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Abstract

Gene therapy is a fast growing technology that offers treatments for genetic diseases. The
method is based on introducing genetic material into a patient to replace the disease-causing
gene, using a vector. This report examines the potential of some viral vectors for gene
therapy, to give Bio-Works Technologies a recommendation on what the future market
demands. Oncolytic viruses, vaccines and gene editing are not treated in the report as a
delimitation.

Viral vectors have different biological properties and require different purification methods,
making them suitable for different applications in gene therapy. In the purification of the
viruses it can be challenging to obtain a high purity and large-scale manufacturing. One
major drawback with most purification methods is that they are not specific to just one virus,
which leads to contaminants in the solution and lower purity. The viral vectors handled in the
report are the adenovirus, adeno-associated virus, gammaretrovirus, lentivirus,
alpharetrovirus, foamy virus, herpes simplex virus and baculovirus. These were chosen as
they are relevant vectors for gene therapy and stay within the scope of the report.

Lentiviral vectors (LVs) and adeno-associated viral vectors (AAVs) will dominate the gene
therapy field in the coming years. This is based on the information that the use of AAVs and
LVs in clinical trials have increased in recent years, while the other vectors mentioned above
have slightly decreased or show no apparent change. However, challenges still remain in the
purification processes. Ligands used in affinity chromatography for purification of AAVs are
effective at removing most contaminants, but cannot distinguish between empty and loaded
capsids, which can induce immune response when used clinically. This is the main challenge
when purifying AAVs. The empty capsids can be removed with ion exchange
chromatography, which results in higher purity but also lower recovery. There is no specific
purifying method for LVs, therefore a lentivirus-specific affinity ligand, such as an antibody
ligand, would be beneficial for the purification and manufacturing procedure.

In addition to AAVs and LVs, baculoviral vectors and foamy viral vectors show great
potential in a long-term perspective but they only have been researched in preclinical studies.
Moreover, herpes simplex viral vectors and adenoviral vectors show potential in cancer
treatments or as vaccines rather than in augmentation gene therapy.
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Abbreviations

AAV – Adeno-associated virus
AcMNPV – Autographa californica
multiple nucleopolyhedrovirus
ADA – Adenosine deaminase deficiency
Ad-p53 – Adenovirus-p53
AdV – Adenovirus
AIEX – Anion exchange chromatography
aRV – Alpharetrovirus
BAC – Bacterial artificial chromosome
Bacmid – Baculovirus plasmid DNA
BV - Baculovirus
CAR – Chimeric antigen receptor
cGMP – Current Good Manufacturing
Practice
CNS – Central Nervous System
Cox-AdV – Coxsackievirus and
adenovirus
Cryo-em – Cryogenic electron microscopy
CsCl – Cesium chloride
DEB – Dystrophic epidermolysis bullosa
DMD – Duchenne muscular dystrophy
dsDNA – Double-stranded DNA
DNA – Deoxyribonucleic acid
EIAV – Equine infectious anemia virus
EMA – European Medicines Agency
FDA – US Food and Drug Administration
FIV – Feline immunodeficiency virus
FV – Foamy virus
FVIII – Blood-clotting factor VIII
GLAd – gutless adenovirus
GM-CSF – Granulocyte-macrophage
colony-stimulating factor
gRV – Gammaretrovirus
GTCT – Gene Therapy Clinical Trials
Worldwide database
HCV – Hepatitis C virus
HDAdV – Helper-dependent adenovirus
HEK293 – Human embryonic kidney 293
cells
HF-GLAd – Helper virus-free gutless
adenovirus

HIV-1 – Human immunodeficiency virus 1
HIV – Human immunodeficiency virus
HSC – Hematopoietic stem cells
HSCT – Hematopoietic stem cell
transplantation
HSV-1 – Herpes simplex virus type 1
HSV – Herpes simplex virus
IEC – Ion-exchange chromatography
IMAC – Immobilized metal affinity
chromatography
IV – Intravenous
kb – Kilobase
LTR – Long terminal repeats
LV – Lentivirus
NAb - Neutralizing antibody
NILV – Non-integrating lentiviral vector
NK cells – Natural killer cells
OV – Oncolytic virus
PCL – Packaging cell line
PNS – Peripheral Nervous System
rAAV – Recombinant adeno-associated
virus
rAd-p53 – Recombinant adenovirus-p53
RCA – Replication-competent adenovirus
RC – Replication-competent
RCV – Replication competent virus
RD – Replication-defective
RV – Retrovirus
SARS-CoV-2 – Severe acute respiratory
syndrome coronavirus 2
SCD – Sickle cell disease
SCID-X1 – X-linked severe combined
immunodeficiency
SEC – Size exclusion chromatography
SIN – Self-inactivating
SXC – Steric exclusion chromatography
TFF – Tangential flow filtration
VP – Viral protein
VSV-G – Vesicular stomatitis virus
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1. Introduction

BioWorks is a biotechnology company that specializes in the production of purification
products. These products are agarose based resins, used to purify biomolecules for research
purposes and drug manufacturing.

Gene therapy means to treat genetic diseases by correcting the gene expression of affected
cells. This is done by transferring foreign genes into the affected cells. For more on gene
therapy, see Appendix A. The field of gene therapy is quickly developing. Several gene
therapies have received governmental approval during the past decade and even more are in
line in various stages of clinical trials. The development of the field is creating a demand for
ways to efficiently purify viral vectors. This is a demand that a company like Bio-Works
wants to meet.

The demand for a new purification product for a viral vector will depend on the demand for
the vector in the near future. Another influence comes from how well the technical challenges
in regard to purification are met by existing products. This is where our project comes in. Our
aim is to identify the most prominent viral vectors in gene therapy and evaluate in which
areas purification can be improved. We hope that the information we collect can serve as a
foundation upon which Bio-Works can decide what kind of product they should develop. We
also want to provide an image of where the field of gene therapy is, and where it is going, as
well as an understanding of the challenges that need to be overcome along the way.

2. Delimitations

The field of gene therapy is rapidly growing. The applications of viral vectors extend beyond
what is considered gene therapy by the classical definition. But due to time constraints, we
will not be able to delve deep into them and instead limit our scope to the classical definition.

Oncolytic therapies are used against cancer. The goal of oncolytic viruses is to destroy the
tumor cell, not to make changes to their gene expression. This puts them in a category outside
what is considered classical gene therapy and for this reason they are not included in the
report.

Aside from altering gene expression, a big part of classical gene therapy is concerned with
the transport of genetic material into cells. Viral vectors could in theory be used to transport
gene editing machineries into cells. We place less emphasis on the mechanics of the
machinery that make the actual changes and therefore gene editing is out of scope for this
project.

Viral vectors can be used in vaccine applications. These applications are not concerned with
creating a permanent change to the cell's gene expression. As such it does not fit the classical
definition of gene therapy. Because of this it will not be part of the report.
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3. Viral vectors for Gene therapy

3.1 Different suitable applications due to different properties

A wide range of viral vectors are being investigated as potential vectors for gene transfer.
Since different viruses have different biological properties, this makes them suitable for
different gene therapy applications (Bulcha et al. 2021). In the following paragraphs, we will
discuss the properties of a selection of viral vectors and whether they are useful for gene
therapy applications. A summary of this is also presented in Table 1 below.

Table 1. A summary of the properties of each viral vector investigated in this report.

Feature AdV AAV gRV LV FV HSV BV

Genome dsDNA ssDNA RNA RNA RNA dsDNA dsDNA

Transgene
capacity 37 kb 4.7 kb 10 kb 10 kb 12 kb 150 kb 38 kb

Administration In vivo &
ex vivo In vivo Ex vivo In vivo &

ex vivo Ex vivo In vivo &
ex vivo

In vivo &
ex vivo

Host genome
integration No No Yes Yes Yes No No

Immune
responses High Low Low Moderate Low Low Moderate

Insertional
mutagenesis No No Yes Yes Yes No No

Pre-existing

immunity
High High Low Low Low High None

Tropism Broad Broad Moderate Broad Broad Broad Broad

Transducing

non-dividing

or dividing

Both Both Dividing Both Dividing Both Both

3.1.1 Transgene capacity varies among the different viral vectors

The therapeutic gene of interest is called the transgene and is generally accompanied by a
promoter in the vector (Lukashev & Zamyatnin 2016). The transgene varies in size between
the different vectors, from 5 kb in AAV vectors to 150 kb in modified HSV vectors. A
smaller transgene size limits the potential of a vector in therapies that require larger
transgenes or multiple gene corrections. Although it is possible in some cases to split the
transgene cassette into smaller parts, each carried into the cell by a separate vector, the most
common approach is to use a vector with large enough packaging capacity to begin with
(Patel et al. 2019).
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3.1.2 Cell tropism and transduction

A viral vector's tropism determines how many different cell types the vector can transfect
(Nasimuzzaman et al. 2018). If the tropism is broad, the vector can transduce into more cell
types, tissues and organs. A vector can transduce to dividing cells, non-dividing cells or both.
When non-integrating transgenes are delivered to dividing cells, a so-called dilution effect
occurs when the cells divide (Athanasopoulos et al. 2017). This means that the transgene will
not be passed on to all daughter cells when the cells divide.

3.1.3 Host genome integration determines the longevity of the transgene expression

After transducing the target cell, the vector can follow different paths of action depending on
its properties. DNA viruses and most RNA viruses leave their transgene in the host cell
nucleus, where it is maintained episomally as a separate chromosome (Venditti 2021).
Subtypes of the retrovirus family, such as gammaretroviruses, lentiviruses and foamy viruses,
have the ability to stably integrate the transgene they are carrying into the genome of the host
cell (Goswami et al. 2019). The complex processes involved in this, called reverse
transcription and integration, are executed via the viral enzymes reverse transcriptase and
integrase respectively. The integration event ensures long-term expression of the transgene in
the transduced cell as well as all its eventual daughter cells (Martínez-Molina et al. 2020). It
is, however, also the reason for the occurrence of insertional mutagenesis, which will be
discussed later in paragraph 3.1.5. More information on this can be found in Appendix A.

3.1.4 Administration can be done in vivo or ex vivo

Depending on the target cell for the treatment, it is administered either in vivo or ex vivo
(more background on this can be found in Appendix A). As a rule of thumb, integrating
vectors are often used for ex vivo transduction of hematopoietic stem cells (HSC), whilst
non-integrating vectors are mainly used in vivo.

3.1.5 Insertional mutagenesis can lead to cancer development

Insertional mutagenesis occurs when the integration of a transgene into the genome of the
target cell leads to dysregulation of the host cell’s own genes (Gutierrez-Guerrero et al.
2020). This can lead to oncogenesis, meaning that healthy cells turn into cancer cells. The
risk of this is increased further if the transgene is inserted near oncogenes or
cancer-suppressor genes (Apolonia 2020).

The risk of insertional mutagenesis depends on the integration pattern of the retroviral vector
(Marini et al. 2015). gRVs tend to integrate into promoter or enhancer regions leading to a
higher risk, whilst LVs often integrate downstream of the transcriptional start site which
lowers it (Wu C & Dunbar 2011, Marquez Loza et al. 2019). FVs, however, seem to have no
preference to specific regions but have a more random and neutral pattern of insertion,
leading to an even lower risk of insertional mutagenesis (Kaufmann et al. 2013a). In order to
further decrease this risk, self-inactivating (SIN) vectors have been developed for most
integrating vector types. Here, specific regions of the repeat sequences flanking the transgene
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are deleted and replaced by a promoter of choice, making it easier to regulate and control the
expression of both the transgene and surrounding host cell genes (Cooray et al. 2012).

