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I ABSTRACT

Retroviral vectors (RVVs) are the key players for somatic gene therapy. However, the
large-scale production is very time- and cost-intensive due to the production in
adherent cell lines and transient plasmid transfections. To facilitate large-scale RVV
production, the bioprocess engineering procedures need to be optimized. In this thesis,
ecotropic murine leukemia virus (MLV)-based viral packaging cells (VPCs) were
generated and procedures for the rapid and stable production of viral vectors in
suspension were developed and improved. For this purpose and as a proof-of-concept
(POC), suspension human embryonic kidney cells growing in serum-free media, were
employed. In addition, a hybrid technology based on the Sleeping Beauty (SB) vector
system and MLV donor vector components was applied for an efficient and rapid cell
transfection. After stringent selection, a stable polyclonal VPC was generated within
only three weeks. The resulting cells were able to produce the ecotropic MLV-based
vectors at high levels and for months. The viral functional titers measured in murine
fibroblasts and murine myeloblasts exceeded previous published titers generated with
adherent or suspension VPCs, reaching tenfold higher titers of up to 1.4 x 107
transducing units per mL (TU/mL). Efficient gene transfer was also demonstrated in
pre-clinically relevant murine hematopoietic stem and progenitor cells (HSPC). To
further increase the production volume, as well as to advance the transposition
technology, the transposase gene was in vitro synthesized to mRNA and co-transfected
with the respective transposon-MLV vector components. Thus, no relevant genes for
MLV vector production could be remobilized from the VPC genome any longer by a
possibly genetically resident transposase, securing VPC stability. The stable
suspension VPCs also proved to be highly efficient and viral titers were improved
tenfold as compared to simple plasmid-based transfection or plasmid-based
transposase transposition, exceeding 5 x 107 TU/mL. Finally, the VPC was successfully
cultivated in a stirred-tank bioreactor (STR) with a 500 mL culture volume,
continuously producing functional vectors during a ten-day process. This technology
will enable future generations of stable VPCs and clinically relevant viral vector

productions in fully automated STRs.

Keywords: bioprocess technology, retroviral vector, transposon, bioreactor,

gene therapy
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I KURZFASSUNG

Retrovirale Vektoren sind die Hauptakteure in der somatischen Gentherapie. Die
Produktion in groflem Mafistab ist jedoch aufgrund der Produktion in adhdrenten
Zelllinien und transienten Plasmid-Transfektionen sehr zeit- und kostenintensiv. Um die
RVV-Produktion in groflem Maf3stab zu ermdglichen, miissen die bioprozesstechnischen
Verfahren optimiert werden. In dieser Arbeit wurden ecotrope virale Verpackungszellen
(VPZs) auf Basis des murinen Leukdmievirus (MLV) generiert und Verfahren zur
schnellen und stabilen Produktion von viralen Vektoren in Suspension entwickelt und
verbessert. Zu diesem Zweck und als Proof-of-Concept (POC) wurden humane
embryonale Nierenzellen in Suspension verwendet, die in serumfreien Medien wachsen.
Zusatzlich wurde eine Hybridtechnologie auf der Basis der Sleeping Beauty (SB)
Transposase und MLV Donorvektoren fiir eine effiziente und schnelle Zelltransfektion
eingesetzt. Nach entsprechender Selektion wurde innerhalb von nur drei Wochen eine
stabile polyklonale VPZ erzeugt. Die resultierenden Zellen waren in der Lage, die
ecotropen MLV-basierten Vektoren in hohen Mengen und iiber Monate hinweg zu
produzieren. Die viralen funktionalen Titer mit 1,4 x 10” transduzierenden Einheiten pro
mL (TU/mL), welche in murinen Fibroblasten und murinen Myeloblasten gemessen
worden sind, tibertrafen um ein Zehnfaches bisher veroffentlichte Titer von adharenten
und Suspensions-VPZs. Ein effizienter Gentransfer wurde zudem auch in praklinisch-
relevanten hamatopoetischen Stamm- und Vorlduferzellen (HSVZ) der Maus
nachgewiesen. Um das Produktionsvolumen weiter zu erhchen und die
Transpositionstechnologie zu optimieren, wurde das Transposase-Gen in vitro zu mRNA
synthetisiert. So konnten im Genom der VPZ keine fiir die MLV-Vektorproduktion
relevanten Gene durch eine moglicherweise genetisch residente Transposase mehr
remobilisiert werden, was die Stabilitit der VPZ sicherstellte. Die erzeugten stabilen
Suspensions-VPZs erwiesen sich ebenfalls als hocheffizient, und die viralen Titer waren
im Vergleich zur einfachen plasmid-basierten Transfektion oder plasmid-basierten
Transposase-transposition um das Zehnfache verbessert und tiberstiegen 5 x 107 TU/mL.
Schliefslich wurde die VPZ erfolgreich in einem Riihrkessel-Bioreaktor (STR) mit einem
Kulturvolumen von 500 mL kultiviert, wobei wahrend eines zehn tagigen Prozesses
funktionale Vektoren kontinuierlich produziert wurden. Diese Technologie wird
kiinftige Generationen stabiler VPZs und klinisch relevanter viraler Vektoren in

vollautomatisierten STRs ermoglichen.

Schlagworter: Bioprozesstechnologie, Retroviraler Vektor, Transposon, Bioreaktor,
Genetherapie

v



I11

PUBLICATIONS INCLUDED IN THIS CUMULATIVE
THESIS

van Heuvel, Y.; Berg, K; Hirch, T.; Winn, K.; Modlich, U; Stitz, J. Establishment
of a novel stable human suspension packaging cell line producing ecotropic
retroviral MLV (PVC-211) vectors efficiently transducing murine hematopoietic
stem and progenitor cells. J. Virol. Methods 2021, 297, 114243,
doi:10.1016/j.jviromet.2021.114243.

van Heuvel, Y.; Schatz, S.; Hein, M.; Dogra, T.; Kazenmaier, D.; Tschorn, N.;
Genzel, Y; Stitz, ]. Novel Suspension Retroviral Packaging Cells Generated by
Transposition Using Transposase Encoding mRNA Advance Vector Yields and
Enable Production in Bioreactors. Front Bioeng Biotechnol 2023, 11,
d0i:10.3389/fbioe.2023.1076524.

van Heuvel, Y.; Schatz, S.; Rosengarten, ].F.; Stitz, J. Infectious RNA: Human
Immunodeficiency Virus (HIV) Biology, Therapeutic Intervention, and the
Quest for a Vaccine. Toxins (Basel). 2022, 14, doi:10.3390/toxins14020138.



IV. ACKNOWLEDGMENT

First, I would like to thank my supervisor Prof. Dr. Jorn Stitz for giving me the
opportunity to start and finalize my PhD projects in his laboratory at the technical
university of applied sciences cologne. His great knowledge and support throughout
the whole PhD process helped me building up my scientific skills within the fields of

virology, biotechnology, laboratory management and the supervision of students.

I would especially like to thank Prof. Dr. Thomas Scheper for being my supervisor and
for taking the time and consideration to evaluate my thesis. Great thanks also to Prof.

Dr. Sascha Beutel for declaring his additional readiness to be my second expert.

A big thank you to my dear colleagues, Stefanie, Natalie, Jamila, Karen, Henrik, Nils,
Stefan, Anna, Danka and Janine and Pauli for making the past years a very special,

nerdy and fun time that I will never forget!

Without the support and love of my family and friends, nothing would have worked
out so smoothly! Thank you, Mum, Miguel, Sel¢cuk, Kemal, Thtiy, Rémi, Hartmut, Ines,
Tanja, Anastasiia, Jhonatan, Polina and Ayse for always believing in me without any

doubt. All that I have achieved is because of you!

Special thanks to my best friends for keeping up my strength, walking all the way with
me as well as always supporting me in every second of my life. Thank you, Janina, and

Max, you are super special to me, I love you!

Clemens, thank you so much for always believing in me, being there in good and bad

times, always supporting me and sharing my passion! I love you!

A big thank you to all other friends and people whose names I have not written down,
who have supported me in all matters, who paved the way to get where I am now and

who gave me strength just by being part of my life.

VI



CONTENTS

I ADSEIACE s I
II' KUIZEaSSUNG ..o s v
III Publications Included in this Cumulative Thesis............cccccoiviiiiniiiiiniiiiiinns \Y
IV Acknowledgment............ccoiiiiiiiiiiiiiii s VI
V' List Of FIGUIES ..o X
VI List Of TableS......cciuiiiiiiiiiiici s XI
VII ADDIeVIAtiONS .....c.cucuiiiiiiiiiiiiiccic e XII
1  Theoretical background ... 1
1.1 Retroviral vectors in gene therapy ........cccoccvvieininieiininicicccceeeeeeeeeeenes 1
1.1.1 Clinical applications.........ccovevriririiiiiiiiiiieieie e 3
1.2 Principles of retroviral vector technology..........ccccooeveiririninieeieiceccccccce, 5
1.2.1 Retroviral vectors (RVVS) ....ccccccriiiiiniiniiiiiicicciceecteesetvee e 7
1.2.2 Retroviral packaging cells..........cccooioviiiiiniiiiiiiiiiicccce e 10
1.3 TransSpoSON-Viral VECOTS .........cccceiviruiuimiririiieiiiriciciirie ettt 11
2 AIm of the StUAY ..o 14
3 Publication L. 15
3.1 INtroduction.......ccccoviiiiiiiiiiiiii s 17
3.2 Materials and methods ...........cccociiiiiiiiiii 18
3.2.1 Cells and plasmids ........ccccuvurueuiiriniiiiiniriciciiriecrece e 18
3.2.2 Establishment of stable VPCs and recombinant target cells...........ccccccevevevnnnnnnn. 20
3.2.3 Viral vector titration..........ccoceeiiiiiiiiiiiiiiie 20
3.2.4 Detection of replication-competent retroviruses (RCRs) and recombination of

the transfer vector with the gag gene of the packaging construct ....................... 21
3.2.5 Detection of the transposase gene in VPC-MSCV-EGFP packaging cells........... 22
3.2.6 Murine HSPC isolation and culture.............cccocovuiiriiiiniiiiiices 23
3.2.7 Transduction of HSPCS ..o 23
3.3 RESUIES .o s 24

3.3.1 Establishment of the packaging cell line VPC-MSCV-EGFP and vector titration

24

3.3.2 Detection of the transposase gene in VPC-MSCV-EGFP cells..........cccccevurennnns 28
3.3.3 Preparation of frozen high-titer MLV(PVC-211) vector stocks.........cccceeueueennnnes 29
3.3.4 Transduction of murine bone marrow-derived hematopoietic stem cells.......... 30
3.4 DISCUSSION.....cuiuiitiiitiiitiietcitc et 31
3.5 CONCIUSIONS ...t s 34

vl



4 Publication IL........cccccooiiiiiiiiiiiiii s 40
4.1 INtrodUCHON....cocviiiiiicccc s 42
4.2 Materials and methods ..o 43

42T CellS i 43

4.2.2 PLaSmidS.....c.ciiiiiiiiiiiiiii e 44

4.2.3 Establishment of stable ecotropic MLV-based vector packaging cells MuPACK.e
44

4.2.4 MLV vector productions in shake flasks and STR............cccccoveriiiiiiiinne. 45

4.2.5 Viral vector titration and flow cytometry ..., 46

4.2.6 Quantification of retroviral vectors using an anti MLV p30 immunoassay ....... 47

4.2.7 Quantification of transfer vector transcripts in vector particles using RT-qPCR47

4.2.8 Detection of replication-competent retroviruses (RCRs): GFP marker rescue

assay and reverse transcriptase (RT) assay.........cccooeeeecccicnnnininicce 48

4.2.9 StatiStICS ..ooveiiriiiiiiiiiicc s 49
4.3 ReSUIS ...oviiiii s 49
4.3.1 Generation of stable MuPACK.e based VPCs.........cccccovuviniiiiniiiiiciicicne, 49
4.3.2 Functional titers of generated MLV-based vectors...........cccccccvvueiinrcinnniccnnne. 51
4.3.3 Physical titer assessment using p30 capsid-specific ELISA...........ccccoovvriinnne. 52
4.3.4 Detection of transfer vector transcripts in vector particles using RT-qPCR....... 53
4.3.5 Production and functional titer of MLV vectors in STR .........ccccccoeiriiiiinnne. 54
4.3.6 DISCUSSION.....cuiiiitiiitiietiiteietee ettt as e b e b e aens 56
4.3.7 RefeIeNCeS.....ccccviviiiiiiiiiiiicii s 61

5 Publication I ........ccoeoiriniiiriiiiiieceeceene ettt 66
5.1 INtrOdUCHON. ....cciiiiiiiiic 68
5.2 HIV-1 Structure and Replication Cycle ... 69
5.2.1 Genome and Virion Structure ... 69
5.2.2 Receptors and Cell ENtry........ccccooiiiiiniiiiininiiiiiricccecceceeeeeeeeeeeenen 72
5.2.3 Nuclear Entry, Reverse Transcription and Uncoating............cccccceveueicinrccncnnnnes 74
5.2.4 Genome INtegration .........ccooeiiiiiiiiiici e 75
5.2.5 Transcription, Splicing and Protein EXpression...........c.ccccocvvviivniniiniinnniennen 75
5.2.6 Assembly, Budding and Virion Maturation...........ccccceeecivniiinnncinnnccnnnnes 78
5.2.7 Cytoxicity of HIV INfeCHON.......ccoeuiiviriiiiiiiiiciiiccicceecee e 80
5.3 Antiretroviral Therapy (ART)....ccccocoiiiiiiiiiiiiiiiiiccs 84
5.4 VACCINES ....oouiiiiiiiiiitiictciec st 87

5.4.1 Interplay of HIV and Immune Response —Implications for Vaccine
Development..........couvviieiiiiiiieieeciccccccc s 87

VIII



O o N O

5.4.2 HIV ClNical VACCINE TIIALS ccccoueiiieeeeeeeeeeeee ettt ettt eeeeeteeeeeeeeeeseeseteeseeseeeeseesseeesenns 89

5.5 OULLOOK .ttt 92
5.6 RELEIEIICES ...c.vevieeiiieiieiteieet ettt ettt et b e b e a e et et eneeaea 94
Summary & OUIOOK ... 113
RELEIEICES ...ttt ettt ettt 117
Conferences & POSLET ..o 126
CUTTICUIUM VIEAC ..ttt 127
List of publications...........cccoeuiiiiiiniiiiiiiiiii s 128

IX



V  LIST OF FIGURES

Figure 1: An excerpt of the Retroviridae Phylogeny based on full-length polymerase
PTOTRIN. L.ttt 2
Figure 2: Illustration of a mature retrovirus and the retroviral genome with the
engineered three plasmid components for the production of replication incompetent

TetrOVIral VECOTS. ...cueeieiiiiiiciicc e 7
Figure 3: Illustration of the DNA transposition process............cccccoeveiviniriiicccnininnnen. 12
Figure 4: Schematic illustration of the constructs used in this study and experimental
design of cell line establishment and retroviral vector- mediated gene transfer......... 25
Figure 5: Detection of gag gene sequences in genomic DNA of transduced COS-
7MCAT target Cells. ..o 28
Figure 6: Detection of the transposase gene in genomic DNA of VPC-MSCV-EGFP
CEILS. e 29
Figure 7: Genetic organization of expression cassettes.............ccccocoeriivininiiccinninnnnen. 50
Figure 8: Titers of MLV-based vectors in NIH/3T3 target cells of VPC MuPACK.e.SB-
LEGFP-NIMRNAL ...t 52
Figure 9: Median fluorescent intensities (MFI) of the three VPCs. ... 53
Figure 10: Physical titers of transfer vector transcripts in vector particles measured by
real-time RT-qPCR. ... 54
Figure 11: Stirred-tank bioreactor vector particle production over 10 days with VPC
MuPACK.e.SB-LEGFP-NIMRNAL.......c.ccocoiiiiiiiiiiiii e 55
Figure 12: HIV-1 genome and virion structure. ..........ccccovviiiininiiicinniiccces 71
Figure 13: Schematic overview of the HIV-1 replication cycle. ..........cccooveeriinnnnnn. 73
Figure 14: HIV-1 mRNA transcripts and splice sites. ...........cccoeoviiiiiiininiincininne, 77
Figure 15: The cis-acting RNA regulatory elements of HIV-1..........cccccoviiiinnnnnee. 81
Figure 16: HIV Tat bystander toXiCity. ........ccccooeiiiiiiiiininiiiiiicccce 82



VI LIST OF TABLES

Table 1: Summary of viral pseudotypes, their host cell receptors and host range......... 9
Table 2: Transduction-competent vector particles harvested from the packaging cell
VPC- MSCV-EGEFP. ..ot 27
Table 3: Transduction efficiencies in target murine linage-negative hematopoietic
stem and progenitor cells (HSPCs) using ecotropic MLV(PVC-211) pseudotype
particles produced by VPC-MSCV-EGFP..........cccccoonniniine, 30
Table 4: Operating bioreactor production parameters. ...........ccecvviiiniiiiiniiniicnnnnne. 46
Table 5: Overview of plasmids and mRNA employed to generate polyclonal viral
packaging cell LINes. .........ccoviiiiiiiiii e 50
Table 6: Functional titers in TU/mL and physical titers in ng/mL (ELISA) of vector
particles harvested from the stable VPCs. ..., 51
Table 7: Selected examples of cellular HIV restriction factors, mechanism of action,
and viral counter MeaASUTIES............ccccviuiiiiiiiiiiii s 72
Table 8: Overview of FDA-approved antiretroviral medicines including their
mechanism of action, generic names, and approval year. ..........cccccoeviiinniniicincnnnns 85
Table 9: Overview of HIV vaccine phase III clinical trials in the past 10 years with
more than 100 participants...........ccccoeiviiiiiiiiiiii s 92

XI



VII ABBREVIATIONS

AAV

AIDS

Ad

AdV

ADA

ART

BM
bnAb

CAR

CCND2

CHO

cHS4

CMV

Adeno
Associated
Virus
Acquired
Immunodefic
iency
Syndrome
Adenovirus
Adenoviral
Vector
Adenosine
Deaminase
deficiency
Anti
Retroviral
Therapy
Bone Marrow
Broadly
neutralizing
Antibody
Chimeric
Antigen
Receptor
G1/S-specific
cyclin-D2
Chinese
Hamster
Ovary
Chicken
hypersensitiv
e site four
insulator
Cytomegalov

irus

CoV
DAPI

DENV

DNA

EBOV
EGFP

FBS

FCS

FrMLV

GalLV

HAART

HIV

HSC

HSPC

Corona Virus
4',6-
Diamidino-2-
phenylindol
Dengue Virus
Deoxyribonu
cleic Acid
Ebola Virus
Enhanced
Green
Fluorescence
Protein

Fetal Bovine
Serum

Fetal Calf
Serum
Friend
Murine
Leukemia
Virus

Gibbon ape
Leukemia
Virus

Highly
Active Anti
Retroviral
Therapy
Human
Immunodefic
iency Virus
Hematopoieti
¢ Stem Cell
Hematopoieti

¢ Stem and



hygroR

ICTV

In

IRES

LMO2

Lin-

LTR

LV

LVV

mCAT

mADb

MACS

MCS

MERS

MeV

Progenitor
Cell
Hygromycin
Resistance
International
Committee
on Taxonomy
of Viruses
Intron
Internal
Ribosomal
Entry Site
LIM domain
Only 2
Lineage
negative
Long
Terminal
Repeats
Lentivirus
Lentiviral
Vector
Murine
Cationic
Amino acid
Transporter
Monoclonal
Antibody
Magnetic Cell
Separation
Multiple
Cloning Site
Middle east
respiratory
syndrome
Measles

Virus

XIIT

MLV

MOI

MoMLV

MSCV

MWCO

neoR

NF-xB

ORF

PCR

PEI

puroR

PV
PVDF

RCR

RPM

RV

Murine
Leukemia
Virus
Multiplicity
of Infection
Moloney
Murine
Leukemia
Virus
Murine Stem
Cell Virus
Molecular
Weight Cut-
Off
Neomycin
Resistance
Nuclear
Factor-xB
Open
Reading
Frame
Polymerase
Chain
Reaction
Polyethyleni
mine
Puromycin
Resistance
Poliovirus
Polyvinylide
nfluorid
Replication
Competent
Retrovirus
Rotation Per
Minute

Retrovirus



RVV

SARS

SIN

STR

TE

TIL

TIR

vVCD

VPC

Retroviral
Vector
Severe acute
respiratory
syndrome
Self-
Inactivating
Stirred-Tank-
Bioreactor
Transposable
Element
Tumor
Infiltrating
Lymphocytes
Terminal
Inverted
Repeats
Viable Cell
Density

Viral
Packaging
Cell

XIV

VSV-G

WAS

WPRE

X-SCID

YFV

ZIKV

Vesicular
stomatitis
virus
glycoprotein
Wiskott-
Aldrich-
Syndrome
Woodchuck
Posttranscript
ional
Regulatory
Element
X-linked
severe
combined
immunodefic
iency

Yellow Fever
Virus

Zika Virus



1 THEORETICAL BACKGROUND

1.1 RETROVIRAL VECTORS IN GENE THERAPY

Worldwide, more than 7000 rare human genetic diseases are affecting about 300
million people. Therapeutic treatments with commercially available drugs are not
curative and do only treat the symptoms. Somatic gene therapies targeting those
mutations harbor great potential for long-term curation [1]. Gene therapy is defined as
the treatment or cure of a genetic, infectious, or degenerative disease by the
introduction of a therapeutic gene into a living organism. The therapeutic gene can be
delivered in vivo or ex vivo. For the latter, stem cells or other cells (e.g., lymphoblasts)
are taken from the patient or donor and cultivated in vitro. Cells are then genetically
modified and re-infused into the patient (reviewed in [2]). There are four different
approaches in gene therapy: gene replacement, -silencing, -addition and gene editing
[3]. To achieve this, a gene-carrying viral or non-viral vector is employed. Non-viral
vectors include for example plain or formulated DNA or RNA delivery into the nuclei
of the target cells by electroporation, needle injection, gene gun, sonoporation or other
techniques. The transgene can then be integrated into the genome by the help of
engineered targeting nucleases, e.g., Cas, transcription activator-like effector nucleases
(TALEN), zinc-finger nucleases (ZFN) or meganucleases (MN) (reviewed in [1]). The
gene transfer efficiency to stably deliver transgenes into the target cells, however, is

very low [4].

The most promising vector to deliver heterologous genes at very high efficiencies into
target cells are viral vectors. These viral vectors mainly derive from adenoviruses
(Ads), adeno-associated viruses (AAVs) or retroviruses (RVs). Depending on the
application, viral vectors are characterized by different immunogenic characteristics,
packaging capacities as well as cellular integration patterns. Adenoviral vectors are
mainly used for short-term transgene expressions (weeks to months) and can induce,
as AAV-vectors, the innate and adaptive immune system of the host in vivo. The
frequency of stable chromosomal integration events of adenoviral- and AAV-vectors
is very low with less than 0.1 % of vector-transduced target cells [5-7]. Retroviral
vectors (RVVs), however, are used for long-term transgene expressions and do not
elicit strong immune responses of the host. Nevertheless, most viral vectors are
commonly applied ex vivo [8-10]. Key players for long-term gene expression within
the last four decades are the y-RVVs. In the early 1980s the first successful stable gene
transfers were achieved in a broad range of mammalian cells [11-14]. Replication-

incompetent or helper-free RVVs have been extensively used as gene delivery vehicles



in human gene therapy. They offer many advantages for the delivery of therapeutic
genes, as they offer the ability for stable long-term gene expression, individual cell,
and tissue tropism as well as large transgenic insert capacities (= 8 kb) with controllable
copy numbers within the target cell genome [15-17]. According to the International
Committee on Taxonomy of Viruses (ICTV), the retroviridae family is divided into
seven genera: the alpha-, beta-, gamma-, delta-, epsilon retrovirus, spumavirus and the

more complex lentivirus, as illustrated in figure 1 [18].

Lentivirus

SIV-agm HIV-1

SIv
Spumavirus

Epsilon-Retrovirus

Alpha-Retrovirus

Beta-Retrovirus

GaLVv

Gamma-Retrovirus Delta-Retrovirus

FIGURE 1: An excerpt of the Retroviridae phylogeny based on full-length polymerase protein. The
phylogeny is divided into seven main genera, the Spuma-, Alpha-, Beta-, Gamma- Delta-, Epsilon-
Retrovirus and Lentivirus. Not all species are represented. Alpha: Avian leukosis virus (ALV), Rous
sarcoma virus (RSV); Beta: Jaagsiekte sheep retrovirus (JSRV), Mouse mammary tumor virus (MMTYV),
Mason-Pfizer monkey virus (MPMV); Gamma: murine leukemia virus (MLV), Feline leukemia virus
(FeLV), Gibbon ape leukemia virus (GaLV); Delta: Bovine leukemia virus (BLV), Human B
lymphotropic virus type 1 and type 2 (HTLV-1, HTLV-2); Epsilon: Walleye dermal sarcoma virus
(WDSV), Walleye epidermal hyperplasia virus type 1 and type 2 (WEHV-1 and -2), Intermediate
Epsilon-like: Snakehead retrovirus (SnRV); Spumavirus: Bovine foamy virus (BFV), Human foamy
virus (HFV); Lentivirus: Maedi-visna virus (Visna/Maedi/MVV), Equine infectious anemia virus
(EIAV), Simian immunodeficiency virus-/isolate from African green monkey (SIV-/agm), Human
immunodeficiency virus type 1 and type 2 (HIV-1 and -2). Adapted from [19]. Illustration was created

with Biorender.com.



