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ABSTRACT

INTRODUCTION. Currently, gene therapy based on adeno-associated virus (AAV) vectors faces
a number of barriers, both biomedical and technological, which require studying and overcom-
ing for further development of this gene therapy technology.

AIM. This study aimed to analyse the use of gene therapy for a range of hereditary diseases,
taking into account the barriers associated with its side effects and insufficient efficacy, the
determination of the therapeutic window, and individual characteristics relevant to a particular
hereditary disease; additionally, the study aimed to review the approaches to lifting these bar-
riers and increasing the availability of gene therapy through the improvement of technological
approaches to production and the reduction of production costs.

DISCUSSION. The authors reviewed the experience accumulated for gene therapy products
that were approved or undergoing clinical trials. The study included a gene therapy applicabili-
ty assessment using several hereditary diseases as a case study. The assessment showed that
correct determination of the therapeutic window for a medicinal product and timely diagnosis
of a hereditary disease were essential for effective and safe gene therapy. The study consi-
dered the strategies used to reduce the risks of adverse events and increase the effectiveness
of AAV-based gene therapy. The authors assessed technological advancements in the manu-
facturing of AAV-based gene therapy products. The most perspective directions were the tran-
sition to suspension culture systems, the improvement of bioreactors, the use of new methods
and materials for the purification of viral particles, the improvement of transfection systems,
and the creation of new host cell lines. Ultimately, this can lead to lower production costs and
an increased availability of gene therapy.

CONCLUSION. Currently, gene therapy is used only for a small range of hereditary diseases.
Significant barriers to its use are due to insufficient efficacy, risks of adverse events, and high
costs for treatment. Ongoing biomedical and technological development should lift many of
these barriers and increase access to gene therapy.
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PE3IOME

BBEOEHMUE. B HacTosilee BpeMsi reHHasi Tepanus Ha OCHOBE afeHOACCOLMMPOBAHHBIX BUPYCOB
(adeno-associated viruses, AAV) cTankuBaetcsi ¢ pafoM 6apbepoB BMOMEIULIMHCKOrO U TEXHONO-
rMYECKOro XapakTepa, aHa/M3 U NpeoaosieHMe KOTOPbIX HEOOX0AMMO AN AaNibHENMLWEro pasBuTmUs
[aHHOrO HanpaB/IEHUS FEHHOM Tepanuu.

LLEJIb. MpoBecTn aHan13 NpuMeHEeHUs reHHOW Tepanuu psaaa HacneACcTBEHHbIX 3aboneBaHui ¢ yye-
TOM OFpaHMYEHUN, CBSA3AHHbIX C MOBOYHbIMU 3DdEKTAMU MU HELOCTATOYHOM IDPEKTUBHOCTHIO
reHHoW Tepanuu, npobaeMoii onpeaeneHns TepaneBTUYEeCKOro OKHa U UHAUBUAYANbHONM cneumdu-
KOW HacneaCTBEHHOIO 3a60neBaHMs, a Tak)Ke pacCMOTPETb NMOAXOAb! AN CHATUS 3TUX OFPaHUYEHUN
1 MOBbILWEHWUS OCTYMHOCTW FrEHHOM Tepanuu NyTeM yCOBEPLIEHCTBOBAHMS TEXHONOMMYECKUX NMOAXO-
[l0B NPOM3BOACTBA U CHUXKEHMS CEOECTOMMOCTH reHOTEPAaNeBTUYECKMX NPENApaToB.
OBCYXXAEHUE. PaccMOTpeH OnbIT MPUMEHEHUS OA0OPEHHBIX M HAXOAAWMXCS Ha 3Tane KAuHU4e-
CKMX UCCNEefOBAHMIM reHOTepaneBTMYECKMX npenapaToBs. [1poBeaeHa OLEeHKa NPUMEHUMOCTU FeH-
HOM Tepanuu Ha NpUMepe pAaa HacneaCTBEHHbIX 3a60/1€BaHMIA M MOKA3aHO, YTO NPaBU/IbHOE onpe-
[eNleHne TepaneBTMYECKOrO OKHA MPEenapaToB M CBOEBPEMEHHAS AMArHOCTMKA HAaCNeACTBEHHbIX
3360/1€BaHNI ABNSOTCS KPUTUYECKM BaXKHbIMU AN 3PDEKTUBHOW M 6€30MacHOM reHHOM Tepanuu.
PaccMOTpeHbl COBpEMEHHbIE CTPATErMU CHUXKEHUS PUCKA BO3HWMKHOBEHMS MOBOYHbIX 3DPEKTOB U
yBenuueHns 3pHeKTUBHOCTU FreHHOM Tepanuu Ha ocHoBe AAV, cpefiM KOTOpbIX Hanbonee BaKHbl
cnepyowume: MOUCK HOBbIX cepoTunoB AAY, Moaudumkaumsa kancuaos u reHoma AAV, noagasneHue He-
LeneBoi akcnpeccum ¢ nomolLbio MUKpoPHK, nameHenune copepxkanus CpG, NoMCcK HOBbIX NPOMOTO-
poB Ans TpaHcreHa. [poBeaeH aHanM3 pa3BUTUS TEXHONOMMU NPOMU3BOACTBA FEHOTEPANEBTUYECKUX
npenapartoB Ha ocHoBe AAV. Hanbonee nepcnekTMBHbIM NPeACTaBASETCS NepPexos Ha CYyCrneH3MoH-
HOe KyNbTMBUPOBaHWE, YCOBEPLIEHCTBOBaHNWE BMOPEaKTOpOB, NPUMEHEHWE HOBbIX METOAOB U MaTe-
pVanoB OYMCTKM BUPYCHBIX YacTHL,, COBEPLUEHCTBOBAHME CUCTEM TPaHCHEKLMMU U CO3AaHUE HOBbIX
KNETOYHBIX JIMHUI-NPOAYLEHTOB, YTO B KOHEYHOM WUTOre MOXEeT MPUBECTU K CHUXEHWIO 3aTpaT Ha
Npou3BOACTBO NPENapaToB M NOBbILLEHWIO AOCTYNHOCTM FTEHHOM Tepanuu.

3AKJTIOYEHME. B HacTosiee BpeMs reHHas Tepanus UCnonb3yeTcsl TOMbKO AN HeBOobLworo Konm-
YyecTBa HaCNeACTBEHHbIX 3a6oneBaHuiA. CylecTBEHHbIE OrpaHUYeHUs MPUMEHEHUS reHoTepaneBTy-
YeCcKMx NpenapaToB CBS3aHbl C HEAOCTAaTOYHOM 3MEKTUBHOCTLIO, PUCKOM BO3HUMKHOBEHMS N0oBOY-

bUOnpenapatsbl. MpodunakTmka, omMarHoctuka, neyexme. 2024, T. 24, N2 2 124



https://doi.org/10.30895/2221-996X-2024-24-2-123-139
mailto:poteryaev@generium.ru

Egorova T.V., Piskunov A.A., Poteryaev D.A.
Adeno-associated virus vector-based gene therapy for hereditary diseases: current problems of application and approaches...