3.1.6 Host immune responses and pre-existing immunity

When a viral vector is introduced, the host can recognize the viral genome or viral particles
which may induce immune responses, making the transfection less effective. The host can
have an innate or an adaptive immune system against the virus (Gregory et al. 2011). The
host may have pre-existing immunity against a virus, such as specific antibodies and T cells
(Nwanegbo et al. 2004). This leads to inactive treatment and it is not possible to repeat the
treatment with the same viral vector. A solution is to use other serotypes, which are variants
of the virus, if there are any.

3.2 Adenoviral vectors

Adenovirus (AdV) is a species from the genus Mastadenovirus (Singh et al. 2018) and one of
the most used viruses in gene therapy (Majhen & Ambriović-Ristov 2006). The virus is a
nonenveloped and non-integrating viral vector (McConnell & Imperiale 2004,
Athanasopoulos et al. 2017), it is about 70 - 100 nm in diameter and the linear
double-stranded DNA (dsDNA) is enclosed in an exterior protein shell. The vector is used in
both in vivo and ex vivo treatment (Hartman et al. 2008), and the modern generation of the
viral vector can carry up to 37 kb of transgenic sequences (Liu & Seol 2020). Coxsackievirus
and adenovirus (Cox-AdV) receptor is the cellular binding site for the virion particle
(McConnell & Imperiale 2004), and it can be found in a large number of human tissues.

There are at least 57 different human serotypes of adenovirus, classified into seven different
species types; A to G (Wold & Toth 2013, Goswami et al. 2019). These categories have been
determined by the serotype properties of agglutinate red blood cells, therefore different types
cause different infections. The most commonly used AdV serotypes in gene therapy are
serotype 5 (AdV5) and 2 (AdV2) (Athanasopoulos et al. 2017), which are also the serotypes
already exposed to the human adult population (Vorburger & Hunt 2002). AdV5 and AdV2
belong to the species type C, which could cause infections of the urinary and the upper
respiratory tracts (Wold & Toth 2013). All species types, except type B, use the Cox-AdV
receptor to enter host cells (McConnell & Imperiale 2004).

3.2.1 The structure of the wild-type virus

The structure of the wild-type adenovirus consists of five “early” (E1A, E1B, E2, E3 & E4)
genes and five “late” (L1, L2, L3, L4 & L5) genes (Vorburger & Hunt 2002, McConnell &
Imperiale 2004). These genes are a part of two specific phases of transcription; before (for
modulating gene expression) and after (for assembly and lysis) the replication. The early
genes in the wild-type AdV are reconstructed or deleted when creating the different
generations of the viral vector (Volpers & Kochanek 2004, Brücher et al. 2021). The different
early phase regions encode for (Volpers & Kochanek 2004, McConnell & Imperiale 2004,
Bulcha et al. 2021):
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● E1A - the transcription for the other early phase genes.
● E1A & E1B - cellular changing proteins.
● E2 - the necessary proteins for the replication of the genome.
● E3 - important for the host immune system.
● E4 - proteins crucial for the regulation of the transcription.

The genome also contains inverted terminal repeats (ITR), which are vital for growth and the
initiation phase of replication (Hatfield & Hearing 1991). Furthermore, the size of the ITRs
depends on the different human serotypes, but the range of size is approximately 36 to 200
base pairs (Davison et al. 2003). The adenoviral genome also contains packaging sequences
and viral RNAs (Goswami et al. 2019).

The capsid of the virus, determined by cryo-em and X-ray crystallography, consists of the
major proteins hexon, penton, fibers, and also four distinct minor capsid proteins (IIIa, VI,
VIII, and IX) (Reddy & Nemerow 2014, Stewart 2016). The four minor capsid proteins, also
called cement proteins, are necessary for the support and the stability of the capsid, cell entry,
and virion assembly & disassembly. The cement proteins are organized in two different layers
to create a stability, where the external layer includes IIIa and IX, while the internal layer
includes the other three cement proteins (Reddy & Nemerow 2014). The capsid consists of
240 hexon proteins and 12 pentones (Volpers & Kochanek 2004). For every fourth hexon,
there is a penton base and a fibre protein attached to the penton base (Russell 2009). A
penton, together with adjacent hexons, creates stability even though the pentons are the most
fragile part of the capsid proteins. The function of the fiber proteins is the interaction between
the virus and external components (Stewart 2016), such as a receptor for cell attachment of
Cox-AdV receptor. The capsomeres are responsible for the immune response of the capsid
and it has a varying size, depending on the serotype (Russell 2009).

3.2.2 Advantages of adenoviral vectors for gene therapy

There are some distinct benefits of using the adenoviral vector in gene therapy such as it does
not integrate with the host cell’s genome which means no insertional mutagenesis
(McConnell & Imperiale 2004, Lee CS et al. 2017, Lee D et al. 2019), a high transduction
efficiency in both dividing and nondividing cells, broad tropism, and an ability to deliver
larger or multiple genes through its high payload capacity. Furthermore, the latest generation
of the viral vector (Lee D et al. 2019), due to deletion of all characteristic viral genes, has a
low induced immune response which creates a long-term transgene expression.

3.2.3 The construction of the viral vector

To become more suitable for gene therapy, the genome of the wild-type AdV has been
modified and adjusted (McConnell & Imperiale 2004, Goswami et al. 2019).

For the first-generation of the viral vector, the E1 and E3 genes in the wild-type genome,
were removed and replaced by transgenes. By deleting these two genes it was possible to
insert up to 8.2 kb of transgenes. The E1 genes, as mentioned above, encodes for the viral
replication, and by replacing them with a transgene, the ability would be diminished (Volpers
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& Kochanek 2004, McConnell & Imperiale 2004, Majhen & Ambriović-Ristov 2006). By
deleting the E3 region it gave more space to increase the capacity of the transgene. However,
even though the region for viral replication was removed, it has been shown that the
recombinant vector still has the ability, at very low levels, to replicate and therefore induce a
cellular immune response (McConnell & Imperiale 2004, Majhen & Ambriović-Ristov
2006). Furthermore, problems with vector production and cell lines in conjunction with
cellular immune response were discovered, and problems with replication-competent
adenovirus (RCA) occurred (Lochmüller et al. 1994, Murakami et al. 2002). To lower the
induced response from the first-generation viral vectors, a second-generation vector was
constructed (McConnell & Imperiale 2004). By modifying the first-generation and deleting
the E4 and E2 regions, the second-generation AdV vectors were designed (Liu & Seol 2020).
This resulted in a decrease of the cellular immune response, even if it still was a problem.

The modern viral vector is called a gutless (GLAd) or helper-dependent AdV (HDAdV)
vector. In the HDAdV vector, the majority of the wild-type genome has been removed
(Piccolo & Brunetti-Pierri 2014, Liu & Seol 2020). The only coding regions left are ITRs and
the packaging signal (McConnell & Imperiale 2004, Liu & Seol 2020). This gives up to 37 kb
of usage for transgene sequences, which is generally bigger than most transgenes. To
maintain the stability of the genome even when smaller transgenes are used, stuffer DNA has
been introduced (Parks & Graham 1997).

The use of a helper virus is required for replication in packaging cell lines (McConnell &
Imperiale 2004, Liu & Seol 2020). In spite of the improvement, there are still issues with
RCA and induced immune response against the helper virus (Liu & Seol 2020). There have
been several attempts trying to improve the safety issues, but without any further success
(Parks & Graham 1997, Ng et al. 2001, Cheshenko et al. 2001). According to an article by
Liu & Seol (2020), to succeed in clinical trials, it is important to produce GLAd vectors
without the helper virus (Liu & Seol 2020). A solution to this problem could be a helper
virus-free gutless adenovirus (HF-GLAd) (Lee D et al. 2019), where the helper plasmid does
not contain the elements required for viral replication.

3.2.4 Challenges with the adenoviral vector in gene therapy

The main challenge with the adenovirus as a vector in gene therapy is the response from the
human immune system; both the innate and the adaptive immune system. Since the first AdV
vector, there has been a great innate immune response (Gregory et al. 2011, Shirley et al.
2020), which causes toxicity. The AdV vector activates a vast range of innate immune
defense mechanisms, such as cell death influenced by macrophages and inflammatory
cytokine production. With the design of the modern HDAdV vector, this type of immune
response could be avoided by removing the characteristics of the wild-type virus, as
mentioned before (Gregory et al. 2011).

The other major challenge, as mentioned above, is the pre-existing immunity against common
AdV serotypes in distinct populations (Nwanegbo et al. 2004, Singh et al. 2018, Bulcha et al.
2021). After an infection, neutralizing antibodies (NAb), which are serotype-specific, are

13



generated (Nwanegbo et al. 2004), and due to more than 50% of the adult human population
having been naturally infected of AdV2 and AdV5, there is already a pre-existing immunity.
To solve this problem, there are two prominent solutions (Fausther-Bovendo & Kobinger
2014) - using low seroprevalence human AdV or animal-derived adenoviruses. By using rare
serotypes, i.e. low exposure in the adult human population, there will not be a pre-existing
immunity. For instance serotypes from type B, including AdV3, AdV7, AdV11, and AdV35,
and also AdV26 are less prevalent (Dharmapuri et al. 2009, Chen H et al. 2010).
Additionally, these can infect cells that lack Cox-AdV receptors. The human serotypes 26 and
35 have also been successful in phase I clinical trials (Singh et al. 2018).

The main challenge with using low seroprevalence human AdV is currently the cross-reaction
with some of the more rare serotypes with AdV2 (Chen H et al. 2010, Singh et al. 2018) and
in comparison with AdV5, they are less potent. Therefore Adenoviral vectors in gene therapy
using non-human serotypes have been developed (Quinn et al. 2013, Fausther-Bovendo &
Kobinger 2014) from bovine, canine, chimpanzee, ovine, porcine and fowl. The most used, to
date, are serotypes derived from chimpanzees (Singh et al. 2018), where some serotypes have
been in clinical trials phase I (Biswas et al. 2014, Swadling et al. 2014). As for human
serotypes, chimpanzees have the same issue with cross-reacting. With the other non-human
serotypes mentioned above, there are no NAb in the adult human population (Singh et al.
2018), which could make them potential future serotypes.

3.3 Adeno-associated viral vectors

Adeno-associated viruses are single stranded DNA viruses (Lugin et al. 2020). Compared to
many other viruses AAVs are small. They do not have an envelope like the lentivirus and
other retroviruses. Instead it is the capsid of the AAV alone that stands between the genomic
material it protects and the environment. The capsids are constructed from three types of viral
proteins (VP) called VP1, VP2, and VP3. AAVs can be divided into different serotypes. AAV
serotypes differ from one another in the amino acid composition on the surface of their
capsids (Mietzsch et al. 2020). These differences have an important influence on the
properties of the virus as the surface of the capsid is the way in which the virus interacts with
the outside world (Li & Samulski 2020). The composition of the surface residues decides the
tropism of the virus, and the ability for the immune system to find a recognition site known as
an epitope. Gene therapy uses recombinant adeno-associated viruses (rAAV) (Wang et al.
2019). While the rAAVs are structurally the same as their wild type counterparts, in terms of
their genome they are almost unrecognizable. The only remnants of the wild type genome are
the flanking ITRs at each end. The other 96% have been replaced with a cassette designed
after the therapeutic goal of the treatment (Li & Samulski 2020).

