Apxusb BHyTpeHHE MeAMuMHbL ® Ne 5 o 2022 OB3OPHBIE CTATbMU

DOI: 10.20514/2226-6704-2022-12-5-363-369 YK 616-085
EDN: JLCFYK

K.A. Aiit6aes’', N.T. Mypkamunos*?3,
X.A. Mypkamunosa®, ®.A. Ocynos*

' — Hay4Ho-uccne0BaTeNbCKUA MHCTUTYT MOJIEKYNAPHON 61onormum
1 MeanumMHb, brlikek, Keiprbisctan

2 — Kbiprbi3ckas rocyapcTBeHHas MeAWLMHCKan akajeMus

umenn N.K. AxyHbaesa, bulukek, KbiprbisctaH

3 —TOY BIMO Kbiprbi3cko-Poccuiickuii cnaBaHCKUn yHUBEpCUTET,
Bbuwkek, KbiproisctaH

* — OwWCKuii rocyaapcTBeHHbIn yHuBepcnTeT, Ow, KbiproiscTaH

TEHHASI TEPAIIMS BOAE3HEV YEAOBEKA:
I[TIOCAEAHUE AOCTUIKEHUS Y BAMJK AUIIIUE
I[NEPCITEKTUBbI PA3BUTUSI

K.A. AitbaeVv’, I.T. Murkamilov*?3,
Zh.A. Murkamilova?, F.A. Yusupov*

'— Scientific and research Institute of molecular biology and medicine,
Bishkek, Kyrgyzstan

2 —|.K. Akhunbaev Kyrgyz State Medical Academy, Bishkek, Kyrgyzstan
3 — SEI HPE Kyrgyz Russian Slavic University, Bishkek, Kyrgyzstan

# — Osh State University, Osh, Kyrgyzstan

Gene Therapy for Human Diseases:
Recent Achievements and Near-Term
Development Prospects

PesoMe

B ctatbe KpaTKO U3N10XeHbl HeJaBHUE ycnexw B reHeTU4eCcKom MeanuuHe, KOTOPbIe I'IPOHO)KVIIWI I'IyTb Ana Aaaneﬁmero pa3BVITVIFI reHHom Tepanvwl
N 3a710Knmn OCHOBy Ana pa3pa6o1'KM TeXHONOrun cneAyromero NMOKO/1IeHUA. PaCCMOTPeHbI BOI'IPOCbI, CBA3aHHble C OCHOBHbIM I'IPeI'IHTCTBVIeM Ana
6onee LIJVIPOKOFO I'IPVIMEHEHVIH MeToa0B reHHom Tepanvwl, B 4aCTHOCTHU, C VIMMyHHbIM OTBETOM Ha BeKTOPbI AOCTAaBKU reHOB U I'IpO,quTbI l-Iy)KepO,CI,HI:IX
TpaHCI'eHOB. B 3TOM KOHTeKcTe 06cy>K,a,a6Tcn pOﬂb HOBbIX TeXHOﬂOFVIVI, NMO3BONIAKOLWNX 06OVITVI VIMMyHHoe I'IpeI'IFITCTBVIE, TAKNX KaK pa3pa60TKa MO-
AVI¢VILI,VIPOBaHHbIX Kancnaos aAeHO-aCCOLI,VIVIPOBaHbIX BVIpyCOB (AAV) n MeToaoB BpeMeHHOFO y,qaneva aHTuTen n3 KPOBOTOKa, a TaKXe nepeHoca
reHa B TKaHu C NOMOLbKO HaHO4YaCTUL,. HapﬂAy C TeXHO/1IormamMmn I'IEPBOFO MOKO/IeHUA FreHHOM TePaI'IVIVI, OPVIeHTVIPOBaHHbIX Ha AOCTaBKy TpaHCFeHOB
B TKAHU-MULLUEHMU, peBIOMVIPy}OTCFI nocnegHue A0CTUXKEHUA B pa3pa60TKe coaepmeHHo HOBOro nogxoja K reHHom Tepanvu/l, OCHOBAHHOIO Ha TOYHOM
MOAM¢VIKaL|,VIVI nOCﬂeAOBaTeanOCTEVI reHomMa 4esioBeKa — TexXHO/1I0rmn Pe,anTVIPOBaHVIH reHos. M1 HaKoHel, 0603Ha‘~IeHbI I'IePCI'IeKTVIBHbIe TexXHO-
Jiormn Pep,aKTVIPOBaHVIFI reHoB cne,qyromero MOKO/N1€HUA, TAKMNE KAaK TEXHON0rnn Pe,anTVIPOBaHVIFI, Haue/ieHHble Ha PHK u TexHonorum PeAaKTVIPO-
BaHUA 3NMUreHoMma, KOTOPbIe ABNAKOTCA 60!166 CI'IeLl,VIq)VI‘-IHbIMVI N TOYHbIMU, 3¢¢eKTVIBHbIMVI n I'IpVIMeHVIMbIMVI K Pa3I1VI‘-IHbIM rpynnaM 3aGOﬂEBaHMVI.
B 3akntouyeHne AenaeTca BblBOA, YTO reHHas Tepanvm ABNAECTCA Ha CEFOAHHLIJHVIVI A€Hb camomn 3aXBaTbIBa}OLL|,el7l n peBOﬂ}OLI,VIOHHOVI 6M0TeXHOIl0FVIel7I
COBPEMEHHOCTM KaK U3-3a HeJaBHero nporpecca, TaK U U3-3a BO3M0)KHOCTEVI, KOTOpre OHa MoXeT 066CI‘I€‘~IVITb B 6I1M)KaVILIJeM 6y,qyu.|,eM.
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Abstract