HbIX 3 PEeKTOB U BbICOKOM CTOMMOCTbIO leveHuns. Beaywmecs B HacToswee BpeMs bBMoMeanLIMHCKMeE
M TEXHONOrMYeckue paspaboTku No3BOST PeLmnTb YKazaHHbIe Npo61eMbl M NOBbLICUTb AOCTYMHOCTb
reHHOW Tepanuu.

Kniwouesble cnoBa:  reHHaq tepanus; reHoTepaneBTUYECKMI NeKapCTBEHHbIM nNpenapaT; afeH0acCoLMUPOBaAHHbIN
Bupyc; AAV; afaeH0acCcouMMpOBaHHbIE BUPYCHblE BEKTOPbI; HAaCNeLCTBEHHble 3aboneBaHus;
remobunus; muoamnctpodusa [ioweHHa; 3dPeKTUBHOCTb reHHOM Tepanuu; 6e30macHoCTb
reHHon Tepanuu; TexHonorns npoussoactea AAV; moaudukaums AAV; TpexnnasmupHas

TEXHONIOTUSA; 0YUCTKA BUPYCHBIX YacTu, AAV
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®uHaHcupoBaHue. PaboTa BbiNoNHEHa 6€3 CMOHCOPCKOM NOAAEPXKKM.

MoTeHuManbHbIi KOHGAUKT UHTEPECOB. ABTOPbI ABNFIOTCS COTPYAHUKAMM KOMMNAHUI, 3aHUMAOWMXCA pa3paboTKkol reHoTe-
paneBTUYECKUX leKapCTBEHHbIX cpeAcTB. OAHAKO NpM HAaNUMCAHWM PYKOMUCK aBTOPbl PyKOBOACTBOBANIUCH COOOPaXeHUAMU
HaY4YHOW U MEAULMHCKON LEeHHOCTM 06CYyXAaeMblX MAaTEPUANOB M 3a9BNSOT 0 6€CNpUCTPAaCTHOCTM OLEHKU PAaCCMOTPEHHbIX

NaHHbIX.

INTRODUCTION

Gene therapy (GT) is aimed at manipulating
expression of a specific gene or changing bio-
logical properties of living cells for therapeu-
tic purposes. In turn, gene therapy medicinal
products (GTMP) are drugs whose pharmaceu-
tical substance is a recombinant nucleic acid
or includes a recombinant nucleic acid that al-
lows for control, repair, replacement, addition
or removal of a genetic sequence?. The main
GTMP groups are virus particles acting as a ge-
netic vector; DNA oligonucleotides; and small
interfering RNAs that modulate gene expres-
sion. In this review, the authors covered GT-
MPs using vectors based on adeno-associated
viruses (AAV).

Despite decades of developing this GTMP
type for the treatment of hereditary diseases,
a number of objective factors restrain their
widespread use. One of essential factors is ex-
tremely high cost, despite the fact that most
cases require only a single GTMP administra-
tion. Other limitations include biomedical fac-
tors, such as GTMP safety issues primarily as-
sociated with immunogenicity, effective load
limitations in AAV vectors, lack of efficacy for
targeted delivery and transgene expression
etc. In some cases, comorbidities, history of
previous therapy, age, missed or suboptimal
therapeutic window, as well as existing effec-
tive and safe standard therapy also hinder the
use of even an already approved GTMP. Ex-
pert assessment of GTMP registration dossier
is also a complex task, especially considering

incomplete product description compared with
traditional drugs [1]. Finally, GTMP production
technology based on virus particles is char-
acterised by an extremely high cost per dose.
This review describes the challenges and the
prospects of their solving.

This study aimed to analyse gene therapy
used in a range of hereditary diseases, con-
sidering limitations associated with side ef-
fects and lack of efficacy, identification of the
therapeutic window, and individual nature of a
particular hereditary disease; additionally, the
study aimed to review the approaches lifting
these barriers and increasing availability of
gene therapy with the help of improved tech-
nological approaches and reduced production
costs.

MAIN PART
Medical and biological restrictions to the
use of genetic therapy

Currently, several GTMPs have been regis-
tered for delivery of expression constructs in
vivo. In majority of cases, these drugs are used
in hereditary diseases (Table 1).

Roctavian (valoctocogene roxaparvovec) for
single administration is used to treat haemo-
philia A. The AAV vector used in this product
provides expression of the functional coagula-
tion factor VIII-SQ (FVIII) in liver cells. How-
ever, its use is limited by a number of factors.
First, the patients still partly depend on inject-
able coagulation factors. The annual bleeding

1

Guidance for industry. 2008-D-0205. FDA; 2020.

2

Chemistry, manufacturing, and control (CMC) information for human gene therapy Investigational New Drug Applications (INDs).

Federal law of the Russian Federation No. 61-FZ of 12.04.2010 “On circulation of medicines".
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rate has decreased from 5.4 to 2.6 cases per
year, and the average number of coagulation
factor infusions — from 136 to 5. However,
the observation period after GTMP treatment
was 3 years’, thus the long-term stability of
FVIII expression is not yet known. The level
of transgenic FVIII is likely to drop over time,
so the patients will again become dependent
on frequent infusions of coagulation factors.
Roctavian, like any other AAV with tropism for
liver cells, is not indicated in children, since
their liver is still growing. The same is true for
patients with antibodies to AAV5 serotype, as
well as with chronic liver diseases, since GTMP
has pronounced hepatotoxicity. It is a serious
limiting factor, since in Russia, the majority of
haemophilia patients older than 20 years suf-
fer from chronic hepatitis C. The reason is that
until 2005, haemophilia patients were treated

Table 1. Approved gene therapy products (GTMP)

with blood components without viral inactiva-
tion*. Almost all patients receiving Roctavian
had to complete a course of immunosuppres-
sive therapy to prevent an autoimmune reac-
tion caused by AAV administration. A survey of
participants in the clinical trial (CT) of Rocta-
vian revealed that for some of them, the im-
munosuppressive therapy they received either
for prevention or treatment of transaminitis
was the least tolerable part [2]. A significant
number of patients have inhibitory haemo-
philia, showing a high level of neutralising
antibodies, e.g. to FVIII, which makes GTMP
ineffective. Such patients are switched to by-
passing therapy (FVII, emicizumab) that allows
to initiate the clotting cascade bypassing FVIII.