The two most important genera of RVVs in clinical gene therapy today are the y-RVVs
stemming from the murine leukemia virus (MLV) and the lentiviral vectors, (LVVs)
stemming from the human immunodeficiency virus type 1 (HIV-1). The main
difference is that the y-RVVs only allow stable gene transfer into proliferating cells.
LVVs however, mediate stable gene transfer into proliferating and non-proliferating
cells [20].

1.1.1 CLINICAL APPLICATIONS

The first human gene therapy proof-of-concept trial took place on May 22, 1989 [21].
Gene-marked immune cells, specifically tumor-infiltrating lymphocytes (TILs), were
injected into advanced cancer patients. In this case, the marker gene was the neomycin
resistance gene (neoR) that was stably introduced into the TILs utilizing an MLV-
derived retroviral vector ex vivo. The marked TILs were used as genetic markers within
continuous blood samplings. Gene-marked TILs were detected within the blood as
well as within tumor biopsies up to day 189 post-transfusion. The outcome was thus
positive, it was safe to transfer a traceable transgene into a patient with no side effects
or toxicity [22]. The way for human gene therapy was paved. In the 1990s, the first
clinical trial for the treatment of two children with adenosine deaminase-deficient
(ADA) severe combined immunodeficiency (SCID) was conducted. Culture-expanded
autologous T cells were extracted by leukophoresis from the patients, and were ex vivo
transduced with MLV-derived retroviral vectors transferring a functional human
ADA- and neoR gene. Cells were shortly expanded and re-infused into the patient. The
patients showed remission and a significant increase in recombinant T cell numbers
reaching nearly 25 %. This T cell amount was stable for up to 6.5 months without
repetitive treatments. The trial ended after two years, but ADA gene expression
persisted [22,23]. Gene therapy proved to be safe and efficient for this kind of

monogenetic immunodeficiency disorder.

The risk of serious adverse events was rather low, however in 2002, the first insertional
mutagenesis events in mice and 2003 in humans were communicated [24,25]. The
research group of Hacein-Bey-Abina et al., (2003) reported serious adverse events
(SAEs) that happened in a gene therapeutic clinical trial utilizing retroviral vectors for
the treatment of X-linked severe combined immunodeficiency syndrome (X-SCID,
SCID-X1 or also called gamma-chain deficiency (yc-deficiency)). A total of twenty
patients were treated with genetically modified autologous bone marrow-derived
hematopoietic stem cells (HSCs). These cells were ex vivo transduced with MLV-
derived retroviral vectors transferring a functional yc-cytokine receptor chain. Two to

six years post treatment, five patients showed an uncontrolled clonal proliferation of



mature T cells with characteristics of leukemia. No overexpression of the yc-chain was
observed within the T cells and no replication competent retroviruses (RCRs), or
retrotransposons were identified as possible causes. Thorough analysis of the cause
revealed an insertional mutagenesis in chromosome 11 close to the LIM domain only
2 (LMO2) promoter locus. LMO2 is necessary for normal hematopoiesis [25].
Additional insertional mutations were identified: integrations near two proto-
oncogenes BMI1 a polycomb-group oncogene and cyclin D2 (CCND2), as well as
deletions within a tumor suppressor gene finally lead to aberrant T cell proliferations.
The patients with T cell immune lymphocytic leukemia (T-ALL) underwent
chemotherapy and four of the five patients, as all other 15 patients without SAEs, were
cured from SCID-X1 thereafter, showing a normal hematopoiesis and full immune

reconstitution [26-28].

These findings initiated intensive research aiming at the development of safer viral
vector components. Vector-mediated genotoxicity is defined by two distinct
characteristics: (1) The design of the integrating transfer vector and (2) the
chromosomal integration sites of the transfer vector. In the first case, the so-called self-
inactivating (SIN) long terminal repeats (LTRs) of RVVs and LVVs were introduced to
reduce the risk of insertional mutagenesis. Here, the enhancer element of the U3 region
within the 3'LTR is removed preventing the 3'LTR downstream transcription and thus
the risk of proto-oncogene activation [29,30]. A follow-up clinical study of the group
of Hacein-Bey-Abina et al., (2014) assessed the safety and efficacy of an MLV-derived
SIN-vector in nine X-SCID patients. All patients were cured from SCID-X1 after SIN-
MLV treatment and remained healthy thereafter. Less clustering of insertion sites in

proximity of proto-oncogenes as LMO2 was observed [31,32].

Due to the side effects observed, the more complex LVVs were more intensively used
in gene therapy. LVVs also prefer transcriptionally active sites for transfer vector
integration, however, they do not preferentially integrate close to promoter and
enhancer elements. LV Vs utilized today were instrumental in many successful clinical
trials to cure or improve monogenic or infectious diseases [2]. Nonetheless, even SIN-
vector-based LVVs led to activations of neighboring genes, to the formation of
chimeric gene fusions as well as to aberrant splicing events in host cell gene transcripts
[33-35]. Some studies evaluated the risk of insertional mutagenesis and assumed that
the enhancer and promoter elements of the transfer vector driving the transgene
expression play a major role [36-38]. Novel transfer vector design strategies, apart
from SIN vectors, such as tetracycline genetic switches, recombinase-mediated gene

transfer, insulator elements, tissue-specific weak promoter and enhancers and



integrase retargeting strategies are urgently needed to further improve future clinical
trials (reviewed in [2,9,38,39]).

Today more than 3600 gene therapy clinical trials were already conducted, and 33 gene
therapeutic drugs are already clinically approved [1,40]. Most trials relate to cancer
gene therapy with 68.2 %, followed by monogenic diseases with 12.6 %, infectious
diseases and cardiovascular diseases with 5.2 %, each. Neurological diseases account
for 1.7 %, ocular diseases for 1.5 % and inflammatory diseases for 0.4 %. The remaining
trials address gene markings as well as healthy volunteers [40]. Until 2022, a total of
538 gene therapy clinical trials were performed alone with y-RVVs (14.6 % of clinical
trials worldwide) and 364 trials with LVVs (9.9 % of clinical trials worldwide) [40].
Most clinical trials conducted with RVVs aim at the treatment of monogenic diseases
such as ADA-SCID; [23,41,42]; SCID-X1 [28,31,32,43] or Wiskott-Aldrich syndrome
(WAS; [44-47]). Retroviral-based therapeutics that are already on the market are
Rexin-G® (treatment of metastatic pancreatic cancer [48]), Strimvelis® (treatment of
ADA-SCID [49]), Yescarta®, Kymriah® and Tecartus™ also known as ex-vivo chimeric
antigen receptor (CAR) T cell therapy (treatment of non-Hodgkin lymphoma and B
cell ALL, B cell lymphoma and follicular lymphoma [50]) and Zynteglo® (treatment of
beta thalassemia [51]). Novel viral vector technologies and production at large-scale
are currently being tested in pre-clinical and clinical studies and give hope for the

development of future curative therapeutics (reviewed in [52]).

1.2 PRINCIPLES OF RETROVIRAL VECTOR TECHNOLOGY

The mature RV particle is spherical, membrane-enveloped and has a diameter of 90-
140 nm containing two copies of single stranded, positive sense genomic RNA
(ssRNA+) of about 8.3 kb with a 5 cap and a 3’poly adenine tail (poly (A) tail). The
simple ssSRNA+ contains three main open reading frames (ORFs) encoding for the viral
structural, catalytic and envelope proteins Gag, Pol and Env necessary for viral
assembly and replication, illustrated in figure 2 [53]. For MLV, these ORFs are
sufficient for viral replication and pathogenesis. For the more complex LVs however,
additional ORFs and genes are needed for their pathophysiology, described in detail
in chapter 5.2. [39]. The envelope glycoproteins Env consist of a heterodimer complex
build out of a surface- (SU) and a transmembrane- (TM) unit. Those heterodimers form
trimeric complexes spiking the viral outer membrane. The N-terminal SU contains the
receptor-binding function and interacts with the host cell receptor, TM then mediates
fusion and cell entry. Inside the cell, the ssRNA+ is reverse transcribed by the
multifunctional viral reverse transcriptase (RT) into double stranded DNA (dsDNA)



with the help of a DNA polymerase activity as well as a ribonuclease H activity.
Thereby the promoter located at the 3’end of the RNA is juxtaposed upstream of the
coding sequence. Linear DNA is then chromosomally integrated during mitosis, with
the help of the viral integrase and host cell proteins, into the host cell genome. At that
point the integrated viral genomic DNA is called the provirus. Only one promoter
within the viral long terminal repeats (LTR) drives transcription of the provirus. The
LTRs have a size of approximately 600 nucleotides (nt) and are divided into three
distinct parts, the U3, the R and the U5 element. The U3 region in the 5LTR mainly
acts as an RNA Pol II promoter and the 3'LTR, at which the p(A) is added, as the
terminator of transcription. Partial splicing of the simple retroviral mRNA generates
two RNAs. (1) The full-length mRNA translates to a Gag protein and a Gag-Pro-Pol
fusion protein precursor by a mechanism called “readthrough suppression”. Gag
initiates the particle formation, assembling 10-20 Gag molecules with one Gag-Pro-Pol
precursor at the inner host cell membrane. (2) The spliced mRNA is translated to Env
which is cleaved by host cell proteases into the heterodimers SU and TM. For immature
particle formation, Gag, Gag-Pro-Pol, Env and the viral genomic full length RNA are
assembled at the inner host cell membrane, budding into the extracellular
compartment. The retroviral particle then converts into a mature and infectious
particle by the help of the viral protease cleaving the Gag and Gag-Pro-Pol precursor
into the reverse transcriptase (RT), the integrase (IN), the protease (PR), the matrix
(MA), capsid (CA) and nucleocapsid (NC) proteins. The MA is associated with the
lipid envelope building the outer protein shell, the CA forms an inner protein shell
harboring the viral genomic RNA and the Gag-Pro-Pol viral enzymes and the NC
finally forms a complex with the genomic viral RNA. The viral particle now is finally

processed and able to infect bystander cells [20,53-55].
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FIGURE 2: llustration of a mature retroviral particle and the retroviral genome with the engineered three
plasmid components for the production of replication incompetent retroviral vectors. The spherical
retrovirus is enveloped by a phospholipid bilayer stemming from the host cell. The membrane is spiked
with the envelope glycoproteins Env. Env consists of two subunits the surface- (SU) and transmembrane
unit (TU). Below the membrane, the structural and catalytic proteins Gag and Pol are located. Mature
Gag is divided into the three proteins, matrix (MA), capsid (CA) and nucleocapsid (NC). Pol stands for
the catalytic proteins: protease (PR), integrase (IN) and the reverse transcriptase (RT). Inside the CA,
two copies of single stranded, positive sense RNAs are located, that are stabilized by the NC. The
retroviral genome consists of 5’-and 3’- long terminal repeats (LTRs) flanking the retroviral genes gag,
pol and env. The 5’LTR mainly acts as an RNA Pol II Promoter and the 3'LTR as the terminator of
transcription. A cis-acting packaging signal psi (W) is located downstream of the 5LTR. The three
plasmid components for viral vector production contain the same represented genes and genetic
elements split on three plasmids containing heterologous promoters (P) and a heterologous
polyadenylation signal (p(A)). The transfer vector uses next to the viral LTRs and W an additional P as
well as individual cDNA transgene sequence(s). Created with BioRender.com.

1.2.1 RETROVIRAL VECTORS (RVVS)

From the early 1980’s, until today, three generations of retroviral vector systems have
been developed to massively reduce the risk of undesired RCR generation. In the first
generation, the packaging signal of the provirus was simply deleted, however RCRs
were detected within the infected target cells [11,56]. In the second generation, a p(A)
of the simian virus 40 (5V40) instead of the 3’LTR was implemented, the packaging
signal was removed and the 5" end of the 5’LTR, containing the tRNA primer binding

site essential for reverse transcription, was deleted to prevent further reverse



transcription, integration and packaging of the transcribed RNA [57]. Within the third
generation, the full-length provirus was split into three plasmids separating the coding
regions Gag, Pol and Env and the cis-acting elements from each other. The packaging
construct with gag-pol, the envelope construct with the env gene and the transfer vector
[58]. All plasmids were equipped with heterologous promoters and the packaging and
envelope plasmid received a heterologous p(A), as depicted in figure 2. The split
genome finally offered the highest biosafety standard, eliminating RCR formations

caused by homologous recombination events (reviewed in [59,60]).

For the generation of replication-defective retroviral vectors today, the split genome
approach is exclusively used. The packaging plasmid, encodes the viral Gag and Pol
proteins. The second plasmid encodes the viral Env protein, called the envelope
plasmid. The gag, pol and env genes are driven by heterologous promoters (P), e.g., of
the cytomegalovirus (CMYV), the Rous sarcoma virus (RSV) or of the human elongation
factor 1 alpha (EFla) and terminate with a heterologous p(A) mostly deriving from
the bovine growth hormone (BGH). The third plasmid encompassing the transfer
vector, harbors the viral identical LTRs flanking one or several genes of interest (GOI).
The 5LTR is followed by a cis-acting packaging signal psi (W), initiating the
encapsidation of the transfer vector transcripts. Next to the LTRs and W, the transfer
vector utilizes an additional heterologous promoter as well as individual cDNA
transgene sequences (e.g., the therapeutic gene or a reporter gene) [20,55,59,61].
Usually, to co-express two GOIs with the same transfer vector, a cis acting RNA
sequence, called the internal ribosomal entry site (IRES) is utilized and implemented
between two genes. The IRES promotes an internal initiation of protein synthesis by a
cap independent recruitment of a 40S ribosomal subunit [62]. Another cis-acting
element, the posttranscriptional regulatory element of the woodchuck hepatitis virus
(WPRE), is commonly implemented upstream of the 3'LTR leading to an enhanced

transgene expression and inhibiting readthrough transcription [63].

The retroviral envelope protein defines due to its specificity the viral host range and
can be substituted by envelope proteins of other viruses that use different host cell
receptors (called pseudotyping). By pseudotypisation, the viral host range can get
expanded or limited, depicted in table 1 [64].



TABLE 1: Summary of viral pseudotypes, their host cell receptors and host range.

H 1
Pseudotype ost ce Host range References
receptor
MoMLV Env,
. Mouse and Rat
Friend MLV Env SLC7A1 (mCAT) [65]
cells
Xenotropic MLV Env, .
. Xenotropic
Xenotropic MLV- . .
. retrovirus receptor 1 Mammalian cells [66,67]
related virus (XMRYV) . .
Env (XPR1) including human
1ls, but not
SLC20A1 (Pitl) R
GaLV Env and orthologue [68,69]
SLC20A2 (Pit2) !
Mammalian cells
including human
FeLV CRD114 Env SLC1A4, SLC1A5
cells but no mouse [70]
and feline cells
1504A-MLV Env, .
SLC20A2 (Pit2)
4070A-MLV Env
Mammalian cells
. including human
SLC20AL1 (Pitl) [71-74]

cells
and SLC20A2

(Pit2)

10A1 MLV Env

Low-density All mammalian

lipoprotein cells and some [73,75]

types of non-
receptor (LDL-R) vpes F ot

VSV Env

mammalian cells

Abbreviations: MoMLV: Moloney murine leukemia virus; MLV: Murine leukemia virus; SLC: Sodium-
dependent phosphate transporter; GaLV: Gibbon ape leukemia virus; FeLV C RD114: Endogenous
feline type C virus isolated from human rhabdomyosarcoma; VSV: Vesicular stomatitis virus.

During evolution, different strains of MLV evolved, mainly differing in their envelope
proteins, leading to altered host ranges. The tropisms of MLV Env were thus classified
into three distinct subclasses. The ecotropic envelope binds to a receptor present only
on mouse and rat cells, called the murine cationic amino acid transporter (mCAT),
whereas the xenotropic envelope proteins bind to a xenotropic retrovirus receptor
(XPR1) expressed on most mammalian cells, including human cells but excluding
mouse cells. The amphotropic envelope protein is able to bind to a type III inorganic
sodium-dependent phosphate transporter represented on a wide range of mammalian
and non-mammalian cells, including human cells [60]. In addition, MLV vectors can
get pseudotyped with envelope proteins of different viral species, for example with
the envelope glycoprotein of the vesicular stomatitis virus (VSV-G) harboring the
widest host range. VSV-G binds to a low-density lipoprotein receptor (LDL-R)

represented on all mammalian cell membranes including human- and some non-



mammalian cells [54,73,76]. Clinical grade RVVs are mainly spiked with the envelope
proteins of the amphotropic MLV, the gibbon ape leukemia virus (GaLV), the simian
endogenous retrovirus (RD114) or the VSV for ex vivo gene therapy, whereas the
ecotropic envelope proteins are mainly employed for pre-clinical studies in mice and

rats, respectively [77,78].

1.2.2 RETROVIRAL PACKAGING CELLS

To produce retroviral vectors, the third-generation plasmid-based vector system is
either serially transfected (one plasmid after the other) or co-transfected (all three
plasmids together) into packaging cell lines mainly using calcium phosphate, a
polymer e.g., linear polyethylenimine (PEI) or electroporation. The packaging cells can
synthesize all necessary proteins for viral vector assembly and are usually easy to
transfect, e.g., the human embryonic kidney cell line (HEK293) or the HEK-T cell line,
a 293-subline containing the simian virus 40 large tumor antigen [54]. Typically,
adherent VPCs are transiently transfected with the respective retroviral plasmids. Two
to three days post transfection, viral vectors are harvested from the cell supernatant
and are subsequently used to stably deliver the transfer vector into the genomes of the
respective target cells. The retroviral vector is not able to replicate further because the
target cells do not contain the necessary packaging and envelope genes, respectively
[77]. The development of adherent high producer VPCs is very labor-, time- and cost-
intensive. For transient productions of large viral vector batches repetitive transient
plasmid transfections in adherent VPCs growing in cell-stacks, roller bottles or cell-
factories are needed [79-81]. For each harvest, repetitive plasmid transfections in
freshly seeded adherent target cells are conducted, leading to large batch-to-batch
variations of harvested vectors [82]. One example of such a production procedure is
the production of clinical grade LVVs for the delivery of a chimeric antigen receptor
(CAR) into human T cells for cancer immunotherapy. This manufacturing process
contributes to exorbitant costs for one single dose (= US$ 300.000) [83].

However, to efficiently manufacture stable clinical-grade VPCs instead, continuously
producing viral vectors, cumbersome selection procedures over several months with
different antibiotics are necessary to select single high expresser cell clones. In
addition, the upscaling of such high producer VPCs is again strictly limited to the two-
dimensional surface area. The definition of exact viable cell numbers (VCN) for each
vector harvest is hampered resulting in large batch-to-batch variations of each viral
vector harvest, limiting a continuous production procedure [59]. Unfortunately,
another bottle neck resides in the relatively low quantity of produced clinical grade

functional viral vectors. To successfully deliver viral vectors for gene therapy, titers of
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1011-10'? transduction competent particles per patient are necessary. The average titers
of mainly adherently produced RVVs and LVVs remain between 10° and 107
transduction competent particles per mL (TU/mL) (reviewed in [77]). Thus, fully stable
VPCs generated in a short time and growing in serum-free suspension continuously

producing high quantities of functional viral vectors are indispensable.

To date only a small number of HEK293-based stable y-RV-based VPCs containing
two or all three retroviral components are available. For example, the pioneering VPCs
Phoenix-Eco or Phoenix-Ampho both stably express an ecotropic or amphotropic Env
and the MLV-derived packaging and catalytic proteins Gag and Pol. After the stable
introduction of a transfer vector, a stable vector production over 30 days can be
achieved [84]. The VPC CatPac stably expresses the feline endogenous virus (FeLV)-
gag, pol genes as well as the FeLV env gene [85]. The suspension VPCs 293GP-A2, -
GLV?9 or -R30 stably express all MLV-based components, either with an amphotropic-
, GaLV- or RD114-Env [86,87]. The generation of those VPCs, however still required
cumbersome and cost-intensive steps for transfection, suspension adaptation and

single clone selection.

1.3 TRANSPOSON-VIRAL VECTORS

To efficiently transfer a genetic expression cassette stably into a eukaryotic cell
genome, many parameters concerning the genetic organization, transfection technique
as well as copy numbers within specific gene loci must be considered. For gene
therapeutic purposes LV-/RV-based vectors are frequently used, fulfilling most of
these criteria. However, a non-viral transposon-based vector system harbors great
potential for fast and efficient gene transfer accomplishing safety and efficiency
requirements for clinical applications [39]. Transposable elements (TEs) are mobile
genetic elements present in all prokaryotes and eukaryotes. They were discovered
more than 60 years ago in maize by Barbara McClintock, who received the Nobel Prize
in 1983 [88]. Transposable elements including retrotransposons (class I) and DNA
transposons (class II) make up approximately ~45 % and ~3 % of the human genome
[89]. The DNA transposons are characterized by a transposase gene flanked by
inverted repeats (IRs) that complement each other. Moreover, the IRs are flanked by
direct repeats (DR) being called IR/DR or Terminal Inverted Repeats (TIRs). The
translated transposase binds to the TIRs and exercises the transposable element by a
“cut and paste” mechanism leaving the DRs as a footprint behind. The mobilized
genetic element is subsequently re-integrated at a new chromosomal locus in the host

cell genome [90]. Most DNA transposons were inactivated millions of years ago due
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to accumulations of mutations. Molecular reconstitution however led to the
reactivation of a fossil Tcl/mariner-type TE of a salmonid fish subfamily and was
called Sleeping Beauty (SB) [91]. The reactivated SB can efficiently transfer transgenes
into mammalian cells and even hematopoietic stem cells (HSCs). SB shows higher
activity in vertebrates compared to other identified active transposon systems.
Molecular evolution even led to the generation of the hyperactive transposase called
SB100X with a 100-fold improved activity. Using the hyperactive SB100X,
transposition efficiencies of up to 90 % were reached in HSCs upon one transposition
event [92]. The SB100X transposon system is currently used for stable gene therapeutic

in vitro and preclinical in vivo applications [39].

For stable transposition of a transgene into respective target cells, a two-component

transposition system is typically employed, illustrated in figure 3.

Transposon Transposase "cuTt”
donor vector vector Transposase

"PASTE"

P TR GOl TR o

Host genome

FIGURE 3: Illustration of the DNA transposition process. The illustrated Sleeping Beauty transposition
process shows a two-component plasmid system. The transposon donor vector, containing the gene of
interest is flanked by the terminal inverted repeats (TIRs) and the transposase vector harbors the
transposase gene. The expressed transposase binds to the TIRs of the donor vector, forming a synaptic
complex, where the two ends of the donor vector are attached by the transposase and form a loop
structure. The GOl is cut from the donor backbone and the excised DNA is then re-inserted into another
location of the genome, here as example TA sites. Illustration was created with Biorender.com.

Therefore, the transposase gene is separated from the TIR-flanked transposon donor
vector. The two components thus are non-autonomous transposable elements and

consist of one donor vector harboring the GOI and if necessary, a selectable marker
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gene flanked by the TIRs of the transposase and one component carrying the
transposase gene with a heterologous promoter. After transfection into the target cells,
the expressed transposase stably transposes the donor vector into the genome,

preferably at multiple copies per cell [91].