3.3.1 The Advantages of AAV in gene therapy

For ex vivo gene therapy applications LVs are the most prominent vectors (Shirley et al.
2020). For gene therapy in vivo however, AAV has become the vector of choice. This is in
part due to its reputation as a relatively safe vector to use. AAVs reputation as a safe vector
comes in part from its episomal delivery of the transgene to the nucleus, as opposed to
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integration with the hosts chromosomes (Venditti 2021). Viral integration into the host
genome is associated with certain risks relating to cancer development. By leaving its
genome episomally these risks can be avoided. AAVs reputation as a safe vector is further
accentuated by its low immunogenicity (Lugin et al. 2020).

Another desirable trait is the versatility of AAVs that comes from the different serotypes that
belong under it. Almost all natural serotypes have the ability to transduce the liver. Beyond
this, different serotypes further specialize in transducing tissue of different organs. This
makes it possible to target a broad range of tissues by using different serotypes (Wang et al.
2019). The types of tissue that AAV can transduce range from the liver, eye and muscles, to
the brain and the central nervous system (CNS). For example, while AAV2 is able to
transduce the eye (Li & Samulski 2020), serotypes AAV1, AAV7, AAV8 and AAV9 can
transduce muscle tissue (Wang et al. 2019, Li & Samulski 2020). The ability of AAV9 in
particular, to also surpass the blood-brain barrier gives it added potential in gene therapies
directed at the CNS (Wang et al. 2019).

To further increase the versatility of AAVs, engineering attempts have been made in altering
the tropism profile of some serotypes (Li & Samulski 2020). AAV2.5 for example, is a hybrid
created from AAV2, but conjoined with five capsid residues belonging to AAV1. The reason
for the use of these residues in particular was that they were identified as conserved residues
in serotypes with a strong tropism for muscle tissue. The muscle tissue tropism of AAV2.5 is
as a result stronger than its non-hybrid counterpart. The hybrid has been used in clinical trials
for the treatment of Duchenne muscular dystrophy (DMD). Another such hybrid is the
engineered serotype AAV2G9. This too is a hybrid based on the AAV2 serotype, but here
conjoined with residues for glycan binding belonging to AAV9. The conjoinment in this case
improved transduction ability. Promoting tropism of one kind can also be done by demoting
tropism of another (Wang et al. 2019). By detargeting the liver, AAV2i8 becomes more
effective at transducing certain muscle types.

3.3.2 Challenges with AAV in gene therapy

Despite AAVs reputation for causing low levels of immunogenic response, the immune
response of the host is one of the major obstacles for AAV-based gene therapy. Exposure to
the vector can activate a response from B cells, in turn producing neutralizing antibodies
(NAb) that target the capsid of the intruder (Zhu et al. 2009). Following pathogen exposure
some of the responding B cells will remain with the memory of the intruder (Allie & Randall
2020). In this way, adaptive immunity risks being promoted from repeated treatment (Shirley
et al. 2020, Dickerson et al. 2021). If the immune response to the treatment is strong enough,
activation of cytotoxic T lymphocytes can also become a concern as they may destroy
corrected cells, reducing the therapeutic effect (Nidetz et al. 2020). It is estimated that about
half of the human population have developed NAbs from infection by wild-type AAVs (Wang
et al. 2019, Li & Samulski 2020). As a consequence, NAb-based screening has to take place
before subjects can take part in a clinical trial, identifying and excluding subjects that carry
NAbs for relevant serotypes (Wang et al. 2019, Shirley et al. 2020). Barriers imposed by the
immune system can to some extent be overcome through capsid engineering (Wang et al.
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2019). As previously discussed, AAV2i8 was through engineering better able to transduce
muscle tissue. This change also altered the vector's antigenic profile, helping the vector avoid
immunological recognition.

The payload capacity of AAV is limited to around 4.7 kb (Wu Z et al. 2010). This is an
obstacle when the gene to be delivered exceeds this capacity. Such is the case for the gene
associated with DMD (Mendell et al. 2020). The size of this gene is a massive 2.4 mb.
Despite the challenge this presents, progress has been made in clinical trials for the treatment
of this condition using AAV-mediated gene therapy. Instead of the full-sized gene, a truncated
version that still retains the function of the original gene is used. A different approach to
delivering a gene that exceeds the payload capacity is to split the gene cassette in up to three
parts, and let them each be carried into the cell by independent vectors (Patel et al. 2019).
Once inside the cell, the cassette can be assembled into its intended functional configuration.

While having a genome that remains episomal comes with safety benefits there is also the
issue that the episomal genome is not propagated to all daughter cells during cell division
(Brommel et al. 2020). When the episomal genome is lost cells can no longer express the
genes that corrected them which implies a dilution of corrected cells and a reduced
therapeutic effect over time. This makes AAV mediated gene therapies perhaps better suited
for cells that are quiescent like neurons and retinal cells. This being the case, it is of benefit
that AAVs have the ability to effectively transduce cells that are not in the process of dividing
(Li & Samulski 2020, Bella et al. 2020, Hacker et al. 2020). Still worth noting is that for
mitotic cells attempts have been made to get the transgene to integrate with the chromosomes
of the host (Wang et al. 2019).

3.4 Gammaretroviral vectors

As one of the first viral vectors used for gene therapy, gammaretroviruses (gRV) are
thoroughly researched and well understood (Maetzig et al. 2011). Due to the integrating
nature of gRVs they are used to treat genetic diseases by altering the genome of the patient to
treat genetic disorders such as severe immunodeficiency. This disorder is also a great
example for explaining how the vector works.

3.4.1 Application

X-linked severe immunodeficiency (SCID-X1) is a disorder in which the patient has a very
low number of T cells and natural killer (NK) cells. Because SCID-X1 is lethal and the cause
of it is genetic, gene therapy using hematopoietic stem cells becomes a reasonable candidate
to try and cure it. Gene therapy using HSCs means using stem cells which normally
proliferate into other blood cells, including T cells and NK cells. The gene whose
inactiveness is responsible for the lack of T cells and NK cells is called the γc chain. By
restoring the expression of the γc chain the patient may have their immune system restored.
Since the cells will continue to divide, the new expression will be permanent and all other
cells in the lineage will inherit the γc chain gene (Cavazzana et al. 2016). Therefore, it is
essential to use an integrating viral vector such as gammaretroviral otherwise the expression
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would be lost with time and the patient would require continuous injections of recombinant
HSCs. This is especially important because HSCs are uncommon, difficult to extract, and
frail, so continuous extraction would be costly and inefficient.

Moreover, HSCs are a suitable target for gene therapy since the cells can be extracted and
manipulated outside of the body, ex vivo, and afterwards transferred into the patient through
intravenous infusion (IV). Ex vivo manipulation is a lot easier than in vivo since you have
direct access to the cells (Morgan et al. 2017).

3.4.2 Foamy virus problems and their solutions

This method of treating SCID-X1 has been proven successful (Merten et al. 2014). In a study
20 patients diagnosed with SCID-X1 were treated using HSCs gene therapy with
gammaretroviral vectors. The patients showed almost complete recovery of their immune
system. However, 5 of the 20 patients were later diagnosed with leukaemia because of the use
of gRV. The patients developed cancer because the integration of the new genetic material
activated proto-oncogenes, genes that cause cancer if activated. As previously explained this
is insertional mutagenesis.

To solve this issue the LTRs can be modified (Cooray et al. 2012). A deletion can be made on
the 3’ LTR of the inserted gene and a stronger promoter inserted into the 5’. In effect, this
makes the gene not activate neighbouring genes and still ensure expression. This is called a
self-inactivating (SIN) viral vector.

Another method to prevent the activation of surrounding genes is the integration of isolation
sequences into the transgene (Browning & Trobridge 2016). Isolation sequences protect the
promoter region from nearby enhancing elements giving it the name enhancing blocking
insulators. They work either by changing the chromatin structure so that the enhancing
elements cannot reach the promoter region or by disrupting the transcription factors recruited
by the enhancing element. Although insulators lower the genotoxicity of the gRVs, it is not
enough for them to be clinically efficient. Also, the increased size in the gene cassette will
lower the titer substantially making it less suitable for larger production.

3.4.3 Decent payload size

Even though gammaretroviruses have a decent payload capacity of 10 kb, which is enough
for relatively long expression cassettes, the increasing size of the cassette negatively affects
the transgene expression and the titer (Maetzig et al. 2011). Although for gRVs the low titer
problem has been overcome using available stable packaging cell lines and by optimizing the
SIN sequences (Ghani et al. 2019).

However SIN gammaretroviral vectors are not perfect. Gammaretroviruses can only
transduce mitotic cells (Morgan et al. 2017). Since HSCs divide sparingly during their steady
state, the gammaretroviral vector will have problems infecting the cells and delivering the
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payload. Because of this, the process of creating a sufficient amount of modified HSCs for a
patient can become lengthy and inefficient.

3.4.4 Similar vector: Alpharetroviral

Alpharetroviral (aRV) vectors are an interesting alternative to gammaretroviral with
promising features which may be of interest in the future. Compared to both gRV and LV
vectors they have a more random and neutral integration pattern. This means that aRV vectors
are not as likely to integrate within active genes like LV vectors and not near transcriptionally
active sites promoting proto-oncogenes like gRV vectors. What this results in is lower
genotoxicity and a safer vector. Of course, like most integrating vectors, a SIN design
improves the safety of the vector further (Kaufmann et al. 2013a). Further safety features
include a clean vector genome structure and low risk of abnormal splicing.

A clean vector genome means that the different sequences in the integrating viral vector are
separate from each other and do not overlap (Suerth et al. 2014). For example the sequences
coding for the helper constructs and the sequences coding for the envelope. This results in a
lower probability of creating replication competent viruses (RCV). RCVs are dangerous
because it may lead to a spread of the vector which cannot be controlled, further increasing
genotoxicity. Since an 8bp overlap can lead to RCV other vectors have this issue.

Abnormal splicing is splicing into or out of the integrated vector (Kaufmann et al. 2013a).
This may lead to an increase in genotoxicity and is something present in lentiviral vectors.
However, since aRV vectors lack any splice acceptors in their leader region they are less
likely to have any abnormal splicing. Both of these features result in a safer viral vector.

Transgene cassette size for aRVVs is 8.8kb which is a moderate size. It allows for decently
sized cassettes but insulator elements will still need to take up some of that space. As for
packaging, alpharetroviruses have stable packaging lines, a sought after feature for
large-scale manufacturing. (Suerth et al. 2014)

The interest in aRV vectors is not that great though, as figure 1 shows the last couple of years
have had no publications within the field and only 10 have been published within the last 10
years. Since more optimized and well researched viral vectors with already approved
treatments are available it is unlikely that alpharetroviruses will enter the spotlight any time
soon. If an invaluable feature of alpharetroviruses were to be discovered, they would
certainly stand a better chance but as of right now they will probably remain unfavored.
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Figure 1. (alpharetrovirus[MeSH Terms]) AND (gene therapy[MeSH Terms]) on PubMed years 2010-2021

3.5 Lentiviral vectors

Lentiviruses (LV) are a genus of the Retrovirus family consisting of several serotypes,
including human immunodeficiency virus (HIV), as well as non-primate viruses such as
feline immunodeficiency virus (FIV) and equine infectious anemia virus (EIAV)
(Martínez-Molina et al. 2020). The serotype most utilized as gene therapy vectors today are
based on human immunodeficiency virus 1 (HIV-1), a subtype of HIV, with a wild-type
genome of about 9,5 kb (Goswami et al. 2019). As all retroviruses, lentiviruses are
enveloped, spherical and contain single stranded RNA genomes (Goswami et al. 2019).