Haemophilia is an example of how effective
and safe enzyme replacement therapy (ERT)
with coagulation factors or bypass agents al-

Tabnuua 1. OpobpeHHble K NPUMEHEHUIO reHoTepaneBTUYeCcKMe nekapCcTBeHHble npenapatbl (fen/1M)

Year of
GTP name Indicati Description, delivery o FDA/EMA List price’
HaumeHosanue r;\dlcatlon vector romoter Dose approval Cmoumocms
Tensi okaszaHue OnucaHue, sekmop lMpomomop Josza oo mepanuu®
docmasku 0006peHus
FDA/EMA
Glybera Familial lipoprotein I.m. injection of the CcMV 1x10" 2012 -
(alipogene lipase deficiency lipoprotein lipase gc/kg (marketing au-
tiparvovec)® (hyperlipoproteinaemia  gene, AAV2 1x10” thorisation not
Tnubepa type ) B/M uHvekyus eeHa 2K/ke renewed)
(anunozex HacnedcmeseHHbll JIUNONPOMeUHAUNA3bl, —
munapeosek)® deppuyum AAV2 (peaucmpayuoHHoe
UNoNpomeuHAUNa3sl yoocmosepeHue He
(eunepnunonpomeuHemus npodneHo)
I muna)
Luxturna Congenital retinitis Intra-ocular delivery of CAG 1.5x10" 2017 425,000 USD
(voretigene pigmentosa (inherited the functional RPE65 gc/eye 425 000 donnapos
neparvovec-rzyl)  blindness due to RPE65  gene, AAV2 1,5x10" CLUA
JlykemypHa mutations) BHympueznazHas 2K/2na3
(6opemuzeH luemeHmMHbIG pemuHum docmaska
Henapsosek)’ (HacnedcmeseHHas PYHKUUOHAbHO20 2eHa
oucmpoguu cemyamku, RPE65, AAV2
8b138aHHAs Mymayueli
PRE65)
Zolgensma Spinal muscular atrophy  lLv.infusion of the CAG 1.1x10" 2019 2,100,000 USD
(onasemnogene | due to SMNI mutations | functional SMNI gene, gc/kg 2100 000
abeparvovec- CnuHansHas melwedHas | AAV9 1,1x10" donnapos CLLA
xioi)® ampogus, 8b138aHHAS B/s uHgysus 2K/Ke
3onzeHcma mymayusmu SMN1 QYHKUUOHANbHO20 2eHa
(oHacemHozeH SMN1, AAV9
abenapsosex)®

https://www.roctavian.com/en-us/roctavian-results

https://medvestnik.ru/content/news/Bolee-90-bolnyh-gemofiliei-starshe-18-let-stradaut-hronicheskim-gepatitom-S.html

https://www.globaldata.com/

® N o n s W

https://www.ema.europa.eu/en/documents/assessment-report/glybera-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/medicines/human/EPAR/luxturna

https://www.ema.europa.eu/en/documents/assessment-report/zolgensma-epar-public-assessment-report_en.pdf
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GTP name
HaumeHosaHue
Ten/1I1

Elevidys
(delandistrogene
moxeparvovec-
rokl)’

Sneguduc
(OenaHducmpozeH
Mokcenapeosek)’

Roctavian
(valoctocogene
roxaparvovec-
rvox)™®
PokmasuaH
(sanokmokozeH
pokcanapeosex)'®

Hemgenix
etranacogene
dezaparvovec-
drlb)"*
lemaeHuKkc
(3mpaHakozeH
desanapsosex)"

Vyjuvek
(beremagene
geperpavec-
svdt)™
Buodmysek
(6epemazeH
2enepnasek)™

Neovasculgen®
Heosackyneen™

Upstaza
(eladocagene
exuparvovec)™*
Ancmaza
(3nadokazeH
3kcynapsosex)**

Indication
lMoka3zaHue

Duchenne muscular
dystrophy

MebiweyHas oucmpogus
JlroweHHa

Haemophilia A
Temopunus A

Haemophilia B
lemopunus B

Dystrophic epidermolysis
bullosa due to mutations
in the COL71A gene
Lucmpoguyeckuli
6ynne3HbIli 3nUdepMonus3,
8bI38AHHBbIL Mymayusmu
2eHa COL7A1

Atherosclerotic
ischaemia of the lower
limbs

Nwemus HUXHUX
KoHeyHocmell
amepockiepomu4ecko2o
2eHe3a

Aromatic L-amino acid
decarboxylase deficiency
Lepuyum
Oekapbokcunasbl
apomamuyeckux
L-amuHokuciom

Description, delivery
vector
OnucaHue, sekmop
docmasku

l.v. infusion of the func-
tional DMD minigene,
AAVrh74

B/s uHgpysus
YHKUUOHANbHO20
MuHuzeHa DMD,
AAVrh74

l.v.infusion of the
functional FVIII gene,
AAV5

B/8 uHgy3us
(DYHKUUOHANbHO20 2eHa
@akmopa FVIII, AAV5

l.v.infusion of the
functional FIX gene,
AAV5

B/8 uHepy3us
DYHKYUOHANLHO20 2eHA
¢akmopa FIX, AAVS5

Topical cutaneous
delivery of the
functional collagen
gene COL7A1,HSV-1
Tonuyveckas

HakoxHas docmaska
YHKYUOHANLHO20 2eHa
konnazeHa COL7A1L,
HSV-1

I.m. injection of the
vascular growth
factor gene VEGF-165,
plasmid

B/m ssedeHue 2eHa
¢akmopa pocma
cocydos VEGF-165,
naasmuda

Intraputaminal delivery
of the decarboxylase
gene, AAV2

BsedeHue sHympu
6a3anbHo20 s0pa
20/108H020 Mo32a AAV2 ¢
2eHoM dekapbokcunasbl

The table is prepared by the authors / Tabnuua coctaBneHa aBTopamu

Note.*, not approved in Russia; i.m., intramuscular; i.v., intravenous; AAV, adeno-associated virus vector; HSV-1, human herpes simplex
type 1 virus vector; gc, genome copies; PFU, plaque forming units.
lMpumeyaHue. * - He 3aperucTpupoBaH B Poccuiickoit Menepaunu; B/M — BHYTPUMBILIEYHO; B/B — BHYTpUBEHHO; AAV — BEKTOp Ha OCHOBE
afeHoaccouMmnpoBaHHoro Bupyca; HSV-1 - BekTop Ha OCHOBe YenoBeyecKkoro BMpyca reprneca 1 Tuna; rk — reHoMHble konuu; BOE -
6nswkoobpasyoLme eanHULLbI.