To circumvent the laborious and cost-intensive screening for single highly productive
VPC clones and to rapidly adapt VPCs for different applications, a novel strategy
combining the viral vector cassettes with the TIRs of the transposase was established.
This strategy allows the rapid transposition of transposon-viral hybrid vectors for the
generation of stable VPCs within only three to four weeks [93]. In addition, the
transposition events within the VPC genomes lead to highly efficient and even
multiple stable gene insertions resulting in stable and highly productive VPCs within
weeks [93]. Here, the transposase is delivered in trans using a plasmid-or mRNA-based
transposase delivery system, respectively. This technology generates polyclonal VPCs
producing viral vectors continuously over months. However, it had been exclusively
applied to adherent VPCs so far [93]. The combination of rapid transposition for the
establishment of stable polyclonal suspension VPCs growing in serum free media

harbors great potential for industrial productions of relevant clinical therapeutics.
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2 AIM OF THE STUDY

The presented work aimed at a proof-of-concept (POC) study for the development of
scalable packaging cells (VPCs) to produce ecotropic MLV-based vectors. Today’s
production of viral vectors at large-scale using adherent VPCs is very time-, labor- and
cost extensive. Therefore, the utilization of a fully stable suspension VPC growing in
serum-free medium continuously and efficiently producing viral vectors over a long
period of time is indispensable. This thesis begins with the establishment of a stable
retroviral VPC continuously producing ecotropic MLV-based vectors in serum-free
suspension. Therefore, a hybrid Sleeping Beauty (SB)-based transposon-viral vector
system was utilized to speed up the selection procedures to establish a fully stable and
high-yield polyclonal VPC. Continuously harvested retroviral vectors were tested for
functionality after further processing using ultrafiltration devices and freeze-thaw
cycles. The functionality of those vectors was assessed using gene transduction
experiments in murine fibroblasts, myeloblasts as well as murine bone marrow-
derived hematopoietic stem and progenitor target cells. However, a limiting factor of
this hybrid technology is the utilization of a plasmid-based transposase construct.
During co-transfection, the plasmid-based transposase can possibly integrate into the
VPC genome causing stable expressions of an active transposase. Thus, leading to
remobilization events of transposon donor vectors within the host cell genome,
resulting in instable and potentially decreased vector productivities. The plasmid-
based transposase construct was thus exchanged with an in vitro synthesized
transposase encoding mRNA for co-transfection. This strategy was tested in transient
transfection experiments and subsequently used to generate another stable polyclonal
ecotropic MLV-based VPC. For comparison two additional stable VPCs were
generated using a simple plasmid-based transfer vector and a plasmid-based
transposase construct being co-transfected with a transposon-based transfer vector.
Functional and physical titers of all three VPCs were assessed to identify the VPC with
the highest vector yields. To prepare for VPC cultivations in automated bioreactors,
the most productive VPC was expanded in 100 mL shake flasks and cultivated at
higher viable cell densities. Lastly and upon a first 500 mL stirred-tank bioreactor
cultivation experiment, the VPC was validated during a ten days cultivation process

for future large-scale productions.
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Abstract

Retroviral vectors derived from murine leukemia virus (MLV) are amongst the most
frequently utilized vectors in gene therapy approaches such as the genetic
modification of hematopoietic cells. Currently, vector particles are mostly produced
employing adherent viral packaging cell lines (VPCs) rendering the scale up of
production laborious, and thus cost intensive. Here, we describe the rapid
establishment of a human suspension 293-F cell line-derived ecotropic MLV VPC.
Using transposon vector technology, a packaging and envelope expression cassette as
well as a transfer vector facilitated the establishment of a stable VPC yielding high
titers of up to 5.2 x 10° transducing units/mL (TU/mL). Vectors were concentrated
using ultrafiltration devices and upon one freeze-thaw-cycle still routinely yielded
titers of > 1 x 10° TU/mL. Formation of replication-competent retro- viruses was not
detected. However, and as a first-generation transfer vector was used in this proof-of-
concept (POC) study, gag gene sequences were transduced into target cells within a
range of 1-10 copies per 1000 genomes indicating the homologous recombination of
packaging construct elements with the transfer vector. High yield VPC vector
productivity was stable over a couple of months and unintended integration of the
transposase gene was not observed. Ecotropic MLV vector particles were
demonstrated to efficiently transduce primary murine hematopoietic stem and
progenitor cells. This novel concept should foster the future establishment of

suspension VPCs.

Keywords: Suspension packaging cell, Murine leukemia virus (MLV), Viral vector,

Hematopoietic stem cell, Transposon vector
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3.1 INTRODUCTION

Viral vectors derived from donors of the retroviridae family are frequently used to
enable stable gene transduction in somatic gene therapy. The most prominently
utilized vector systems are derived from the lentivirus human immunodeficiency
virus type 1 (HIV-1) and the gamma-retrovirus (y-RV) murine leukemia virus (MLV).
For some applications, lentiviral vectors are favorably employed as they enable
integration of transduced transgenes into the genome of non-dividing target cells
(Cooray et al., 2012; Sinn et al., 2005). Despite their inability to transduce non-cycling
cells, retroviral vectors derived from MLV mediate efficient stable gene transfer into a
variety of cell types from different donor species reviewed in Maetzig et al., 2011. Most
notably, these vectors are used in somatic gene therapy applications aiming at the
genetic modification of hematopoietic stem cells (HSCs; Lundstrom, 2018). In vivo
models, studying disease mechanisms, frequently employ murine HSCs (Javazon et
al,, 2012; Zeng et al., 2013). To modify the host cell range of retroviral vectors and to
enhance gene transfer efficiencies into some target cell types, pseudotyping with
heterologous envelope proteins is a common procedure (Li et al., 2018). Currently and
to achieve superior gene transduction, the G-protein of pantropic vesicular stomatitis
virus (VSV-G), and alternatively, the envelope proteins of polytropic feline
endogenous retrovirus RD-114 are frequently used to modify human target HSCs
(Bauler et al., 2020; Piovan et al., 2017; Radek et al., 2019). However, the expression of
VSV-G is cytotoxic disabling the establishment of stable and continuously vector
particle producing packaging cells (Yee et al., 1994). Thus, VSV-G pseudotyped vectors
need to be produced either by transient transfection or by employing inducible gene
expression systems (Ory et al., 1996). RD-114 Env is not cytotoxic but does not mediate
vector particle entry into rodent cells excluding MLV(RD-114) pseudotype vector
particles from the utilization in preclinical gene transfer studies targeting murine
HSCs (Tailor et al.,, 1999). Retroviral vectors decorated with the Env proteins of
ecotropic Moloney MLV (MoMLYV), and thus showing a restricted tropism to rodent
cells, were demonstrated to be valuable tools for this purpose (Modlich et al., 2009).
Ecotropic vector particles can be produced upon transient triple co-transfection of
HEK-293 T cells with the required envelope and packaging constructs as well as a
transfer vector containing the respective packaging signal Psi (). However, this
technique is time- and cost-intensive and can result in notable batch-to-batch
variations concerning vector titer. The use of stable packaging cells continuously
producing ecotropic MLV vectors is therefore favorable. To date, only adherent stable
ecotropic viral packaging cells (VPCs) producing high vector titers of more than 1 x

106 TU/mL are available (Rodrigues and Coroadinha, 2011). However, vector
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production at larger-scale using adherent VPCs is challenging as it requires cultivation
in numerous individual flasks or multiple connected culture dishes such as the so-
called cell factory culture system (Przybylowski et al., 2006). In addition, the relatively
low cell density per volume of cultivation media limits the productivity of adherent
VPCs. To enable vector production at larger-scale using higher cell densities, an
ecotropic VPC growing in suspension was developed using human lymphoblast WIL-
2 cells. Unfortunately, this VPC revealed inferior productivity as compared to
adherent VPCs using standard cultivation conditions. Expansion in the presence of
sodium butyrate, known to elevate vector titers, was required to reach titers higher
than 1.0 x 10° TU/mL (Soneoka et al., 1995; Chan et al., 2001). The use of transposon
vectors enables the rapid establishment of stable and highly productive transgenic cell
pools omitting the time- intensive isolation and screening of cell clones (reviewed in
Tschorn et al., 2020). We previously reported the generation of Sleeping Beauty-derived
transposon vectors encompassing the required three retroviral vector components,
namely, a transfer vector, a packaging and an envelope construct encoding the Env
proteins of Friend MLV (FrMLV) molecular clone PVC-211 and their utility to rapidly
establish stable adherent VPCs. We were able to show that the high-titer vector
productivity of up to 2.3 x 10° TU/mL of established VPC was mainly caused by the
high abundance of transfer vector transcripts available for packaging. This resulted
from a very high copy number of transposon vectors harboring the retroviral transfer
vectors per cell genomes (Berg et al., 2019). In this POC study presented here, we
applied this multiplex transfection and transposition-based methodology to the
establishment of a stable suspension VPC using human 293-F host cells. MLV (PVC-
211) pseudotype vectors were previously shown to efficiently transduce murine and
hamster cell lines as well as cell lines from different donor species recombinantly
expressing the murine cationic amino acid transporter (CAT; Stitz, 2011). We here
examined the potential of MLV (PVC-211) vectors to mediate gene transfer into

primary murine hematopoietic stem and progenitor cells (HSPCs).

3.2 MATERIALS AND METHODS

3.2.1 CELLS AND PLASMIDS

Embryonic human kidney suspension Freestyle™-293-F cells were grown in
Freestyle™ 293 expression medium supplemented with GlutaMAX™ (Gibco,
Germany). Cells were cultured at 37 °C, 8 % CO:2 and at 137 rpm in shake flasks
(Thermo Fisher, Germany) using a Minitron shaker incubator (INFORS HT,

Switzerland) with an orbit of 5 cm. The adherent cell lines, namely, murine fibroblast
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NIH/3T3 (ATCC CRL- 1658) and SC-1 cells (ATCC CRL-1404), African green monkey
kidney fibroblast-like COS-7 cells (ATCC CRL-1651) and recombinant COS-7mCAT
cells (Berg et al., 2019) were all grown in high glucose (4.5 g/L) Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2 mM L-Glutamine and 10 % FBS
(Gibco, Germany). Murine 32D myeloblast-like cells (ATCC CRL-11,346) were
cultivated in RPMI 1640 medium (Gibco, Germany) supplemented with 2 mM L-
Glutamine, 10 % FBS, 4.5 g/L glucose and 10 % mouse Interleukin-3 (Thermo Fisher,
Germany). Cells were expanded at 37 °C in a humidified atmosphere at 5 % COz. For
passage, adherent cells were detached using 1 mM EDTA in PBS. Prior to seeding,
target cell viability was assessed using 0.1 % (v/v) Erythrosine B (Carl Roth, Karlsruhe,
Germany). The plasmid MSCVneo (MSCV retrovirus system, Takara, USA) was
opened in the multiple cloning site (MCS) using EcoRI and BamHI. A DNA fragment
entailing the EGFP encoding region, a neomycin resistance gene (neoR) followed by a
synthetic intron (In; both amplified from pIRESneo, Clontech, USA; GenBank
accession no. U89673) and the tripartite post-transcriptional regulatory element of
woodchuck hepatitis virus (WPRE; nucleotides 1093-1684; GenBank accession no.
J04514) was generated by PCR. Primers introducing the target motifs for
abovementioned restriction enzymes were used for the amplification. The amplicon
was digested accordingly and subsequently inserted into the linearized recipient first
generation MSCVneo vector — encompassing full-length long terminal repeats (LTRs)
and a part of the 5'-gag gene reaching into the packaging signal - to generate MSCV-
EGFP-In-WPRE. This vector served as a template to amplify the entire retroviral
transfer vector region using the LTR-specific primers 5LTR-MSCV-Fsel-for 5'-
AAAAGGCCGGCCCTGAAGCCTATAGAG TACGAGCCATAG-3' and 3'LTR-
MSCV-Notl-rev 5-AAAAGCGGCCGCAT- GAAAGACCCCCGCTGAGGGTAG-3'
introducing the restriction motifs of Fsel and Notl. The recipient vector harbored the
5"and 3' terminal inverted repeats (TIRs, as previously described by Berg et al., 2020)
of the transposon Sleeping Beauty. The TIRs flank two copies of the core chicken beta-
globin insulator sequences (cHS4; GenBank accession no. U78775.2), each of an
approximate size of 1.2 kb, reported by Sharma et al. (2012) to elevate expression levels
by 2.2-fold in mammalian cells. A MCS separating both cHS4-derived regions
contained single Fsel and Notl sites. Upon ac- cording digestion using NotI and Fsel,
the aforementioned DNA-fragment was inserted into the transposon donor vector to
result in the construct SB-cHS4-MSCV-EGFP. Further cloning strategy details, primer

sequences as well as the novel vectors are available upon reasonable request.
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3.2.2 [ESTABLISHMENT OF STABLE VPCS AND RECOMBINANT TARGET CELLS

293-F cells were transfected using the linear 40 kDa polyethylenimine transfection
reagent (PEL Polysciences Inc., USA) at a mass ratio of 1:3 (DNA: PEI) according to the
manufacturer’s instructions. One day prior to transfection, 1.5 x 10° cells/mL were
seeded in total volumes of 20 mL in 125 mL Erlenmeyer flasks (plain bottom,
Nalgene™, Thermo Fisher; Germany). On the following day, 3 x 107 cells were seeded
in 6 mL Freestyle expression medium for transfection. Co-transfections with the viral
vector components harboring transposon donor vectors and a human codon
optimized transposase gene encompassing constructs were performed as previously
described (Berg et al., 2020). Briefly, cell line VPC-MSCV-EGFP was established upon
co-transfection with SB-gpIpW (11.25 ug), SB-elhW (11.25 pug), the transposase
construct (5 pug) and the transfer vector entailing plasmid SB-cHS4-MSCV-EGFP (22.5
ug). One day post transfection, cells were expanded in fresh medium at a density of
2 x 10¢ cells/mL. To establish a stable transgenic VPC and three days post transfection,
initially concentrations of 0.5 pug/mL puromycin, 50 ug/mL hygromycin and
100 pg/mL G418 (all InvivoGen, Toulouse, France) were applied for selection. Over a
period of three weeks, the selection pressure was iteratively elevated with each
passage to reach the final concentrations of 10 ug/mL puromycin, 200 pg/mL
hygromycin and 200 pg/mL G418. Except for preparations for vector particle harvest,
VPC-MSCV-EGFP cells were constantly expanded and passaged in the presence of the
aforementioned high concentrations of all three antibiotics to secure sustainable

constant productivity.

3.2.3 VIRAL VECTOR TITRATION

To assess the viral vector titers produced by the established VPC, 1.0 x 10°> adherent
target cells were seeded in 2 mL per well in six-well dishes one day prior to
transduction (Nunc, Wiesbaden, Germany). Murine 32D myeloblast-like cells were
seeded at a density of 2 x 10° cells in 500 pL in 24-well dishes. In parallel, stable
suspension VPC-MSCV-EGFP cells were seeded at a density of 5 x 10° cells/mL in a
total volume of 20 mL in 125 mL shaking flasks or, alternatively and for larger-scale
production, in a total volume of 100 mL in 500 mL shaking flasks, respectively. Cells
were expanded for 16 h in the absence of antibiotics followed by vector particle
harvest. To obtain cell-free vector preparations, harvested supernatants were passaged
through a 0.45 um pore size PVDF filter (Carl Roth, Germany). To concentrate vectors,
20mL of VPC supernatants were reduced to 1 mL using ultrafiltration devices
Vivaspin 20 (50.000 MWCO; Sartorius, Germany). Different dilutions of vector

samples in total volumes of 1 mL were subjected to transduction of target cells
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overnight. The following day, 1 mL of cultivation medium was added to transduced
cells. Three days post transduction, cells were detached and analyzed employing flow
cytometry (S3e, Bio Rad, USA; CytoFLEX, Beckman Coulter Life Sciences, USA) to
determine the percentage of EGFP-positive cells. Vector titers were calculated as
described previously by Salmon and Trono (2007) employing supernatant dilutions

resulting in gene transfer efficiencies between 1.0 % and 10.0 % EGFP-positive cells.

3.2.4 DETECTION OF REPLICATION-COMPETENT RETROVIRUSES (RCRS) AND
RECOMBINATION OF THE TRANSFER VECTOR WITH THE GAG GENE OF THE
PACKAGING CONSTRUCT

To ensure that detected gene transfer efficiencies were purely a result of vector-

mediated transduction and not caused by the unintended generation of RCRs

originating from the recombination of vector components, GFP marker rescue assays
were performed in triplicate in two independent experiments as previously described
in detail (Cosset et al., 1995; Berg et al., 2019). Briefly, 1.5 x 10° susceptible NIH/3T3
target cells harboring the transfer vector LEGFP-N1 (Clontech, USA) and selected
using 1000 ug/mL G418 were seeded on the day of transduction in T75 flasks without
antibiotics. Cells were exposed to pre-titrated supernatants of VPC-MSCV-EGFP
containing 2 x 107 TU of MLV (PVC-211) viral vectors. Upon the expansion of cells for
at least five days without passage or medium exchange, potentially RCR-containing
supernatants were harvested, and contaminating cells were removed by passage
through a 0.45 um filter. Naive NIH/3T3 cells were exposed to these supernatant
preparations and expanded for three days. Subsequently, cells were examined using
flow cytometry and fluorescence microscopy to detect EGFP-positive cells resulting
from the mobilization of the transfer vector by potentially generated RCRs. In
addition, a reverse transcriptase (RT) assay with a detection sensitivity of 10 pg RT per

40 ul sample (Colorimetric reverse transcriptase assay, Roche, Switzerland) was

conducted following the manufacturer’s instructions using cell-free supernatants from

VPC-MSCV-EGEFP as positive control and transduced NIH/3T3/LEGFP-N1 and “RCR-

transduced” naive NIH/3T3 cells as control samples. The same procedure was

repeated after 14 days of cultivation. To assess the potential recombination with the
gag/pol genes and the transfer vector components we first established highly
susceptible African green monkey COS-7 cells recombinantly expressing the ecotropic
receptor mCAT. Briefly, cells were co-transfected with the transposase construct CMV-

SB100x and the construct SB-mCATIpW, which enables receptor expression coupled

to a puromycin resistance gene as described previously (Berg et al., 2019). Resulting

COS-7mCAT cells were subsequently selected upon expansion in the presence of
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3 ug/mL puromycin. Highly susceptible 1.5 x 10° COS-7mCATcells were transduced
using 2 x 107 TU of MLV (PVC-211) vector particles and expanded. The experiment was
conducted in triplicate. Four days post transduction, cell-free supernatants were
employed to conduct the aforementioned RT-assay. Cells were also analyzed
employing flow cytometry to detect successful transduction and expression of the egfp
reporter gene. In parallel, genomic DNA was harvested using the Monarch® genomic
DNA purification kit (NEB, USA). An equivalent of 10,000 genomes (60 ng) of genomic
DNA originating from transduced COS-7mCAT cells and non-transduced cells
serving as a negative control were used to perform genomic PCR using the Phusion®
High-Fidelity DNA Polymerase following the manufacturer’s instructions (NEB,
USA). Genomic DNA of VPC-MSCV-EGFP cells served as a positive control. In parallel
and to determine the sensitivity of gag detection, serial dilutions of the packaging
construct SB-gpIpW were mixed with 60 ng of genomic DNA of COS-7mCAT cells.
Using the oligonucleotides GAG-for (5'-GCTCTGCA GAATGGCCAACCTTTAAC-3)
and GAG-rev (5'-CCTGCGATAGGCTTC CTTAAGTCTC-3') generating amplicons of
a size of 1019 bp, genomic PCR was performed with an initial denaturation step of 30 s
at 98 °C, followed by denaturation for 10 s at 98 °C, annealing for 30 s at 60 °C and
elongation for 30 s at 72 °C. 35 cycles were conducted followed by a final extension

step for 5 min at 72 -C.

3.2.5 DETECTION OF THE TRANSPOSASE GENE IN VPC-MSCV-EGFP PACKAGING
CELLS

The unintended integration of the transposase coding region into genomes of the
packaging cell VPC-MSCV-EGEFP as a result of stable transfection could potentially
lead to genetic instability, and thus loss of vector particle productivity. To examine
this, we conducted genomic PCR analysis. Genomic DNAs were purified from naive
293-F and VPC- MSCV-EGFP cells as aforementioned. 60 ng of genomic DNA of naive
293-F cells served as a negative control. To determine the sensitivity of SB100x coding
region detection, serial dilutions of the transposase construct CMV-SB100x were mixed
with 60 ng of genomic DNA of 293-F cells. The oligonucleotides SB100x-for (5'-
ACAGGACATTCTGGA-  GAAACGTGCTGTGG-3') and  SB100x-rev  (5-
TTCTTCAGCTCGGCCCA- CAGATTCTCG-3') amplifying a DNA fragment of 436 bp
were employed to performed genomic PCR using the Phusion® High-Fidelity DNA
Polymerase (NEB, USA). The amplification conditions included an initial denaturation
step of 30 s at 98 °C, followed by 35 cycles of denaturation for 10 s at 98 °C, annealing
for 15 s at 63 °C and elongation for 30 s at 72 °C. A final extension step for 5 min at

72 °C was performed.
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3.2.6 MURINE HSPC ISOLATION AND CULTURE

Bone marrow (BM) was collected from C57BI/6 mice by flushing femurs and tibias
with IMDEM, 10 % fetal calf serum (Gibco, Germany), 1 % L-Glutamine 2 mM (Gibco,
Germany) and 2 % penicillin/streptomycin (50 U/mL and 50 mg/mL, PAA, Pasching,
Austria). Mononuclear cells were isolated by gradient centrifugation on Histopaque
(Percoll; Sigma Aldrich, Germany) at 760 g for 20 min at RT, no brake. Subsequently,
the interphase was collected and washed with 35 mL cold PBS. The cell pellet was
resuspended in PBS pH 7.2 supplemented with 0.5 % BSA and 2 mM EDTA for further
magnetic cell sorting (MACS) purification of lineage marker-negative (lin—) cells using
the MACS Lineage Cell Depletion Kit (Miltenyi Biotec, Germany). All steps were
performed as described within the manufacturer’s protocol. Purified lin- cells were
diluted in fetal calf serum supplemented with 10 % DMSO and frozen in cryogenic
storage vials at a slow cooling rate of 1°C/min. Cells were stored at -80 °C or

transferred to liquid nitrogen.

3.2.7 TRANSDUCTION OF HSPCSs

Murine HSPCs were transduced with the MLV (PVC-211) vectors harvested from VPC-
MSCV-EGEFP cells as described in Modlich et al. (2009). Practically, 5 x 10° lin-BM cells
were thawed and pre-stimulated for three days in serum-free medium (StemSpan,
Stem- Cell Technology, Grenoble, France), 2 mM glutamine (Gibco, Germany), 1 %
penicillin/streptomycin containing 50 ng/mL mSCF, 100 ng/mL hFIt3L and 100 ng/mL
hIL-11. Cells were incubated at 37 °C and 5% CO: in a humidified cell culture
incubator. After three days of pre-stimulation, a 24-well plate was pre-loaded with
10 pg/cm? of recombinant human fibronectin fragments RetroNectin® (48 ug/mL,
TaKaRa, France) for 30 min at RT, then blocked with 2 % BSA in PBS for 30 min at RT
and finally washed once with HBSS/Hepes Buffer (2.5 %, v/v; Moritz et al., 1996).
Retroviral vector particles diluted in ice-cold PBS were added at different multiplicities
of infections (MOIs) multiplied by two. During coating, 40 % —50 % of the vector
particles remained unbound as previously described (Modlich et al., 2009). This
observation was reconfirmed in this study conducting transduction experiments
employing naive SC-1 target cells (data not shown). The plate was then centrifuged at
700 g for 30 min at 4°C. Unbound particles within PBS were removed and
2 x 105 HSPCs were seeded in 500 pL Stem- Span + Cytokines as described above onto
each well. Cells were then incubated at 37 °C, 5 % CO: a humidified cell culture
incubator for 48 h. Successful transduction was detected using flow cytometry for the

expression of EGFP. Viability of cells was examined two days post transduction using
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the 0.1 % (v/v) Erythrosin B (Carl Roth, Germany) and DAPI solution (Thermo Fischer;

USA) in accordance with the manufacturer’s instructions, respectively.

3.3 RESULTS

3.3.1 ESTABLISHMENT OF THE PACKAGING CELL LINE VPC-MSCV-EGFP AND VECTOR
TITRATION

To establish a stable retroviral suspension VPC human HEK 293-F cells were co-

transfected with the transposon vectors SB-gpIlpW (packaging construct), SB-elhW

(envelope construct), the transposase construct CMV-SB100x as described earlier (Berg

et al., 2019) and the murine stem cell virus transfer vector SB-MSCV-EGFP shown in

Figure 4.
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FIGURE 4: Schematic illustration of the constructs used in this study and experimental design of cell line
establishment and retroviral vector- mediated gene transfer. (A) The transfer vector SB-MSCV-EGFP
with the 5'- and 3'-terminal inverted repeats (TIRs; black arrows) of Sleeping Beauty flanking the 5'- and
3'-long terminal repeats (LTRs; dotted arrows) of murine embryonic stem cell virus (MSCV) and the
packaging signal W are indicated. Core chicken beta- GLOBIN insulator sequences (cHS4) shield the
retroviral transfer vector on both sides. The transcription of the full-length transfer vector entailing the
reporter gene egfp and the neomycin-resistance gene (neoR) is driven by the viral promoter located in the
5-LTR. A synthetic intron (In) and the Woodchuck hepatitis virus post transcriptional regulatory
element (WPRE) are shown. Restriction motifs for the insertion of the entire transfer vector sequence
are indicated. In the packaging construct SB-gpIpW, a CMV promoter/enhancer element (pCMV) drives
the expression of the MoMLYV genes gag/pol followed by a synthetic intron, an internal ribosome entry
site (IRES), a puromycin-resistance gene (puroR), the WPRE and the polyadenylation signal (p(A)) of the
bovine growth hormone gene. The envelope construct SB-elhW encompasses the human codon-
optimized ecotropic envelope gene (env) derived from the Friend MLV molecular clone PVC-211 and the
hygromycin-resistance gene (hygR) again coupled by a In and an IRES. The transposase construct CMV-
SB100x harbors the human codon-optimized gene of the hyper-active Sleeping Beauty transposase
variant SB100x. (B) All constructs were co- transfected into human suspension 293-F cells. (C)
Application of selection pressure using escalating concentrations of all three antibiotics, namely,
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puromycin, neomycin (G418) and hygromycin resulted in the establishment of the polyclonal packaging
cell line VPC-MSCV-EGEFP. (D) Ecotropic MLV(PVC-211) pseudotype vector particles were harvested
from cell-free expression medium in the absence of antibiotics. (E) Vector titration experiments were
conducted using murine NIH/3T3 fibroblast and myeloblast-like 32D target cells. (F) Murine
hematopoietic linage-negative stem and progenitor cells (HSPCs) were transduced utilizing different
multiplicities of infection (MOlISs) to assess gene transfer efficiency.