The article briefly summarizes recent advances in genetic medicine that paved the way for the further development of gene therapy and set the
stage for the development of next generation technology. Issues related to the main obstacle for wider application of gene therapy methods, in
particular, with the immune response to gene delivery vectors and transgene products are considered. In this context, the role of new technology
allowing to bypass the immune obstacle, such as development of modified capsids of adeno-associated viruses (AAV) and methods for temporary
removal of antibodies from the bloodstream, as well as gene transfer into tissues using nanoparticles, is discussed. Along with the technology of
the first generation gene therapy focused on the delivery of transgenes into target tissues, latest advances in the development of a completely new
approach to gene therapy which is based on precise modification of the human genome sequence, gene editing technology, are summarized. Finally,
promising next-generation gene editing technology is outlined, such as RNA-targeted editing technology and epigenome editing technology, which
are more specific, precise, efficient and applicable to different groups of diseases. The article concludes that gene therapy and, in particular, human
genome editing is perhaps the most exciting and revolutionary biotechnology of our time, due to both recent developments and opportunities it

might provide in the nearest future.
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Introduction

As far back as 1970s, gene therapy, replacing or
complementing disease-causative defective DNA with
exogenous healthy or beneficial DNA, was recognized
as providing viable treatment options for genetic dis-
orders in human [1]. In 1980s, the concept of using
a viral vector to transfer genes into mammalian cells
was developed [2], and in 1990, and the first approval
for testing gene therapy using a viral gene transfer
vector encoding adenosine deaminase (ADA) enzyme
in a 4-year-old patient suffering from X-linked severe
combined immunodeficiency (SCID-X1 ) due to ADA
deficiency of (adenosine deaminase) [3] was obtained
in 1990. This was followed by a decade of new trials;
however, two of them failed, so, the further gene ther-
apy trials were suspended. In the first case, gene ther-
apy for ornithine transcarbamylase deficiency using
an adenovirus (Ad)-mediated delivery vector unex-
pectedly led to severe vector toxicity, multiple organ
failure, and death of an 18-year-old man [4]. In the
second case, gene therapy of six patients with SCID-X1,
mediated by gamma-retroviral vector (yRV) encoding
interleukin-2 receptor gamma chain, was associated
with uncontrolled exponential proliferation of clonal
mature T cells and integration of retroviral vector in

the immediate vicinity of LMO2 proto-oncogene pro-
moter (The LIM only protein 2) which resulted in aber-
rant transcription and expression of LMO2 [5]. These
events were followed by a period of closed clinical
trials. However, in the following years, new and safer
viral vectors were discovered, including a large number
of adeno-associated viral (AAV) vectors [6]. The use
of these vectors in new genetic medicine development
programs promoted the further progress in the meth-
ods of gene therapy of human diseases; their summary
and prospects for development in the years to come are
presented in this review.