Dose
Josza

Promoter
Tpomomop

1.33x10™
gc/kg

1,33x10"
2K/K2

MHCK7

6x10"
gc/kg

6x10"
2K/Ke

HLP

2x10%

gc/kg
2x10"7
2K/ke

LP1

4x10°-
1.2x10°
PFU
4x10°-
1,2x10°
BOE

COL7A1

CMV 1.2 mg

1,2 me

MV 1.8x10" gc

(total dose)

1,8x10" ok
(obwas

003q)

lMpodomweHue mabnuysi 1

Year of
FDA/EMA
approval

lod
0006peHus
FDA/EMA

2023

2023

2022%

2023

2011

2022%

Table 1 (continued)

List price®
Cmoumocme
mepanuu’

3,200,000 USD
3200 000
donnapos CLUA

2,900,000 USD
2 900 000
donnapos CLUA

3,500,000 USD
3500 000
donnapos CLUIA

24,250 USD per
vial (631,000 USD
per patient per
year)

24 250 donnapos
CLLIA 3a ynakosky
(631 000 - Ha
nayueHma e 200)

78,600 P
78 600 py6neii

3,710,000 USD
3710 000
donnapos CLUA

https://www.fda.gov/vaccines-blood-biologics/tissue-tissue-products/elevidys

https://www.ema.europa.eu/en/documents/assessment-report/roctavian-epar-public-assessment-report_en.pdf

https://www.ema.europa.eu/en/documents/assessment-report/hemgenix-epar-public-assessment-report_en.pdf

2 https://www.fda.gov/media/169435/download

https://neovasculgen.info/instruktsiya-po-primeneniyu

https://www.ema.europa.eu/en/documents/assessment-report/upstaza-epar-public-assessment-report_en.pdf
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lows controlling the disease and ensuring an
acceptable quality of life even without GTMP.
In this case, GT still has to prove its long-
term effectiveness and safety, and above all,
to reduce cost in order to become a treatment
standard.

Other examples of effective ERT are cer-
tain lysosomal storage diseases (for example,
Gaucher disease, Fabry disease etc.). It makes
GTMP just one of the alternatives for the same
indication. However, in a large number of
hereditary diseases, classical ERT infusion of
recombinant proteins is impossible by default
and where delivery of a functional gene copy
to the affected cells (or another method of
correcting the mutations) is the only pathoge-
netic therapy. An example of these diseases is
Duchenne muscular dystrophy (DMD).

One of the serious GTMP issues is AAV dose
insufficient to restore the normal level of
gene expression (associated with dose limita-
tion due to toxicity), or decreased expression
over time. The latter may have various causes:
growth of the target tissue (as described above
for the liver), natural cell death, the body’s im-
mune response, or transcriptional silencing of
the transgene. In addition, low GTMP efficacy
and safety may have less obvious causes, as is
the case with Luxturna.

Luxturna (voretigen neparvovec) is the first
GTMP drug approved for the treatment of
inherited retinal degeneration caused by bial-
lelic mutations in the RPE65 gene. The drug
demonstrated an acceptable safety profile and
efficacy in clinical trials, including observa-
tional post-marketing studies, allowing not
only to stop the disease progression, but to
partially restore lost vision in many cases. It is
noteworthy that the observation period of the
largest published post-marketing clinical trial
to date (103 patients) has not exceeded 2.3
years [3]. This GT includes subretinal injection
of AAV carrying the functional RPE65 gene.
The RPE65 gene plays a key role in the renew-
al of 11-cis-retinal vital for the functioning of
rods, retinal photoreceptors. The primary ther-
apeutic target of Luxturna is retinal pigment
epithelium cells, and photoreceptors are a sec-
ondary target for restoring visual function [4].

Following the approval of Luxturna, cho-
rioretinal atrophy (CRA) was reported in many
cases following GT, both around retinotomy
site (injection site) and major retinal vessels.
CRA is an atrophy of the outer retinal layers,
the pigment epithelium, and the choriocapil-
laris. Growing CRA lesions were observed over

several months, particularly in the youngest
patients who initially had the best response to
GT. CRA progression rate following Luxturna
exceeded the natural course of the disease
when compared with historical morphology in
patients not receiving GT. Several CRA causes
were excluded, such as surgical sequelae of
injection, or immune response and inflam-
mation. A further hypothesis was based on in-
creased retinal metabolic activity following pho-
toreceptor treatment with GT [4].

The degenerated retina has a lower oxygen
supply and needs less oxygen due to cell loss.
Most cases of retinal degeneration, including
those mediated by RPE65 mutations, are ac-
companied by depletion of the retinal vessels.
If this hypometabolic state is suddenly re-
versed by an intervention that increases func-
tional activity of the photoreceptors and hence
all inner retinal cells, can a degenerated, low
oxygen system cope with this after many
years of depletion? Moreover, CRA cases were
observed predominantly in young adults and
adolescents with high levels of rods restored;
this may indicate a cause-and-effect link be-
tween efficacy and safety. If so, functional
restoration of degenerated tissue may lead to
metabolic and oxidative imbalance that leads
to cell death [4]. If this hypothesis is correct,
in the worst case, not only would this GT fail
to preserve vision throughout adulthood,
but after the first years of apparent efficacy,
it would also lead to accelerated vision loss
compared to untreated patients. This assump-
tion definitely requires more observational
studies and a larger sample of patients. How-
ever, this example highlights both the risks of
an overly simplistic approach to GT and the
fact that functional restoration of a defective
gene must be considered in terms of systems
biology.

Determining the therapeutic window -
an essential part of developing
pathogenetic therapy for hereditary
diseases

A lot is expected of GT for hereditary
diseases as a universal tool that allows in-
fluencing the pathological causes. Timely
GT is critical both for preserving life and its
quality in patients. Many hereditary diseases
progress rapidly and are associated with
loss of functions and skills, dysregulation
of normal cellular and tissue metabolism,
and destruction of cells and tissues that
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normally express the target protein. Use of
GT may be ineffective in the late stages due
to irreversibile changes caused by muta-
tion and the loss of most cells that are the
therapy target.

In this regard, it is necessary to study the
natural history of a genetic disease in each
individual case and determine the thera-
peutic window — the most sensitive period
for treatment and functional restoration.
For orphan diseases, study of the natural
history is complicated by small samples and
heterogenous patient groups, diverse muta-
tions typical for some hereditary diseases,
and the influence of modifier genes on the
disease progression. It is almost impossible
to predict the optimal age period for GT
use based on preclinical studies. The con-
sequences of pathogenic mutations are not
always reproducible in animal models. In
addition, it is quite difficult to approximate
the age of animals and that of human pa-
tients.

The possibilities of applying GT at the
disease onset, and especially at the pres-
ymptomatic stage, are inextricably linked
with diagnosing possibilities. So far, the only
drug, Elevidys (delandistrogen moxeparvovec),
has been approved under an accelerated
procedure by the US Food and Drug Admin-
istration (FDA) for administration in paedi-
atric outpatients aged 4-5 years" as gene
replacement therapy of Duchenne muscular
dystrophy (DMD). The average (median) age
of diagnosis among patients with DMD is 4.9
(4.8) years [7], and an average of 2.2 years has
passed from the first signs of the disease to
diagnosis. Late GT introduction may become
not only ineffective, but even dangerous. There
are known mortality cases after GT in patients
with DMD at late stages of the disease (16
and 27 years) occurred during the clinical tri-
als (NCT03362502,NCT05514249).