Four days post transfection, cells were kept at a density of 2 x10° cells/mL and
subjected to selection in the presence of antibiotics as described in the materials and
methods section. As a last selection step, all three antibiotics were added for seven
days at a final concentration of 10 ug/mL puromycin, 200 ug/mL hygromycin and
200 pg/mL G418 giving rise to the new packaging cell VPC-MSCV-EGFP. Cell-free
MLV(PVC-211) vector-containing supernatants were harvested from VPCs grown
without selection pressure for at least 8 h. Vector preparations were titrated using
murine NIH/3T3 fibroblast and 32D myeloblast-like target cells followed by flow

cytometric analysis to detect successfully transduced EGFP-positive cells.

As shown in Table 2A, titrations conducted in triplicate revealed high mean vector
titers of 5.2x10°TU/mL in NIH/3T3 and 4.0 x10°TU/mL in 32D target cells
underlining the high productivity of the packaging cell line VPC-MSCV- EGFP.
Contaminations of vector preparations with RCRs were not detected in two
independent experiments performed in triplicate using a GFP marker rescue-assay
with an estimated sensitivity of one RCRin 1 x 107 TU/mL containing VPC supernatant
(Cosset et al., 1995). In addition, and four- and ten-days post transduction, cell-free
supernatants of NIH-3T3/LEGFP indicator cells transduced with MLV(PVC-211)
vector preparations did not reveal any detectable reverse transcriptase-activity (data

not shown).
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TABLE 2: Transduction-competent vector particles harvested from the packaging cell VPC- MSCV-EGEFP.
(A) Fresh vector preparations harvested from a total VPC culture volume of 20 mL were titrated in
triplicate using NIH/3T3 and 32D murine target cells. Standard deviations (SD) are indicated. (B) In four
independent experiments, cell-free supernatants were harvested from cultivation volumes of 20 mL
from cultivations in 125 mL shake flask (experiments 1, 2 and 3) or from 100 mL after scale-up
employing 500 mL shake flasks (experiment 4). MLV vector particles were subsequently concentrated
using ultrafiltration, stored at —80 °C and thawed for titrations performed in triplicate in NIH/3T3 target
cells.

A
Target cells Mean Titer [TU/mL] SE
NIH/3T3 b.2x10P +0.36 x10°
32D 4.0x10° +0.34 x10°
B
Experiment Mean Titer [TU/mL] SE
1 3.7 % 10° +0.36 x10°
2 6.8 x 10° +0.34 x10°
3 1.4 x 107 +0.97 x10°
4 8.1x 10° +0.17 x10°

The MSCV-derived transfer vector employed here contained 5'-gag gene sequences in
the packaging signal. This could potentially mediate recombination events with the
packaging construct encoding Gag/Pol. We therefore examined if gag sequences were
unintendedly transduced into susceptible target cells. COS-7mCAT cells were
transduced in triplicate using a high MOI of 13.3. Four days post transduction,
successful gene transfer was detected using flow cytometry analysis revealing the
expression of EGFP in 85.0 %, 85.6 % and 85.5 % of the target cells, respectively (data
not shown). Using a colorimetric RT-assay, no detectable RT-activities were observed
in cell-free supernatants (data not shown). As shown in Figure 5, gag DNA fragments
with the expected size of 1019 bp could be amplified with a sensitivity of 10 copies in
10,000 genomes using templates of genomic DNA isolated from naive COS-7mCAT
cells mixed with different amounts of the plasmid SB-gpIpW. Amplicons were also
readily detected using genomic DNA of VPC-MSCV-EGFP cells serving as a positive
control while no amplicons were observed employing genomic DNA of non-

transduced naive COS- 7mCAT cells utilized as a negative control. Gene transduction
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of gag was detected in all three samples of transduced COS-7mCAT cell populations
with an estimated copy number in the range of 10-100 per 10,000 cell genomes.
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FIGURE 5: Detection of gag gene sequences in genomic DNA of transduced COS-7mCAT target cells.
60 ng of genomic DNA of untreated COS-7mCAT cells equivalent to 10,000 genomes was mixed with
different amounts of the packaging construct SB-gpIpW to determine the sensitivity of gag detection.
The same amount of genomic DNA isolated from COS-7mCAT cells transduced in three experiments
as well as the genomic DNA of VPC-MSCV-EGFP and naive untreated COS-7mCAT cells serving as
positive and negative controls, respectively were employed as templates for PCR yielding amplicons
with a size of 1,019 bp. MW, DNA marker.

3.3.2 DETECTION OF THE TRANSPOSASE GENE IN VPC-MSCV-EGFP CELLS

The undesired integration of the transposase coding region into genomes of the
polyclonal packaging cell VPC-MSCV-EGFP and the sustained expression of the
SB100x protein could potentially facilitate excision and/or translocation of TIR-flanked
transfer vectors, envelope and packaging construct expression cassettes causing
genetic instability leading to a loss of productivity. To examine this, genomic DNA
was isolated from packing cells and naive 293-F serving as a negative control. Genomic
PCR-analysis was performed using SB100x coding region- specific oligonucleotides.
Detection of the transposon gene resulted in the amplification of DNA fragments with
a size of 436 bp. To assess the sensitivity of the genomic PCR, serial dilutions of the
CMV-5B100x transposase construct were mixed with the equivalent of 10,000 genomes
(60 ng of genomic DNA). As visible in Figure 6 and with a sensitivity of 10 copies in

1000 genomes, no integrated transposase gene could be detected in the packaging cells.
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FIGURE 6: Detection of the transposase gene in genomic DNA of VPC-MSCV-EGFP cells. 60 ng of
genomic DNA naive 293-F cells equivalent to 10,000 genomes was mixed with different amounts of the
transposase construct CMV-5B100x to determine the sensitivity of detection. The same amount of
genomic DNA isolated from VPC-MSCV-EGFP cells as well as the genomic DNA of naive 293-F serving
as a negative control were used as templates for PCR yielding amplicons with a size of 436 bp. MW,
DNA marker.

3.3.3 PREPARATION OF FROZEN HIGH-TITER MLV (PVC-211) VECTOR STOCKS

To prepare high-titer vector stocks, four independent vector particle harvests were
performed. In three cases, VPCs were cultured in a total volume of 20 mL using 125 mL
shake flasks. In order to demonstrate the easily performed scale up, one vector
preparation was harvested from a total volume of 100 mL in 500 mL shake flasks. Cells
were seeded in 100 mL media at a density of 1 x 10° cells/mL and readily expanded. In
all cases and regardless of the scale, cells were seeded at a density of 5 x 10° cells/mL
16 h prior to vector particle harvest as described. In all four experiments conducted
over a period of more than three months, and thus multiple passages, cell-free
supernatants were concentrated 20-fold using the ultrafiltration device Vivaspin 20
and aliquots of 200 uL were stored at —80 °C. Upon thawing, vector samples were
titrated in triplicate in NIH/3T3 target cells. As shown in Table 2B, vector titers ranging
from 3.7 x 10° to 1.4 x 107 TU/mL were detected indicating that MLV(PVC-211) vector
particle samples could be concentrated using ultrafiltration devices and even after one
freeze-thaw-cycle reproducibly yielded high titers. Moreover, the production scale-up
by a factor of five to a final volume of 100 mL resulted in vector preparations reaching

8.1 x 10° TU/mL indicating no loss of productivity.
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3.3.4 TRANSDUCTION OF MURINE BONE MARROW-DERIVED HEMATOPOIETIC STEM
CELLS
Encouraged by the aforementioned results and for the first time, we examined
MLV(PVC-211) pseudotype vector-mediated gene transfer efficiencies into HSPCs.
Therefore, three vector preparations (A, B and C) harvested over a period of time of
more than three months were thawed and titrated in murine SC-1 embryonal fibroblast
revealing titers of 5.6 x 10¢, 2.6 x 10° and 3.0 x 10° TU/mL, respectively. Using MOIs of
two, four and six, 2 x 10° bone marrow-derived lin- HSPCs were transduced in the
presence of RetroNectin® as described in detail in materials and methods. Untreated
naive cells served as negative controls. As shown in Table 3, two days post
transduction, gene transfer was readily detected using flow cytometry revealing
27.1 %, 19.4 % and 25.0 % EGFP-positive cells, respectively, upon transduction at a
MOI of two.

TABLE 3: Transduction efficiencies in target murine linage-negative hematopoietic stem and progenitor
cells (HSPCs) using ecotropic MLV(PVC-211) pseudotype particles produced by VPC-MSCV-EGEFP.
Bone marrow-derived HSPCs were transduced employing multiplicities of infection (MOIs) of two, four
and six in five different experiments using three individually harvested vector preparations (A, B and
C). Two days post transduction, genetically modified EGFP-expressing cells were detected using flow
cytometry. Cell viabilities were detected in parallel using DAPI stain respectively.

Experiment  Vector preparation MOI EGEFP [%] Viability [%l]
1 A 2 25.0 89.6
2 B 2 19.4 89.8
3 C 2 27.1 90.0
4 C + 34.6 86.0
5 C 6 87.2 88.0

This demonstrated the efficient gene transduction at a low MOI into primary murine
HSPCs using MLV(PVC-211) pseudotype vector particles produced by the new
suspension VPC. Employing MOIs of four and six higher gene transfer efficiencies of
34.6 % and 37.1 %, respectively, were achieved. Cell viability ranged from 86.0 %-—
90 %.
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34 DISCUSSION

Efficient gene transfer into murine hematopoietic cells is a prerequisite for studies
aiming at the examination of genetic disease mechanisms and the development of
therapeutic approaches. Ecotropic MLV-derived vector particles mediate efficient
gene transfer into HSPCs and differentiated lineages. To date, only adherent high
vector titer producing ecotropic VPCs exist rendering the production of vectors at
larger-scales cumbersome and time-consuming. As a POC study, we extended the
previously reported concept of rapidly establishing MLV-derived VPCs using
adherent HT1080 cells to human suspension 293-F host cells employing multiplex
transfection and transposition (Berg et al., 2019). For the first time, we demonstrated
the establishment of an ecotropic suspension VPC cultivated under serum-free
conditions. The observed vector titers yielding more than 1 x 10¢ TU/mL in NIH/3T3
target cells were superior to previously reported productivities of ecotropic
suspensions VPCs derived from human lymphoblast WIL-2 cells reaching only up to
7.5 x 10° TU/mL in the same target cells (Chan et al., 2001). Nonetheless, yielded titers
using VPC-MSCV-EGFP were in the expected range according to previous reports
using the human host cell lines CEM and Namalwa (Pizzato et al., 2001; Reusf et al.,
2007). However, and in contrast to VPC-MSCV-EGFP, these packaging cells produced
retroviral vector particles pseudotyped with the Env proteins of gibbon ape leukemia
virus (GaLV), amphotropic MLV-4070Amc and dual-tropic MLV-10Almc,
respectively. The generated titers ranged from 4 x 10° up to 1 x 10 TU/mL in a variety
of murine and human target cell lines. We also showed that high-titer vector stocks
could be generated using ultra-filtration and storage at —80 °C. Upon thawing, titers in
the range of 3.7 x 10° to 1.4 x 107 TU/mL were readily detected. The vector particle
harvests were conducted over a period of more than three months indicating a
sustainable high productivity of the VPC under continuous selection pressure.
Moreover, the scale-up of the serum-free production process to a five-fold higher
volume did not impair VPC productivity. Consequently, we anticipate that VPC-
MSCV-EGFP would also be of utility for the even larger-scale production processes
using bioreactor systems. In addition to murine NIH/3T3 fibroblasts, murine myeloid-
like 32D cells were shown to be efficiently transduced. This prompted us to assess the
ability of MLV(PVC-211) pseudotype vectors to mediate efficient transduction of
primary murine HSPCs. Reaching transduction rates of 27.1 %, 19.4 % and 25.0 %
EGFP-positive cells, respectively, demonstrated the efficient gene transfer at a low
MOI of two. Li and co-workers (2003) reported similar transduction efficiencies,
namely, 21.4 %, 23.1 % and 29.7 % using ecotropic MLV vector particles produced by
the stable adherent VPC Phoenix-ECO, and thus decorated with the Env proteins of
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MoMLYV (Li et al., 2003). The transduction protocol used, showed also similarity to the
one applied in this study, using RetroNectin®-coated culture dishes, vector samples
titrated in SC-1 cells and transduction of lin- HSPCs three days post isolation from
mice. However, Li et al. employed a MOI of six to achieve the aforementioned gene
transfer efficiencies, and thus three times more vectors per target cells as compared to
our report here using a MOI of only two. In addition, when we employed MOIs of four
and six, superior transduction efficiencies of 34.6 % and 37.1 %, respectively, were
observed. This could indicate that the MLV(PVC-211) vectors are superior to MLV
(MoMLV) particles in mediating transduction efficiencies into HSPCs. However, and
to prove this assumption, a thoroughly conducted study comparing the two vector
particle types would need to be performed. Therefore, both VPCs producing the two
different ecotropic vector particles should be generated using identical transfer vectors
and expression cassettes in the packaging and envelope constructs with the exception
of the encompassed env genes. In addition, both VPCs would need to be cultivated in
identical conditions as differences could presumably have a significant influence on
transduction efficiency. An identical transduction protocol would be indispensable to
obtain conclusive results. We observed constant vector particle productivity of VPC-
MSCV-EGFP over a period of more than three months. This did not indicate genetic
instability potentially caused by the undesired stable integration and expression of the
transposase gene encoding SB100x mediating the ongoing excision and/or
translocation of packaging components. However, we performed genomic PCR-
analysis of the polyclonal packaging cells to examine this possibility. With a sensitivity
of at least 10 copies in 1000 genomes we were unable to detect SB100x coding
sequences. VPC-MSCV-EGEFP cells were established using selection pressure applied
by three antibiotics at escalating concentrations. We thus anticipate that the polyclonal
VPC consists of only a small number of individual clones. In summary, our data make
it feasible to assume that the VPC was free of any contamination with the transposase
gene. In this POC study, we generated a second generation VPC expressing the
structural genes gag/pol and env devoid of LTRs and other non-coding retroviral
sequences from two separate constructs in trans. To minimize sequence homologies
the packaging construct encompassed wild-type MoMLV coding sequences whereas
the PVC-211mc env gene originated from FrMLV and, in addition, was human codon
optimized (Berg et al, 2019) to minimize sequence homologies. Obviously, both
constructs contained the same CMV-derived promotor/enhancer and IRES elements.
To our knowledge, this was not reported in previous studies to result in the generation
of RCRs in VPCs containing packaging and envelope constructs sharing such genetic

elements (Morita et al., 2000). Although we used a first-generation transfer vector, we
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did not detect any generation of RCRs in VPC-MSCV-EGEFP cells employing RT- and
transfer vector rescue-assays. However, the transfer vector employed here contained
a 5'-gag coding sequence. This sequence homology of the packaging construct and the
transfer vector most likely led to recombination events resulting in the transduction of
the gag coding region within a range of 10-100 copies per 10,000 cell genomes.
However, no detectable RT-activities were observed in supernatants of the transduced
target cells indicating that no functional pol genes were transduced. In future
approaches and to further improve the safety profile and minimizing the risk of
undesired gag gene transfer by homologous recombination with the transfer vector,
gag gene sequences could be eliminated from the transfer vector packaging signal
sequence without significantly affecting vector titer or transgene expression (Kim et
al., 1998). Furthermore, self-inactivating (SIN) transfer vectors could be used harboring
a large deletion of the viral promoter in the U3-region of the 3'-LTR (Maetzig et al.,
2011; Sinn et al., 2005). The 3'-LTR in the plasmid configuration is copied into the 5'-
LTR in a target cell upon retroviral vector-mediated transduction, and thus does no
longer enable full-length transcription of the transfer vector also excluding the risk
associated with MLV promoter activity altering cellular gene expression profiles
potentially leading to insertional mutagenesis. Troyanovsky and co-workers (2015)
reported the production of SIN y-RV vector particles employing a piggyBac based
transposon vector system. We thus anticipate that also the utilization of SIN transfer
vector cassettes could be successfully stably integrated in VPCs using Sleeping Beauty-
derived transposon vector systems to address potential safety concerns. Although not
attempted here, it seems feasible to assume that our transposon vector-based approach
would also enable the establishment of 293-F based VPCs only expressing the
structural gag/pol and env genes, including heterologous env genes of GaLV, MLV-
4070Amc, RD114 and dual-tropic MLV-10A1mc to expand the tropism of pseudotyped
vector particles to human cells. This would allow for subsequent flexible utilization
using different transfer vectors encoding a variety of different transgenes of interest.
The transfer vector constructs could be transiently or stably transfected, followed
either by direct vector particle harvest two days post transfection or subsequent
stringent selection for transgene-positive cells resulting in stable VPCs for continuous
particle production, respectively. In another approach, transfer vector cassettes could
also be stably integrated in such VPCs using Sleeping Beauty based transposon vectors
co-transfected with a transposase construct as employed here. This may potentially
lead to the undesired decrease of structural viral gene copy numbers per cell, and thus
fading structural protein expression in some cell clones upon excision of the respective

expression cassettes due to transient overexpression of the transposase. Yet, these cells
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could be depleted using stringent selection employing high concentrations of the
antibiotics (here puromycin and hygromycin) as the respective resistance genes are
coupled to the expression of the gag/pol and env genes in our constructs. Alternatively,
transposon vectors entailing the retroviral transfer vector cassette derived from other
transposons could be used to circumvent this potential limitation. For example, a
piggyBac-derived two-component vector system could be used to stably integrate the
transfer vector (Troyanovsky et al., 2015). This way, the piggyBac transposase would
not recognize the Sleeping Beauty TIRs and hence would not mediate the excision of

packaging and envelope expression cassettes.

3.5 CONCLUSIONS

In summary, we demonstrated in this POC study the utility of transposon vectors and
multiplex transfection for the rapid establishment of a suspension packaging cell line
yielding high titers of ecotropic MLV(PVC-211) pseudotype vector particles. The
yielded vectors mediated efficient gene transduction into murine cell lines and
primary lin- HSPCs. The formation of RCRs was not detected. However, and as a first-
generation transfer vector was used, recombination with gag gene sequences were
detectable. To improve biosafety profiles, future VPCs should be established
employing second or third generation transfer vectors. Under constant selection
pressure, the VPC described here consistently produced high-titer viral vector
particles over a period of more than months. The stable integration of the transposase
gene potentially causing genetic instability was not detected. The cultivation in shake
flasks could easily be scaled-up to greater volumes without any notable loss of
productivity. We thus anticipate that future 293-F cell-derived suspension VPCs
established utilizing transposon vector technology should be applicable to bioreactor

systems producing high titers of viral vectors at industrial scale.
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Abstract:

To date, the establishment of high-titer stable viral packaging cells (VPCs) at large-
scale for gene therapeutic applications is very time- and cost-intensive. Here we report
the establishment of three human suspension cell-derived ecotropic murine leukemia
virus (MLV)-based VPCs. The classic stable transfection of an EGFP-expressing
transfer vector resulted in a polyclonal VPC pool that facilitated cultivation in shake
flasks of 100 mL volumes and yielded high functional titers of more than 1 x 10°
transducing units/mL (TU/mL). When the transfer vector was flanked by transposon
terminal inverted repeats (TIRs) and upon co-transfection of a plasmid encoding for
the transposase, productivities could be slightly elevated to more than 3 x 10° TU/mL.
In contrast, using mRNA encoding for the transposase, as a proof of concept,
productivities were drastically improved by more than ten-fold exceeding 5 x 107
TU/mL. In addition, these VPC pools were generated within only three weeks. The
production volume was successfully scaled up to 500 mL employing a stirred-tank
bioreactor (STR). We anticipate that the stable transposition of transfer vectors
employing transposase transcripts will be of utility for the future establishment of
high-yield VPCs producing pseudotype vector particles with a broader host tropism

at large scale.

Keywords: sleeping beauty transposon, mRNA transfection, suspension cell,

retroviral vector, murine leukemia virus (MLV), stirred-tank bioreactor, gene therapy
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4.1 INTRODUCTION

Retroviral and lentiviral vectors represent more than 25 % of all viral vectors used in
somatic gene therapy today (Ginn et al., 2018). Retroviral vectors mediate efficient
stable gene transfer into a variety of cell types including early progenitor and
hematopoietic stem cells. This qualifies these vectors to be the favorite choice for the
treatment of inherited monogenic diseases. The majority of clinical trials aim at the
treatment of adenosine deaminase-deficient severe combined immunodeficiency
(ADA-SCID; (Blaese et al., 1995; Aiuti et al., 2002; Gaspar and Thrasher, 2005); X-linked
severe immunodeficiency (SCID-X1; (Cavazzana-Calvo et al., 2000; Howe et al., 2008;
Hacein-Bey-Abina et al., 2014; Cavazzana et al., 2016) or Wiskott-Aldrich syndrome
(WAS; (Boztug et al., 2010; Braun et al., 2014; Hacein-Bey Abina et al., 2015; Ferrua et
al., 2019)).

Gamma-retroviral vectors based on murine leukemia virus (MLV) can be produced
continuously employing stable viral packaging cells (VPCs) expressing the viral
structural genes gag/pol (packaging construct), env (envelope construct) and a transfer
vector harboring the gene of interest in trans (Maetzig et al., 2011). Most commonly, a
transfer vector-free clonal VPC is first generated by screening numerous cell clones for
particle production efficiencies (Miller, 1990; Cosset et al., 1995; Morita et al., 2000;
Wang et al.,, 2015). In a second step, the transfer vector of choice is stably transfected
followed again by a time-intensive screening of cell clones yielding high-titer vector
preparations. To date, mostly adherent VPCs derived from human cell lines are used
for clinical grade vector productions hampering the scale-up for preclinical and clinical
trials (Coroadinha et al.,, 2010; Park et al.,, 2018). In contrast, VPCs that grow in
suspension at higher densities as well as in serum-free media allow for viral vector
productions in large bioreactors. In pioneering studies, Ghani and colleagues (Ghani
et al., 2006, 2007) established a retroviral packaging cell line derived from a human
suspension 293SF cell producing retroviral titers of up to 4 x 107 transducing units per
mL (TU/mL) comparable to yields obtained with adherent VPCs. However, a time-
intensive screening needed to be conducted to identify a high-yield transfer vector-

positive VPC clone.

We previously reported on the generation of a stable polyclonal VPC using Sleeping
Beauty (SB)- derived transposon vectors encompassing MLV-derived retroviral vector
components, namely, an enhanced green fluorescent protein (EGFP) encoding transfer
vector (pSB-LEGFP-N1), a packaging (pSB-Gag/Pol) and an ecotropic envelope
construct (pSB-Env) were co-transfected with a transposase expression vector

(pSB100X). Within three weeks, stable human adherent, as well as suspension VPCs
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were generated. These VPCs produced MLV-based vectors at high titers efficiently
transducing murine-/ and hamster cell lines, murine hematopoietic stem, and early
progenitor cells (HSPCs) as well as cell lines from different donor species recombinant
expressing the murine cationic amino acid transporter (mCAT; (Berg et al., 2019; van
Heuvel et al., 2021). Here, we describe the establishment of a polyclonal 293-F-derived
human suspension cell called MuPACK.e in only three weeks employing SB- and

MLV-based packaging components.

Moreover, we examined whether the time-intensive screening for high-titer cell clones
upon introduction of a transfer vector can be omitted. Therefore, we compared three
different approaches: MuPACK.e cells were i) stably transfected with the transfer
vector plasmid pLEGFP-N1 harboring the reporter gene egfp and a neomycin resistance
gene (neoR) - the most commonly used approach. ii) The transfer vector plasmid now
encompassing the TIRs of SB flanking the transfer vector cassette (pSB-LEGFP-N1) was
co-transfected with the transposase-expression plasmid pSB100X construct. iii) To
increase biosafety and to exclude the genomic integration of pSB100X, and thus the
potential sustained expression of the transposase possibly resulting in the re-
mobilization of vector components, we co-transfected pSB-LEGFP-N1 together with in
vitro transcribed mRNA encoding the highly active SB100X transposase (Bire et al.,
2013; Kebriaei et al., 2017; Tschorn et al., 2022). Subsequently, all three cell pools were
selected for high transfer vector expression using escalating concentrations of
neomycin (G418). Functional and physical vector titers were assessed conducting
transduction experiments and vector particle quantification using capsid-specific
ELISA and a quantitative reverse transcription PCR (RT qPCR). The most productive
VPC established, using transposase transcripts, was further characterized employing

enhanced cell densities and larger-scale production in an automated STR.

4.2 MATERIALS AND METHODS

4.2.1 CELLS

Embryonic human kidney suspension FreeStyle™ 293-F cells (Thermo Fisher
Scientific, USA) were grown in FreeStyle™ 293 expression medium (Gibco, USA) or
Dynamis™ supplemented with 8 mM L-glutamine (for STR, Gibco, USA) or
GlutaMAX™ (for shake flasks, Gibco, USA). Cells were cultured at 37 °C, 8 % CO», and
at 137 rpm in shake flasks (Thermo Fisher Scientific, USA) using a Minitron shaker
incubator (INFORS HT, Switzerland) with an orbit of 5 cm. The adherent NIH/3T3
murine fibroblast target cells (ATCC CRL-1658) were maintained in Dulbecco’s
modified Eagle medium high glucose, pyruvate (DMEM; Gibco, Germany),
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supplemented with 10 % fetal bovine serum (FBS; Gibco, USA) at 37 °C in a humidified
atmosphere at 5 % COz. Cell number and viability was accessed using a cell counter

(anvajo GmbH, Germany).

