another disease —
melanoma. According to statistics, this disease affects up to 80% of grey horses
over 12 years old. At the same time, the form and course of the disease have little in
common with those in humans, but the histological and immunohistochemical features
demonstrate many similarities with human neoplasms. This made it possible to use the
grey horse as an adequate model in gene therapy of melanoma. The research results
showed that injection of plasmid DNA encoding human interleukin-12 into melanoma
metastases caused significant regression in all lesions. Moreover, one of the treated
foci demonstrated a complete disappearance of metastases with no relapse after six
months. During the treatment and in the post-treatment period, no side effects were
observed in any of the animals [63].

5.8. Cats

Cats are believed less likely to suffer from hereditary diseases, but the specifics
of cats’ anatomy and physiology made it possible to choose them as adequate models
for studying visual organs and the nervous system. Cats have large eyes, and their
brain is anatomically similar to that of humans. This makes them most attractive
for modeling diseases such as lysosomal storage diseases and spontaneous retinal
diseases. The fact that some cats are a kind of ready-to-use models for some eye
diseases has become known through genetic mapping.

Retinal degeneration was studied in cats of the Abyssinian breed — the rdAc
model and the Rdy model [64]. Unfortunately, there is currently no information about
the beginning of the genetic treatment of this disease.

On the other hand, there are constant reports of successful experimental therapy
of various lysosomal storage diseases. Congenital a-mannosidosis is caused by
a deficiency or defective function of the a-mannosidase enzyme, which leads to the
accumulation of mannose-rich oligosaccharides in lysosomes. The main symptoms of
this disease in humans are intellectual disability, ataxia, hepatosplenomegaly, gingival
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hyperplasia, hearing loss, skeletal pathology, etc. In cats of the Persian breed, this
disease can be inherited and is manifested in progressive cerebellar ataxia, polycystic
kidney disease, hepatomegaly, skeletal anomalies, and other clinical signs similar
to humans. The results of a series of studies in cats look very encouraging. Six
injections of adeno-associated virus carrying the correct copy of the a-mannosidase
gene were made into each rostral hemisphere of the brain and rostral brainstem; two
injections were made into the cerebellum. The treatment resulted in reduced severity
of cerebellar dysfunction signs. On the other hand, the control group of animals that
did not receive treatment showed aggravation of cerebellar dysfunction. The analysis
of the lysosomal stores also showed positive dynamics, although they were increasing
in numbers with the increased distance from the injection site. None of the brain
regions of the treated cats showed the amount of lysosomal stores comparable to the
large amount in control animals [65].

Experimental gene therapy of GM1-gangliosidosis was performed in GMI
feline models by delivering an AAV vector expressing p-Gal (B-galactosidase)
and bilateral injection into the thalamus and deep cerebellar nuclei. The long-
term follow-up of GM1 cats showed a statistically significant five-fold increase
in survival compared to GM1 models not receiving therapeutic agents [66]. The
feline model of GM2 gangliosidosis caused by one of the four mutations in the
HEXB gene resulting in both HexA and HexB enzyme deficiencies is a true model
of human GM2 gangliosidosis (Sandhoff disease). Therapy of similar models was
also performed by using bilateral intrathalamic injections of AAV vectors encoding
o and B-Hex subunits. At first, it led to the doubling of the animals’ lifespan and
after the method was modified, the lifespan of treated animals increased four times
compared with the control group [65].