Zolgensma (onasemnogene abeparvovec)
used to treat spinal muscular atrophy in a
group of patients at presymptomatic stage
illustrates exceptional GT effectiveness
provided within the optimal time window.
As shown in the pivotal clinical trial, 14
patients out of 14 treated with the GTMP
showed motor development at the level of
healthy children during 18 months of fol-
low-up [6]. Thus, newborn screening is the
most adequate strategy for GT application

in rare hereditary diseases that allows diag-
nosing at the presymptomatic stage [6]. The
ultra-rare hereditary diseases (with an inci-
dence of less than 1 in 1,000,000 newborns)
are worth mentioning, with attempts be-
ing made to develop patient-specific gene
therapies. The time required to diagnose,
including genetic diagnostics, and link the
detected phenotype to ultra-rare genome
mutations makes it difficult to develop and
implement effective GT at the current scien-
tific and technological level. In this regard,
there is a need to create platforms allow-
ing for the rapid discovery and screening of
candidate formulations in patient-specific
models to estimate their efficacy and safety

(8].

Risk mitigation strategies for adverse
effects when administrating GTMPs

Severe adverse events (SAE) caused by
administration of AAV-based GTMPs are of-
ten associated with an immune response to
a high dose of the virus vector or concomi-
tant diseases in patients [9]. Thus, there are
two ways of preventing possible side ef-
fects: careful selection of subjects and use
of pharmacotherapy to reduce the potential
immune response; or modification of the
drug itself to reduce the dose and remove
immunogenicity factors.

Patient-oriented approach

AAV is considered non-pathogenic for hu-
mans; however, a patient may have a history
of contact with a natural AAV serotype, with
memory immune cells formed. Given the rapid
and strong immune reactions induced after
formation of immunological memory, it is nec-
essary to identify and exclude patients with
formed adaptive immunity to a specific AAV
serotype. Pre-existing immunity is determined
by detecting antibody titres to a specific anti-
gen, and titre cutoff values is one of eligibility
criteria. It is noteworthy that GTMP develop-
ers have no uniform protocol to identify pre-
existing antibodies cutoff levels. Both the type
of assay used to detect different types of anti-
bodies (neutralising or binding) and the cutoff
values may vary [10]. Antibody titre limits are
often defined in preclinical studies and then
tested for clinical use. For example, transgene
transduction analysis in rhesus macaques af-
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ter isolated limb perfusion with AAVrh74.MCK.
micro-dys.FLAG showed that animals with pre-
existing AAVrh74 antibody titres >1:400 had
reduced transgene expression compared to
animals with AAVrh74 antibody titres <1:400
[10]. These preclinical studies served as the
basis for choosing selection criteria in subse-
quent clinical trials. The development of uni-
versal cutoff assessment protocols would al-
low optimising the use of GT and would likely
expand the patient population covered by this
therapy.

Possible immune responses to recombi-
nant viral vectors are not limited to adaptive
humoral immunity. Due to diversity of such
responses, AAV GTMPs are administered in
combination with systemic corticosteroids. For
example, corticosteroids were administered
for 7, 30, or 60 days to all patients receiving
Luxturna, Zolgensma, and Elevidys, respective-
ly. When applying GT in haemophilia (Hem-
genix, Roctavian), corticosteroid immunosup-
pression is implemented when transaminases
are elevated. This therapy can cause immune-
mediated side effects, moreover, systemic im-
munosuppressants can also contribute to the
development of adverse events. A lot of stud-
ies are devoted to searching more effective
and safe pharmacotherapy to reduce the im-
mune response to AAV GTMPs [11, 12].

Product modification approaches

To achieve efficient transduction of target
cells, high doses of recombinant AAV are
administered systemically, up to 1.33x10"
genome copies per kilogram of body weight
(gc/kg) for Elevidys (Table 1). Along with
target cell transduction, the viral capsid and
therapeutic gene can enter non-target tis-
sues and organs, causing adverse reactions.
For example, undesirable liver transduction
can cause hepatocyte destruction, clinically
manifested as increased serum transaminases
levels (ALT, AST), the most common adverse
effect of systemic administration of AAV-based
drugs. Hepatotoxicity has caused several fatal
cases following AAV-based GT in clinical trials
in patients with X-linked myotubular myopa-
thy and in observational post-marketing stud-
ies in patients with spinal muscular atrophy
[9]. As a result, studies of AAV-based GTMPs
with capsid modification are currently under-
way, as well as the attempts to introduce the
new gene constructs with increased target
transduction and expression and reduced off-

target delivery. In the long term, such optimi-
sation may help reduce the dosage required to
achieve a therapeutic effect, decrease toxicity
attributed to the drug, and consequently con-
tribute to a reduction of AAV production costs.

Modifying amino acid sequence of capsid
proteins. Currently approved GTMPs and the
ones studied in advanced clinical trials have
virus vectors based on capsids of natural hu-
man (2, 5, 9) and primate AAV serotypes, AAV
(2, 5,9) and AAV rh (74), respectively (Table 1).
New genetically engineered capsids based on
natural AAV serotypes are being created to en-
hance tropism to target tissues and add other
functions. Progress in this area was achieved
by determining the three-dimensional struc-
ture of AAV capsids [13-15] and identifying
positions in capsid proteins for insertion of
exposed peptides required for cell infection by
the virus [15]. For example, the position after
amino acid residue Q588 in the VP1 protein,
located in the variable region VR-VIII of the
AAV9 capsid, was deemed optimal for insert-
ing exposed peptides and further selection
of modified variants with increased tropism
for muscle cells. Two research groups have
described variants that efficiently transduce
cardiac, diaphragm, and skeletal muscle cells
of mice and primates: MyoAAV 2A and MyoAAV
4E [15] and AAVMYO [17]. When administrat-
ing capsids at substantially lower doses than
the standard ones, it was possible to achieve
transgene expression level similar to unmodi-
fied AAV9. All the best selected capsid variants
included the Arg-Gly-Asp (RGD) tripeptide in
the first three positions of the inserted septa-
peptide. Laminin receptor, integrin a7p1 abun-
dant in all muscle types, is the most likely can-
didate for RGD peptide binding in muscle cells
and is crucial for muscle cell development
and function. However, a potential problem
may concern the antigenic properties of RGD
peptide. In this regard, higher immunogenicity
risk of MYO modifications of AAV has been dis-
cussed [18]. Immunogenicity of the resulting
capsids was not studied by any of the research
groups that used RGD-exposing AAV variants.
However, further investigation will determine
whether potentially increased immunogenic-
ity of RGD peptide-containing capsids negates
the effect achieved by reducing the dose.

In pilot experiments on animal disease
models, the above mentioned and other ge-
netically engineered capsids were successfully
used to correct the phenotype in DMD [16], X-
linked myotubular myopathy [19], and Pompe
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disease [20]. It has been demonstrated that
increasing capsid tropism for muscle cells re-
duces non-specific hepatocyte infection, which
may have a positive effect on GTMP clinical
use [16].