4.2.2 PLASMIDS
The MLV-based retroviral transfer vector pLEGFP-N1 (Clontech, USA) harbors the

enhanced green fluorescent protein (EGFP) and the neomycin resistance (neoR) genes. The
generation of the transfer vector, the packaging construct, the envelope construct in

transposon vector backbones and the transposase construct was described previously
(Berg et al., 2019).

The SB100X gene was amplified from pCMV-SB100X (Berg et al., 2019) and inserted
into pIVIRup (a gift from Angel Raya (Addgene plasmid #101362;
http://n2t.net/addgene:101362; RRID: Addgene_101362). This plasmid served as a
template for PCR amplification using primers containing the T7 promoter and polyT
tail sequences respectively. The resulting amplicons were subjected to in vitro
transcription (IVT) of SB100X-mRNA using HiScribe™ T7 ARCA mRNA Kit (NEB,
USA) following the manufacturer’s instructions, respectively. After DNase treatment,
the mRNA was purified using the Monarch® RNA Cleanup Kit (NEB, USA). RNA
purity was confirmed using a Tecan Infinite® and stored in aliquots at -80 °C. The final
mRNA encompassed the 5’-Cap, the 5’-UTR, the coding sequence of the transposase,
the 3’-UTR and the polyA tail (Tschorn et al., 2022).

4.2.3 ESTABLISHMENT OF STABLE ECOTROPIC MLV-BASED VECTOR PACKAGING CELLS
MUPACK.E

Packaging cells were generated by co-transfection of 3 x 107 293-F cells in 20 mL shake
flask cultures with 35.6 pug of pSB-Gag/Pol, 11.9 ug of pSB-Env and 2.5 pg of the
transposase construct using polyethylenimine transfection reagent (PEI: DNA mass
ratio of 3:1; linear PEI, 1 mg/mL, MW 40,000; Polysciences Inc., USA). 9 mL fresh
medium was added three hours later and a complete medium exchange was
performed on the following day. Two days post-transfection, cells were subjected to
4 ug/mL puromycin and 50 ug/mL hygromycin (both InvivoGen, France). Every
passage, the concentration of both antibiotics was escalated to a final concentration of
10 pg/mL puromycin and 200 pg/mL hygromycin resulting in a stable VPC bulk
population called MuPACK.e within 21 days.

The subsequent transfections with the respective transfer vectors were performed as

described in detail (Bauler et al., 2020). For 30 million cells a total amount of 16.5 g of
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PDNA/mMRNA was co-transfected. A mass ratio of 1:10 (transposase to transfer vector)
for the plasmid-based transposase construct and a mass ratio of 1:1 for the mRNA
encoding the transposase was used (PEI: DNA mass ratio of 2:1 and PEI:mRNA mass
ratio of 4:1; linear PEI, 1 mg/mL, MW 40,000; Polysciences Inc., USA). The mRNA-PEI
mixes in this case were always prepared in a separate tube and PEI was diluted directly
into the mRNA-medium mixture. VPCs stably expressing a transfer vector were
subjected to neomycin mediated selection pressure four days post-transfection at
increasing concentrations ranging from 50 ug/mL to a final concentration of 200
ug/mL. Two weeks post antibiotic selection with neomycin, all three antibiotics were
added at final concentrations of 10 pg/mL puromycin and 200 pg/mL hygromycin and
neomycin. After three weeks, for transposition-based transfection and 2 months for
classical plasmid-based transfection, and rigorous selection, cells were expanded, and

cryo-stocks were prepared.

4.24 MLV VECTOR PRODUCTIONS IN SHAKE FLASKS AND STR

Stable VPCs were seeded at a viable cell density of 2 x 10° cells/mL in 500 mL shake
flasks in 100 mL antibiotic-free FreeStyle™ medium or Dynamis™ supplemented with
8 mM L-glutamine. After 24 hours of production, retroviral vectors were harvested by
centrifugation at 100 g for 3 min at RT and made cell-free using a PVDF syringe filter
with a 0.45 um pore size (Carl Roth, Germany). Retroviral vector preparations were
frozen at -80 °C in 1.8 mL aliquots. For high-density VPC cultivations, the stable VPC
was seeded at 4 x 10° cells/mL in 250 mL shake flasks in 50 mL Dynamis™ medium
supplemented with 8 mM GlutaMAX™ and MLV-based vectors were harvested after
48, 72 and 96 hours.

For larger-scale vector production, cultivation in an STR with a 500 mL working
volume (DASGIP® Parallel Bioreactor System, Eppendorf AG, Cat. 76DG04CCBB) was
performed. The STR was equipped with one inclined blade impeller (three blades,
30° angle, 50 mm diameter) and a macro-sparger. Production parameters are shown in
table 4. Prior to inoculation, the stable VPC MuPACK .e.SB-LEGFP-N1mrna was thawed
and expanded in Dynamis™ medium supplemented with highest concentrations of
antibiotics in shake flasks for two weeks. When cultures showed viabilities > 90 % and
a density of 2 x 10° cells/mL, cells were centrifuged (300 g, 5 min, RT) and the complete
medium was replaced with fresh antibiotic-free Dynamis™ medium. The STR was
inoculated with 0.8 x 10¢ cells/mL and ran at 37 °C, pO2 > 40 %, pH 7.0 (deadband +
0.3), and 150 rpm for 10 days. During cultivation thirteen independent viral vector

harvests (5mL) were taken from the cultivation vessel, made cell-free by
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centrifugation (3000 g, 10 min at 4 °C) and stored at -80 °C. The STR was operated in
batch mode.

TABLE 4: Operating bioreactor production parameters.

Parameter Bioreactor DASGIP® Eppendorf
Basal medium Dynamis™ + 8 mM L-glutamine
Initial working volume 500 mL

Agitation 150 rpm

Agitation direction Downflow

Air flowrate 3L/h

Initial dissolved oxygen (DO) 89.7 %

Temperature 37 *C

pH 7.09 no active control post inoculation
Initial VCD 0.84 x 10° cells/mL

4.2.5 VIRAL VECTOR TITRATION AND FLOW CYTOMETRY

To assess the viral vector titers produced by the established VPCs, 1.0 x 10° adherent
target NIH/3T3 murine fibroblasts were seeded in 2 mL per well in six-well dishes one
day prior to transduction (Nunc, Wiesbaden, Germany). Dilutions of 1:1,000 and
1:10,000 and of retroviral vector samples produced in shake flasks in total volumes of
1 mL were added to target cells. The following day, 1 mL of fresh cultivation medium
was added to transduced cells. Three days post-transduction, the percentage of EGFP-
positive cells was analyzed using flow cytometry (S3e, Bio Rad, USA; FlowJo BD
Biosciences, USA) and used to detect gene transduction efficiencies. Vector titers
described as transducing units per mL (TU/mL) were calculated as follows: titer = (F%
/ (100 x VmL)) x S x D wherein F% is the percentage of GFP-positive transduced cells,
S represents the number of seeded target cells on the day of transduction, D the

dilution factor and VmL the volume of viral vector in mL (Fehse et al., 2004).

For the viral vector titration using vectors produced in STR, adherent target cells were
seeded in 48-well dishes at 1 x 10* cells/well in 0.5 mL one day prior to transduction.
The medium was removed and vector containing supernatant samples in different
dilutions of 1:10, 1:100 and 1:1,000, respectively, in a total volume of 0.25 mL were
added to the target cells. Three days post-transduction, cells were analyzed employing
flow cytometry to determine the percentage of EGFP-positive cells. Vector titers were
calculated as described previously employing supernatant dilutions resulting in gene
transfer efficiencies between 1.0 % and 10.0 % EGFP-positive cells (Salmon and Trono,
2007).
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To detect the fluorescence intensities of the three VPCs or transduced target cells
expressing the EGFP expressing transfer vector, 1 x 10¢ cells were centrifuged at 100 g
for 5 min and the cell pellet was diluted in 1 mL flow cytometry buffer (phosphate-
buffered saline (PBS), pH 7.2, 0.5 % bovine serum albumin (BSA) and 2 mM EDTA).
Prior to flow cytometry, viability was determined using an anvajo cell counter (anvajo
GmbH, Germany). A total of 10,000 gated single cells were subsequently analyzed for
EGFP expression.

4.2.6 QUANTIFICATION OF RETROVIRAL VECTORS USING AN ANTI MLV P30
IMMUNOASSAY

To assess the efficiency of viral vector production, total particle concentration (i.e.,

physical titer) were quantified using a colorimetric MuLV core p30 antigen ELISA kit

(Cell Biolabs, Inc (Cat. VPK-156, USA)). From each cell-free retroviral particle harvest,

one sample was used to detect the total p30 concentration. Samples were thawed from

-80 °C and diluted 1:10,000 in expression medium and assayed in 96-well plates in

duplicate.

4.2.7 QUANTIFICATION OF TRANSFER VECTOR TRANSCRIPTS IN VECTOR PARTICLES
USING RT-QPCR

To quantify the viral vector transfer vector RNA (i.e., physical titer), a real-time reverse

transcription quantitative PCR (RT-qPCR) was performed. Cell-free and viral vector-

containing cell culture supernatant was used for the extraction and purification of

vector RNA according to the manufacturer’s instructions (NucleoSpin® RNA virus kit;

Macherey-Nagel, Germany).

A two-step hot start RT-qPCR with sequence-unrelated tagged primers was used to
specifically quantify viral vector EGFP mRNA copies (Kawakami et al., 2011). Briefly,
an external calibration curve was generated for the EGFP-encoding sequence by
amplifying from the pLEGFP-N1 transfer vector template plasmid using the primers:
T7-gag/EGFP for 5- TAATACGACTCACTATAGGGATGGTGAGCAAGGGC -3 and
T7-gag/EGFP rev 5'- GCTAGCTTCAGCTAGGCATCTTACTTGTACAGCTCGTCC -
3’. 300 ng of the amplicons were in vitro transcribed to RNA for 2 hours at 37 °C using
TranscriptAid T7 High Yield Transcription Kit (ThermoFisher Scientific, USA).
Transcribed RNA standards were treated with 10 vol% DNase (30 min, 37 °C)
followed by 10 vol% EDTA treatment (15 min, 65 °C) and purified using an RNA
isolation kit (Macherey Nagel, Germany).
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Subsequently, a hot start reverse transcription PCR was performed. Here, 1 pl of each
EGFP mRNA sample and of each generated RNA standard (ranging from 5.0E-07 ng
to 5.0E+00 ng), 0.5 pl of dNTPs, 6.5 ul of nuclease-free water and 0.5 ul MLV EGFP
tagged RT primer (rev 5'-GCTAGCTTCAGCTAGGCATCTTACTTGTACAGCTCGT
CCA -3) was first incubated at 65 °C for 5 min and then at 55 °C for 5 min. For cDNA
synthesis, 2 ul of 5X RT buffer (Thermo Fisher Scientific, USA), 1.25 ul of nuclease-free
water, and 0.25 pl of Maxima H minus reverse transcriptase (Thermo Fisher Scientific,
USA) were added and incubated (30 min, 60 °C), before the reaction was terminated
(5 min, 85 °C). The generated cDNA was diluted to 100 ul

To perform the qPCR, 4 pl diluted cDNA, 5 ul of 2X QuantiNova SYBR green PCR mix
(QIAgen, Germany), and 0.5ul each of 1uM primers EGFP gPCR for 5'-
CTCGCCGACCACTACC -3 and EGFP tagged qPCR rev 5'-
GCTAGCTTCAGCTAGGCATC-3" were mixed. For the real-time quantification,
samples were subjected to initial denaturation (5 min, 95 °C), before 40 amplification
cycles (10 s, 95 °C; 20 s, 62 °C) were carried out. The melt curve analysis was between
65 °C and 90 °C. For absolute quantification, a regression curve analysis was
formulated by plotting the CT values of ten-fold diluted RNA standards against the
log10 number of the RNA molecules (Frensing et al., 2014).

4.2.8 DETECTION OF REPLICATION-COMPETENT RETROVIRUSES (RCRS): GFP MARKER
RESCUE ASSAY AND REVERSE TRANSCRIPTASE (RT) ASSAY

To ensure that detected gene transfer efficiencies were purely a result of vector-
mediated transduction and not caused by the unintended generation of RCRs
originating from the recombination of complementary vector components, GFP
marker rescue assays were performed in triplicate as previously described in detail
(Cosset et al., 1995; Berg et al., 2019; van Heuvel et al., 2021). In addition, NIH/3T3
target cells were exposed to vector preparations, expanded and supernatant of
transduced cells was collected after five and twelve days. Subsequently, samples were
examined using a reverse transcriptase (RT) assay with a detection sensitivity of 10 pg
RT per 40 uL sample (Colorimetric reverse transcriptase assay, Roche, Switzerland)
following the manufacturer’s instructions. Supernatants of stable VPCs and NIH/3T3
cells exposed to the supernatant of naive 293-F cells served as positive controls and

negative controls, respectively (data not shown).
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4,29 STATISTICS

An unpaired student’s t test was used to calculate p values. P values of less than 0.05
were considered statistically significant (*(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p <
0.0001)). Graphs and statistics were calculated using GraphPad Prism 7 for Windows
10 software (GraphPad Software, Inc USA).

4.3 RESULTS

4.3.1 GENERATION OF STABLE MUPACK_.E BASED VPCs

The stable polyclonal suspension VPC MuPACK.e based on ecotropic MLV was
established as described using the expression cassettes illustrated in figure 7, namely
the packaging and envelope construct pSB-Gag/Pol and pSB-Env together with the
transposase encoding plasmid pSB100X followed by selection using puromycin and
hygromycin. Upon transfection with the constructs illustrated in table 5, namely, i)
only with pLEGFP-N1, ii) with pSB-LEGFP-N1 and the transposase construct and iii)
with pSB-LEGFP-N1 and the mRNA of SB100X, stable cell pools were established in
the presence of escalating concentrations of neomycin. Cell-free supernatants of the
resultant VPCs MuPACK.e.LEGFP-N1, MuPACK.e.SB-LEGFP-N1 and
MuPACK.e.SB-LEGFP-N1mrna were harvested and frozen at -80 °C. Thawed harvests
were subjected to three independent titration experiments conducted in triplicate
using murine NIH/3T3 target cells. Transduced cells were analyzed three days later

for EGFP expression.
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FIGURE 7: Genetic organization of expression cassettes. (A) In the packaging construct pSB-Gag/Pol, a
CMV promoter/enhancer element (Pcwv) drives the expression of the wildtype (wt) Moloney MLV
(MoMLYV) genes gag/pol followed by a synthetic intron (In), an internal ribosome entry site (IRES), a
puromycin-resistance gene (puroR), the Woodchuck hepatitis virus tripartite posttranscriptional
regulatory element (WPRE) and the polyadenylation signal (p(A)) of the bovine growth hormone gene. (B)
The envelope construct SB-Env encompasses the human codon-optimized ecotropic envelope gene env
derived from the Friend MLV molecular clone PVC-211 and the hygromycin-resistance gene (hygR). (C,
left) The transposase construct pSB100X harbors the human codon-optimized gene of the hyper-active
Sleeping Beauty transposase SB100X. (C, right) The transcript mRNA-SB100X encompasses the 5 Cap,
the 5’UTR, the coding sequence of the transposase SB100X, the 3'UTR and a polyA tail (AAAAAAA).
(D) The transfer vector pLEGFP.N1 encompasses the 5'- and 3'-long terminal repeats (LTRs; dotted
arrows) of murine leukemia virus (MLV) flanking the packaging signal ¥ of MoMLV, a neomycin-
resistance gene (neoR) and a Pcvv driven EGFP expression. (E) The transfer vector pSB-LEGFP.N1
contains the same genetic elements as pLEGFP.N1 but with the flanking 5'- and 3'-terminal inverted
repeats (TIRs; black arrows) of Sleeping Beauty.

TABLE 5: Overview of plasmids and mRNA employed to generate polyclonal viral packaging cell lines.

Plasmids/mRNA mRNA
pSB-Gag/Pol X X X X
pSB-Env X
pSB100X X X X X
mRNA-SB100X X
pLEGFPN.1 X

pSB-LEGFP.N1 X X
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4.3.2 FUNCTIONAL TITERS OF GENERATED MLV-BASED VECTORS

As depicted in table 6, MuPACK.e.LEGFP-N1 generated mean vector titers ranging
from 9.63 x 105 to 2.16 x 10° TU/mL. Viabilities of the VPC at the time of vector harvests
varied between 76 and 85 %. With viabilities of always > 90 %, MuPACK.e.SB-LEGFP-
N1 revealed slightly higher titers of 2.17 x 10° to 3.21 x 10° TU/mL. MuPACK.e.SB-
LEGFP-N1 showed stable productivity over a period of two months in the presence as

well as absence of selection pressure (data not shown).

TABLE 6: Functional titers in TU/mL and physical titers in ng/mL (ELISA) of vector particles harvested
from the stable VPCs. Frozen-thawed vector preparations harvested from volumes of 100 mL VPC
cultures at viable cell densities (VCD) of 4 x 10¢ cells/mL in FreeStyle™ medium in 500 mL shake flasks
were titrated in triplicate in NIH/3T3 target cells or measured in a 1:10,000 dilution in an ELISA. In
harvests 2 and 3 of VPC MuPACK.e.SB-LEGFP-NImRNA cells were cultivated in Dynamis™
expression medium supplemented with 8 mM GlutaMAX™. Standard deviations (SD) of mean are
indicated.

Viability = Mean Titer Mean p30

VPC Harvest [%] [TU/mL] SD [ng/mL] SD
1. 76 9.63 x 10° +0.35 x10° 6.38 x 10* +0.96 x 10*
MuPACK.e. 2. 85 1.26 x 10¢ +0.05 x10° 8.02 x 104 +1.71 x 10
LEGFP-N1 3. 85 2.16 x 108 +0.15 x10° 1.16 x 10° +0.22 x 10°
1. 92 2.17 x 108 +0.11 x106 3.75 x 104 +1.89 x 10*
MuPACK.e. 2 90 2.66 x 106 +0.21 x106 5.04 x 104 +0.17 x 10*
SB-LEGFP-N1 3. 94 3.21 x 108 +0.32 x106 4.24 x 10* +1.54 x 10
1. 80 512x107  #0.51x107  7.20 x 10* +0.78 x 10*
ss-ﬁlg?;ﬁie' 2. 73 200x107  +0.05x 105  1.86x 10° +0.24 x 10°
mRNA 3. 90 3.10x10°  +0.55x 106  1.12x 10° +0.01 x 105

The VPC MuPACK.e.SB-LEGFP-N1mrna showed by far the highest productivity when
cells were cultured in FreeStyle™ medium (harvests 1). Titers of 5.12 x 107 TU/mL were
detected at VPC viabilities of 80 %, respectively. When the VPC was expanded in
Dynamis™ (harvests 2 and 3), known as one of the mediums of choice for batch- and
fed-batch cultivation of highly efficient mammalian producer cells, to prepare for
cultivation at high densities in an STR or in perfusion cultivation, cell viabilities varied
between 73 % and 90 % and vector titer productivities of 2.00 x 10’ TU/mL and
3.10 x 10° TU/mL were achieved. For high viable cell density cultivations (VCD),
represented in figure 8, VPCs were cultivated at 50 mL scale and vector particle
harvests at VCDs of 9, 10 and 15 x 10° cells/mL were titrated in NIH/3T3 cells. VCDs
correlated with functional vector titers ranging from 3.58x10°TU/mL at
9 x 10° cells/mL to 3.43 x 107 TU/mL at 15 x 10¢ cells/mL in NIH/3T3 cells.
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FIGURE 8: Titers of MLV-based vectors in NIH/3T3 target cells of VPC MuPACK.e.SB-LEGFP-NImRNA.
Viral vectors were harvested at three different viable packaging cell densities (VCDs) of 9-, 10- and
15 x 10¢ cells/mL. Data shown represent values of technical triplicate experiments + standard deviation.
Statistical significance for all three VPCs with n=3 was determined to p < 0.0001(****) using the tailed
unpaired student’s t-test.

These results were supported by the median fluorescence intensities (MFIs) of the
three VPCs detected by flow cytometry and represented in figure 9. The highest
expression of EGFP was detected in MuPACK.e.SB-LEGFP-NImRNA showing a
significantly higher MFI of more than 7,000 compared to the two other VPCs with MFIs

between 4,000 and 5,000 (p< 0.0001).

4.3.3 PHYSICAL TITER ASSESSMENT USING P30 CAPSID-SPECIFIC ELISA

To evaluate the total amount of MLV capsid protein p30 within the three cell-free VPC
harvests, a colorimetric ELISA assay was performed, depicted in table 6. Average p30
concentrations of all three harvests (not shown in table 6) were for MuPACK.e.LEGFP-
N1 8.65 x 10* ng/mL (+2.65 x 10%), for MuPACK.e.SB-LEGFP-N1 4.34 x 10* ng/mL (+0.65
x 10%) and for MuPACK.e.SB-LEGFP-NImRNA 1.23 x 10° ng/mL (+0.58 x 10°).
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FIGURE 9: Median fluorescent intensities (MFI) of the three VPCs. Data shown represent measurements
in technical triplicates + standard deviation. Statistical significance between MuPACK.e.SB-LEGFP-N1
and MuPACK.e.SB-LEGFP-N1mrna based data with n=3 was determined to p < 0.0001 (****); between
MuPACK.e.LEGFP-N1 and MuPACK.e.SB-LEGFP-N1 was p <0.01 (**) using a tailed unpaired student’s
t-test.

4.3.4 DETECTION OF TRANSFER VECTOR TRANSCRIPTS IN VECTOR PARTICLES USING
RT-QPCR

The different functional vector titers were likely to result from different transfer vector
transcript amounts available for packaging into the vector particles. Thus, RT-qPCR
was performed in duplicate using frozen cell-free samples from all VPC vector
harvests and EGFP-specific primers. As illustrated in figure 10, the mean amount of
mRNA detected confirmed the trend observed in functional vector titers obtained from
all three VPCs. MuPACK.e.SB-LEGFP-NImRNA (1.16 x 10' to 2.78 x 10'° copies/mL)
revealed the highest amount of packaged transcripts as compared to MuPACK.e.SB-
LEGFP-N1 (6.60 x 10° to 8.96 x 10° copies/mL), while MuPACK.e.LEGFP-N1 yielded
the lowest amounts of encapsidated mRNA (1.42 x 10° to 4.16 x 10° copies/mL).
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FIGURE 10: Physical titers of transfer vector transcripts in vector particles measured by real-time RT-
qPCR. EGFP-specific primers WERE used to generate amplicons using LEGFP-N1 mRNA packaged in
vector particles in each three harvests of the three VPCs (depicted in table 5). Mean values from assays
performed in analytical duplicates are indicated.

4.3.5 PRODUCTION AND FUNCTIONAL TITER OF MLV VECTORS IN STR

To enable vector production at a larger-scale, a cultivation in STR was examined with
the most productive stable VPC MuPACK.SB-LEGFP.N1mrna. Cells were cultivated for
10 days in 500 mL Dynamis™ medium supplemented with 8 mM L-glutamine in the
absence of antibiotics and medium change as described in detail in materials and
methods. All production parameters are represented in table 4. Figure 11 shows the
retroviral vector titers detected in NIH/3T3 cells during a 10-day STR procedure. The
VPC culture revealed increasing productivity up to day 6. As illustrated in figure 11A
and at the onset of the culture process, the titers were rather low with about 1 x
10° TU/mL correlating with the low VCD of less than 2 x 10° cells/mL. With increasing
VCDs up to 6 x 10° cells/mL (figure 11B) the transduction-competent particle numbers
also increased, generating titers of up to 2.81 x 10° TU/mL in NIH/3T3 cells on day 6.
From day 6 to day 7, productivity stayed on a small plateau and from day 7 on, the
VCDs continuously decreased to 3.72 x 10° cells/mL resulting in declining titers of
2.04 x 10° TU/mL down to 1.4 x 10° TU/mL at the end of the STR process on day 10. A
linear scalability was observed until day 6 of production remaining then on a plateau.
From day 8 on and as no medium exchange was performed, the vector production

rate, as well as vector titer, dropped in correlation with the decline in VCDs and
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viability, respectively. While osmolality slightly decreased over time from 249 to 212

mOsm, pH values remained considerably stable around 7.0 (+ deadband) throughout
the process (figure 11C).
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FIGURE 11: Stirred-tank bioreactor vector particle production over 10 days with VPC MuPACK.e.SB-
LEGFP-NImRNA. (A) NIH/3T3 cells were transduced with cell-free MLV vector containing
supernatants harvested at twelve time points. Data points represent average values of technical
triplicates, standard deviations are shown as vertical error bars. (B) Viable VPC density (VCD) in 1 x 10¢
cells/mL (dots) and cell viability in % (rectangles) during a ten-day STR cultivation. (C) PH values (dots)
and Osmolarity in mOsm (rectangles) during a ten-day STR cultivation.
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4.3.6 DISCUSSION

To facilitate high vector yield production in larger-scale, stable suspension VPCs are
indispensable. In the first step and within only three weeks, we established the
polyclonal ecotropic MLV-derived suspension VPC MuPACK.e using transposon
vector components as previously described and shown in efficient transduction
experiments in murine myeloblast-like cells as well as in hematopoietic stem and
progenitor cells (Berg et al., 2019; van Heuvel et al., 2021). The establishment of stable
high-titer producing VPCs co-expressing the transfer vector of choice is a tedious and
time-consuming process. To reduce development times, we compared in a proof-of-
concept study three stable gene transfer techniques. In one approach i) the transfer
vector plasmid pLEGFP-N1 was simply stably transfected. ii) The transfer vector
cassette was flanked by SB-derived TIRs and co-transfected with a transposase
plasmid construct pSB100X aiming at the stable transposition of the viral vector
component into the VPCs genomes. iii) To exclude the undesired stable transfection of
pSB100X and the expression of the transposase over a period of one week, pSB-LEGFP-
N1 was co-transfected with mRNA-SB100X.