What distinguishes retroviruses from other RNA-viruses is their ability to convert their RNA
genome to DNA in the transduced cell and thereafter integrate their genetic material into the
genome of the host cell (Milone & O’Doherty 2018). These steps of the retroviral life cycle
are essential for the function of lentiviruses as integrating vectors for gene therapy.

The integration of lentiviral genes into the genome of the host cell is non-random, with a
preference for integration into transcriptional units (Milone & O’Doherty 2018). However,
unlike gammaretroviral integration, the viral genes are not introduced near transcriptional
start sites, such as enhancer or promoter regions (Marquez Loza et al. 2019). This is believed
to be due to the ability of lentiviruses to enter the cell nucleus via active transport through
nuclear pores (Milone & O’Doherty 2018). Transcriptionally active genes and regions of
DNA are more closely located to the nuclear pore than heterochromatin (densely packed
DNA), which is often associated with the nuclear envelope (Marini et al. 2015). This leads to
a bias towards actively transcribed regions of the genome in the integration pattern of
lentiviruses.

3.5.1 From virus to viral vector

All types of lentiviral vectors contain the genes essential for virus survival and function,
which includes the gag, pol, env, tat and rev genes as well as regulatory sequences found in
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the 5’ and 3’ long terminal repeats (LTR) of the viral genome (Poorebrahim et al. 2019).
Structural proteins are encoded by gag, proteins needed for reverse transcription and
integration are encoded in the pol gene, and env contains the genetic code for the envelope
protein (Milone & O’Doherty 2018). Tat and rev are regulatory genes, managing gene
activity and viral genome nuclear export respectively (Milone & O’Doherty 2018,
Martínez-Molina et al. 2020). The LTR regions contain different elements connected to
promoter/enhancer activity for transcriptional regulation, and are required for transcription
(Goswami et al. 2019).

Lentiviral vectors for gene therapy have developed in generations, improving the safety and
efficacy in each step (Gutierrez-Guerrero et al. 2020). First generation LVs contained a
notable portion of the lentiviral genome. Aside from the genes necessary for virus survival,
several accessory genes were included in this first version of lentiviral vectors (Poorebrahim
et al. 2019). The vif, vpr, vpu, and nef genes give a survival advantage for lentiviruses in vivo
but are not needed for gene therapy purposes (Milone & O’Doherty 2018). When including
these genes in the vector, the risk of accidentally creating replication-competent viruses rises
significantly (Poorebrahim et al. 2019). Further, all replication-competent lentiviruses formed
will have virulent factors that increase the replication of the virus (Gutierrez-Guerrero et al.
2020). In order to increase safety, second generation LV vectors were developed. Here, all
accessory genes are removed, increasing biosafety without inhibiting the transfer of genetic
material into the host cell (Milone & O’Doherty 2018).

In third generation LV vectors, the safety was further improved by the creation of
self-inactivating (SIN) lentiviral vectors (Poorebrahim et al. 2019). By introducing specific
deletions of the U3 promoter region of the LTR as well as the tat gene, and instead replacing
it with a heterologous promoter, activation of oncogenes (genes associated with cancer) was
avoided (Escors & Breckpot 2010). Third generation LV vectors thereby minimize the risk of
creating replication-competent viruses and decrease promoter interference. For these reasons,
third generation lentiviral vectors are used most widely in gene therapy applications
(Martínez-Molina et al. 2020). The lentiviral vectors used in laboratories and clinics today
are composed of four separate plasmids (see Figure 2) (Milone & O’Doherty 2018);

● The gag/pol packaging plasmid, encoding the essential gag and pol genes, needed for
viral replication.

● The rev packaging plasmid, encoding the rev gene, necessary for viral genome
exportation.

● The envelope plasmid, encoding the envelope glycoprotein (VSV-G).
● The transfer plasmid, encoding the gene of interest as well as altered lentiviral LTR

sequences.

The target-binding envelope protein most commonly used in the envelope plasmid is the
glycoprotein of vesicular stomatitis virus (VSV-G) (Naldini et al. 2016). VSV-G binds to an
omnipresent receptor expressed by a wide range of cell types, giving the LV vector a broad
cell tropism for transduction (Milone & O’Doherty 2018). Another benefit of adding the
VSV-G glycoprotein to the envelope plasmid is that it stabilizes the viral envelope, making
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the vectors easier to manufacture and purify (Naldini et al. 2016). The transfer plasmid
encoding the transgene can carry inserted gene sequences of up to 10 kb (Lukashev &
Zamyatnin 2016). The altered LTR regions flank the transgene on both sides (Milone &
O’Doherty 2018).

Figure 2. Third generation lentiviral vector. Adapted from (Milone & O’Doherty 2018).

The vector is separated into different plasmids in order to avoid creating
replication-competent lentiviruses (Poorebrahim et al. 2019). When separating the genes
needed for virus production, transduction and integration from the transfer plasmid,
incorporation of those sequences into the genome is blocked, counteracting unwanted viral
replication (Poorebrahim et al. 2019). In order to further optimize the safety of LV vectors,
efforts have been made to reduce the portion of wild-type HIV-1 sequences even more,
creating a fourth generation of lentiviral vectors (Vink et al. 2017). By designing the genomic
structure to prevent HIV-1 packaging genes from transferring to patient cells, the risk of
generating replication-competent viruses in the patient is minimized.

3.5.2 Advantages of lentiviral vectors for gene therapy

3.5.2.1 Stable integration into the host cell genome provides long-term expression of
transgene

One of the main advantages of using lentiviral and other retroviral vectors for gene therapy is
their ability to integrate the transgene into the host cell genome, providing stable long-term
expression (Martínez-Molina et al. 2020). When the therapeutic gene is inserted in the
genome of the transduced cell, each time the cell replicates all of its daughter cells will
contain a copy of the transgene. This ensures long-term expression of the inserted gene even
in dividing cells, where other viral vectors may suffer from dilution effects (Milone &
O’Doherty 2018). Therefore, in treatments of diseases that require long-term expression of
the therapeutic gene (i.e. when permanent correction is needed), LV vectors are the primary
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choice (Lundstrom 2018). Examples of such applications are transduction of proliferating
cells, e.g. stem cells, which are often used ex vivo (Lukashev & Zamyatnin 2016).

3.5.2.2 Lentiviruses transduce both dividing and non-dividing cells – many possible
applications

Another property of LV vectors that make them suitable for gene therapy is the fact that they
can transduce both dividing and non-dividing cells, an area where other retroviral vectors are
lacking (Naldini et al. 2016). The ability of lentiviruses to enter the nucleus through the
nuclear pore is the most probable explanation for why lentiviruses can infect non-dividing
cells (Milone & O’Doherty 2018). This lentiviral characteristic broadens the scope of
possible applications in gene therapy, since some diseases arise in post-mitotic cells. Further,
the addition of the VSV-G envelope protein to the vector gives it a broad cell tropism, making
LV vectors suitable for applications in many different cell types (Milone & O’Doherty 2018).
This is particularly beneficial in ex vivo applications where only one cell type, most often
hematopoietic stem cells, is extracted from the patient and transduced with the vector
(Mhaidly & Verhoeyen 2019). This can, however, be problematic in vivo, which is described
further in later sections of this report. For these applications, the vector can instead be
targeted to transduce only specific cell types, minimizing the risk for off-target transduction
which can lead to adverse events (Mhaidly & Verhoeyen 2019). Lentiviral vectors have been
targeted towards different types of T cells by engineering the viral envelope using different
glycoproteins (Zhou et al. 2015). The study showed successful selective transduction of
different types of T cells in vivo in mice reconstituted with human HSCs.

3.5.2.3 Low immunotoxicity due to low pre-existing immunity

Moreover, due to the low prevalence of HIV-1 and absence of specific VSV-G immunity in
humans, LV vectors induce small adaptive immune responses when used in gene therapy,
because of the low pre-existing immunity towards the virus in the human population (Cantore
& Naldini 2021). The lack of many viral proteins in later generations of LV vectors also
contribute to the relatively low immunotoxicity (Escors & Breckpot 2010). This quality of
LVs also make them suitable for in vivo applications. Extensive research on HIV viruses as
well as development of retroviral vectors in general, and gammaretroviral vectors in
particular, was utilized to easily design safe and efficient LVs even in early generations of
development (Naldini et al. 2016). They have then been developed to further maximize
efficiency and safety for patients.

3.5.2.4 Lowered risk of insertional mutagenesis compared to alternative vectors

Compared to gammaretroviral vectors, which were the first integrating viral vectors to be
used in gene therapy, LV vectors show reduced risk of insertional mutagenesis and
genotoxicity (Marquez Loza et al. 2019). This is due to the integration pattern of LVs. As
mentioned earlier, gammaretroviral vectors are often integrated into promoter or enhancer
regions, leading to changes in the expression of nearby genes, resulting in insertional
mutagenesis (Wu C & Dunbar 2011). LVs, however, show a preference for integrating into
transcriptional units, but not upstream of the transcriptional start site, making them less
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genotoxic (Marquez Loza et al. 2019). If the dysregulation affects oncogenes or
cancer-suppressor genes, this can lead to oncogenesis, meaning it can turn healthy cells into
cancer cells (Apolonia 2020). However, as of 2020, no cases of insertional oncogenesis have
been reported from clinical trials conducted using LV vectors, indicating low risk using
lentiviral vectors (Cantore & Naldini 2021).

The development of self-inactivating lentiviral vectors resulted in even higher safety for use
in gene therapy. Deletions in the 3’ LTR are transferred to the 5’ end of the sequence during
reverse transcription and are therefore situated upstream of the transcriptional start site,
where the wild-type U3 region would normally contribute to transcriptional activity of the
transgene as well as neighbouring host cell genes (Zufferey et al. 1998). In SIN vectors, this
promoter activity or enhancer interference of adjacent genes is reduced, resulting in lower
genotoxicity and insertional mutagenesis than previous retroviral vectors (Marquez Loza et
al. 2019).

3.5.3 Limitations for gene therapy applications, and measures to combat them

3.5.3.1 Insertional mutagenesis can cause dysregulation of oncogenes

The largest limitation of using lentiviral vectors for gene therapy is the risk of insertional
mutagenesis (Milone & O’Doherty 2018). As previously mentioned, the dysregulation of host
cell genes in close proximity to the integration site of the transgene caused by the integration
event, can lead to cancer development (Apolonia 2020). LVs have the ability to transduce
both dividing and non-dividing cells. When integrating a transgene into the genome of a
proliferating cell, the risk of oncogenesis is even higher (Milone & O’Doherty 2018). This is
because of the increased probability of insertion into a region involved in cell division, and
dysregulations of such genes can lead to cancer. However, this problem is partially combated
by performing transduction of dividing cells ex vivo (Lukashev & Zamyatnin 2016). This
way, any oncogenesis can be monitored and investigated before reimplantation of the cells to
the patient. Having said that, most genetic therapies require frequent and long-term follow-up
in order to monitor potential cancer development due to the risk of it appearing subsequently
(Milone & O’Doherty 2018). Even though no cases of oncogenesis caused by lentiviral
vectors have been reported, the risk remains nonetheless due to the integration event
(Gutierrez-Guerrero et al. 2020). In order to reduce this risk further, SIN vectors were
developed, as mentioned in previous paragraphs.