Mucopolysaccharidosis Type I (MPSI) in humans is characterized by
a deficiency of the lysosomal enzyme o-L-iduronidase (IDUA; an enzyme that
hydrolyzes the terminal a-L-iduronic acid residues of two glycosaminoglycans —
dermatan sulfate and heparan sulfate), which entails the accumulation of partially
decomposed dermatan sulfate and heparan sulfate in lysosomes. It results in clinical
symptoms most frequently combining retarded intellectual and physical development,
corneal opacity, organomegaly, high levels of glycosaminoglycans in the urine, efc.
In terms of symptoms, the feline model of MPSI is closest to severe MPSI in
humans. The successful cloning of the feline IDUA (fIDUA) cDNA sequence
by L.M. Hinderer et al. made it possible to study gene therapy not only in
canine models but also in feline models. Early studies in cats were carried
out by using the canine /DUA genetic product, which caused the development
of a cytotoxic T-lymphocytic immune response. The consolidated results of
therapeutic intrathecal delivery of 44V9-fIDUA showed global CNS transduction,
normalization of secondary lysosomal enzymes, and reduction in damages
associated with the accumulation of glycosaminoglycans, cholesterol, and GM3-
ganglioside [67], despite an immune response. Further studies of the intravenous
administration of AAV9-fIDUA showed complete correction of MPSI-associated
cardiovascular lesions in feline models [68].
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Speaking about infectious diseases, special attention should be given to the
feline model of HIV. All members of the feline family are susceptible to their
immunodeficiency disease (FIV) caused by a lentivirus from the Retroviridae
family and leading to progressive depletion of the immune system and, ultimately,
to acquired immunodeficiency syndrome. Structurally and sequentially, FIV is very
close to HIV, which also belongs to the Lentivirus genus. Morphologically it is a
spherical virion of 120 nm in diameter (compared to 100 nm in FIV) and containing
a diploid set of genes — a pair of copies of a single-stranded positive-sense RNA
packed together with nucleocapsid (p7) and additional proteins (reverse transcriptase,
integrase, protease). By analogy with FIV, the dense core of the HIV virion formed by
capsid protein (p24) contains a ribonucleoprotein complex surrounded by a spherical
shell of a matrix protein (p17) [69]. Like FIV, HIV requires initial interaction with
the primary binding receptor. However, unlike FIV (whose attachment receptor is
represented by the surface molecule CD134, which allows infection of B cells and
CDS8*-T cells in addition to CD4" lymphocytes, macrophages, or monocytes), HIV uses
CD4" as the main binding receptor and CCRS as the main entry receptor. Moreover,
the orf4 gene (encoding the OrfA protein), which was erroneously seen as FIV
transcription transactivator, has a similar localization with the 7at gene encoding the
HIV transactivator [70]. It was shown that FIV virions, like HIV, in the acute phase
invade the central nervous system through infected lymphocytes and monocytes, or
the free virus penetrates the blood-brain barrier. Once present in the CNS, both FIV
and HIV infection spreads to microglia and astrocytes, which then serve as a reservoir
for latent viral persistence [71].

Such characteristics caught the attention of researchers to this ratural model
for human immunodeficiency research; therefore, FIV-infected cats are used to study
the pathogenesis of HIV, for example, neurological or immune dysfunction as well
as HIV-associated diseases [71]. The results of research on vaccines against FIV
and the prospects for obtaining data that would underlie the strategy for vaccination
against HIV are controversial. It has been found that the developed vaccine does
not provide immunity against some FIV strains. At the same time, other developed
vaccines against FIV did not generate any protective immunity or led to increased
susceptibility to the pathogen through antibody-dependent enhancement or general
immune activation [72, 73]. Despite this, the FIV model has significant potential as
a reliable tool for the assessment of the efficacy of new HIV therapies.

5.9. Dogs

Many immune system components in dogs are similar to those in humans.
Moreover, dogs’ size and lifespan are comparable to those of children. Therefore,
it is not surprising that more than 50% of genetic diseases in dogs are caused by
mutations in the same genes as in humans.