Modification of the AAV2 capsid in order to
increase cardiac tropism using the THGTPAD
and NLPGSGD peptides showed significantly
increased efficiency of cardiomyocyte infec-
tion, with simultaneous infection decrease of
non-target tissues, as well as lower immuno-
genicity of these serotypes in mice [21].In an
in vivo experiment, this capsid was superior to
AAV9 widely used to deliver transgenes to the
heart [21].

Targeted modification of AAV9 capsids re-
sulted in new MDV1A and MDV1B neurotropic
serotypes that provide efficient delivery to
neurons in a murine model, as well as PAL
capsids (proline arginine loop) that showed
high delivery to neurons in a primate model
[22]. However, capsids efficient in mice did not
show increased tropism in primates. PAL sero-
types provided a small but significant increase
in transgene expression compared to AAV9,
with a reduced viral load in non-target organs
such as liver, kidneys, lungs, and thymus.

In the above-mentioned studies, modifi-
cation of capsids to increase transduction
rates of certain cell types also resulted in a
decreased transduction level of non-target
organs. At the same time, attempts are being
made to perform point modifications of the
capsid in order to decrease the delivery level
(detargeting) to non-target organs, primarily
the liver. A study by Adachi et al. [23] based
on the screening of mutant AAV capsids al-
lowed identifying amino acids on AAV9 sur-
face responsible for certain tissue transduc-
tion, primarily the liver. Subsequently, new
AAV capsids with lower liver accumulation
were designed, for example, P504A/G505A
mutants. At the same time, the modification
reduced transduction efficiency of target or-
gans, such as the heart. It was later demon-
strated that when introduced, the mentioned
mutations decrease delivery of other geneti-
cally engineered AAV9-based capsids to the
liver. The AAVYMYO-LD (liver detargeting, LD)
serotype showed significantly lower liver ac-
cumulation in mice compared to the original
AAVMYO serotype; at the same time, transduc-
tion efficiency of the diaphragm, heart, and
skeletal muscles decreased. Moreover, intro-
duction of LD mutations led to a lower yield

of virus production in contrast to the original
modification [17].

By changing the amino acid sequence of
the exposed peptides, it was ensured that pre-
existing antibodies to natural AAV serotypes
do not recognise their modified variants. In
the study by Han et al. [24], the rational de-
sign approach allowed to obtain mutants with
increased transduction efficiency and reduced
immunogenicity. The study objects were the
AAV8 and AAVS3 capsids, which have a natural
tropism for the liver. Screened were mutants
with an altered PLA motif VP1/2, involved in
AAV release from endosomes, and mutants
with changed sequence of amino acids being
glycosylated. The obtained variants provided
higher transduction efficiency in liver carcino-
ma cell lines and primary hepatocytes, as well
as in other human tissue cell lines. All test
variants showed less sensitivity to neutralis-
ing antibodies in vitro and in vivo. Moreover,
anti-capsid antibody profiles following in vivo
transduction with modified capsids differed
from their parent AAV capsids [24].

One of the most popular approaches for AAV
modification involves N-acetylgalactosamine
(GalNAc). The asialoglycoprotein receptor (AS-
GP-R), highly expressed on hepatocyte surface,
is a carbohydrate-binding protein that recog-
nises and binds GalNAc or galactose residues.
Mével et al. [25] have developed a method for
AAV chemical modification using GalNAc, and
a significant increase in hepatocyte transduc-
tion in vitro was shown compared to unmodi-
fied AAV. When mice were administered modi-
fied AAV, fewer anti-capsid antibodies were
induced compared to natural AAV2 vectors.

A universal bioconjugation-based approach
is of considerable interest for regulation of
AAV capsid immunoreactivity and tropism [25].
Another study also used chemical modification
of reactive exposed lysine residues. In vitro, N-
ethylmaleimide (NEM)-modified AAV9 capsid
was shown to enhance gene expression in cul-
tured human endothelial cells. /n vivo, admin-
istration of AAV9-NEM resulted in increased
bone marrow transduction and decreased liver
tissue transduction compared to unmodified
AAVO [26].

To protect AAV epitopes from neutralising
antibodies, an approach has been proposed to
create AAV encapsulated in extracellular vesicles
(EV-AAV). When using this medicine to deliver
genes to cardiomyocytes, it was demonstrated
that EV-AAV delivered significantly more ge-
nomic copies than unmodified AAV in the pres-
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ence of neutralising antibodies in the human
left ventricle, as well as in cardiomyocytes
derived from human pluripotent stem cells
in vitro and in the mouse heart in vivo. The ef-
ficacy of this delivery system has been demon-
strated in the murine model of infarction with
preliminary AAV immunisation [27].

It is noteworthy that over the past few years,
production of a new genetically engineered
capsid has ceased to be a labour-intensive and
time-consuming task. More developers prefer
these options hoping for higher efficiency and
safety, as well as intellectual property protec-
tion.

Modification of the recombinant AAV ge-
nome. AAV genetic structure can be changed
to increase the expression level of a target
transgene, which can ultimately help decrease
the required therapeutic dose. The minimal
sufficient elements for controlling transgene
expression are the promoter and the polyade-
nylation signal. In addition, enhancers, introns
and post-transcriptional regulatory elements
are widely used, certain combinations expo-
nentially increasing transgene expression [28].

The effectiveness of gene therapy directly
depends on the selected promoter that con-
trols the target gene expression. Strong con-
stitutive small-size promoters are capable of
providing high expression levels. However, the
expression triggered in non-target cells can
activate cell-mediated and humoral immune
responses to the transgene. In addition, viral
promoters are quickly methylated in many cell
types, over time reducing the effectiveness.
The first approved AAV drugs used constitu-
tive promoters (Glybera, Luxturna, Zolgensma),
while the later GTMPs include tissue-specific
liver (Roctavian, Hemgenix) and muscle (Elevi-
dys) promoters (Table 1). To increase transgene
expression specificity, new highly effective tis-
sue-specific promoters are being created [29].

Several in vivo studies have shown the de-
veloping immune tolerance to the transgene
at a low level of its liver expression [30].
Colella et al. [31] have proposed an approach
to combine various tissue-specific promoter
elements for the expression of therapeutic
transgenes both in target tissues and in hepa-
tocytes. For this purpose, they used the apoli-
poprotein E enhancer, elements of the human
alpha-1 antitrypsin promoter, and the short
synthetic spC5.12 promoter, active in both
cardiac and skeletal muscles and previously
successfully used in large animal models of
muscular dystrophy. The authors showed that

the effective tandem promoters prevented
immune responses to the transgene after sys-
temic delivery of the acid alpha-glucosidase
(GAA) gene using AAV in immunocompetent
Gaa” mice. Neonatal gene therapy with AAVS
or AAV9 in Gaa” mice was also shown to have
a durable therapeutic effect when using the
tandem liver-muscle promoter (LiMP), which
provided high and stable transgene expres-
sion. This promoter was also used to deliver
transgene as part of a genetically engineered
AAV-MT (muscle transduction) capsid. This
capsid-promoter combination with improved
muscle expression and specificity allowed for
increased glycogen clearance in cardiac and
skeletal muscles of adult Gaa” mice. In neona-
tal Gaa” mice, complete restoration of glyco-
gen level and muscle strength was observed 6
months after AAV injection [32].