GENE THERAPY FOR
HUMAN DISEASES

Viral transgene delivery
vector therapy

Over the past five years, gene and cell therapy for
human diseases enjoyed renaissance; after decades of
efforts in this direction, the first treatment methods
approved for clinical practice have emerged (see figure).
These include oligonucleotide-based therapy methods
(Spinraza for spinal muscular atrophy, Exondys 51 and
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Vyondys 53 for Duchenne muscular dystrophy), three
cell therapy methods (Kymriah for acute lymphoblastic
leukemia, Yescarta for large B-cell lymphoma, Tescar-
tus for recurrent or refractory mantle cell lymphoma
in adults), and two gene therapy methods in vivo (Lux-
turna for hereditary retinal dystrophy, Zolgensma for
the treatment of patients with proximal spinal muscular
atrophy). These treatment methods have different clini-
cal indications and target tissues including neuromus-
cular diseases, hereditary blindness, and cancer. The
importance of these approved treatment methods can
hardly be overestimated: they drastically change the life
of patients with severe hereditary pathologies and create
a foundation for the development of treatment methods
for many other human diseases. For example, a success-
ful in vivo transfer of a normal copy of the defective
gene into human retina and central nervous system
with the help of Luxturna and Zolgensma drugs, using
AAV-virus as a vector, in Leber congenital amaurosis
and spinal muscular atrophy, respectively, facilitated
the development of (AAV-based) of hemophilia [7] and
Duchenne muscular dystrophy [8] treatment methods,
respectively. Likewise, the early development of the
method of ex vivo lentiviral and retroviral genes transfer
to T cells that resulted in the development of adoptive
cell immunotherapy (a personalized type of nonspecific
cell immunotherapy with activated lymphocytes) was
expanded to cover the modification of hematopoietic
stem cells that allowed managing hereditary diseases
such as sickle cell anemia and beta thalassemia [9].
This early success of gene therapy and the possibility
of their extrapolation to other pathologies and patient
populations cannot but win admiration. However, the
next generation methods are even more impressive, as
they can significantly expand the use of these agents for
the management of many other human diseases. For
example, the main obstacle to a wider implementation
of gene therapy methods is still the immune response
to gene delivery vectors and alien transgene prod-
ucts. Therefore, the control of human immune system
is the trend of research where one of the most effec-
tive “breakthroughs” in the field of gene therapy can
be made in the near future. Thus, despite the remark-
able success of many AAV-based gene therapy meth-
ods, up to 50 % of patients are currently excluded from
such treatment due to pre-existing immunity to viral
capsids [10]. The recent investigations in the field of
immune system control were successful and resulted in
the development of methods (that are currently under-
going clinical trials) capable of bypassing this immune
barrier. These methods use modified AAV capsids that
evade the pre-existing neutralizing antibodies [11, 12]
and the methods for temporary removal of antibodies
from bloodstream [13]. Immunosuppression regimens
can also provide both bypassing the pre-existing immu-
nity and prevention of the adaptive immunity to the
vector, which, where necessary, can enable subsequent
repeated dosing [14, 15].

Non-viral delivery vector
(nanoparticle-based) therapy

Furthermore, a significant progress was achieved
in the development and profiling the non-viral vectors
(nanoparticles) of gene delivery which increased the
applicability of used treatment methods [16]. Given the
clinical success of miRNA delivery by nanoparticles and
the first approval of an miRNA-based drug (Onpattro)
for hereditary transthyretin amyloidosis (ATTR) treat-
ment in 2018, it can be assumed that in the future these
technologies will have a huge impact on gene therapy
[17]. One of the advantages of using nanoparticles as
gene delivery vectors is their ability to avoid detection by
immune system, which restricts gene delivery by viruses.
Furthermore, the chemically defined compositions of
nanoparticles provide unique opportunities for their
functionalization and tissue targeting, which can finally
be critical for the success of gene transfer in vivo outside
retina and liver.