To assess the efficacy and safety of experimental gene therapy for MPS in canine
models, scientists studied the effect of adeno-associated viral vectors, through which
IDUA was administered to the brain. The researches were conducted on the known
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models of MPS Type III B (Sanfilippo syndrome B) and on the above mentioned MPSI.
During the research, it was found that immunosuppression was a major determinant
of treatment efficacy; therefore, immunosuppression should be maintained in dogs.
The absence of immunosuppressant in some MPSIIIB models resulted in low vector
copy numbers, absence of detectable activity of N-acetyl-alpha-glucosaminidase
(NAGLU) (the enzyme that degrades heparan sulfate by hydrolysis of terminal
N-acetyl-D-glucosamine residues in N-acetyl-alpha-D-glucosaminides), almost
unchanged pathology severity, and manifest inflammatory response [74].

The DMD originally identified in a young golden retriever is known as golden
retriever muscular dystrophy (GRMD). Therefore, despite the presence of murine
models, the GRMD model is a clinically more suitable model for studying this disease
in humans. Current gene therapy studies in animal DMD models include plasmid
DNA and viral vector therapeutic techniques. Direct intramuscular injections of
a plasmid encoding human dystrophin generated several dystrophin-positive cells, while
electrotransfer of plasmids encoding both the full-length dystrophin and microdystrophin
caused limited expression and increased cellular infiltrates. The application of adenoviral
(AdV) and AAV vectors brought positive results. However, there was a side effect: a
primary cellular response against capsid and transgenic proteins; the problem was solved
by inducing immune suppression in animals.

Promising data were obtained thanks to multi-exon skipping by using antisense
nucleotides to restore the reading frame and obtain shorter but functional dystrophin
proteins. Studies focusing on vector delivery of these RNAs via AAV or AAV-U7 to
muscles have provided safety and efficacy data for preclinical trials through a dose-
dependent response that increased dystrophin expression and decreased pathology
in treated skeletal muscle [75].

The most common form of hemophilia is hemophilia A (HA) caused by
a mutation of the coagulation factor VIII gene and resulting in factor VIII (FVII)
deficiency. Since the treatment with recombinant or plasma-derived FVIII proteins
becomes ineffective over time due to the development of FVIII-specific antibodies
and high costs of the treatment, gene therapy methods become attractive ways to
maintain health in patients with hemophilia A.

The selection of dogs as a basis for modeling hemophilia was especially
successful not only because they are physiologically close to children, but also because
these models are natural (dogs were susceptible to three types of disease: A, B, and C).

Although the first steps in gene therapy of canine HA models were quite
successful, the introduction of human cDNA encoding FVIII via AdV vectors was
ineffective due to the short duration of expression [76] caused, according to some
authors [77, 78], by two-phase toxicity of early generation vectors. Therefore, all
subsequent researches were aimed at the reduction of toxicity in vector viruses.
W.M. McCormack et al. reported that after the adenoviral HDV-PEPCK/BDD-cFVIII/
WPRE vector was administered as a vehicle for canine FVIII (cFVIII) cDNA, they
observed a transient dose-dependent elevation in liver enzymes and thrombocytopenia
that disappeared within two weeks. At the same time, the parameters used to evaluate
the effectiveness of therapy (whole blood coagulation time, concentration and activity
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of cFVIII in plasma, activated partial thromboplastin time) demonstrated significant
improvement in all experimental animals. In two animals receiving an increased
dose, the whole blood coagulation time reached practically normal values, despite
the decreasing level of cFVIII activity for two years. In addition, persistent vector-
specific DNA and RNA were found in liver tissue, though antiviral antibodies were
not found. The authors also note that after vein punctures, the dogs did not have such
a clinical sign of hemophilia as prolonged bleeding [79]. Thus, it was shown that a
severe form of hemophilia A could be converted into a mild form.

Gene therapy for the deficiency of another coagulation factor, proconvertin
(FVII), has been successfully demonstrated in FVII-G96E canine models. The
treatment was performed with escalating doses (from 2E11 to 4.95E13 vector genomes
per kg body weight) of the AAV serotype 8 containing DNA complementary to cFVII
for zymogen. The research results showed the prolonged efficiency and safety of the
construction as well as the adequacy of FVII-G 96E dogs as models [80].