In addition to traditional approaches based
on enhancing transduction and transcrip-
tional specificity, miRNA-dependent post-
transcriptional silencing is a new and increas-
ingly effective tool used to regulate transgene
expression [33, 34]. MiRNAs are small non-
coding RNAs whose expression is often tissue-
or differentiation-stage-specific. They typically
regulate gene expression by binding to com-
plementary sequences in the 3-untranslated
region (UTR) of mRNAs. To control exogenous
transgene expression, tandem repeats of arti-
ficial miRNA-binding sites (miR-BS) are typi-
cally incorporated into the 3-UTR region of
the transgene expression cassette, resulting
in subsequent transcript degradation in cells
expressing the corresponding miRNA. Many
suitable miRNAs selectively expressed in in-
dividual tissues have already been identified.
For example, miRNA-122 is a miRNA almost
exclusively expressed in liver tissue. Several
studies have shown successful suppression
of transgene expression in the liver mediated
by miRNA-122 [33]. However, specific miRNA
expression may be too weak to achieve strong
miRNA-dependent suppression of transgene
expression.

Antigen-presenting cells are key elements in
the immune response. In order to reduce trans-
gene-specific immune responses and develop
safe gene constructs, a combination of miRNA-
142BS and miRNA-652-5pBS was selected as a
result of in vitro screening, which significantly
suppressed transgene expression in antigen-
presenting cells, but maintained a high ex-
pression level in myocytes. Intramuscular de-
livery of AAV1 vector carrying miRNA-142/652-
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5pBS achieved stronger transgene expression
than previous constructs, effective inhibition
of cytotoxic T-lymphocyte activation, and sup-
pression of Th17 response [35].

An RNA interference-based approach has
been proposed for regulated transgene ex-
pression. In the work by Subramanian et al.
[36], a construct containing both short hair-
pin RNA and its binding sites was developed.
REVERSIR technology was used for transgene
induction: a synthetic high-affinity oligonucle-
otide complementary to the guide strand of
a short hairpin RNA that allows for RNA in-
terference suppression and rapid restoration
of transgene expression. These results create
a basis for regulated RNA interference-based
switches and dynamic modulation of gene
therapy expression, with possible reduction of
dosing frequency in clinical settings [36]. Tet-
racycline-inducible promoter elements were
also tested to achieve regulated transgene ex-
pression. Thus, an AAV1-based reporter system
was used to assess the duration of transgene
expression in response to doxycycline. The au-
thors demonstrated that expression of the tar-
get protein was maintained for up to 5 years
after administration [37].

A muscone-induced transgene system (AAV-
MUSE) has been proposed by Wu et al. [38]. It
is based on murine olfactory receptor coupled
to the G protein (MOR215-1) and a synthetic
promoter responsive to cAMP. When exposed
to a trigger, muscone binds to MOR215-1 and
activates cAMP signaling pathway, initiating
transgene expression. Use of AAYMUSE pro-
vided dose- and time-dependent control of
luciferase expression in the liver or lungs of
mice for at least 20 weeks. Effectiveness of
the AAYMUSE system for phenotype correc-
tion was demonstrated in murine models of
chronic inflammatory diseases: non-alcoholic
fatty liver disease and allergic asthma [38].

Adaptive immunity can be activated when
the TLR9 (Toll-like receptor 9) recognises
hypomethylated CpG motifs of the delivered
gene construct, which then triggers formation
of cytotoxic T-lymphocytes. Level of CpG mo-
tifs is often changed by codon optimisation of
the constructs. Preclinical and clinical GTMP
studies demonstrated a dependence of the
cytotoxic immune response on CpG content in
the product. In turn, the reaction leads to rapid
loss of transgene [39, 40].).F. Wright et al. [41]
have proposed a quantitation method of gene

construct potential to activate TLR9 based on
the content of CpG motifs. Therapeutic AAVs
with the content of CpG motifs close to human
genome are shown to be the safest for clinical
use. Apart from reducing the content of CpG
motifs, use of DNA sequences that block TLR9
receptors was proposed as another solution
for this problem [42].

AAV production technology: past, present
and future

Currently, AAVs are the gold standard for in
vivo GT medicinal products. Since authorisa-
tion of the first GTMP, Glybera (2012, EMA)™,
the production process has been significantly
improved. The main obstacles that drive the
modernisation are limited production capaci-
ties with the current low process productivity,
unable to meet the ever-growing demand for
GTMPs, and the high cost.

Transient transfection of HEK-293 cell
line by plasmid DNA remains the most com-
mon method for AAV production. Typically,
three plasmids are used for transfection; the
first plasmid carries the therapeutic gene of
interest (Gol), the second — AAV capsid and
replication genes (rep/cap), and the third one,
called helper, — additional adenovirus genes
necessary for AAV replication inside the HEK-
293 host cell. The earliest technology involved
cell cultures attached to the vessel wall (ad-
herent culture) in a medium containing fetal
bovine serum [43, 44]. Similar to evolution of
monoclonal antibody (mAb) production, this
technology is difficult to scale due to a large
number of culture flasks, rotator bottles, Cell-
Stack flasks, etc. required [45, 46]. The first
step towards scaling up was creating iCEL-
Lis™ (Pall) fixed-bed microcarrier bioreactors,
with the culture surface area in one vessel up
to 500 m? (equal to 3,000 roller flasks with an
area of 1,700 cm?), while providing some pro-
cess control by maintaining sufficient gas ex-
change, nutrients, and reducing accumulation
of cell culture metabolites such as ammonium
and lactic acid [47].

However, these systems are also limited in
terms of surface area, achievable cell density,
and ultimately require further scaling to meet
the demand. These limitations, as well as the
controversial issue of using animal-derived
components, have led to further technology
improvements resulting in the development
of special media for HEK-293 cell suspension
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cultures and scaling up the cultivation tech-
nology from bench-top systems to industrial-
scale stirred tank bioreactors (up to 2,000 L)
[48].