Genome editing technology

In contrast to first generation gene therapy meth-
ods that were focused on the delivery of transgenes, the
genome editing technology provides a completely new
approach to treatment based on the precise modification
of human genome sequences (see figure). There are four
basic methods of genome editing — using meganuclease,
zinc finger nuclease (ZFN), TALE nuclease (TALEN),
and CRISPR/Cas9 nuclease. While genome editing treat-
ment methods were first included into clinical trials as
early as in 2010 as a T cells HIV (human immunodefi-
ciency virus) prevention method [18], the first example
of disease modifying efficacy was demonstrated only in
2019 in the clinical trials based on CRISPR editing of
the genes for sickle cell anemia and beta thalassemia
(CTX001) [19]. This pathbreaking success combined
with promising safety parameters for the edited T-cell
genes and hematopoietic stem cells in human trials [19-
21] laid the foundation for the long-awaited results of
current and forthcoming clinical trials on genome edit-
ing in vivo including the current trial of AAV-based
retina genome editing (EDIT-101) [22] and the sched-
uled trial of CRISPR delivery to the liver based on non-
viral nanoparticles (NTLA-2001) [19, 23].

Despite this progress, it should still be recognized that
the expansion of genome editing technology to target tis-
sues outside retina and liver is associated with numerous
issues. In order to encourage and promote research in
the field of cell and genome therapy (CGT), including
the development of genome editing technologies, the
corresponding consortia and government programs were
established in the United States, China, Russia and some
countries of the European Union. Thus, in the United
States, the financing of the regenerative medicine sector
that includes gene therapy increased sharply from USD
6 billion in 2019 to USD 19.9 billion in 2020 [24]. Due
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to the political support of the country’s leadership, CGT
research in China have reached unprecedentedly high
level. Currently, China, featuring with rapidly growing
biotechnology sector with more than 45 national and
4 joint companies with foreign partners, ranks second
after the United States in terms of the number of sub-
mitted patent applications and registered clinical trials
in the field of genetic medicine and is considered to be
one of the most advanced world centers of cell and gene
therapy. Russia has also established a state program for
the development of genetic technologies for 2019-2027;
its total funding is 127 billion rubles [24]. Efforts made
in this area of scientific research by the leading countries
of the world should undoubtedly significantly accelerate
the development of treatment methods based on genome
editing, in the following ten years or more.

Actual gene editing technologies use nuclease-
based systems to cut DNA strands and stimulate DNA
repair pathways to make the required sequence changes.
Although the clinical trials of these technologies have
just started, the numerous, more specific and accurate,
effective and applicable to various groups of diseases
next generation editing technologies are ready for clini-
cal trials [25, 26]. For example, the invention of basic
editing and primary editing allowed precise changing
of genome sequences in the absence of DNA breaks and
regardless the endogenous DNA repair pathways activ-
ity [25]. RNA-targeted editing technologies allow tem-
porary and reversible gene expression modification with
no need for permanent changes in genome sequences
(see figure) which potentially results in higher efficiency
and safety [26]. Finally, the advantages of epigenome
editing technologies are the customization, reversibility,
and the potential for sustainable results after short-term
editor activity that are inherited through cell division
[27]. In parallel with these advanced editing modali-
ties, the list of possible DNA targeting systems continues
to expand, especially with the exponentially increasing
variety of CRISPR-Cas (Clustered regularly interspaced
short palindromic repeat sequences/ CRISPR-associated
protein) systems obtained from the modified variants of
various bacteria species and various classes of CRISPR
targeting mechanisms [26]. The rapid pace of techno-
logical innovation in these areas of editing, according
to the researchers, will change our current understand-
ing of gene therapy and significantly expand the range
of human diseases to which these approaches can be
applied.