Human X-linked severe combined immunodeficiency (X-SCID) is associated
with interleukin-2 receptor y-chain mutations, which are fatal for children in the first
years of their life due to the complete absence of cellular and humoral immunity.
Two distinct spontaneous mutations have been identified in dogs, resulting in genuine
clinical, pathological, and immunological X-SCID models. Hematopoietic stem cell
transplantation without prior transplant conditioning has been recognized as the
standard treatment for patients with X-SCID. A similar therapy was used in canine
X-SCID models by using normal dogs as bone marrow donors. In contrast to X-SCID-
affected individuals who had donor T-cell engraftment and T-cell function recovery,
but poor donor B-cell engraftment and poor recovery of the humoral immune response,
canine X-SCID models demonstrated 100% circulation of donor T cells and 20-50%
of donor B cells as well as a complete restoration of the immune function [81].
Despite the decrease in T-cell diversity over time after the transplantation, X-SCID
dogs could reach a survival limit of more than ten years [82].

An attempt to use genetically improved autologous hematopoietic stem cells
as an alternative to classical hematopoietic stem cell transplantation via y-retroviral
gene therapy initially showed good results, but a gradual decrease in T-cell levels
resulted in the death of all dogs within eleven months after the transplantation [83].

In vivo gene therapy by intravenous injection of RD114-pseudotyped retroviral
vector demonstrated viral expression in peripheral blood lymphocytes three weeks
after the injection, which increased and accounted for 85% of T cells with corrected
genes eight weeks after the treatment. The long-term follow-up observation of
dogs revealed a stable correction of T lymphocytes and constant circulation of up
to 26% of genetically corrected B lymphocytes as well as the presence of the vector
in myeloid lines and normalization of the immune system function up to 18 months
after the end of therapy [84]. P.J. Felsburg et al. reported that the gene-correction of
T cells in lentiviral treated dogs was sustained for up to 4.5 years [85]. The results
of X-SCID gene therapy in vivo by using a foamy virus vector were published in
2014. It was reported that all dogs from the treatment group showed the presence
of genetically modified lymphocytes two weeks after the injection. The number of
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genetically modified lymphocytes continued to increase for 12 weeks. However, the
survival range of XSCID models varied from three to 10.5 months [86].

Leber congenital amaurosis (LCA) accounts for about 15% of diseases
associated with inherited congenital blindness. Leber amaurosis can be caused by
the disappearance of the lecithin/retinol acyltransferase enzyme due to mutation in
the RPE 65 gene. The enzyme is required for the regeneration of photopigment in
retina. The natural animal RPE65~'~model has early and serious visual impairments
similar to those of a human suffering from Leber congenital amaurosis. Therapy with
a recombinant AAV carrying wild-type RPE65 yielded good results: improved vision
allowed the dogs to pass through the labyrinth [87]. This made it possible to conduct
successful researches in humans.

The research by S.R. Bianco ef al. was based on the property of the Fas ligand
to induce apoptosis of melanoma cells. Liposomes conjugated to Fas-ligand DNA
were injected intralesionally and into the tissues surrounding the neoplasm. Further
observations demonstrated a reduction in oral melanoma by 12—-58% in three out of
five dogs [88]. This model can be considered adequate since it is natural.

5.10. Non-human primates

Non-human primates (NHPs) have an innate superiority compared to other animal
models due to their similarities to humans in genetics, physiology, developmental
biology, social behavior, and cognition. NHPs can be an ideal model, especially in
modelling nervous system diseases [89].

Although gene manipulation in monkeys is far more difficult than in other
animals (it took more than 25 years of research to establish transgenic NHPs, after
the first transgenic mouse was developed), the discovery of genome editing has
contributed significantly to the progress of work on generating NHP models.