MuPACK.e.LEGFP-N1 produced vectors at high titers of 9.63 x 10° to 2.16 x 10° TU/mL
in NIH/3T3 target cells. These results exceed previously reported ecotropic MLV
vector titers. Chan et al. established a human lymphoblast WIL-2 cells-derived
suspension VPC using conventional plasmid transfection obtaining 7.5 x 10° TU/mL in
NIH/3T3 cells (Chan et al, 2001). MuPACK.e.SB-LEGFP-N1 generated only
moderately improved titers between 2.17 x 10° to 3.21 x 10° TU/mL.

MuPACK.e.SB-LEGFP-N1mrna showed drastically increased productivities reaching
vector titers of up to 5.12 x 107 TU/mL when cultivated in 100 mL shake flask volumes
at a cell density of 4 x 10°cells/mL in FreeStyle™ or in Dynamis™ medium,
respectively. In addition, these results were supported by the physical titers detected
using an anti-p30 ELISA. MuPACK.e.SB-LEGFP-N1mrna showed p30 amounts a power
of ten higher than the other two VPCs. Contaminations with RCRs resulting from
recombination events of the retroviral vector components were not detected in any of
the vector particle preparations conducting a GFP-marker rescue assay and a sensitive

RT-detection assay (data not shown).

The high abundance of the transfer vector RNA available for packaging in concert with
high level expression of Gag/Pol is a crucial prerequisite for the efficient formation of
transduction-competent vector particles (Berg et al., 2019; Sweeney and Vink, 2021).

Flow cytometric analysis of the three VPCs revealed different expression levels of
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EGFP, and thus indicating differences in transfer vector transcript amounts.
MuPACK .e.SB-LEGFP-N1mrna showed a significantly higher MFI compared to the two
other VPCs.

Consequently, and to assess whether these differences also mirrored the copy number
of encapsidated transfer vector mRNA, vector particle harvests from all three VPCs
were examined using RT-qPCR. MuPACK.e.SB-LEGFP-N1mrna showed the highest
amount of packaged transfer vector RNA followed by MuPACK.e.SB-LEGFP-N1 and
MuPACK.e.LEGFP-N1 confirming the trend observed in functional vector titers.
However, the RNA levels were two to three orders of magnitude higher than the
functional titers in respective target cells. This gap using two different measurements
was previously reported by Geraerts and colleagues 2006 (Geraerts et al., 2006).
Transfer vector RNAs detected in the supernatant of the VPCs using qPCR are not
necessarily encapsulated (Onafuwa-Nuga et al., 2005; Rulli et al., 2007; Eckwahl et al.,
2016).

FreeStyle™ medium limits the VCDs to 4 x 10°¢ cells/mL. We thus conducted a high
VPC density experiment in Dynamis™ medium in a 50 mL shake flask scale. VCDs
could be elevated to 15 x 10° cells/mL reaching titers of up to 3.43 x 10 TU/mL in
NIH/3T3 cells. This encouraged us to conduct a first STR pilot cultivation. VPC
MuPACK.e.SB-LEGFP-N1mrna was expanded to a larger-scale using 500 mL volume
STR employing Dynamis™. When the VPC was seeded at a VCD of 0.84 x 10° cells/mL,
the maximal cell density peaked at 5.62 x 10¢ cells/mL along with increasing viability.
The highest vector titers of up to 2.81 x 10° TU/mL were obtained on day 6. Osmolality
and pH values were moderately decreasing and remained stable, respectively, over
the entire cultivation period of 10 days. Viral vector titer and viability decline from
day 7 on correlated with the decreasing availability of essential nutrients within the
expression medium and with an increase of metabolic degradation products. In
addition, and observed previously, the amount of cellular proteases may have
increased, and thus degraded MLV vector particles (Genzel et al., 2010; Petiot et al.,
2011; Hein et al., 2021). Therefore, and to reach productivities of >1 x 10 TU/mL in
fed-batch approaches, the seed VCD of VPCs should be increased to 2 or 4 x
10¢ cells/mL allowing the cells to linearly grow to densities of 15 x 10¢ cells/mL or even
higher values within the first two or three days. Alternatively, fully automated high-
density perfusion reactors could be employed, and process parameters would need to

be optimized.

Serving as a proof-of-concept, only one VPC pool per transfection technique of the

transfer vector was examined here. However, our findings still strongly indicate that
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the use of transposon-encoding mRNA is superior to the employment of a plasmid-
based transposase. Using a ratio of 1:1 (transposase transcript to transfer vector
plasmid) instead of a ratio of 1:10 (plasmid-based transposase to transfer vector
plasmid) for stable transposition presumably led to a higher availability of active
transposases, elevating transposition efficiency. The high amount of transposon-
encoding mRNA probably resulted in enhanced copy numbers of SB-LEGFP-N1 per
cell genome. Transposase transcripts limit transposase expression to about 18 hours
(Bire et al., 2013). Within this time, a high abundance of transiently co-transfected
transposon donor plasmids are available and are likely to facilitate superior
transposition. Using mRNA-based transposase appears to avoid overexpression
inhibition (OPI) or cytotoxicity observed when plasmid-based transposase constructs
are used (Grabundzija et al., 2010; Galla et al., 2011; Bouuaert et al., 2013). OPI is most
likely a result from high transposase activity over a period of up to 14 days. A
prolonged expression of the transposase could lead to re-mobilization and possibly
depletion of packaging and envelope donor expression cassettes resulting in less

efficient production of viral vector particles.

To date, larger-scale retroviral vector productions are mainly done in cell-factories,
packed-bed bioreactors or fixed-bed-bioreactors using adherent VPCs. The cells thus
grow on a limited area of the stacked cultivation devices or scaffolds such as beads
and microfibers (Merten et al., 2001; Wang et al., 2015; Powers et al., 2020). MLV
vectors pseudotyped with the Env proteins of Gibbon ape Leukemia virus (GaLV)
with titers ranging from 7.88 x 10° up to 3 x 107 TU/mL could be generated using fixed-
bed bioreactors in volumes of 200 mL to 1.4 L, respectively (Merten et al., 2001). Using
STRs and perfusion reactors instead, generated MLV vectors pseudotyped with GaLV
Env and vesicular stomatitis virus G protein (VSV-G) with titers between 5 x 10° and
3.1 x 107 TU/mL, respectively (Merten et al., 2001; Ghani et al., 2006). The packaging
cell line PG13 stably transfected with a transfer vector reached titers of 2 x10° TU/mL
and a pigqy-bac transposon SIN packaging cell line produced titers of up to
3 x 10¢TU/mL. A non-transposon-based amphotropic suspension packaging cell line
called 293GP-A2 produced titers of 4 x 107 TU/mL at a VCD of 12 x 10° cells/mL.
However, the mean time to develop this stable VPC took months (reviewed in Park et
al,, 2018).

Ecotropic MLV vectors, as shown here in our proof-of-concept study, were not yet
produced at such titers. We thus anticipate that the VPC MuPACK.e and our approach
to rapidly establish VPCs within only three weeks using mRNA transposase

transcripts will foster future viral vector productions at larger-scale to facilitate
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preclinical ex vivo gene transfer studies into murine primary cells, respectively. The
methodology reported here should also be applicable to SIN-transfer vectors
harboring a much lower risk for proto-oncogene insertion sites (Hacein-Bey-Abina et
al., 2014; Morgan et al., 2021). Transposon vector utilizing strategies should also prove
useful to establish VPCs producing vectors with a broadened host cell range utilizing
heterologous envelope proteins stemming from the amphotropic molecular clone
MLV 4070Amc or dual tropic 10A1mc (Ghani et al., 2007), GaLV, feline endogenous
retrovirus RD114 or VSV-G (Ghani et al., 2006; 2009).
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Abstract:

Different mechanisms mediate the toxicity of RNA. Genomic retroviral mRNA hijacks
infected host cell factors to enable virus replication. The viral genomic RNA of the
human immunodeficiency virus (HIV) encompasses nine genes encoding in less than
10 kb all proteins needed for replication in susceptible host cells. To do so, the genomic
RNA undergoes complex alternative splicing to facilitate the synthesis of the
structural, accessory, and regulatory proteins. However, HIV strongly relies on the
host cell machinery recruiting cellular factors to complete its replication cycle.
Antiretroviral therapy (ART) targets different steps in the cycle, preventing disease
progression to the acquired immunodeficiency syndrome (AIDS). The comprehension
of the host immune system interaction with the virus has fostered the development of
a variety of vaccine platforms. Despite encouraging provisional results in vaccine
trials, no effective vaccine has been developed, yet. However, novel promising vaccine

platforms are currently under investigation.

Keywords: retroviruses; HIV; virus replication; mRNA splicing; antiretroviral therapy
(ART); HIV vaccines

Key Contribution: The genomic RNA of HIV-1 enables employing complex splicing
patterns the encryption of multiple proteins within a limited coding capacity. The viral
RNA and related proteins mediate toxicity via multiple different pathways. The
circumvention of the host cell immune system and the progressing elimination of T
helper cells leads to AIDS and opportunistic infections. The aberrant interaction of
viral RNA-binding proteins can result in cellular transcriptional deregulations, tumor
formation and apoptosis. Besides the further improvement of treatment using ART,

vaccination strategies are required to prevent the progression to AIDS upon infection.
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5.1 INTRODUCTION

RNA viruses are recognized as the leading causes of human infectious diseases. Since
the first discovery of infectious RNA viruses in humans in 1900, namely, the yellow
tever virus (YFV) from the family Flaviviridae, a total of 214 human RNA viruses have
been identified, to date [1,2]. Many of these viruses, such as rabies virus (RABV),
poliovirus (PV), dengue virus (DENV), and measles virus (MeV), have been
transmitted in humans since several hundreds of years [3-6]. In the last couple of
decades, numerous human pathogenic RNA viruses have emerged by crossing the
species barrier from their natural animal host to humans. These zoonotic transmissions
include the Ebola virus (EBOV), Zika virus (ZIKV), severe acute respiratory syndrome
coronavirus types 1 and 2 (SARS-CoV-1, SARS-CoV-2), middle east respiratory
syndrome coronavirus (MERS-CoV), and of course the human immunodeficiency
virus types 1 and 2 (HIV-1, HIV-2) [7]. HIV belongs to the virus family Retroviridae and
is grouped into the genus Lentivirus, first isolated, and identified in 1983 [8,9]. The
first transmission to humans most likely occurred during the past century, assumingly
between 1920 and 1940. HIV originated from several zoonotic transmission events
from non-human primate simian immunodeficiency viruses in Central African
chimpanzees (SIVcpz; HIV-1) and West African sooty mangabey monkeys (SIVsmm;
HIV-2) [10]. Since 1983, the HIV epidemic has caused an estimated 36.3 million deaths
and 37.7 million people living with the infection worldwide in 2020 [11].

The infection with HIV mostly occurs during sexual contact across mucosal surfaces.
Maternal-infant exposure and shared use of needles during drug abuse can also
facilitate transmission of the virus [12]. The viral tropism mainly targets T helper
cells—key regulators of humoral and cellular immune responses—where most of the
viral replication takes place. HIV induces the most extreme form of immune
subversion caused by pathogens in humans and leads to a continuous loss of CD4+ T
helper cells. The diminishment of the T helper cell population increasingly weakens
the immune system. During the progression to the acquired immunodeficiency
syndrome (AIDS), the ability to prevent infections with other pathogens collapses and
causes death by opportunistic infections [10]. HIV also infects other cell types such as
macrophages, dendritic cells, and resting T cell subsets. These host cells also play a
pivotal role in innate and adaptive immunity. All three cell types often function as
viral reservoirs harboring transcriptionally inactive proviruses. This allows HIV to
establish a persisting infection and to escape from detection and eradication by
immune cells and therapeutic interventions, respectively [10]. To date, antiretroviral

therapy (ART) is the only available treatment of infected humans, saving several
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thousands of lives each year. ART relies on the combination of three or four virus
replication inhibitors. However, ART does not cure infection but limits virus
replication, viral load, and thus the progression to AIDS. This transforms the formerly
fatal HIV infection to a chronic disease. The required long-term treatment, however,
leads to the development of multi-drug resistant viruses and is burdened with
undesired adverse effects such as anorexia, nausea, vomiting, and diarrhea associated
with the discontinuation of the therapy. ART is also cost-intensive. Considering
increasing numbers of infected people, the costs for ART treatment will become
unaffordable. Thus, a vaccine is urgently needed to fight the epidemic. However, no
sufficiently potent vaccine against HIV has yet been developed [13]. This review will
first focus on the genomic organization of HIV, the virion structure, and the replication
cycle from virus cell entry to the egress of new infectious particles as well as the
cytotoxicity of infection. An overview is provided on antiviral compounds used in

ART and phase III clinical trials of vaccine candidates.

5.2 HIV-1 STRUCTURE AND REPLICATION CYCLE

5.2.1 GENOME AND VIRION STRUCTURE

The RNA genome (gRNA) of HIV-1, with approximately 9 kb, is considerably small.
However, it contains all necessary information to synthesize all 15 proteins needed for
replication and assembly of new virions in the infected host cells [14,15]. The viral
genome encapsulated in virions consists of a dimer of single stranded positively
sensed gRNAs. The different open reading frames (ORFs) are illustrated in Figure 12,
except for the ORF encoding the antisense protein, yet uncharacterized for its role in
the replication cycle [14,16]. The genome encompasses nine different ORFs and some
of the viral genes overlap, thus enabling the encryption of many proteins within a
limited coding capacity. The genome is flanked by the long terminal repeats (LTRs).
They contain the essential information— including the viral promoter—for gene
expression, integration, and reverse transcription and are divided into the U3, R, and
U5 elements [10]. The cis-acting regulatory element U3 is divided into a modulatory,
an enhancer, and a basal region and contains three binding sites for splice factors as
well as two binding sites for host cell transcription factors, e.g., Nuclear Factor-kB (NF-
kB). The R element contains the trans-acting responsive region (TAR), forming a RNA
stem-loop structure that plays an important role in viral replication, i.e., the activation
of transcription [17,18]. The U5 element contains the polyadenylation signal (poly A)
and regulatory regions for reverse transcription. The U5 element is followed by the

primer binding site (PBS), the dimerization initiation signal (DIS), and the major splice-
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donor site (D1), all not shown in Figure 12. The packaging signal Psi (1) mediates the
packaging of the viral gRNA [19]. The consecutive gag gene encodes the structural
viral core proteins. The precursor protein p55-Gag is processed by the viral protease
during virion maturation into the subunits matrix (MA), capsid (CA) and nucleocapsid
(NC) proteins. The pol gene encodes the subunit viral enzymes protease (PR), reverse
transcriptase (RT), and integrase (IN), also originating from a precursor protein upon
viral protease-mediated cleavage. The third structural gene env encodes the two
envelope glycoproteins gp120-SU (surface unit) and the gp41-TM (transmembrane
unit). The pol gene is followed by the two regulatory genes rev and tat as well as four
accessory genes vif, vpr, and vpu. Tat and Rev are indispensable for viral replication,
accumulate within the host cell nucleus and bind to their cognate mRNA structures,
namely, the Rev-responsive element (RRE) and TAR. Rev is an important nuclear
export factor that mediates the transport of partially spliced and unspliced viral
mRNAs into the cytoplasm. Tat is a strong transcriptional activator [20-22]. Vif, Vpr,
and Vpu influence the rate of virus particle production. The accessory nef gene at the
end of the gRNA elevates HIV infectivity and downregulates several host cell proteins
including CD4 and the major histocompatibility complex I (MHC I) [23]. Moreover,
Vif, Vpu, and Nef counteract several cellular restriction factors to secure efficient

replication. Table 7 provides an overview of the best characterized restriction factors.
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FIGURE 12: HIV-1 genome and virion structure. (Top) Schematic overview of the genomic organization
of the HIV-1 genome encompassing the open reading frames coding for the different structural,
regulatory, and accessory proteins. The dimeric, linear gRNA is ~9 kb long and flanked by the 5’- and
3’-long terminal repeats (LTRs) that contain the viral promoter and sequences required for reverse
transcription, integration, and gene expression. The LTRs are distinguished into cis-acting regulatory
elements, namely, U3, R, and U5 regions followed by the packaging signal Psi (). Gag encodes the
structural proteins matrix (MA), capsid (CA), and nucleocapsid (NC) forming the viral core. Pol codes
for the viral enzymes protease (PR), reverse transcriptase (RT), and the integrase (IN). The Pol gene is
followed by the two regulatory genes rev and tat and three accessory genes vif, vpr, and vpu. Env

ssRNA

encodes the viral envelope glycoproteins—the surface unit (SU) gp120 and the transmembrane unit
(TU) gp41. Env is followed by another accessory gene nef. (Bottom) The mature enveloped virion has a
spherical shape and is enveloped by a lipid bilayer membrane derived from the host cell containing 7—
35 envelope glycoproteins trimers. The inner layer of the membrane anchors the Gag-derived MA
proteins and also harbors Vpr and PR. The capsid is found within the center of the virion and contains
the two copies of gRNA, RT, and IN. The gRNA is stabilized by the NC proteins.
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TABLE 7: Selected examples of cellular HIV restriction factors, mechanism of action, and viral counter
measures.

HIV
Restriction Factor (RF) RF Mechanism of Action Cormter References
Reaction
APOBEC3G Encap51dat.ed mto'vmon, induces G-Fo-{% Vi [24,25]
hyper mutation during reverse transcription
[FITMs/IFI16 Exclu(?es v.1ral. n.nRNA from .polysome. Nef [26]
processing, inhibits the protein synthesis
Deoxynucleoside triphosphate Vipx
AMHD1 i ivi 2
S triphosphohydrolase 1 af?tl\.uty, (only HIV-2) [25]
prevents reverse transcription
SerinC3/5 Incorporated into the virion, Nef [27]

inhibits membrane fusion

Anchors virions on the cell surface of
Tetherin/BST-2 A% 28,2
etherin/BS infected cells, inhibits virion release pu [28,29]

TRIM5a/TRIMCyp  Binds directly to HIV-1 capsids, accelerates

24-CA variati 30
/TRIM22 uncoating and inhibits reverse transcription P REaton (30]

The mature membrane-enveloped HIV-1 virion is spherical in shape with a diameter
of approximately 120 nm. The virion’s lipid bilayer membrane contains, besides
several host cell proteins, ~7-35 envelope trimers consisting of gp120-SU and the gp41-
TM [23,31-33]. Both proteins are encoded in the env gene and originate from the Env
polyprotein gpl60 upon cleavage by the cellular furin-like protease [27]. The
membrane envelopes the matrix protein (p17-MA) formed core. The viral capsid is
formed by 1000 to 1500 cone-shaped hexameric capsid proteins (p24-CA) [34]. The
capsid encapsulates two copies of positive-sense and single-stranded gRNAs
stabilized by the nucleocapsid proteins (p7-NC). The mature virion harbors the viral
enzymes reverse transcriptase (p66-/p51-RT), protease (p10-PR), integrase (p32-IN),

and the accessory protein Vpr that are needed in the maturation process [23,35].

5.2.2 RECEPTORS AND CELL ENTRY

Figure 13 provides an overview of the HIV-1 replication cycle. The HIV-1 infection of
a host cell is receptor-dependent and begins with the binding of the envelope protein
gp120-SU to the primary host cell receptor CD4 and the co-receptors, chemokine
receptor type 5 (CCR5), or C-X-C motif chemokine receptor type 4 (CXCR4). The
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binding induces conformational changes of the envelope protein trimers, which leads
to the fusion of the virion with the host cell membrane [36]. In more detail, when Env
binds to the co-receptor, the virus exposes the fusion peptide at the N-terminus of
gp41-TM, which inserts into the cell membrane. Again, dramatic conformational
rearrangements, forming a very stable six-helix bundle, pull both membranes into
close proximity, reaching a hemifusion state initiating in a last step the fusion of both
membranes [36-38]. Although cryo-electron microscopic images of this process exist,
many structural aspects of the proteins involved are still not fully understood. Once

the fusion pore opens, the virion releases its interior into the cytoplasm of the host cell
[39].
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FIGURE 13: Schematic overview of the HIV-1 replication cycle. (1) The HIV-1 infection begins with the
binding of the envelope glycoproteins gp120-SU to the primary CD4 receptor and chemokine co-
receptors (CCR5 or CXCR4) on the host cell surface. (2) The virion’s membrane envelope then fuses with
the cellular membrane, releasing the viral capsid into the cytoplasm. (3) The capsid travels along the
microtubules to the nucleus. The capsid docks to the nuclear pore complex (NPC) and passes through
the pore into the nucleus. (4) The capsid partially uncoats during nuclear cell entry and the reverse
transcription of the viral gRNA into the provirus is completed inside the nucleus. (5) The integrase
together with cellular co-factors promote the integration of the provirus into highly active chromosomal
regions of the host genome. (6) Tat activates gene transcription of the provirus. (7) Rev recruits several
host proteins to export the intron-containing viral mRNAs. (8a/8b) Viral mRNA translation occurs
within the cytoplasm, first Rev, Tat, and Nef are expressed. Signal peptide containing proteins such as
Vpu and Env enter the endoplasmic reticulum (ER) for further posttranscriptional modifications.
Glycosylated Env passes through the Golgi apparatus and is cleaved by the cellular furin-like proteases
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into gp120-SU and gp41-TM. (9) Two viral gRNAs, Gag, Pol, Env, and Vpr assemble to nascent HIV-1
particles at the cell membrane. (10) Immature HIV-1 particles bud from the cell membrane. (11)
Immature HIV-1 particles are released from the host cell. (12) During maturation, Gag and Pol precursor
proteins are cleaved by the viral protease into their subunits MA, CA, and NC as well as the viral
enzymes PR, RT, and IN. Upon finalization of the maturation, the newly formed HIV-1 virions are
prepared for the next host cell infection, reinitiating a new replication cycle.

5.2.3 NUCLEAR ENTRY, REVERSE TRANSCRIPTION AND UNCOATING

The cone shaped ~60 nm in diameter capsid, consisting of 250 hexamers and 12
pentamers, was believed to partially uncoat or disassemble already within the
cytoplasm [20,23,36,40]. However, most recent studies of Zila and colleagues in 2021
provided astonishing insights into the viral capsid and its trafficking along the
microtubules of the cell towards the nuclear pore complex (NPC), revealing that the
entire capsid enters the nucleus [40]. As the capsid enters the cytoplasm, it travels
along the microtubules towards the nucleus aided by dynein and kinesin-1. Next, the
capsid docks with its narrow end to the NPC interacting with the NPC-proteins
Nup358 and Nup62. Upon nucleoplasm entry, the capsid partially disassembles,
releasing the CA interior [40,41]. Dharan and colleagues discovered that the uncoating
as well as reverse transcription are completed within the host cell nucleus [41], which
was confirmed by two other studies of Burdick and colleagues [42] as well as Miiller
and co-workers [43] showing that proviral DNA could only be detected inside the
nucleus. Therefore, the reverse transcription already starts within the intact capsid and
is finalized upon capsid nucleus entry [42,43]. Burdick et al. also discovered that the
complete uncoating takes place 1.5 h before provirus integration into the host cell
genome and within a range of 1.5 um proximate to the gene-rich loci in the
euchromatin regions. The reverse transcription of the viral gRNA to proviral dsDNA
in infected cells is an important step of the replication cycle. The RNA/DNA-
dependent DNA polymerase and RNAse H are part of p66-RT, whereas p51-RT
provides conformational stability. The reverse transcription starts with the so-called
first strand transfer and the synthesis of the single stranded DNA (ssDNA). The
ssDNA is hybridized to the 3’-end of the viral genome and the negative strand DNA
synthesis continues. The second strand transfer leads then to the transcription of the
positive strand DNA and dsDNA synthesis is finalized [44]. Template switching
events and error-prone RT activity contribute to the high genetic variability of HIV
[45].
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5.2.4 GENOME INTEGRATION

Retroviruses permanently integrate their reverse transcribed proviruses into the host
cell genome, making the virus an everlasting part of the infected host cell. The
integrated provirus can remain dormant within the host, and thus escape from the
immune system’s detection and response. These properties render HIV to a latent and
life-long infection [46]. The proviral integration is mediated by the viral IN in concert
with RT [10]. The integrase forms together with the provirus a strong nucleoprotein
complex targeting active transcription units for integration into the genome [47]. These
units are found in clusters within the less condensed euchromatin characterized by
high transcriptional activity. The integration process is divided into two steps. First,
the 3’-ends of the provirus is processed and the two terminal nucleotides are removed,
exposing a 3’-hydroxyl group and a 5-overhang. Next, the targeted host DNA is
cleaved, and the processed provirus is integrated, ligating the 3’-ends with the 5’-ends
of the target DNA [48,49].