Gene regulatory elements
editing technology

Another innovation area that will significantly impact
the field of gene therapy in the near future is the func-
tional genomics and our understanding of the human
genome regulation, that is, epigenetics. For example, the
functions of ~ 6000 of ~ 20,000 human genes are cur-
rently not known [28]. Therefore, simultaneously with

the possibility of treatment using gene editing, CRISPR
technologies can also facilitate the functional decom-
position of these genome sequences [29]. It should be
mentioned that previously scientific investigations and
therapeutic interventions were conventionally almost
exclusively focused on genes, although 98% of our
genome consists of non-coding DNA, containing epi-
genetic regulators responsible for >90% of susceptibil-
ity to common diseases [30]. In fact, the first example
of the therapeutic efficacy of a gene editing approach
based on CRISPR technology (CTX001) as a strategy for
compensating for lost beta-globin in hemoglobinopa-
thies involves editing a distal gene regulatory element to
alter gene expression rather than editing the underlying
genetic mutation [31]. Due to the efforts of ENCODE
(The Encyclopedia of DNA elements) international con-
sortium, more than two million of these regulatory gene
elements were mapped in hundreds of human cell types
and tissue samples; however, the function of very few
of these sites is known [32]. Therefore, annotating this
“dark matter” of genome can lead to the development
of completely new areas in the biology of diseases and
classes of therapeutic targets that will allow the use of
fundamentally new treatment methods, i.e. gene therapy,
genome editing, etc.

Universal cellular therapy
methods technology

Interestingly, that the rate of development of techno-
logical innovations in gene and cellular therapy is sig-
nificantly ahead of the rate of their approval and safe
implementation in clinical practice. In some cases, this is
due to the inadequacy of the existing safety and eflicacy
requirements to some new therapeutic technologies. For
example, the current regulatory models that require a
large number of patients to establish safety and efficacy
are not applicable to therapeutic technologies aimed at
eliminating a mutation found in one patient or in a very
small number of patients. Therefore, one of the most
promising strategies in this direction is the development
of a single composition that will allow to treat a much
larger population of patients. Universal cellular therapy
methods, created by applying gene editing to obtain allo-
geneic donor invisible cells that can elude detection by
the host’s immune system (see figure), can be used both
in regenerative medicine and in adoptive cell immuno-
therapy [33]. Several clinical trials are currently under-
way to study treatment methods using this design [19],
and the conclusions of these trials will significantly affect
the future of gene and cellular therapy. However, despite
the high-potential prospects of this approach, it is not
aimed at correcting genetic mutations in vivo and has no
effect on the development of transformative technologies
such as basic editing and primary editing that can cor-
rect individual particular mutations. Similarly, the recent
report on oligonucleotide-based therapy targeting a par-
ticular genetic mutation and the successful treatment of
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* AHHOTauusA reHoma
1 GYHKLMOHaNbHaA
reHomuKa /
Genome Annotation and
Functional Genomics

+ basosoe n nepsuyHoe
peaakTvpoBaHue /
Basic and primary
editing

* MepcoHanusupoBaHHas Tepanusa /

Personalized Therapy « JocTmKeHns B obnactu
YTBEPXAEHUS perynu-
pytoLMMM opraHamm /
Advances in Regulatory
Approval

+ PacnpoctpaHeHHble 3a6onesanusa / Common diseases * Peaaktuposarue
o> snureHoma /

v KoneyHas uenb / End goal Epigenome editing

Figure. Milestones in the development of gene therapy for common diseases.

Note: Approved treatments and their year of approval are represented by blue boxes, while experimental treatments are represented by green boxes. To reach later milestones,
further research is needed to develop alternative therapeutic approaches and address fundamental scientific questions (shown as markers)
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a patient with Batten disease can only be considered as a
potential program and motivation for such efforts [34].
Consequently, the significant advances in cellular and
gene therapy are expected to emerge in the near future
in the field of regulatory sciences, as well as the solution
of unique challenges using innovative personalized tech-
nologies, as we move towards the therapy.

Conclusion

The development of genetic technologies is priori-
tized in the world’s leading countries, and gene therapy,
in particular, human genome editing is currently the
most exciting and revolutionary biotechnology of the
present day [35]. The unrivaled level of control over the
delivery of nucleic acids, modulation of immune system,
and the precise manipulation of human genome are the
technologies that could not have been imagined ten
years ago; they will undoubtedly give an impetus to the
formation and development of new fields of medicine
during the decade to come. At the same time, this emerg-
ing glimpse of a new world of technical possibilities has
been inspiring the development of new research fields,
such as synthetic biology, cell reprogramming and high-
performance functional genomics that will undoubtedly
continue to transform the concept of biomedical studies.
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