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder in the autism
spectrum. It is known that loss-of-function mutations of methyl-CpG-binding protein 2
(MECP2) lead to Rett syndrome. Y. Chen et al. designed three pairs of TALENS to
target multiple sites on exon 3 of MECP?2. All three TALEN pairs of targeted plasmids,
either individually or in combination, were injected into single-cell monkey zygotes.
The results showed that the MECP2-mutant males died during gestation, while the
mutant females developed physiological and behavioral disorders. Notably, these
disorders were similar to those of humans with RTT disease. This animal model has
provided more opportunities for studying disease mechanisms and seeking treatment
options [90]. In another study, the CRISPR/Cas9 system was used to target exons 4
and 46 of DMD to generate DMD monkey models [91].

Primary immunodeficiencies are represented by a diverse group of rare and
chronic diseases. Part of the body’s immune system is missing or functions improperly,
threatening the lives of patients. Severe combined immunodeficiency (SCID) is the
most severe form of primary immunodeficiencies [92].

In 2016, Japanese scientists optimized ZFNs and TALENSs to generate indels
at interleukin-2 receptor subunit y-locus (IL2RG) in pronuclear stage monkey
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Fig. 5.8. Schematic representation of generating NHPs with the SCID phenotype by using ZFN
and TALEN technologies

embryos. Detectable DNA mismatches at the target locus led to inactivation of IL2RG
concomitant with immunodeficiency (Fig. 5.8). They demonstrated a highly effective
generation of founder NHPs with SCID phenotypes [93].

Chimpanzees have always been a reliable model in HBV and HCV researches.
However, in recent years, due to the tightening of ethical norms and rules, these studies
are extremely limited. Therefore, scientists turned to NHPs and other animals to use
them as models of these infectious diseases. Until recently, all attempts to transmit
HBYV to nonhuman primates were generally unsuccessful. The only exception was
macaques who maintained HBV replication after intrahepatic HBV DNA inoculation.
But even in this case, the maximum result is self-limited hepatitis [94]. Thus, further
studies are needed to assess the suitability of this model for studying the antiviral
and immunological aspects of HBV infection.

Speaking about the problem of HBV infection modeling, we cannot but
mention animals that are not primates but are experimentally susceptible to HBV —
tupaias (Scandentia). The low infection efficiency of standard laboratory animals,
combined with ethical and experimental limitations, made the HBV tupaia model
the most suitable for in vivo studies. It has been found that neonatal animals
having HBV-induced chronic infection develop moderate viremia levels and liver
immunopathology, including fibrosis and hepatocellular carcinoma [95].

It may seem that NHPs with their highly developed cerebral cortex, cognitive
capabilities, complex motor functions, and human-like neuroanatomy would be perfect
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models for age-related neurodegenerative disorders characterized by progressive
neuronal cell death, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), or
Huntington’s disease (HD). However, recent advances in the study of these disorders
only slightly improved the understanding of the pathogenesis and treatment of some
of the symptoms associated with these diseases.

Aging or targeted cholinergic lesions damage in the brain was common
methods of simulating AD in primates. Age-related disorders observed in elderly
primates had some signs of AD, but they did not include all aspects of the disease
[96-99]. The cognitive deficit associated with the loss of cholinergic neurons were
modeled by stereotaxic injections of the ibotenic acid into the basal forebrain [100],
while the damage to the hippocampus and caudate nucleus resulted in suppression
of the ability to learn complex tasks [101]. Recent studies have confirmed the
involvement of nerve growth factor (NGF) in the maintenance of cholinergic
neurons; however, NGF is unable to cross the blood-brain barrier; therefore, the
treatment on models required targeted intracerebral NGF delivery, for example,
by genetically modified autologous fibroblasts [102]. The efficiency of these
methods paved the way for Phase I clinical trials in 2005, the positive results of
which were published in 2015 [103]. AAV and lentiviral vectors have served as
an alternative option for personalized cellular delivery of NGF. M.H. Tuszynski
et al. demonstrated the ability of AAV-NGF to induce long-term biologically active
NGF expression [103].