5.2.5 TRANSCRIPTION, SPLICING AND PROTEIN EXPRESSION

After integration of the provirus, it either remains transcriptionally silent and enters
latency or initiates the production of new virions. The protein expression of HIV-1 is
regulated at the epigenetic, transcriptional, and posttranscriptional level [50-52].
Latently infected cells serve as viral reservoirs, resisting eradication during ART and
by the immune system due to the absence of target viral protein expression. Latency
is induced by infection of resting cells not supporting efficient viral transcription, by
inactive proviral integration sites, epigenetic silencing, and by the differentiation of
infected effector immune cells to resting memory cells, respectively [52,53]. However,
transcription of the provirus and replication can be reactivated. The HIV-1 provirus
utilizes the host transcription machinery. Host transcription factors such as NF-«B,
specificity protein 1 (Sp1) and activator protein 1 (AP-1) are known activators of HIV
transcription [50,51,54]. General transcription factors, mediator, and RNA polymerase
IT (RNA Pol II) assemble into the preinitiation complex at the 5-LTR promoter. The
HIV-1 5-LTR contains three possible transcription start sites (TSS) consisting of three
consecutive guanosins (G) at the junction between the R and U3 region. Depending on
the TSS used for transcription, the untranslated 5’-region (5’-UTR) of the proviral RNA
transcript begins with a single, two, or three G residues [55]. Promoter clearing is
mediated by the phosphorylation of the C-terminal domain of RNA pol II mediated
by the transcription factor TFIIH [56,57]. A short RNA segment of about 60 nucleotides
is transcribed before promoter-proximal pausing occurs. The pausing is triggered by

the formation of the TAR RNA stem-loop and the binding of negative transcription
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elongation factors (N-TEFs) to the preinitiation complex [18,58,59]. The pause is
released by Tat binding to TAR, acting as a transcription factor activating positive
transcription elongation factor b kinase (P-TEFb) [18,60,61]. In cells, the majority of P-
TEFDb is part of the 7SK small nuclear ribonucleoprotein (7SK snRNP), in which the
catalytic activity of P-TEFDb is inhibited by the Hexim-1 protein [62]. McNamara and
colleagues suggested a model of Tat-mediated recruitment of the protein phosphatase
1G (PPM1G) to 7SK snRNP to the HIV promoter [61]. PPM1G then dephosphorylates
P-TEFb, thus releasing it from the 7Sk snRNP complex. When Tat binds to the released
P-TEFb it induces re-phosphorylation. Tat and the activated P-TEFb kinase bind to
TAR, bringing the kinase in proximity to the stalled RNA Pol II transcription complex.
P-TEFb phosphorylates the C-terminal domain of RNA Pol II and N-TEFs, facilitating
the elongation of the viral transcript [18,61,63]. The HIV provirus undergoes three
transcription phases [53]: During latency no virions are produced, although stochastic
transcriptional bursts at the LTR promoter occur [64]. Upon cell activation, e.g., by
immune stimuli, host transcription factors such as NF-kB can reactivate viral
transcription and induce the expression of Tat protein, enabling a positive feedback
loop. The Tat-mediated transcriptional boost results in the production of full-length
gRNA ready to be encapsidated or serving as templates for alternative splicing. The
full-length gRNA consists of nine partially overlapping ORFs. Therefore, it is
alternatively spliced to generate mRNAs, encoding all viral proteins [14,15,65]. The
mRNAs are categorized into three classes: (I) full-length, unspliced ~9 kb gRNA, (II)
intron-containing, partially spliced ~4 kb mRNAs, and (III) intronless, fully spliced ~2
kb mRNAs [15,66]. The gag and pol gene products are translated from the unspliced
full-length gRNA, whereas the other viral proteins Nef, Rev, Tat, Env precursor
protein, Vpr, Vif, and Vpu are produced from either partially or fully spliced mRNAs.
Figure 14 provides an overview of the mRNA classes as well as splice donor and
acceptor sites present in the HIV-1 mRNA transcript. All HIV mRNAs that undergo
splicing utilize the major splice donor site (D1), which defines the first exon between
the 5-Cap and D1 included in all viral mRNAs [65,66]. The exon defined by D4 and
either the splice acceptors A3, A4, or A5 and the final exon between A7 and the poly
A tail are additional constitutive exons present in all HIV mRNAs [66]. The full-length
gRNA transcript is sequentially spliced, starting at D1 to a downstream splice acceptor
site and a prerequisite for further downstream splicing [67]. The packaging signal W
is removed, and thus ensures selective full-length gRNAs encapsidation into new
virions [68]. Splicing of the viral mRNAs is tightly regulated by the cellular
spliceosome. As the splicing of D1 to a downstream splice acceptor is mandatory for

all subsequent splice events, suppression of splicing at D1 results in unspliced
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transcripts [66,67]. Noteworthy, the 5-UTR of the full-length transcript can adopt
different secondary conformations depending on the number of guanosines at the 5'-
Cap [69]. RNAs that start with a 1GCap fold into a structure that masks D1 and favors
the formation of RNA dimers, whereas RNAs with 2GCap or 3GCap fold differently
and expose the D1 site for splicing [55,70]. To generate partially spliced mRNAs,
splicing events are regulated by a complex interplay of several splicing regulatory
elements that modulate the usage of splice sites [15]. Unspliced and partially spliced
mRNAs harbor the intron, spanning from D4 to A7. This is pivotal as this intron
contains the RRE indispensable for the Rev-mediated nuclear export of intron-

containing mRNAs.
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FIGURE 14: HIV-1 mRNA transcripts and splice sites. HIV-1 transcripts are categorized into three classes:
unspliced, full-length genomic gRNA (~9 kb), partially spliced, intron-containing mRNAs (~4 kb) and
fully spliced, intronless mRNAs (~2 kb). The class of unspliced mRNAs serves either as gRNA later
encapsidated into a virion or as a template for the synthesis of Gag and Gag-Pol precursor proteins.
Splicing at splice donor sites (D) to splice acceptor sites (A) generates either partially or fully spliced
transcripts depending on the splice sites utilized. All processed HIV mRNAs are spliced at the major
splice donor site D1 to a downstream splice acceptor, removing the packaging signal W. In fully spliced
mRNAs, the Rev-responsive element (RRE)-containing intron flanked by D4 and A7 is spliced out. The
viral proteins Tat, Rev, and Nef are translated from fully spliced mRNAs, whereas Vif, Vpr, Vpu, and
the Env precursor protein gpl160 are translated from partially spliced transcripts harboring the RRE
structure. All transcripts are flanked by untranslated regions (UTR) at the 5'- and 3’-end.

Only intronless mRNAs are exported across the NPC by cellular mRNA export
pathways. Consequently, only the fully spliced viral mRNA transcripts are exported
to the cytoplasm and translated early in the viral replication cycle, first enabling the

expression of Tat, Rev, and Nef proteins. In contrast, incompletely spliced, intron-
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containing mRNAs are excluded from the nuclear export pathway and degraded
[71,72]. Once expressed, Rev is transported into the nucleus, where it accumulates and
co-transcriptionally binds RRE present in incompletely spliced viral transcripts
mediating nuclear export [71,73]. This way, HIV circumvents the nuclear mRNA
degradation of RRE-containing transcripts. Rev recruits the cellular export factor
chromosomal maintenance 1 (CRM1), which mediates the RanGTP-dependent export
of the Rev:RNA:CRM-1 complex to the cytoplasm [50,71,73]. In summary, viral gene
expression is regulated via transcription, splicing patterns, and RNA structures. Early
in the viral gene expression only fully processed mRNAs are translated into the
accessory protein Nef and the regulatory proteins Tat and Rev. Nef increases viral
infectivity by remodeling signal pathways, downregulating the expression of cell
surface proteins such as CD4, major histocompatibility complex-I, and activation of
viral transcription through NF-kB [74,75]. Tat activates and stimulates transcription of
the provirus by interaction with cellular co-factors at the TAR RNA structure. Rev
enables the export of RRE-containing incompletely processed RNAs, shifting the viral
protein expression to proteins necessary for the production of new virions. The
mRNAs encoding the p55-Gag precursor, p160-Gag-Pol precursor, and Vif and Vpr
proteins are translated by polysomes in the cytosol [76]. The Gag-Pol precursor
proteins are translated from the full-length gRNA by a ribosomal frameshift during
translation [77]. The bicistronic vpu/env mRNA is translated into Vpu and Env
precursor gpl60 in the rough endoplasmic reticulum (ER). Inside the ER, the Env
precursor gpl160 assembles into trimers and travels to the Golgi apparatus, in which
gpl60 gets glycosylated and cleaved by furin-like proteases into the mature Env
glycoprotein complex consisting of the subunits gp120-SU and gp41-TM [78]. Env and
Vpu are transported to the plasma membrane via the secretory pathway for
incorporation into assembling viral particles [78]. In conclusion, all components

needed to initiate virus assembly are now available.

5.2.6 ASSEMBLY, BUDDING AND VIRION MATURATION

The viral structural Gag precursor protein is sufficient for the formation of new
particles. Gag consists of four structural domains separated by protease cleavage sites:
the N-terminal MA domain, the CA domain, the NC domain flanked by two spacer
peptides (SP1 and SP2), and the C-terminal p6 domain. Each domain performs specific
functions during assembly and budding of the viral particle via interactions with viral
and cellular proteins and RNAs. The gRNA molecules form a dimer selectively
recruited for packaging. Intramolecular and intermolecular interactions of gRNA and

Gag polyprotein mediate the selective packaging of the viral genome into assembling
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particles. The 5-UTR of the gRNA folds into complex structures consisting of several
stem-loops, including the packaging signal W and the dimerization initiation signal
(DIS). Recent studies by the Summers group revealed that gRNAs exhibiting a
sequestered 1GCap at the 5-UTR are preferentially packaged and adopt a dimer
competent conformation [55,79,80]. In this conformation, the DIS is exposed and two
gRNA molecules dimerize through intermolecular DIS base pairing. The gRNA
dimers expose several binding sites located in the DIS and W stem- loops for the
interaction with the NC domain of the Gag precursor proteins [81]. Binding of gRNA
also promotes the dimerization of Gag by protein-protein interactions [82,83]. The
Gag:gRNA complex travels to and is anchored in the plasma membrane through the
N-terminal myristoylation signal present in the MA domain. HIV-1 assembles at the
cell membrane in specific cholesterol- and phosphatidylinositol-(4,5)-bisphosphate
(PI(4,5)P2)- rich microdomains called lipid rafts. The targeting of Gag to the membrane
is regulated by the electrostatic interaction of the highly basic regions located in the
MA domain with PI(4,5)P2 and the binding of tRNALys, which prevents binding of
MA to intracellular membranes [84-86]. In addition, and upon simultaneous binding
of PI(4,5)P2 and gRNA, Gag folds from a compact to an extended conformation
enabling the anchoring of the myristoylation signal to the plasma membrane and
initiating the multimerization of Gag proteins [87,88]. Gag and Gag-Pol protein
multimerization at the plasma membrane is stabilized by CA-CA and CA-SP1 protein-
protein interactions [89]. The assembly of Gag at the plasma membrane also induces
the retention of Env trimers at assembly sites mediated by an interaction between the
Gag MA domain and the C-tail of the Env protein gp41- TM [78]. In addition to Env,
the p6 domain of Gag captures Vpr [90]. The growing Gag multimer bends the
membrane and forms a spherical nascent particle still connected to the membrane.
However, and for the release of the particle, HIV-1 relies on the cellular endosomal
sorting complexes required for transport (ESCRT) machinery [91]. Gag recruits the
ESCRT complexes via adaptor proteins, which recognize amongst others the amino
acid motifs PTAP and LYPX(n)L present in the p6 domain. Tumor susceptibility gene
101 protein (Tsgl01) is part of the ESCRT-I complex, binds to the PTAP motif, and
forms a supercomplex with ESCRT-II, whereas the adaptor protein apoptosis-linked
gene 2-interacting protein X (Alix) recognizes LYPX(n)L and interacts with ESCRT-IIL
The ESCRT-III complex constricts the membrane and catalyzes the release of the

immature particle [91].

The viral particle matures and reorganizes its structural proteins, gRNAs, and
enzymes, resulting in the formation of an infectious virion. The maturation is initiated

by the auto-activation of the PR sequentially cleaving the Gag and Gag-Pol precursor
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proteins releasing the viral enzymes PR, RT, and IN and the structural proteins p17-
MA, p24-CA, and p7-NC [92,93]. The structural changes are mandatory for viral
infectivity. The NC protein binds tightly to the gRNA dimer and stabilizes linkage
between the two gRNA molecules [81,94]. The CA proteins assemble around the
NC:gRNA complex encapsidating the viral genome as well as RT and IN [92]. The
processing of Gag into its subunits renders the incorporated Env trimers’ fusogenicity.
The HIV-1 virion concludes the productive cell infection and is now armed for a new

replication cycle [95].

5.2.7 CYTOXICITY OF HIV INFECTION

RNAs are able to cause diseases in many different ways controlling and also
disrupting multiple genetic and metabolic pathways in the cell [96]. For example, the
transcription of non-coding repeat expansions can lead to toxic RNAs—e.g., the
dominantly inherited and multisystemic disease myotonic dystrophy type 1 (DM1),
where CTG repeat expansions in the 3’'UTR of the DM1 protein kinase (DMPK) gene
generate DMPK mRNAs that are trapped in ribonuclear foci, compromising the
availability of RN A-binding protein (RBP) levels. RNA foci are believed to sequestrate
bound RBPs and result in toxicity [97,98]. Many disease-related genes encode RBPs,
where mutated gene products accumulate as aggregates disrupting cellular functions
involved in RNA metabolism [99,100]. Mutations in the RBPs, TAR DNA (TARDBP),
FUS RNA-binding protein (FUS), Ataxin 2 (ATXN2) as well as EWS RNA-binding
proteins (EWSR1) and many more have been shown to greatly influence disease risks,
e.g., amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FDT) [100].
RNAs also play a pivotal role in the HIV infection cycle and pathogenesis. Viral gene
expression is regulated via transcription splicing patterns and RNA structures
interacting with viral and host cell RBPs. Cellular RBPs are strongly recruited away
from their cellular functions and cellular cognate target RNAs in response to viral
infection, which skews the availability of target RNAs towards HIV transcripts [101].
Maybe most importantly, the two viral regulatory trans-acting nuclear RBPs of HIV,
Tat and Rev bind cis-acting RNA motifs, the TAR and RRE of the newly transcribed
HIV genomic RNA, and thus mediate the deregulation of the host cell RNA and
protein synthesis machinery to enable efficient virus replication [102,103]. As
illustrated in Figure 15, TAR (located in the HIV leader RNA element) and RRE
(located in the HIV env gene) motifs fold into complex secondary RNA structures
folding into highly conserved stem loops and bulges. Rev and RRE are known to
assemble to a homo-oligomeric ribonucleoprotein complex needed for the nuclear

export of intron containing messenger RN As from the nucleus into the cytoplasm.
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FIGURE 15: The cis-acting RNA regulatory elements of HIV-1. The untranslated highly conserved leader
RNA including TAR (left) and the RRE (right). The leader RNA is located in the R and U5 regions of the
LTRs of the HIV genome and consists of several regulatory domains: trans-activation response element
(TAR); polyadenylation hairpin (polyA); primer activation signal (PAS); primer-binding site (PBS);
dimerization initiation sequence (DIS); splice donor (SD); RNA packaging signal (WV); translation start
codon of gag (AUG). The highly conserved RRE is located in the env gene sequence of the viral genome
and contains ~350 nucleotides generating seven stem loops and bulges. Stem IIB and Stem IA are
defined as primary and secondary Rev-binding sites (left). Left image adapted from: copyright © 2012,
Das et al.; CC BY 2.0 license BioMed Central Ltd. [102]. Right image adapted from: copyright © 2012,
Fernandes et al.; CC BY-NC 3.0 license Landes Bioscience [103].

RRE as well as TAR are also known as target RNA structures for small molecules
intervening the HIV replication cycle. However, until today, little is known about the
cytotoxic and disease-causing effects of Rev-RRE in contrast to Tat-TAR [103,104]. Tat
recruits the histone acetyltransferases to the viral promoter to activate the transcription
of the viral genome. In addition, the RNA helicase A (RHA) acts as a strong TAR-
binding cellular co-factor and enhances HIV-1 LTR-driven gene expression and virus
production. The RBP Tat enters the nucleus and binds to the host cell RBP P-TEFb.
This complex then interacts with TAR on the RNA enhancing the activity of RNA-Pol
II, and thus transcription levels [96,105]. Tat’s role as the trans-activator of HIV
transcription is fully characterized. Other replication-independent effects mediated by
the viral soluble protein Tat cause diseases. Cells constantly release Tat into the
extracellular space where it exerts cytotoxicity harming cells in proximity, also known

as bystander toxicity, as illustrated in Figure 16 [104].
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FIGURE 16: HIV Tat bystander toxicity. Upon infection, Tat accumulates inside the cell but is also released
into the extracellular compartment. Tat binds to a range of different surface receptors facilitating the
cellular uptake by endocytoses. Chromatin remodeling and transcriptional regulation of gene
expression in the nucleus as well as receptor downregulation, changes in the organization of the
cytoskeleton and induction of apoptosis can be caused by Tat. Different cellular and systemic alterations
are listed (left).

Upon infection, Tat accumulates at the inside of the plasma membrane of infected cells
and is released into the extracellular compartment. Tat actively recruits monocytes and
macrophages into the areas of infection. By binding to a variety of cell surface
receptors, e.g., heparan sulfate proteoglycans (HSPGs), chemokine receptors, integrins
and lipoprotein receptor-related protein-1 (LRP-1), Tat is able to penetrate into a range
of different cell types, amongst others, monocytes, macrophages, lymphocytes,
astrocytes, neurons, and cardiomyocytes. Here, Tat induces the release of mainly pro-
inflammatory chemokines and cytokines (e.g.,, CCL2, TNF-a, IL-2, IL-6, IL-8) that
activate transmigration and can be toxic to uninfected bystander cells as
cardiomyocytes and the heart. Tat alters the activity of the proteosome complex (e.g.,
down regulation of cellular proteins and up regulation of viral proteins). As one
example, Tat induces the upregulation of Connexin 43 mRNA and proteins in
cardiomyocytes and increases lipofuscin levels, a known aging heart biomarker. Tat
also leads to the alteration of actin filaments, tight junctions and adhesion molecules,

altering the organization of the cytoskeleton. Inside the nucleus Tat recruits RBPs and
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binds TAR inducing transcriptional regulation of gene expression and chromatin
remodeling resulting in many different cellular and systemic alterations [96,104]. In
the case of HIV-associated neurocognitive disorder (HAND), Tat can induce
neurotoxicity directly as well as indirectly by triggering inflammation through the
activation and recruitment of macrophages, microglia and astrocytes into the affected
areas of the brain [104]. Latest findings suggest that Tat causes the emergence of
neurocognitive and cardiovascular impairments in about 50 to 60% of HIV-infected

individuals as a result of Tat’s bystander toxicity [104,106].
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5.3 ANTIRETROVIRAL THERAPY (ART)

HIV transmission occurs most frequently during sexual contact through exposure to
infectious virions penetrating mucosal surfaces [12]. Alternative transmission routes
include percutaneous inoculation among drug abusers and intrauterine infection from
mother to child during pregnancy. HIV detection is earliest possible approximately 10
days post infection, employing sensitive polymerase chain reaction (PCR) tests
[107,108]. The primary infection phase, two to four weeks post infection, can be nearly
asymptomatic or is characterized by flu-like symptoms while viral plasma levels
typically peak at this phase. In the second phase a decline of plasma viremia results in
a chronic establishment of a viral set point, i.e., the individual stable viral load (HIV
RNA) of an infected person. The typical CD4+ T cell count in a healthy adult amounts
to 500 to 1200 cells per pL. During the progression of HIV infection to the occurrence
of AIDS, a decline of the CD4+ T cell count to <100 cells per pL is observed [107,108].
This progressive loss of CD4+ T cells is accompanied by diseases and malignancies in
the infected individuals such as opportunistic infections with Candida albicans and
Pneumocystis jirovecii, resulting in pneumonia or human herpesvirus, causing
Kaposi’s sarcoma [109,110]. The majority of untreated infected individuals die after a
10-year latency period. In 2020, 73% of the 37.6 million HIV-infected individuals had
access to antiretroviral therapy (ART) [111]. ART is a combination of three or four
antiviral compounds administered in a lifelong treatment regimen [112-114]. The
therapy does not cure HIV-infected patients but enables the management of HIV
infection as a chronic disease. To date, more than 40 antiretroviral drugs categorized
in 7 classes are approved by the U.S. Food and Drug Administration (FDA) and
recommended for HIV treatment [115]. Table 8 gives an overview of these classes and
some exemplary compounds. These antiviral compounds interfere with key steps of
the viral replication cycle and comprise the (I) nucleoside re- verse transcriptase
inhibitors (NRTIs) including the first approved antiretroviral drug zidovudine
(Retrovir), (IT) non-nucleoside reverse transcriptase inhibitors (NNRTIs), (III) protease
inhibitors (PIs), (IV) integrase inhibitors (IIs), (V) (post-)attachment inhibitors (Als),
(VI) CCRS5 receptor antagonists, and (VII) fusion inhibitors (FIs). The latter two classes
share a similar approach of impeding cell entry. CCR5 antagonists block the cognate
co-receptor of CD4+ T cells. Blocking of CCR5 consequently prevents the initialization
of the gp41-TM-mediated membrane fusion [116]. Fusion inhibitors on the other hand
directly block the retroviral entry by gp41-TM fusion peptide binding [117]. The
recently approved attachment inhibitors Fostemsavir and the therapeutic antibody
Ibalizumab-uiyk prevent retroviral entry by blocking HIV gp120-SU and the CD4
receptor, respectively [118,119]. Drugs from the other four classes (NRTIs, NNRTISs,
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IIs, and PIs) on the contrary do not target retroviral entry but inhibit key enzymes
within the replication cycle [13,120,121]. NRTIs and NNRTIs both inhibit provirus
synthesis by either leading to chain termination during DNA strand elongation or by
directly inhibiting reverse transcriptase activity. Integrase inhibitors, on the other
hand, prevent the insertion of the synthesized provirus into the host cell genome.
Protease inhibitors block the processing of precursor proteins during assembly and

maturation of particles to infectious virions [122].

TABLE 8: Overview of FDA-approved antiretroviral medicines including their mechanism of action,
generic names, and approval year amended from HIVinfo.NIH.gov, accessed on 21 October 2021TOBER
2021 [115].