A way to fully circumvent the issue of insertional mutagenesis is by the development of
non-integrating lentiviral vectors (NILV) (Apolonia 2020). By introducing mutations in the
sequence encoding integrase or the enzyme’s attachment sites in the genetic sequence,
integrase activity could be eliminated without affecting other important viral processes, such
as reverse transcription and transport to the nucleus (Escors & Breckpot 2010). This results in
vectors that are integration-deficient, and are instead maintained episomally. NILVs have
been shown to stably express transgenes from episomal DNA in post-mitotic cells and
tissues, with the same efficacy as their integrating counterpart (Apolonia 2020). In
proliferating cells on the other hand, the expression is transient and the vector exhibits a
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dilution effect as the cells divide. This is not suitable for genetic therapies that require
long-term stable correction, but makes NILVs ideal for applications that require temporary
transgene expression, such as vaccination, immunotherapies and eventually also gene editing
(Apolonia 2020).

3.5.3.2 The innate immune system reduces effectiveness

Although pre-existing immunity towards LV vectors is low in the human population, in vivo
gene transfer is rendered less effective because of the innate immune response that it induces
(Shirley et al. 2020). Phagocytosis and other innate immune activity, due to the recognition of
viral particles and structures, reduces transduction efficacy. In addition to reducing the
effectiveness of the vector for gene transfer, the immune system can also cause strong
reactions against LV particles or transgene products, resulting in inflammation which in
extreme cases is lethal (Goswami et al. 2019). To control this significant risk, it is crucial to
tailor the viral dose to the patient. The use of VSV-G as the envelope protein also reduces this
risk since there are no pre-existing antibodies against it. However, ex vivo administration of
the vector is considered the best way to avoid immune responses (Shirley et al. 2020).

3.5.3.3 Generation of replication-competent viruses can lead to increased insertional
mutagenesis

Replication-competent recombinant virus generation is also a risk when it comes to lentiviral
vectors, as with all viral vectors. If the transduced cell is infected by a wild-type lentivirus,
unwanted recombinant viruses containing the transgene may be created by combination of
lentiviral genetic information, capable of replication and integration. As a result of this,
insertional mutagenesis may increase due to viral replication and the following integration
into the host cell genome (Milone & O’Doherty 2018). To lower this risk, authorities demand
vast testing for replication-competent virus generation of all lentiviral vectors, both in vector
products and in patients. However, there are discussions about whether this should be revised
since testing is expensive and very labour-demanding, whilst the probability of generating
recombinant lentiviruses is quite low (Milone & O’Doherty 2018). This is in part due to the
removal of accessory genes in second generation lentiviral vectors, leading to less growth and
spreading in the case of replication-competent virus generation since any recombinant viruses
formed are devoid of virulence factors (Gutierrez-Guerrero et al. 2020). Self-inactivating
lentiviral vectors minimize this risk further, by providing control of transgene expression
(Poorebrahim et al. 2019).

3.5.3.4 Small transgene capacity limits the potential applications

Another limitation of lentiviral vectors compared to other viral vectors, such as the herpes
simplex virus, is their relatively small transgene capacity. As mentioned in the background
section on this field, the largest sequence size that LVs can carry is about 10 kb (Lukashev &
Zamyatnin 2016). This completely blocks the use of LVs in applications where the gene
variant needed for therapy is larger than 10 kb, for example treatment of many polygenic
diseases, where other vectors need to be used instead (Ibraheem et al. 2014).
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3.6 Foamy viral vectors

An alternative integrating viral vectors are foamy viruses (FV), also called spumaviruses.
Although not as well researched as gammaretroviral or lentiviral they still show promising
results as a tool for gene therapy (Simantirakis et al. 2020).

3.6.1 Application

Like other integrating viral vectors, foamy viral vectors are mainly used for ex vivo
transfection of cells, such as HSCs, which will be introduced back into the patient.

3.6.2 Safe integration profile

A major drawback for both the other conventional integrating viral vectors are the fact that
they both have the risk of insertional mutagenesis, gRVs more than LVs. This is due to
insertions near transcription start sites. Lentiviral vectors also have a risk of integrating
within genes. This may further develop immunodeficiency disorders such as SCID by
creating dominant clone cells in vivo. These may or may not be malignant. However, foamy
viral vectors have been shown to have a safer integration profile than both gRVs and LVs
lowering the risk of any of these issues (Nasimuzzaman et al. 2016, Browning et al. 2017,
Everson et al. 2018).

Another reason why FVs are an attractive alternative viral vector is their lack of
pathogenicity in humans (Trobridge 2009).

Important to not forget however is the fact that they are still able to activate proto-oncogenes
and SIN versions of the vectors need to be used for improved safety. SIN FV are less likely to
activate surrounding proto-oncogenes than their gRV and LV counterparts (Trobridge 2009,
Everson et al. 2018) . Of course, like other viral vectors foamy viruses also need to be
insulated for improved efficacy (Browning et al. 2017).

3.6.3 Waiting until mitosis improves transduction

One of the main disadvantages of gammaretroviral vectors is their inability to integrate into
non-mitotic cells. Now, FVs may share this fault but they are also able to attach to the
centrosome of host DNA and wait until mitosis. They can do this for a long time, up to 30
days (Nasimuzzaman et al. 2016). This makes them very attractive as a gene therapy tool
since it resolves the drawback of not transducing mitotic cells. For applications using HSCs
for example, foamy viral vectors become a promising candidate since they are safe, efficient,
and will not waste precious and rare stem cells (Sweeney et al. 2017). One only needs to
introduce the HSCs to the FVs for a short period of time and then reintroduce them into the
patient since they will transduce the cell eventually. Minimizing the time outside of the host
reduces the loss of HSC engraftment resulting in increased therapeutic efficiency. Another
feature of the FV vector which makes them appropriate for transducing HSCs is their unique
reverse transcription. FV have most of their reverse transcription done within the virion and

25



finish it in the target cell unlike other retroviruses which have the entire process within the
cell. This is important since HSCs have a low level of nucleotides which limits the reverse
replication of viruses. This increases FVs efficacy in comparison with other retroviral vectors
(Trobridge 2009).

3.6.4 Broad tropism

Furthermore, foamy viruses have a broad tropism (Nasimuzzaman et al. 2016). No
mammalian cell has been proven to be completely resistant to FV transfection (Trobridge
2009). This is because like many other viruses, FVs use the cell membrane receptor heparan
sulfate to infect cells which is a common cell in human tissue. Broad tropism eliminates the
need for most pseudotyping unless the target cell is non-mitotic. This is essential since
pseudotyping with one of the most common envelopes, VSV-G, reduces transduction efficacy
of FVVs down to 0.5% (Trobridge 2009, Everson et al. 2018). But since they cannot
transduce non-mitotic cells the risk of inserting transgenes into unintended tissues is also
reduced.

3.6.5 Large packaging capacity at high titers

Another advantage of FVs is their large packaging capacity. For clinically relevant titers, they
can carry twice as large transgene cassettes as lentiviral vectors, with a maximum packaging
capacity of 12 kb. This is because the foamy virus genome is the largest among the
mammalian retroviruses (Nasimuzzaman et al. 2016, Sweeney et al. 2017). Right now, a lot
of the diseases treated with integrating gene therapy are monogenetic since the field is still
relatively new and more complex treatments with multiple inserting elements have yet to be
developed (Sweeney et al. 2017). However, the field is growing rapidly, and sooner or later
more complex diseases are going to be the target of gene therapy (Everson et al. 2018).

One of the major issues a lot of viral vectors have is the difficulty of producing the vector at
clinically relevant titers while still incorporating insulators, self-inactivating elements, and
large transgene cassettes. Since titer decreases as cassette size increases a lot of vectors may
not even be able to treat certain diseases which need larger insertions. Luckily, since foamy
viruses have such a large packaging capacity it results in an ability to carry large transgene
cassettes while still maintaining high titers (Everson et al. 2018). This enables FVs to treat
diseases which require larger insertions such as Duchenne muscular dystrophy (DMD), which
requires an 11 kb insertion for example. Other vectors like LV or AAV will not be able to
carry the transgene cassette but researchers were able to transduce and express the gene in
relevant human tissue (Sweeney et al. 2017).

Because FVs are an integrating viral vector, the transgene will remain in the cells and the
lineage. As previously explained in the gammaretroviral segment this is a lot more feasible
and sustainable than continuous treatments. In the case of cells that rarely, or never divide FV
vectors would have to be pseudotyped (Sweeney et al. 2017).
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3.6.6 Challenges with FV vectors

Despite all their attractive traits, FV vectors have drawbacks. First, while the ability to lay
dormant within cells until mitosis does make them useful for types of progenitor cells, the
inability to transduce non-mitotic cells make them unsuitable for a lot of cell types. This issue
could be solved using psuedotyping but so far it has resulted in low transduction levels
(Sweeney et al. 2017). Second, the absence of stable cell packaging lines for foamy viruses
makes them less suitable for large-scale manufacturing compared to gammaretroviruses and
lentiviruses. Large-scale manufacturing is especially important for commercialization of the
vector. Third, there is always the risk of insertional mutagenesis even though FVs are safer
compared to their retroviral counterparts (Ghani et al. 2019).

3.7 Herpes simplex viral vectors

Simplex virus, so called Herpes simplex viruses (HSV), belongs to the Alphaherpesvirinae
which is a subfamily of Herpesviridae (Kantor et al. 2014). HSV is an enveloped virus
(Manfredsson & Benskey 2019) and has a double-stranded (dsDNA) genome (Artusi et al.
2018). HSV can infect both dividing and non-dividing cells effectively and latent HSV does
not integrate into the host genome. It has a wide tropism and the HSV vectors remain
episomal after transduction (Manfredsson & Benskey 2019). The HSV can be classified as
HSV-1 or HSV-2 depending on its cellular site of latency (Kantor et al. 2014). The HSV has a
spherical shape and has an icosahedral capsid which is covered by a lipid bilayer. This
envelope is then covered in glycoprotein (Kantor et al. 2014).

The virus is neurotropic which means it can infect nerve cells. This is one of several features
that makes the HSV a suitable virus for gene therapy in the nervous system (Artusi et al.
2018). The virus also shows suitable traits for cancer therapy. HSV can be used in vivo and ex
vivo, depending on the cell-and HSV type (Choudhury et al. 2017). Herpes simplex
virus-based vectors can have a genome size up to 150 kb (Artusi et al. 2018) and HSV-1 virus
has an insertion size of 30-40 kb (Segura et al. 2011) which is massive compared to the
capacity of other potential vectors. HSV-1 is more used than HSV-2 in gene therapy, but
HSV-2 has been used for development of vaccines.

3.7.1 Characteristics and advantages with HSV

3.7.1.1 HSV-1, two different effects inside the host-cell

When HSV-1 enters a cell, it can take one of two different paths, lytic or latent (Kantor et al.
2014). The lytic path will kill the host-cell and is useful for oncolysis, which is a kind of
cancer therapy. Three viral gene products are needed for these paths involved in replication;
immediate-early (IE) proteins, early (E) proteins and late (L) proteins.These three encodes
for; transcriptional regulations, viral DNA polymerase and structural proteins. The first
product is most important in the lytic path. The latent HSV-1 path will result in an
extrachromosomal episome within host nuclei. The insertional mutagenesis will decrease
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because the vector stays episomal, but it also decreases the long-term expression especially in
dividing cells (Manfredsson & Benskey 2019).

3.7.1.2 Infection of host cell

HSV-1 has glycoproteins outside its envelope, which enable effective infection of the cells
due to their trait to attach itself to the cellular receptors (Artusi et al. 2018). Glycoprotein gB
and gC will attach itself to the heparan on the host cell (Kantor et al. 2014). Then the HSV
mediates, when binding glycoprotein to herpesvirus entry mediator, a special receptor. The
nucleocapsid is released into the cytoplasm. Some of the next steps are mentioned in the
section above, HSV-1, two different effects inside the host-cell.