The first attempts to use primates and simulate movement disorders typical of
HD were also limited to neurotoxin-mediated induction of lesions in striatum. Data
describing the first NHP model of HD were published only in 2008. Gene transfer was
performed by injection of rhesus monkey mature oocytes into the perivitelline space
with high titer lentiviral vectors expressing exon 1 of the human HTT gene with 84
CAG repeats. All primates were delivered at full term and carried transgenic mutant
HTT genes, although the length of the repeats ranged from 27 to 88, which resulted
in the death of two animals during the first day, and one animal died at the age of one
month [104]. As for the application of new generation gene therapy methods, they
are currently being studied on cell cultures as well as in mouse and NHP models.

PD is a neurodegenerative disorder that is mainly caused by the degeneration of
nigrostriatal dopaminergic neurons, and is characterized by such symptoms as tremor,
rigidity, postural instability, sluggishness and abnormal gait [105]. As in previous
cases, neurotoxins were very popular in simulating motor dysfunction, though their
action could not reproduce the full picture due to their toxic effect on neurons, poorly
mimicking the progress of the disease. Among the genes associated with PD, there
are a-synuclein (SCNA) and leucine-rich repeat kinase 2 (LRRK?2).

One of the pressing problems hindering the progress in the development of
effective therapeutic options for the treatment of PD is the absence of a versatile
animal model. The existing models are available in two options: acute (neurotoxin-
induced) and chronic (genetic). Neurotoxic models are based on the administration
of 6-hydroxydopamine [106] or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [107,
108] and the destructive effect of the resulting free radicals on dopaminergic neurons.
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Like the neurotoxic models of the previous neurodegenerative diseases, acute PD
models mimic only motor symptoms of the disease without progressive death of
dopaminergic cells, thus significantly impeding the development of therapeutic
strategies. The development of transgenic mice carrying missense mutations in the
genes responsible for SNCA (a-synuclein) and LRRK2 (leucine-rich repeat kinase
2, also known as dardarin) made it possible to reproduce limited parkinsonism with
moderate nigrostriatal degeneration of dopaminergic neurons [109—111]. To develop
a chronic PD model, intracerebral injection of AAV vectors or lentiviral vectors
containing mutated SNCA have been tested [112—114]. NHP models represented by
cynomolgus monkeys (Macaca fascicularis) or rhesus monkeys (Macaca mulatta)
demonstrated movement disorders and neuropathological features typical of PD.

The encouraging research data on the application of a helper-dependent
canine adenovirus (CAV-2) as a delivery vector [115] makes it ideal for modeling
PD in NHPs. In rodents and NHPs, these vectors preferentially transduce neurons;
they have no long-term impact on newborn neuron homeostasis and have a cloned
capacity of up to 30,000 bp. Recently, CAV-2 vectors have been generated;
the vectors contain a LRRK29%!S expression cassette, which was injected into
a putamen of a rather interesting NHP — a gray mouse-like lemur (Microcebus
murinus), which has positive traits of mouse-like rodents (small size, large litter sizes
in captivity) and features of the nervous system of NHPs [116].

As for the gene therapy for PD, the treatment of patients is still ineffective due
to the imperfection of animal models.

In 2018, a multidisciplinary team of veterinarians and researchers reported
that a small population of Japanese macaques (Macaca fuscata) carried a mutation
in the CLN 7 gene, which causes one of the forms of Batten disease, a rare fatal
neurodegenerative recessively inherited disorder that belongs to the group of neuronal
ceroid lipofuscinoses. This discovery will make it possible to develop and test
a strategy for Batten disease gene therapy since this macaque population is the only
known model of this disease among NHPs in the world [117].

NHP models serve as an intermediate link for understanding the mechanisms of
a disease and as a bridge connecting experimental treatment of simulated pathological
conditions and therapy of truly suffering patients. Improvement of technologies for
targeted genome editing and methods of embryonic engineering will make it possible
to transfer NHPs to the category of routine laboratory animal models for studying
gene therapy and drug screening.