Generic Name, FDA Approval

Antiretroviral Drug Class Mechanism of Action
Examples Year
abacir
. . . . 1998
. Incorporation of nucleoside or nucleotide emtricitabine
Nucleoside reverse . o 2003
. e analogues by the reverse transcriptase leads lamivudine
transcriptase inhibitors . . . . 5 . 1995
(NRTIs) to chain-termination of proviral DNA tenofovir disoproxil 2001
S synthesis [13,120,121] fumarate
: . 1987
zidovudine
d iri 201
) NNRTIs bind the substrate pocket of the oraerxne 018
Non-nucleoside reverse . . efavirenz 1998
. Ny reverse transcriptase, hence reducing ..
transcriptase inhibitors polymerase activity andimpeding provitl etravirine 2008
RTIs irapi 1996, 2001
(RNELTs) DNA synthesis [13,120,121] nevirapine i
rilpivirine 2011
atazanavir 2003
Blocking the active site of the viral protease fo:;;ur:: . 2882
vi
Protease inhibitors (PIs) inhibits the processing of the Gag-Pol ritoiavir 199
1 tei - 13,120-122
polyprotein precursor [13, ] saquinavir 1995
tipranavir 2005
Blocking the active site of the viral integrase cabotegravir 2021
Integrase inhibitors (IIs) inhibits insertion of the proviral DNA into dolutegravir 2013
host cell genome [13,120,121] raltegravir 2007, 2017
Viral entry is eith ted by binding t
(Post-)Attachment inhibitors fral enity 1S €xtner preverted by dIncing to fostemsavir 2020
(Als) gp120-SU (Als) or by binding the CD4 ibalizumab-uivk 2018
receptor (post-Als) [118,119] y
(CCR5 arinagonists Blocking of the: co-receptor CCR5 impedes maraviroc 2007
viral entry [116]
Fusion inhibitors (FIs) Binding to gp41-TM inhibits viral entry [117] enfuvirtide 2003

The use of ART clearly improves the prognosis of HIV-infected individuals since the
viral load is suppressed to a steadily low level, preventing progressive CD4+ T cell
decline [123,124]. Moreover, the suppression of the plasma viremia to an almost
undetectable level decreases the sexual transmission of HIV sustainably, and thus also
facilitates prevention of new infections. The risk of acquiring HIV infection within a
HIV-discordant relationship is reduced by 96% when ART treatment is initiated
immediately or early after HIV diagnosis [125,126]. In addition, a post-exposure
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prophylaxis (PEP) treatment with antiretrovirals (tenofovir, emtricitabine, and
raltegravir) can reduce the transmission risk by 80%. PEP can be initiated shortly after
or ideally within the first 72 h after occupational contact (blood or blood-containing
fluid) or after non occupational exposure to the virus [127,128]. ART has to be
administered in a stringent and lifelong treatment regimen that requires the variation
of different drug combinations to avoid the occurrence of drug resistant viruses
quickly emerging during monotherapy [123,129-132]. Since the development and
approval of the first antiretroviral drug in 1987, substantial progress in the treatment
of HIV infection was achieved [133,134]. The health-related quality of life among HIV-
infected individuals has remarkably improved using state-of-the art drugs and
advanced dosage schedules [114,123-126]. For example, the recently approved
integrase inhibitor cabotegravir and the NNRTI rilpivirine show extended half-life,
and thus can be administered on a monthly basis, hence remarkably improving
treatment of people living with HIV [135,136]. To reduce the propensity of re-emerging
drug resistant variants, promising targets for compound-mediated therapeutic
interventions could include conserved mRNA structures such as hairpins, stem-loops,
and bulges present in TAR [137-140], RRE [62,141,142], and Psi [143-145], as these
structurers interact specifically with their cognate viral protein counterparts, namely,
Tat, Rev, and the p7-NC of the core protein Gag, respectively. However, these novel
approaches are still in the pioneering stage. The use of antiretroviral medicine for pre-
exposure prophylaxis (PrEP) became evident as a successful preventive method,
despite being associated with high costs and limited access [146]. Positive effects on
the reduction of AIDS mortalities resulted from national and global ART campaigns,
but in view of slowly decreasing infection numbers and stagnating funding, the
ambitious 90-90-90 target is unlikely to be reached [147]. The 90-90-90 target was a
strategy based on three pillars, which was announced by the joint United Nations
program on HIV/AIDS (UNAIDS) in 2014 claiming that, in 2020 (I) 90% of HIV-
infected people will be diagnosed, (II) 90% of those diagnosed will receive ART, and
that (III) 90% of those on ART will have a controlled viral load suppression. However,
only 5 of more than 40 countries participating in the U.S. President’s Emergency Plan
for AIDS Relief Countries (PEPFAR) reached this ambitious goal [148]. The U.S.
government orchestrates PEPFAR and thereby supports countries with high HIV
prevalence in epidemic control such as Uganda, Rwanda, and South Africa [149].
Reaching the global 90-90-90 target expectation remains difficult to meet. The
socioeconomic and geopolitical instable situation, e.g., in the Middle East and North
Africa present a constant obstacle and complication for achieving the 90-90-90 target

[150]. Much alike and in contrast to Western Europe (84-88-90), a strategy progress
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monitoring revealed that Eastern Europe (57-45-57) is far away from reaching the
target [151]. A quarter of the HIV-infected population worldwide has still no access to
ART in 2020, most likely due to infrastructural or financial limitations [111].
Accordingly, HIV treatment in the Western world reveals high lifetime costs of at least
USD 326,500 for an individual who acquires HIV at the age of 35 as estimated by a US
study from 2015 [152]. The average price of first-line antiretroviral drugs in the US has
increased more than 30% since 2012, which is 3.5 times the rate of inflation [153].
Whether the huge financial costs associated with therapy and patient care are
manageable in the future appears questionable. A stable health infrastructure is crucial
since viral load rapidly rebounds within weeks after ART interruption, supporting the

emergence of drug resistant virus variants [154-156].

In view of these obstacles, new global initiatives for HIV prevention are required to
tackle the challenges and worldwide financial burden of this epidemic [157]. Ideally, a
prophylactic HIV vaccine would be available, enabling global vaccination campaigns

in the near future.

54 VACCINES

5.4.1 INTERPLAY OF HIV AND IMMUNE RESPONSE — IMPLICATIONS FOR VACCINE
DEVELOPMENT

A financially sustainable alternative to the current ART is necessary to halt the
progression of the HIV epidemic. The development of a vaccine followed by a global
vaccination campaign is considered the most effective strategy. However, and over the
last decades, the development of a potent vaccine has been unsuccessful [158]. The
obstacles for the development of a vaccine are rooted in the unique biology of HIV.
The high mutation and re- combination rate of the virus generates repeatedly novel
immune escape variants [45,46]. In addition, latency facilitates the establishment of
viral reservoirs. These two characteristics mainly hamper the design and development
of an effective HIV vaccine [159-162]. Besides dendritic cells and macrophages, CD4+
T cells are the main targets of HIV replication. During viremia, infected cells
disseminate throughout the body and the viral load increases until hitting a peak after
two to four weeks post infection [108]. As part of the cell-mediated immune response,
infected CD4+ T cells underlie clearance by CD8+ cytotoxic T lymphocytes (CTLs),
which are subsequently activated upon infection and mostly specific for the Gag
proteins of HIV [107,108,163]. The following long-term steady state of low viral load is
mainly a result of CTL activity limiting HIV replication [164]. Whereas most HIV-

producing cells are eradicated by the immune system in the early phase of infection,
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small pools of non-activated or naive infected CD4+ T and T memory cells persist, still
containing proviruses [53]. This small pool of cells serves as a viral reservoir that
remains dormant until provirus expression is initiated upon antigen- or cytokine-
mediated activation [53]. In addition, the CTLs harbor escape variants ensuring that
these infected cell pools remain unrecognized by the cellular immune system [46,165].
This way, the viral reservoir represents a genetic archive of numerous HIV variants
whose vast majority was generated during viremia [166]. Therefore, vaccination must
achieve an early and effective CTL activity in order to control and suppress viremia
after infection and hence limit the probability of establishing viral reservoirs. In
parallel to the cellular immune response, the humoral immune response is rapidly
activated after infection, resulting in the production of HIV-specific antibodies,
amongst others, directed against various target epitopes in the Env proteins [167].
However, the vast majority of the Env-binding antibodies target epitopes, not
mediating virus neutralization [167,168]. In addition, neutralization-sensitive epitopes
are mostly masked by the high density of glycosylation of the Env proteins [169,170].
The resulting glycan shield thus serves as a barrier of virus neutralization by the
humoral immune response. Nevertheless, the antibody response still acts as a selection
pressure on the virus, leading to the continuous adaptation of Env, and thus the
generation of new viral variants evading humoral immune response [168,171].
However, this co-evolution of Env and antibody response also drives the emergence
of so-called “broadly neutralizing antibodies” in 20-30% of HIV-1 infected individuals
[172]. Broadly neutralizing antibodies (bNAbs) target distinct and highly conserved
neutralization-sensitive epitopes on Env trimers [173,174]. BNAbs recognize either
proteinaceous epitopes or target glycan structures. These bNAbs also mediate the
neutralization of a broad range of HIV variants, whereas most induced neutralizing
antibodies are variant- or strain-specific [172,175,176]. Highly potent bNAbs were
isolated from HIV-infected individuals [177,178]. Noteworthy, a minority of less than
1% of HIV-infected individuals show low viral loads close to the detection limit of very
sensitive PCR-mediated diagnostic assays [179,180]. These low viral loads are
correlated with a strong CTL response and a decline of infected CD4+ T cells [180].
Individuals exhibiting this trait of spontaneous disease control are summarized under
the term “elite controllers” [179,181]. However, the exact mechanism of how elite
controllers maintain low viral loads over the years is not yet fully understood despite
being of major interest for vaccine design [182]. Some observations point towards an
improved Gag-specific T cell response and distinct provirus integration sites [181,183].
This group of HIV-infected individuals therefore represents the closest approximation
to how immunity against or control of HIV could be achieved [182,183]. An ideal HIV
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vaccine would thus likely consist of two components [184,185]. One component should
elicit a bNAD response to combat the large Env diversity of globally circulating HIV
variants and consequently prevent infection of new host cells. From the viewpoint of
vaccine development, the striking variation of Env represents a particular challenge
for the design of potent target antigens [186—189]. Therefore, and to gain a deeper
understanding of virus neutralization, the identification and examination of the
structure of neutralization-sensitive epitopes became of paramount importance for
vaccine development [186,190]. The other component should induce an early and
effective T cell response to suppress initial viremia, hence preventing the
establishment of viral reservoirs. However, it remains unclear whether a future HIV
vaccine will confer sterile immunity or rather facilitate virus replication and viral load

suppression, preventing the progression to AIDS and further transmission [191].

5.4.2 HIV CLINICAL VACCINE TRIALS

In 1986, Zagury and colleagues initiated the first HIV vaccine clinical phase I trial in
the Democratic Republic of Congo [192]. Since then, numerous further efforts were
undertaken to develop a potent HIV vaccine. The scientific challenge of developing a
prophylactic vaccine has been pursued now for over three decades and is mainly
obstructed by the extremely high variability of HIV and constant immune evasion of
new virus variants. The lack of ideal animal models allowing for preclinical testing of
vaccine candidates and delivering reliable data predictive for the later desired potency
in humans further hampers the development process [193-195]. Three different aims
are usually targeted in HIV vaccine development: (I) elicitation of a potent CTL-
mediated immunity, (II) induction of a HIV-specific non-neutralizing antibody
response, and (III) generation of bNAbs [185]. Several novel approaches to address
these assumed “correlates of protection” were already investigated successfully in
non-human primate (NHP) studies but revealing limited efficacies in clinical trials in
the past years [196]. In this initial regimen, Zagury and colleagues used a vaccinia
vector expressing the unprocessed precursor of the HIV envelope protein (gp160).
With this approach, it was aimed to induce neutralizing antibodies directed against
Env and a parallel potent CTL response [192,197]. The employed vector-based
approach was decisive for subsequent vaccination concepts such as the highly
anticipated RV144 trial conducted in Thailand in the millennium. In this trial,
participants received an attenuated canarypox vector. The regimen comprised prime
injections with the canarypox vector vaccine and two booster injections with a
recombinant bivalent gp120-SU subunit vaccine derived from HIV subgroup B/E

[198,199]. The resulting immune response involved neutralizing antibodies targeting
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the V1V2-loop of the gp120-SU and a readily detected CD4+ T cell response [200-202].
Both were presumably accountable for an observed lower risk of infection [202,203].
The trial demonstrated a 31% efficacy and raised hopes that a prophylactic vaccine
could be developed, potentially reaching higher efficacies [198,199]. Due to the
moderate success of the RV144 trial in Thailand, the vector and the adjuvanted subunit
vaccine components were adapted and applied in different regimens of several follow-
up studies such as HVTN 305, HVTN 306, and HVTN 702 [204-206]. Initiated in 2012,
HVTN 305 utilized a late boost regimen conducted with 162 HIV-negative RV144
vaccinated recipients aiming at the induction of long-lasting antibody responses.
Although immune responses were elevated compared to the initial vaccination series,
a durable antibody response was not achieved. In addition, the induced antibodies
were barely capable of neutralizing sensitive laboratory-adapted tier 1 HIV strains.
Tier 2 strains, representing the circulating viruses, were not neutralized at all [204,207].
The second follow-up study, HVTN 306, started a year later and focused on the effect
of less frequent booster injections after the initial vaccination series during the RV144
trial. The prolonged intervals between initial vaccination and boosting showed a
positive effect on the magnitude and quality of immune responses [205]. A third
follow-up study in South Africa (HVTN 702) was launched in 2016 exchanging the
gp120-SU antigens derived from clade B/E with the ones of clade C. The vaccine
elicited the desired immune response and reached clinical phase III. However, this
new vaccine did not prevent HIV infection in the South African participants [206]. The
idea of so-called “mosaic vaccines” was developed to combat the genetic diversity of
HIV [208]. Mosaic HIV proteins consist of synthetically shuffled epitopes derived from
different HIV variants. Fischer and colleagues disclosed the design of such mosaic HIV
vaccines in 2007 and since then research teams around Barouch and Santra picked up
the idea and tested mosaic vaccines in rhesus macaques [208-211]. Barouch et al. used
a non-replicating adenoviral vector transferring gag, pol, and env mosaic genes. In
contrast, Santra et al. administered a DNA vector, containing gag and nef mosaic genes
for priming, followed by booster injections with a recombinant vaccinia virus. Despite
the use of different mosaic HIV antigens (Gag, Pol, Env, and Nef) in different regimens
and vector systems, both studies revealed a similar positive outcome in rhesus
macaques. Compared to natural occurring antigens, the mosaic proteins mediated the
enhanced T cell epitope recognition of CD8+ and CD4+ T cells and the cross-
recognition of variants of these epitopes [209-211]. Encouraged by these promising
results, an adenovirus serotype 26 (Ad26) vectored vaccine Ad26.Mos.HIV (consisting
of Ad26.Mos.1.Env, Ad26.Mosl.Gag-Pol, Ad26.Mos2.Gag-Pol), a modified vaccinia
Ankara (MVA)-Mosaic vaccine (MVA.Mos.1.Env, MVA.Mosl.Gag- Pol,
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MVA Mos2.Gag-Pol) and a subsequent protein boost with adjuvanted clade C gp140
proteins (truncated Env precursors) were tested in a clinical trial (APPROACH) and a
rhesus monkey challenge study [212]. The envelope glycoproteins were either applied
in a membrane-anchored form displayed on the surfaces of Ad26.Mos.1.Env
transduced cells or as soluble gp140 proteins used for boosting. The protein boost used
in the AP- PROACH study was thereby composed of stabilized Env trimers of clade
C, so called SOSIP trimers, assumed to be crucial for the elicitation of broadly
neutralizing antibodies [213,214]. In summary, the vaccine regimen was highly
immunogenic in humans and in primates alike. A 67% protection against infection
with a Simian-Human Immunodeficiency Virus (SHIV)-SF162P3) was achieved when
rhesus monkeys were subjected to six intrarectal virus challenges, raising hopes for
the desired potency in humans [212]. In 2017, the vaccine components of the
APPROACH study were further used in an efficacy trial in Southern Africa under the
study name Imbokodo [212,215]. Imbokodo enrolled 2637 participants in a phase IIb
clinical trial. However, the Imbokodo study was recently terminated ahead of schedule
due to disappointing efficacy [216]. Yet, there is still hope for the alternative Mosaico
trial, started in 2019, which is a related study analyzing the effects of Ad26.Mos.HIV
and an adjuvanted clade C gp140 protein vaccination of participants in North America,
Latin America, and Europe [217]. Despite advances in the HIV vaccine development,
Mosaico and the previously mentioned HVTN 702 were the only two HIV vaccine
efficacy trials that enrolled more than 100 participants and reached phase III in the past
10 years. Table 9 gives a detailed overview of these two trials, including the respective

vaccine regimen and trial sites.
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TABLE 9: Overview of HIV vaccine phase III clinical trials in the past 10 years with more than 100
participants.

Vaccine Trial Study ID Start Year Vaccine Regimen Outcome

IM administration of ALVAC-HIV
(vCP2438) at months 0 and 1 followed Safe, no serious

NCT by IM injection of ALVAC-HIV adverse events
HVTN 702 2016 (vCP2438) and bivalent gp120-MF59 were observed, no
02968849 . -
adjuvant at a total dose of 200 ug at sufficient
months 3, 6, and 12 protection
Priming (IM) with Ad26.Mos4.HIV
(Ad26.Mos.1.Env, Ad26.Mos.2S.Eny,
Ad26.Mos1.Gag-Pol, Ad26.Mos2.Gag-
NCT 6-Mos1.Gag-To 6-Mos2.Gag Results not yet

Mosaico 03964415 2019 Pol) at months 0 and 3 followed by
boosting (IM) with Ad26.Mos4.HIV
vaccine and adjuvanted bivalent clade

available

C and mosaic gp140 at months 6 and 12

Abbreviations: intramuscularly (IM), vCP2438 (canarypox vector 2438), adenoviral vector 26 (Ad26).

55 OUTLOOK
The extremely high variability of HIV is a challenge for both the further improvement

of ART and the development of a prophylactic vaccine. Whereas most current
compounds used in ART target viral proteins prone to hyper mutation, mRNA
structures such as hairpins and stem-loops can be targeted and due to their conserved
structure potentially offer an opportunity to overcome the issue of virus variability.
However, ART is cost- intensive, and thus unlikely to be globally applicable and
accessible. Therefore, and to fight the global epidemic of HIV, a prophylactic vaccine
appears indispensable. An efficient vaccine against HIV infection facilitating future
global vaccination campaigns needs to induce a strong and sustainable cellular and
humoral immune response including the elicitation of cross-clade neutralizing bN Abs.
The concept of using multiple mosaic antigens appears promising in order to cover the
high diversity of globally circulating HIV variants. However, and after three decades
of conducting clinical trials, it seems likely that the combination of different vaccine
platforms will be required to generate an efficient polyvalent vaccine. This will most
likely include novel technologies such as mRNA-, HIV-derived virus-like particle

(VLP)-based and viral vectored vaccines using a variety of different donor viruses.
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6 SUMMARY & OUTLOOK

The optimization of biotechnological processes to produce gene therapeutics consists
of many laborious, cost- and time-intensive developmental steps. Currently a more
streamlined upstreaming process from transient to stable productions is urgently
needed. In a first proof-of-concept study and to advance the previous published work
of Berg et al. 2019 [93], suspension 293-F cells were co-transfected using a SB100X
transposase-encoding  plasmid and hybrid transposon-MLV/MSCV-derived
packaging, envelope and transfer vector components. After only three weeks of
selection, the polyclonal suspension VPC, called VPC-MSCV-EGEFP, stably produced
ecotropic MLV-based retroviral vectors in serum-free medium. The transduction
efficiencies of the vectors were successfully tested in mouse fibroblasts, myeloblasts as
well as in preclinical relevant murine bone marrow-derived HSPCs. Functional titers
were tenfold higher than previously reported titers of ecotropic MLV vectors
produced in stable suspension WIL-2 cells, reaching up to 1.4 x 107 TU/mL [94]. In
addition, the transduction efficiency of up to 37 % in murine HSPCs at an MOI of 6
after one round of transduction was comparable or even higher to transduction
efficiencies of ecotropic MLV vectors transiently produced in adherent Phoenix-Eco
cells [95]. For stability testing and larger-scale productions, the VPC culture volume
was successfully scaled up to 100 mL in shake flasks and vector harvests were
concentrated 20-fold using ultrafiltration devices. Although a first-generation transfer
vector was utilized, no generation of RCRs was detected employing RT- and marker
rescue-assays. After stable transfection of the transfer vector however, a homologous
recombination event within the genomes of the transduced target cells was detected.
The utilized transfer vector contained an untranslated region of the gag sequence
downstream of W sharing homology with the gag sequence of the packaging construct.
Thus, full length gag sequences were packaged and stably transduced at low
frequencies into the target cells within a range of 10-100 copies per 10,000 cell
genomes. The removal or codon optimization of the gag sequence will be of utility for
future transfer vector designs [96]. This study was published in collaboration with the
Paul-Ehrlich-Institute in Langen in the Journal of Virological Methods in 2021. In
addition, to prepare for a fully automated production in a bioreactor, the VPC was
successfully scaled up in collaboration with the Max-Planck-Institute for Dynamic of
complex technical systems in Magdeburg in an automated perfusion high-density
reactor, holding promise for future industrial scale productions (the manuscript is
presently under review with the Springer Journal: Applied Microbiology and
Biotechnology and not published yet).
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In a second study the transposition technology using the SB100X transposase was
optimized. Therefore, the plasmid-based transposase construct was exchanged with
an in vitro transcribed transposase mRNA-transcript. A key technical step was the co-
transfection of the transposase-encoding mRNA into the packaging cells using PEI at
optimized ratios [97]. Since no plasmid-based transposase was co-transfected and
possibly stably integrated within the host cell genome, the risk of potential
remobilization events of the transposon-viral donor vectors within the genome of the
VPC was greatly reduced. In addition, the transposase could be used as an mRNA
transcript in a 1:1 ratio (transposase to donor vector) without risking overproduction
inhibition (OPI) resulting from long-term expression of the transposase [98]. Here,
three stable ecotropic MLV-based VPCs were compared. The stable MLV-Gag-, Pol-
and ecotropic MLV (PVC-211) Env-expressing suspension VPC, called MuPACK.e
was established and stably transfected with (1) a plasmid-based egfp and neo® encoding
transfer vector, (2) a plasmid-encoding transposase and the transposon-based transfer
vector encoding the same genes (3) a mRNA-encoding transposase and the
transposon-based transfer vector. The latter polyclonal VPC was named
MuPACK.e.SB-LEGFP-N1mrna and was able to generate 10-fold higher functional
titers as compared to the two other VPCs and five-fold higher to communicated titers
of the VPC-MSCV-EGFP. Functional titers in NIH/3T3 cells reached up to 5 x 107
TU/mL. The produced functional titers were also tenfold superior to previously
communicated vector titers produced by VPCs generated with comparable

technologies using a hybrid MLV-piggyBac transposon system [99,100].

To prepare for a high cell density experiment in an STR in collaboration with the Max-
Planck-Institute for Dynamic of complex technical systems in Magdeburg, the VPC
was successfully expanded to 1.5 x 107 cells/mL in an adapted culture medium called
Dynamis™, being four times higher than in Freestyle™ expression medium. This
finding led to a first STR cultivation over 10 days resulting in satisfactory VPC
viabilities and functional titers in NIH/3T3 target cells as well as in stable production
parameters, such as pH and osmolality. In summary, the described application of the
SB100X transposase as mRNA transcripts in combination with transposon-viral donor
plasmids was demonstrated superior to simple plasmid transfections or plasmid-
based transposase transpositions. This should allow a more streamlined and rapid
production of different kinds of pseudotyped viral vectors harboring different transfer
vectors or envelope proteins of choice within only three weeks. In addition, the
Dynamis™ medium should facilitate future high-density productions of viral vectors
under current good manufacturing practice (¢cGMP) in fully automated bioreactors.

Today’s production of clinical grade RVVs in adherent and transient transfected VPCs
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only allows the production of gene therapeutics at single doses. Using STRs instead,
many doses could be collected over a period of months, thus massively lowering the
costs [82]. The here described suspension-based VPC provided scalability from
laboratory size to an industrial STR size and should also foster the acceleration of the
subsequent downstream processes to purify the continuously harvested viral vectors
using for example perfusion filtration systems [101,102]. This study was published in
Frontiers in Bioengineering and Biotechnology in 2023.

In future applications the choice and design of the transfer vector will be of great
importance as the viral LTRs as well as strong promoters are mainly responsible for
activation of neighboring genes, especially proto-oncogenes. In this thesis, a first
generation transfer vector was utilized without SIN-LTRs, resulting in homologous
recombination of the psi-gag sequences within the VPC and bearing the risk of RCR
formation. For future transfer vector designs, the remaining gag sequences next to the
viral packaging signal should be codon-optimized or removed to eliminate
homologous recombination [96]. Moreover, SIN-LTRs should be employed, lowering
the risk of RCR formation within the VPC, as well as eliminating the risk of LTR
enhancer activities inducing proto-oncogenes [103-105]. Next to the utilization of SIN-
transfer vectors, a safer integration site away from proto-oncogenes within the host
cell genome should be preferred. y-RVs preferentially integrate close to transcriptional
start sites (TSS), e.g., gene regulatory elements such as promoters and enhancers. The
genomic integration sites of RVs as well as LVs are mainly dependent on host-cell co-
factors. These proteins, known as tetherin restriction factors, bind to the viral integrase
as well as chromatin target sites [9]. To target a safer integration site, the viral integrase
can be modified. The interaction site of a tethering cofactor within the C-terminal
domain of the viral integrase can be removed and replaced with chromatin-binding
peptides targeting integrations sites distant to gene regulatory elements. In previous
studies, viral productivities as well as transgene expressions were not hampered and
no genotoxic effects in hematopoietic stem cells were observed [106]. Recent in vitro
and in vivo pre-clinical studies however implicate that retroviral vectors with altered
IN do not fully exclude TSS integration sites. Future pre-clinical studies must evaluate
this risk [9,107].

Apart from the utilization of a safer transfer vector and packaging construct,
pseudotypisation of future clinical grade vectors is key for efficient transgene delivery
into different kinds of human target cells. Different envelope proteins show altered
gene transfer efficacies depending on the target cell population. The envelope proteins
of MLV-4070A, RD114 or GaLV would be of first choice for a stable suspension VPC
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[56,87,104,108,109]. These envelope proteins are known to efficiently pseudotype the
retroviral particles providing stability in human sera and during ultracentrifugation,
ultrafiltration or freeze-thaw cycles and being non-cytotoxic. Using these envelopes,
high VPC productivities and high functional titers can be achieved in clinically
relevant human target cells [77,87,109]. These pseudotyped RVVs could then be used
to deliver clinically relevant transgenes (e.g., functional genes, CARs, tumor-
associated antigens (TAAs) or suicide genes) into appropriate patient-derived target

cells such as HSPCs and human lymphocytes [2,110].

For effective long-term gene therapy, three essential points need to be fulfilled: (1)
stable and efficient delivery of the transgene into the specific target cells, (2) long-term
expression of the transgene and (3) minimal secondary side effects caused by the viral
vector due to immune reactions or proto-oncogene activations [10]. RVVs still play a
key role in many gene therapy applications and researchers are evaluating novel safety
measures, e.g., better vector designs, conditional gene expressions, selectable and/or
inducible gene expression, insulator elements or weaker promoters to reduce the risk
of surrounding promoter/enhancer effects of neighboring genes and the use of LTR or
IN mutations [29,37]. This thesis helped to get one step forward to optimize rapid
stable VPC establishments and respective upstreaming in serum-free media. However,
further studies with clinically relevant RV-, Ad-, AAV- and LV-based vectors are
needed to proof its applicability [111].
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