In parallel with the improved cultivation
technology, the past decade saw significant
changes in the purification process of virus
particles. The following main trends include:
increased percentage of full particles due to
removal of both empty and partially filled
capsids; more efficient purification from pro-
cess impurities (residual host RNA and DNA);
increased purification efficiency that cut down
production costs. Recent years saw a signifi-
cant success of novel affinity resins that allow
for efficient isolation of virus particles from
cell lysates virus particles are a minor com-
ponent [49]. Moreover, new chromatography
media have emerged, such as monolithic or
membrane resins, which can provide higher
throughput than traditional resins. One ex-
ample is a liquid-liquid phase separation
approach based on binding of a hydropho-
bic affinity sorbent to viral particles in a cell
lysate. Combined with tangential flow filtra-
tion, it allows to obtain purified material [50].
Another example is a disposable flow system
using chromatographic resin in a recirculating
flow. In this system, various process buffers are
mixed and can circulate in the flow along with
the original lysate. When applied in an optimal
sequence, the purified material is eluted into a
separate container [51].

Separating empty and full capsids is also
one of the areas of AAV purification that has
made certain progress. In the early days of the
technology, the only method was ultracentrifu-
gation in a CsCl or iodixanol density gradient
[52, 53], but this method is difficult to scale
and causes an issue with GMP compliance.
Difficulties in chromatography development
were associated with the fact that separa-
tion of different AAV forms is possible only by
charge. However, isoelectric points for empty,
filled and partially filled capsids are very
close. Nevertheless, progress has been made
in recent years [53]. In particular, a joint study
of JSC GENERIUM and Marlin Biotech LLC on
the development of AAV-based GTMP made it
possible to optimise purification technology
based on anion-exchange chromatography, al-
lowing to produce a drug with a 90% content
of full AAV particles. After this stage, only one
round of preparative centrifugation remains,

on a much smaller scale, to achieve the purity
the developers specified in the product quality
profile. The proposed approach significantly
improves process scalability and reproducibil-
ity, and complies with all current GMP require-
ments.

Despite the progress made in AAV produc-
tion, the high production cost and, conse-
quently, limited patient access to GT remains
an open challenge. Current efforts are aimed
at increasing the initial AAV titre during cul-
tivation. Nowadays, several main trends are
identified: improvement of the three-plasmid
technology; use of a modified helper adenovi-
rus; developing a host cell line with genome-
integrated genes for AAV expression (to avoid
cell transfection for each production cycle).

Improvement of plasmid technology in-
volves searching for more efficient transfec-
tion reagents, culture media and feeds, further
development of the parental HEK-293 cell
line, and optimisation of genetic constructs of
the pRepCap and pHelper plasmids. Xcite® AAV
platform (Lonza) is an example of such tech-
nology. According to the developers, the plat-
form allows for a 2-8-fold increase in AAV ti-
tre compared to other commercially available
plasmids and cell lines".

Virus transduction as a method of delivering
genetic material into a cell is more efficient
and cost-effective than plasmid transfection.
However, an additional virus agent in produc-
tion is undesirable for safety reasons. Adenovi-
rus life cycle consists of two phases: early and
late; considering that, developers of TESSA™
technology (OXGENE Ltd) have constructed
modified recombinant helper adenoviruses
that self-inhibit the major late promoter
(MLP), thereby blocking their own replication.
Inserting tetracycline repressor binding site
(TetR) makes normal viral replication possible
only in the presence of doxycycline, while in
its absence, only genome amplification and
expression of early helper function genes oc-
cur. In the first production stage, two helper
adenoviruses are obtained (one of which en-
codes the rep and cap genes of AAV, and the
other - the target AAV gene) in the presence
of doxycycline. In the second stage, only AAV
is produced by co-infection of HEK-293 cells
with two helper adenoviruses in the absence
of doxycycline [55]. An important advantage
of this technology is the possibility to avoid
producing plasmids in large quantities. Ac-
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cording to the developers, the technology is
approximately 30 times more productive than
the plasmid-based approach. Among the dis-
advantages is the formal need to purify the
final product from helper adenoviruses, which
theoretically still may be present, or validate
their absence.

Creating stable cell lines producing AAV,
similarly to mAbs production, is a promising
approach enhancing productivity. A significant
technical limitation is the toxicity of virus
genes for the expression system. The develop-
ers of ELEVECTA™ platform (Cytiva) created
inducible cell lines producing AAV based on
HEK-293 cell line with genome-integrated
adenovirus helper genes (EZ2A, E4orf6, and
VA RNA), whereas the toxic AAV rep gene is
induced by added doxycycline (Tet-On induc-
tion system). Genome integration of the rep
gene became possible due to inactivation of
the p19 promoter while maintaining the func-
tionality of Rep78/68. Then, to obtain the final
stable AAV producer, this cell line is transfect-
ed with a construct with the desired serotype-
specific cap sequence, as well as a sequence of
the gene of interest. According to the develo-
pers, the productivity of perfusion process
on this platform is 10" vg/l, with 30% filled
capsids [56]. Promising platforms for AAV bio-
synthesis compared with the traditional three-
plasmid technology are summarised in Table 2
(published on the journal website®).

Thus, AAV production is a relatively new
field that passes all development stages tra-
ditional for biotechnological production of
recombinant products. In this context, it is
similar to evolution of mAb production. AAV
production technology has already experi-
enced significant changes and is improving.
The mainstream plasmid technology is the
current standard, but replacing it with new
approaches using recombinant helper viruses
and stable cell lines becomes a trend. In ad-
dition, new media, culture feeds, resins, filters,
and other raw materials are constantly emerg-
ing. The increasing demand for AAV-based GT-
MPs will continue to drive technological im-
provements, increased productivity, and lower

costs, ultimately making this product class
more affordable.

CONCLUSIONS
The current analysis of gene therapy in he-

reditary diseases allowed to reveal a number
of biomedical and technological challenges
that need to be overcome for further develop-
ment of this area. In order to justify the use
of gene therapy and increase its availability
to patients, it is necessary to solve a range of
problems, namely:

- show the long-term effectiveness of gene
therapy;

- identify the optimal therapeutic window for
intervention, especially in cases of irrevers-
ible changes due to natural progression of
a hereditary disease;

- implement an effective screening system for
the early detection of hereditary diseases
amenable to gene therapy;

- develop a patient stratification and routing
program that considers the risk-benefit ratio
for GTMP administration;

- increase GTMP safety (primarily by reducing
immunogenicity), enhance the target and
reduce off-target delivery of drugs, achieve
the optimal therapeutic level of long-term
targeted expression of the transgene by
modifying viral capsids, the genome of viral
vectors, suppressing off-target expression of
the transgene, and using new specific pro-
moters;

- to improve the quality of gene therapy drugs
based on virus vectors and reduce their pro-
duction costs by developing new cultivation,
purification, and transfection methods, as
well as by creating new producer cell lines.
These problems should be solved both at

the preclinical stage of development and af-
ter the first demonstration of GTMP clinical
efficacy. Without a systemic solution to these
problems, GT based on viral vectors will not be
able to enter the treatment standards not only
because of the high financial burden on health
care, but also because of limited efficiency.

" https://doi.org/10.30895/2221-996X-2024-24-2-123-139-table2
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