3.7.1.3 Virus with a large packing capacity

HSV expresses 80 different genes (Artusi et al. 2018) and 37 of them are essential which
gives the opportunity to replace the viral DNA with a large amount of the transgene DNA,
transfer plasmid coding for the gene of interest (Kantor et al. 2014). HSV is a high capacity
vector, it refers to its ability to carry a substantial payload (Artusi et al. 2018). A HSV-
amplicon has a transgene capacity of 150 kb and HSV-1 has about 50 kb. This allows
insertion of a large transgene into the host cell and makes it possible to treat more complex
genetic diseases. It also gives the opportunity to incorporate multigene cassettes. This is one
of the biggest advantages with HSV compared to other viral vectors.

3.7.1.4 A good tool for editing the nervous system

HSV is evolutionarily adapted for infecting the peripheral nervous system (PNS) and the
CNS. This trait enables effective transduction of these nervous systems (Artusi et al. 2018).
When HSV-1 infects a cell and mediates its nucleocapsid into the cytoplasm. When infecting
a neuron, the nucleocapsids can travel to the cytoplasm and nucleus, using the host-cells
retrograde axonal transport (Kantor et al. 2014). This ability to transport nucleocapsids is a
main advantage with usage of HSV in neurons (Manfredsson & Benskey 2019). HSV can
give a latent infection giving a long-term infection expressing genes without an immune
response and are able to persist in a neuron for life (Choudhury et al. 2017, Artusi et al.
2018).

3.7.2 Engineering projects to exploit HSV traits

Vectors are derived from HSV, to gain some of its properties that are suitable for special
applications. The properties are the replication-defective (RD), replication-competent (RC)
and the HSV amplicon.

3.7.2.1 Replication-defective

Much of the essential wild-type genes (Manfredsson & Benskey 2019) for replication have
been deleted and will prevent HSV to proliferate (Kantor et al. 2014). The normal toxicity
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from HSV will not occur because of the deletion of genes. It will eliminate the expression of
viral proteins inside the host cell, which will reduce the toxicity. The modifications of
RD-HSV have evolved in generations; the first generation was still cytotoxic in the neurons,
but the second generation reduced the cytotoxicity even more and allowed the HSV to persist
for a longer period of time in the cells. The pathogenicity was low in both generations.

3.7.2.2 Replication-competent vectors – promising for cancer treatment

Essential genes for immune evasion and virulence are deleted when creating these RC HSV.
This will compromise its ability to proliferate in vivo, but not in vitro. Further modifications
will give the vector diminished ability to replicate in healthy cells. These vectors have the
ability to have a lytic infection in tumor cells, this can create a virion host shut-off or cell
death (Kantor et al. 2014). These RC HSV vectors have been used for clinical trials for
cancer therapies.

3.7.2.3 Amplicons: mini harmless herpes simplex virus

Research has created effective HSV amplicons. An HSV amplicon is a minimal herpes
simplex virus vector and has the advantages of having an impressive transgene expression
cassette, packing capacity, of 150 kb (Artusi et al. 2018). The HSV amplicon have the same
traits as the HSV-1 particle but only contain a plasmid, and do not have a functional HSV
genome. This amplicon is in need of a helper virus for its production. The helper virus is
often a RD-HSV-1. This HSV amplicon lacks viral protein expression and therefore is
non-toxic to the host cell.

3.7.3 Challenges with HSV

3.7.3.1 Not expressing the transgene

HSV has the ability to stay latent for a long time inside cells, especially in neurons. This can
be problematic when the purpose for the injection is transgene expression (Artusi et al. 2018).
A sufficient amount of gene expression is needed for a desirable therapy. A solution for this
problem could be to insert viral promoters into the transgene cassette, which will ensure the
transgene expression, this promoter will need to be able to stay active in a latency cell
(Manfredsson & Benskey 2019).

3.7.3.2 Latent wild-type-HSV can complicate the process

When using this viral vector that is human endogenous, complications could occur.
Unfortunate wild type HSV could be awakened by RC-HSV or other recombine similar
vector (Choudhury et al. 2017). A lot of people harbor HSV-1 in latency in neurons and about
40 % of adults in developing countries have antibodies for HSV-1 (Kantor et al. 2014). In
Sweden in a 2003 study the prevalence for HSV-1 is around 79% (Olsson et al. 2017).
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Furthermore replication-competent (RD) vectors also induce the risk of creating an unwanted
novel virus; this could happen when a viral vector interacts with a human endogenous virus
(Choudhury et al. 2017).

3.7.3.3 Second place in neurological applications

HSV is a suitable vector for neurological applications (Kantor et al. 2014) but so are
adeno-associated viruses, AAV (Choudhury et al. 2017). Lentiviruses are also becoming a
promising tool for CNS applications (Kantor et al. 2014). HSV has some advantages for
nervous system disease but other viral vectors have been optimized as well. This applies in
other fields as well, HSV has not been optimized to the same degree as AAV and LV. It is
also very unlikely that one vector would be optimal for all gene transfer in the CNS.

3.8 Baculoviral vectors

Baculoviruses (BVs) are a family of enveloped, rod-shaped insect viruses containing circular
double-stranded DNA (Ono et al. 2018). The virus has mainly been used for production of
recombinant proteins, but is a potential vector for gene therapy in humans due to several
suitable properties, stated below (Nasimuzzaman et al. 2018). The baculoviral vector can
deliver the transgene both in vivo and ex vivo (Pettit et al. 2021) and does not integrate its
DNA into the host’s cell genome (Nasimuzzaman et al. 2018).

Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is a part of the
baculovirus family and is the baculovirus most frequently used in baculovirus studies. It has a
large genome that contains over 100 genes and a length of 80-150 kb (Ono et al. 2018).

3.8.1 Advantages with the baculoviral vector

The baculovirus is considered to be both effective for gene delivery and safe for humans,
which makes it suitable as a vector for gene therapy. In the paragraphs below, advantages
with the baculoviral vector are discussed in both of these aspects.

3.8.1.1 Safe for humans

The baculovirus is non-pathogenic to humans and thus does not cause disease or harm
(Nasimuzzaman et al. 2018). It also does not affect the immune system as there are no
specific antibodies or T cells congenital in humans, which is beneficial for in vivo gene
therapy (Pettit et al. 2021). Hence the vector will not be inhibited.

Baculoviruses are not able to replicate in mammalian cells and vertebrate hosts (Ono et al.
2018). As a result, the baculovirus has low cytotoxicity compared to mammalian
virus-derived vectors. This makes it simple to control the spreading of the virus and no
baculoviral infection will initiate in the body. The baculoviral vector is considered safe for
mammals based on the stated properties above.

3.8.1.2 Baculoviral vector for effective gene delivery

The baculovirus has a wide tissue and host tropism, making it able to infect not only insects,
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but also different mammalian cells (Nasimuzzaman et al. 2018). It can especially transduce
effectively to hepatocytes, which is the main cell-type in the liver, but can also transduce to
most mammalian cell-types (Kwang et al. 2016). The vector enters the cells through its
envelope glycoprotein GP64, which is a membrane fusion protein. But the receptors that the
protein binds to are uncertain (Ono et al. 2018). It has been stated that GP64 can bind to
heparin sulfate proteoglycan found on the cell surface and can thereby enter the cell (Duisit et
al. 1999). It has also been reported that the GP64 interacts with cell surface phospholipids,
which enables entry of the cell (Tani et al. 2001). When the vector has entered the target
cells, it can express the transgene under the control of the mammalian promoters.

The baculoviral vector delivers the transgene to both dividing and non-dividing cells, which
means that it targets a larger number of cell types (Nasimuzzaman et al. 2018). When a lot of
cells are targeted, it enables a higher expression of the transgene and thereby a higher chance
to reach a sufficient level of the protein to get a therapeutic effect.

The vector has a large transgene capacity, allowing at least 38 kb of insert, which is way
larger than for other vectors in comparison, such as Adeno-associated viral vectors and
lentiviral vectors (Kwang et al. 2016). This makes it possible to package therapeutic genes
with larger sizes.

3.8.2 Modify envelope protein to facilitate transduction

Although baculovirus can transduce to most cell-types, modifications in its envelope
glycoprotein has been shown to enhance transduction to targeted cell-types (Ono et al. 2018).
Several strategies have been tested, for example baculoviruses that possess envelope
glycoproteins derived from other viruses, such as rabies virus, mouse hepatitis virus,
vesicular stomatitis virus (VSV) and more. Other modifications where baculoviruses carry
heterologous proteins on viral particles, have been shown to increase the effectiveness of
gene delivery. Among these recombinant baculoviruses, heterologous proteins via the GP64
anchor and VSV G protein are most used for effective transduction.

3.8.3 Unmethylated CpG DNA leads to ineffective expression of transgene

Inactivated baculovirus and purified GP64 cannot induce immune response, but antiviral
responses are triggered when AcMNPV genome DNA is internalized to mammalian cells
(Ono et al. 2018). This is due to recognition of unmethylated CpG DNA, which is DNA
regions with high content of cytosine and guanine, that the virus genome has high levels of.
These responses produce pro-inflammatory cytokines and type I interferon through two
different pathways depending on whether the cell is immune or not. These produced products
suppress the expression of the transgene, making the transgene expression ineffective.
However, this ability of baculovirus can be utilized for selective gene transduction in cells
with impaired innate immunity caused by infection from other viruses like HIV (Ono et al.
2018). For example, hepatitis C virus-infected cells have impaired innate immunity by
cleavage of an adaptor (IPS-1) that triggers the next step in one of the pathways. This results
in increased expression of the transgene as no cytokines and type I interferon are produced
that can suppress the expression. Moreover, cells that are infected with recombinant
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baculovirus that express BH3-only protein, which is a potent inducer of apoptosis, leads to
selective cell death in HCV-positive cells.

4. Purification of viral vectors and its challenges

If gene therapy is ever going to be a widespread and available treatment, the production of
the viral vectors has to be at a large-scale. However, large-scale manufacturing is not an easy
task. After production and harvesting from the packaging cell line in growth media, the
harvesting product will be contaminated by impurities such as culture and cell debris, plasmid
DNA and the packaging cells themselves (Martínez-Molina et al. 2020). This needs to be
removed in order to ensure the safety and efficacy of the viral vector. Before purification,
most viral vectors require a clarification step. Tangential flow filtration appears to be an
excellent method for concentrating different kinds of viruses without putting too much strain
on them (Cooper et al. 2011).

After clarification comes purification. Here viruses differ too much for a one-fits-all solution.
However, shared traits among viruses do make the list of suitable methods shorter.
For larger-scale manufacturing, chromatography purification is essential for high efficiency,
reproducibility, and a pure product. A pure product is essential since contaminants may lead
to unintended immune response and other complications. Two different chromatography
methods are mainly of interest for viral vector purification; Anion exchange and affinity
chromatography. All viral vectors can be purified using some sort of affinity chromatography
and the one that has the widest affinity for different viruses is heparin. This is because of the
fact that many viruses have an native affinity towards heparan sulfate which is common in
human tissues. Unfortunately, heparin affinity chromatography is not perfect. First of all, you
always need additional purification steps to remove all cellular debris. This will result in
more stress on the viral particles and a reduced titer. Second, since heparin is produced from
slaughter waste it may not be entirely pure which may result in contamination in the viral
vector (Bolten et al. 2018). Third, some viral vectors may be inactivated due to the salt
concentration of the eluent (Martínez-Molina et al. 2020). Research is being conducted for a
synthetic production of heparin to increase its safety (Oduah et al. 2016).