The opportunity to introduce the reader to the diversity of existing animal models
is limited by the size of our monograph. Researchers of the entire world community
are making attempts to simulate not only individual symptoms (though it is justified
at initial stages), but also pathogenesis leading to the manifestation of a complete
symptom complex of human disease. Close cooperation of research institutes and
laboratories with the global veterinary community is extremely important and essential
because some diseases typical of animals can become adequate models for human
diseases, and complete decoding of the genome, including wild animals, will reveal
new adequate platforms for modeling.
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Undoubtedly, modeling on one species of animals cannot fully demonstrate the

entire pathway of a damaging agent, from its invasion to the development of a severe
complex of multiple organ dysfunction, whether it is a pathogen or an inherited gene
mutation. Therefore, it is quite natural that during the next years, neither zebrafish
nor even flatworms (which, unfortunately, we left without due attention) will lose
their relevance as models for the research of the pathogenesis of various diseases and
for the development of strategies evaluating the efficiency of gene therapy through
systems of targeted genome editing.
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Conclusion

Conclusion

Targeted genome editing with programmable nucleases has moved to the
frontline of genetic technology and is widely used in various fields related to genome
modification. The discoveries of recent years have shown that targeted genome
editing systems can carry enormous potential that can be applied to modern science
and medicine. Targeted genome editing can be used for developing cell models of
hereditary diseases in humans and animals, for functional screening of genomes,
for researching epigenomes and visualization of cellular processes as well as in the
food industry for producing healthy food products and in agriculture for developing
livestock breeds and plant varieties. Targeted genome editing systems are instrumental
in developing approaches for treatment of genetic, infectious, oncological,
immunological, and other diseases that were previously considered incurable.

Targeted genome editing technologies can be used as antiviral therapy and in the
fight against persistent viral infections caused by HIV, hepatitis B virus, Epstein-Barr
virus, cytomegalovirus, human papillomaviruses, efc. In addition, genomic editing
allows correcting mutations that are a direct cause of a particular disease. Approaches
have been developed for the treatment of Duchenne muscular dystrophy, epidermolysis
bullosa, sickle cell disease, beta-thalassemia, xeroderma pigmentosa, and other
monogenic human diseases. In addition, targeted genome editing systems represent a
revolutionary tool for the treatment of malignant neoplasms, with enormous potential
for the development of new gene and cell therapy methods.

Clinical trials of candidate therapeutic products are being conducted worldwide;
these products are based on programmable nucleases — the main components of
targeted genome editing systems. The efficiency of gene and cell therapy is being tested
in combating hematological and solid neoplasms, hereditary and infectious diseases.
There is no doubt that the number of clinical trials evaluating therapeutic products
developed by using targeted genome editing technologies will be steadily increasing.

Some of the targeted genome editing systems can be used to diagnose diseases by
identifying genetic sequences, such as viruses or oncogenes, and to prevent infectious
diseases by modifying genes in disease carriers, for example, malaria transmitters, rather
than in humans. In future, diagnostic systems based on targeted genome editing will be
used not only for the qualitative and/or quantitative assessment of nucleic acids instead
of specific PCR analyzes, but also for rapid multiplex assessment of RNA expression,
detection of sample contamination with nucleic acids, and tracking of transcripts associated
with pathological processes within biological systems. Such diagnostic systems can
provide multifunctional, error-tolerant methods for prompt diagnosis, including infectious
diseases and sensitive genotyping of microorganisms, at the bedside and in the field.

Many impressive breakthroughs have been made since the discovery and
description of the first systems ushering in targeted genome editing. Every day,
methods of targeted genome editing are improving and developing. Technological
progress and science advancement improve the safety and the efficiency of
programmable nucleases, techniques developed for delivery elements of genome
editing systems, and methods used for identification of on-target and off-target
effects of programmable nucleases. Targeted genome editing systems have become
an integral part of the scientific progress, and scientists keep working on looking for
and discovering new gene-editing tools.
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