Other affinity ligands, used primarily for AAV purification are camelid-ligand based, such as
AVB Sephrose from Cytiva and POROS CaptureSelect AAVX from Thermo Fisher (Pabst et
al. 2017). These have been reported to be excellent at purifying AAV of different serotypes
(Mietzsch et al. 2020).

As for AIEX, it can be used on all viruses presentent in this report. With a lot of desirable
features such as high capacity and resolution, it becomes a great candidate for large-scale
purification of viral particles, but the drawbacks it has may make it less than optimal for the
task. AIEX will bind viral particles but also additional contaminants which results in the need
for additional purification steps. If the particle binds too strongly the concentration of the
eluent may inactivate the particles leading to a lower yield (Poorebrahim et al. 2019).

Now, whether heparin or AIEX is used, additional purification steps are required either way
to ensure a high quality product so AIEX tendency to bind contaminants is not a devastating
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trait. AIEX can also be used after affinity to remove contaminants with a different isoelectric
point with great specificity. However, this specificity also means that any change to the viral
vector, such as transgene cassette size will change the charge of the viral particle and the
chromatography step needs to be re-optimised. This increases development times since the
method is not general. Important to remember is that the numbers of chromatography steps
should be kept as low as possible to lower production time since chromatography is often a
bottleneck in production.

Lastly, a polishing step is required. In this step, trace contaminants and impurities from other
purification steps are removed, i.e. salts, sugars and residual proteins (Martínez-Molina et al.
2020). If affinity chromatography has been used, ion exchange chromatography can be used
as a polishing method. However, most viral vectors are polished using size exclusion
chromatography (SEC). On one hand it is quite gentle to the viral particles since they do not
bind to the resin, and it is a robust and scalable method. Unfortunately, the SEC is often a
bottleneck. With low resolution, capacity, and flow rate it limits production and will result in
the vector being diluted by the elute (Moreira et al. 2021).

In summary, there are a lot of challenges when it comes to the downstream process of viral
vectors. However, there is a lot in development and by minimizing the following as traits of
the purification it will improve:

● Shear force
● Purification steps
● Processing time
● Introduction of additional impurities

The future for viral vector purification is bright with new methods and technologies being
developed. With increased efficiency and lowered costs, gene therapy may become a readily
available treatment.

The following subchapters contain in depth discussions about production and purification for
each viral vector presented in this report. Since some of the viral vectors have a stronger
presence in the field of gene therapy they have been more thoroughly researched. This is
reflected in the amount of available information and thus the length of our discussion.

4.1 Challenges in adenovirus production and purification

4.1.1 Upstream processes - challenges and future perspective on HDAdV

One of the main challenges with the upstream processes is replication-competent (RC)
adenovirus (Fernandes et al. 2016, Lee D et al. 2019). RCA is not a safety issue in modern
production (Lee D et al. 2019), but it is something to take into consideration when the
HDAdV is going into large-scale production. By establishing a new cell line (PER.C6)
(Vellinga et al. 2014) the issue of today’s production seems to have been solved. What to take
into consideration for the future production of GLAd is that the helper vector needs
modification to avoid RCA, which Lee D et al. (2019) has stated that they have done.
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According to Pettit et al. (2021) the main approach for future upstream manufacturing is to
either produce new cell lines custom made for the new generation of adenoviral vectors or
modify the viral vector for adaptation to the already existing cell lines. But overall there is no
successful cell line for HDAdV production (Burova & Ioffe 2005).

4.1.2 Downstream processes - challenges and future perspective on HDAdV

One of the main challenges with the downstream process is the purifying step (Turnbull et al.
2019, Ma et al. 2020). When purifying, the main choice has been to use an ultracentrifugation
technique, more precisely a cesium chloride (CsCl) density-gradient centrifugation
(Cheshenko et al. 2001, Kamen & Henry 2004). However, even if the technique performs
well for small-scale production (Ma et al. 2020), it is not scalable and therefore performs
worse for large-scale production, and the output is expensive and low yield. Instead of using
CsCl density-gradient centrifugation, it is recommended to switch to other methods for
purification (Kamen & Henry 2004, Vellinga et al. 2014, Turnbull et al. 2019, Ma et al.
2020). Considering that AdV is negatively charged at physiological pH, it is preferable to use
an ion-exchange chromatography (IEC) with anion-exchange adsorbents as the first step of
purification (Kamen & Henry 2004, Ma et al. 2020). A majority of the capsid proteins
mediate the interaction between the adsorbent and the particles in size-exclusion
chromatography (SEC). It is important to be aware of the fragility of the virus, as high pH
(above 8.0) and brisk changes of ionic strength can cause damage to the particles (Burova &
Ioffe 2005). For polishing, SEC is used. The virus particles are large and therefore SEC fits
perfectly (Kamen & Henry 2004, Burova & Ioffe 2005). Compared to CsCl
ultracentrifugation (Burova & Ioffe 2005, Morenweiser 2005), the combination of using IEC
and SEC results in much more yield of particles than by using the centrifugation.

Even if the combination of IEC/SEC seems to be the most popular choice (Vellinga et al.
2014, Turnbull et al. 2019, Ma et al. 2020), there are other alternatives. The AdV particles
can efficiently bind to charged zinc ions (Burova & Ioffe 2005), and therefore IMAC is
suitable for the polishing step, where Diethylaminoethyl chromatography is used as the
purification step. As mentioned before SEC is preferably used considering the size of the
particle and to use a combination of SEC and hydrophobic interaction for AdV purification
has been tested (Kamen & Henry 2004, Burova & Ioffe 2005). However, the yield of virus
particles is relatively low due to viral degradation of a high salt concentration in the
hydrophobic chromatography. Additionally, for the future production of the helper-dependent
AdV vectors, it is important to acknowledge that the changes of the wild-type genome could
cause a change in the affinity of the virus to chromatographic matrices (Burova & Ioffe
2005). Therefore new chromatographic purification methods are in need of development for
the HDAdV purification. The outcome of the current purification methods, applied on
HDAdV, gives virus contamination.

4.2 Challenges in adeno-associated virus production and purification

Generating enough viruses and maintaining a high yield downstream is a bottleneck for
production, and aspects of this process need to be optimized to meet the increasing clinical
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demand (Clément & Grieger 2016, Joshi et al. 2021). The need for producing high titers is
increased for AAV-based gene therapies targeting the muscles or nervous system (Li &
Samulski 2020).

4.2.1 Affinity ligands for AAV

When it comes to the downstream process the use of affinity ligands is an efficient way to
separate AAV particles from contaminants (Mietzsch et al. 2020). The AVB sepharose ligand
and the two CaptureSelect ligands CSAL8 and CSAL9 are commonly used in AAV
purification. These are based on camelid single-domain antibodies. The ligands affinity to the
AAV particle is serotype dependent. This is due to the small but significant structural
differences between serotypes, and the specificity that antibodies have to the antigen. For this
reason, given the ligands used, purification results will also be serotype dependent. AVB
sepharose has an affinity for a broad range of serotypes, and CSAL8 and CSAL9 were
designed for the specific serotypes where AVB falls short. Mucin, A20 monoclonal
antibodies and heparin can also be used as affinity ligands for AAV purification.

As mentioned, the AAV capsid is based on three different proteins (Mietzsch et al. 2020).
The structural domains of these proteins are helices and sheets. Linking these domains are
loops in the amino acid sequence. These loops form cylindrical structures, protrusions and
depressions on the surface of the capsid. This results in characteristic regions on the capsid
surface that can be more or less conserved between some serotypes, and vary between others.
The variable regions have an impact on the serotype's antigenic reactivity, receptor
attachment, tissue tropism and transduction potential. These regions are also often important
for ligand binding in purification. The structures need to be very specific as it can take only a
few residues in the wrong place to prevent the binding to the ligand.

4.2.2 Empty capsids and their removal

Empty capsids are AAV particles that do not carry the cassette for the intended therapy and
are therefore considered a contaminant (Dickerson et al. 2021). They can elicit an immune
response just the same as loaded capsids. This increases the level of intrusion concerning the
immune system without increasing successful transduction. Empty capsids are a byproduct of
the upstream process. One factor contributing to their generation may be that not all cells
used to produce the viruses receive optimal ratios of the plasmides (Wang et al. 2019).
Although the upstream process can become better optimized at limiting their number, there
will still be a need for effective purification methods targeted at this type of contaminant
(Dickerson et al. 2021). The problem that empty capsids pose can be significant as they can
easily make up the majority if great care is not taken to have them removed (Wang et al.
2019). Affinity ligands are inadequate for this purpose (Nass et al. 2017). Because they select
based on surface structure they cannot effectively differentiate between empty and loaded
capsids.

Following the affinity based step, ion exchange chromatography can be used for the removal
of empty capsids (Nass et al. 2017). This is possible because the negative charge of the DNA
in loaded capsids causes a slight alteration in its isoelectric point (Dickerson et al. 2021). For
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an effective separation, an optimized elution protocol is needed. This combined with the use
of different adsorbents makes it possible to bring the empty capsid content down as far as to
5% . It is worth noting that just as with the surface structures of the capsids, the surface
charge is dependent on the serotype. Also, the amount of DNA that the AAV carries depends
on the application. Both of these factors have an impact on what sets the optimal elution and
wash parameters.

4.3 Challenges in gammaretrovirus production and purification

4.3.1 High capacity production

Since gammaretroviruses have been sequenced for a long time, stable packaging lines for
them without the ability to replicate have been developed (Cavazzana et al. 2016). There are
two methods of producing retroviral vectors, transient transfection and using the stable
packaging cell lines. Between these two, the stable packaging lines are better
(Martínez-Molina et al. 2020). This is because the manufacturing process has certain
advantages such as:

● More reproducible
● Cheaper
● Less immunogenicity
● Suitable for large-scale production

The last advantage is especially important since it is required for late-phase clinical trials and
commercialization.

Important to note for production however is that since gRVs are primarily used in ex vivo for
transducing HSCs it is not as important to have a high purity of viral vectors and because of
this no real regard has been given to purification protocols. Purifying gRVs is also difficult
since they are frail and will break to shear force (Merten et al. 2014, Ghani et al. 2019).
Because of this the purification in most cases is practically nothing but filtration to remove
contamination such as cellular debris.

4.3.2 Purification is difficult

If gRV would be used for in vivo treatment, proper purification protocols need to be
implemented because the contaminants may negatively affect the patient (Merten et al. 2014).
The protocols for gRV purification for large-scale production are similar to those for
lentiviruses, so chromatography is used. This is because they are structurally similar.
Retroviruses in general are fragile, so they need to be enveloped for purification. There are
multiple chromatography methods to choose from but before discussing them some general
information about the viral particles structure is required.

Retroviruses common characteristics are:

● Spherical
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● 80-120 nm diameter
● Ca 0.25 GDa Mass
● Instable
● Negatively charged surface

It is imperative to know the characteristics of the virus targeted for purification since some
compounds added may alter the abilities of the vector (Merten et al. 2014). For example,
eluting retroviruses with denaturing chemicals will result in inactivation of all viral particles.
A less extreme example is the use of imidazole in IMAC which will lower gRVs ability to
transduce. In short, the fragility of retroviruses translates to a general low recovery rate (de
las Mercedes Segura et al. 2006).

Following are some of the main different chromatography methods which can be used for
retroviral purification.

4.3.2.1 Ion-Exchange Chromatography

Since the surface of retroviruses are negatively charged, ion-exchange chromatography can
be used (de las Mercedes Segura et al. 2006). However, selectivity efficacy becomes an issue
as well as the requirements of additional purification steps to remove other negatively
charged contaminants. Also, in the case of viral particles binding too strongly, the
concentration of the eluting solution needs to be increased which may result in the
deactivation of the viral particles.

4.3.2.2 Affinity chromatography

Immobilized metal ion chromatography (IMAC) can be used with his-tagged retroviruses
with good selectivity of inactive viral particles. Alternatively, heparin affinity
chromatography can be used. It has proven to be highly effective and not just for retroviruses
but other viral vectors as well. Additionally, since the eluting conditions of heparin affinity
are quite mild it puts less strain on the particles which results in a higher portion of active
viral particles. Another affinity chromatography method is immunoaffinity where the ligand
is antibodies which will interact and bind with the viral particle. Although this method will
result in low viral recovery since the eluting solution used to break the strong bonds between
the antibody and viral particle using will also reduce the number of active particles.

4.3.2.3 Size exclusion chromatography

Size exclusion chromatography (SEC) can be used to purify retroviral vectors and must be
used when using certain other chromatography methods such as ion-affinity as a polishing
step. However, it has certain drawbacks; low resolution, capacity, and flow rate which ends in
dilution of the vector.

In summary, even though a lot of different chromatography methods work for retroviral
particles, their fragile nature restricts the use of some of them for mass production. The

37



chromatography needs to put as little strain on the viral particles as possible ensuring
sufficient purity for clinical use.

4.4 Challenges in lentivirus production and purification

4.4.1 Upstream processes, methods and challenges

In later years, progress has been made in the area of large-scale manufacturing of lentiviral
vectors with the development of inducible cell cultures and packaging cell lines (PCL)
suitable for suspension growth in bioreactors. (Poorebrahim et al. 2019).

Traditionally, LV production is based on transient transfection of mammalian human
embryonic kidney 293 cells (HEK293), due to efficiency of transfection and adaptability to
different types of culture strategies (Martínez-Molina et al. 2020). Most current methods use
cotransfection of all necessary plasmids into HEK293T cells. This cell line, in contrast to
many others, can be adapted to serum-free suspension growth (Merten et al. 2016). This
makes it possible to grow the packaging cells in bioreactors, ensuring large-scale production
of lentiviral vectors.

Although transient transfection is the easiest and fastest way to produce LVs, the methods
used are either too expensive or very difficult to scale up for large-scale manufacturing.
Because of this, stable packaging methods where the transfected material gets integrated into
the cellular genome, are preferred (Poorebrahim et al. 2019). Stable transfection has many
desirable features for large-scale production as previously mentioned. Large-scale production
of LV vectors using a stable PCL has encountered some challenges in its development.
Firstly, it was difficult to find a suitable PCL that expresses all four plasmids required for a
functional LV vector (Martínez-Molina et al. 2020). This problem was solved by the
introduction of HEK293T cells as the packaging cell line, due to their high transfectability.
Another problem was the cytotoxic and cytostatic effects of some of the viral proteins, i.e.
gag, pol, rev and VSV-G, on the packaging cells (Poorebrahim et al. 2019). To overcome this,
inducible expression systems were applied, where the expression of cytotoxic genes during
the production phase is regulated by the addition or removal of specific antibiotics (Merten et
al. 2016).

4.4.2 The first step of the downstream process – clarification

In order to get rid of the unwanted components, an initial clarification step is performed,
using low speed centrifugation or filtration. Since centrifugation is difficult to scale up,
filtration is the most common method for this step (Poorebrahim et al. 2019). A common and
effective filtration method is depth filtration, where pore-clogging by debris is avoided by the
use of several layered filters with decreasing pore size (Reeves & Cornetta 2000,
Martínez-Molina et al. 2020). Attention has been put into discovering optimal parameters for
this step, i.e. optimal flow rates and shear force (Bandeira et al. 2012). For instance, too high
shear force can compromise the structural integrity of the LV envelope, resulting in reduced
vector recovery.
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Following the clarification step, concentration of the product is usually needed in order to
reduce the feed volume in later parts of the downstream process, although too high titers may
cause unwanted aggregation of viral particles (Poorebrahim et al. 2019). This way, the
investment in materials and equipment is lowered. Tangential flow filtration (TFF) is the
most common method for this step, as it is easily adapted to large-scale Current Good
Manufacturing Practice (cGMP) (Martínez-Molina et al. 2020). TFF has also been shown to
remove impurities with high yield of the product (Rodrigues et al. 2007).

4.4.3 Chromatography – the main purification step

Thereafter, the main purification step is performed, where chromatography is the most
popular method. Different chromatography techniques have been employed in research but
currently the most common is anion exchange chromatography (AIEX) (Martínez-Molina et
al. 2020). LVs have a negatively charged surface that adsorbs to the positively charged
chromatography matrix (Moreira et al. 2021). However, since AIEX is based on electrostatic
interactions, it is not selective for LVs, meaning negatively charged nucleic acids and
packaging cell proteins are also adsorbed and need to be removed in additional purification
steps. Another limitation to this technique is that high salt concentrations are needed for the
elution step, which can lead to inactivation of the viral vector and lower its infectivity
(Poorebrahim et al. 2019). To combat this, an additional dilution step is needed directly after
elution, which results in longer time for polishing due to increased feed volume (Moreira et
al. 2021).

Affinity chromatography could lead to a reduced number of purification steps, because of its
high molecule selectivity (Martínez-Molina et al. 2020). Different types of affinity
chromatography have been applied to purify LV vectors. One affinity ligand that has been
used is heparin, which is a quite inexpensive ligand that interacts with retroviruses
(Rodrigues et al. 2007). Heparin has no selectivity for LVs over other retroviruses which may
cause problems in purification. Another drawback of this method is that it, similarly to AIEX,
uses high salt concentrations for elution which leads to the same problems as discussed
before, where an additional polishing step needs to be added (Martínez-Molina et al. 2020).

Immobilized metal affinity chromatography (IMAC) has also been applied to this field (Ye et
al. 2004). However, this method has been rejected for LVs since the eluent, imidazole,
inactivates LV vectors (Moreira et al. 2021). Additionally, the histidine tag can lead to
lowered expression rates of the envelope protein or change in its function, leading to viral
infectivity loss. It is also considered a risk that the histidine tag may cause adverse effects in
clinical use (Moreira et al. 2021). Another group has purified LVs by using the
biotin-streptavidin system (Mekkaoui et al. 2018). They incorporated a biotin-mimicking
peptide to the viral envelope of LVs in the packaging cell line, which were then completely
captured by streptavidin matrix due to low affinity binding. Although this study showed
promising results with overall vector yields of over 60%, the modifications done to the
envelope may compromise the viral activity (Moreira et al. 2021).
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The chromatography step of lentiviral vectors needs to be improved to ensure large-scale
production and purification of lentiviral vectors for commercial use (Valkama et al. 2020). In
order to reach higher purity and concentration of the viral particles, an antibody affinity
chromatography ligand would be preferable but has yet not been described for neither
retroviral or lentiviral vector purification (Martínez-Molina et al. 2020). The use of an
antibody affinity ligand would increase selectivity, leading to higher titers as well as safer and
more effective products due to fewer purification steps (Moreira et al. 2021).

As the last step of the downstream process, polishing is performed, generally using size
exclusion chromatography (SEC) (Poorebrahim et al. 2019). Although, as previously
mentioned, SEC has its share of advantages and disadvantages

4.5 Challenges in foamy virus production and purification

Like all viral vectors, production is not that simple and FVs are no exception. During mass
production their titer becomes reduced. This is because generally lentiviral production
protocols are used which are not translatable to foamy. This process can be optimized though
(Nasimuzzaman et al. 2016). In comparison with other retroviral vectors, foamy has an edge
when it comes to production. Since the different parts of the virus machinery are coded on
different plasmids unlike some of the other vectors, they can be produced separately. In effect
this makes FV safer since it lowers the levels of replication competent viral particles
(Trobridge 2009).

As previously described in the gammaretroviral segment the most efficient way of purifying
retroviral particles is using chromatography. Studies have shown that using heparin affinity
chromatography is right now the optimal method for purifying FVs with scalability and
sufficient purity for clinical use in mind. Heparin affinity chromatography is gentle in its
elution because it uses a low salt concentration which lowers the risk of osmotic shock for the
viral particles (Nasimuzzaman et al. 2016).

4.6 Challenges in HSV production and purification

4.6.1 Upstream processes

When producing HSV, an important aspect to take into consideration is the size of this viral
vector. Also of note is that there are many different HSV derived vectors with different
applications and will go through different processes during the production. The ease of
production for HSV is stated to be “Moderately labor intensive” according to the article of
Manfredsson and Benskey (2019). Bacterial artificial chromosome (BAC) is a good tool to
use when constructing the HSV. This is favorable because it provides a good and reliable way
to construct HSV due to its size (Manfredsson & Benskey 2019). HSV derivatives have a
recombinant genome with a large genomic size then non-canonical cloning procedures are
demanded, BAC- technology is such a method.
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4.6.2 Production of HSV-Amplicons is challenging

BAC can also be used when producing amplicons. HSV amplicons contain a bacterial
artificial chromosome instead of the usual viral genome. Cross contamination during the
production process is a big problem for HSV-amplicons (Artusi et al. 2018). Contamination
of the amplicon stock with the helper virus particles gives problems with cytotoxicity and
immunogenicity. Approaches to minimize this problem is to produce helper virus free
amplicon stocks, but even a low percent of cross contamination has shown cytotoxic effects.

4.6.3 Downstream processes

The affinity chromatography used for HAT HSV-1 is HiTrap IDA-Co in a resin column, it
had a yield of 67 % (Segura et al. 2011). A HAT is an enzyme that acetylates different sites,
in this case a cobalt affinity peptide was used. HiTrap is an AIEX column, Hi stands for
Histidine and Co for cobalt. Purification of HSV can be done by Cobalt Immobilized metal
affinity chromatography (Co-IMAC). Heparin affinity ligands can be used to purify HSV, like
many other viruses.

4.7 Challenges in baculovirus production and purification

4.7.1 Upstream process to produce baculoviral vector

To produce baculoviral vectors that can be used for gene therapy, Sf9 cells are used
(Nasimuzzaman et al. 2018). These cells are insect cells from the species Spodoptera
frugiperda. The Sf9 cells are transfected with baculovirus plasmid DNA (bacmid) in adherent
culture and later expanded in a serum-free suspension. The number of infected cells increases
gradually as the infected cells produce baculovirus that secretes in the growth medium.

There are some important aspects to keep in mind when producing baculoviruses. If Sf9 cells
are taken from frozen stock, the cells need at least two weeks to recover and enter the
exponential phase of growth after thawing (Nasimuzzaman et al. 2018). Actively growing
cells enables efficient transduction. Further, bacmids should be freshly prepared before
transfection rather than using bacmids that have been stored in a refrigerator for a long time.
They usually perform better. The ratio between volume of baculovirus supernatant and cell
concentration in the suspension culture needs to be optimal. Otherwise, the yield of
baculovirus may be smaller than expected.

4.7.2 Downstream process to purify baculoviral vector

To purify the baculoviral vector, heparin affinity chromatography is used. Immediately after
elution, the baculoviruses are diluted and subsequently ultracentrifuged to obtain a high
concentration of the vector (Nasimuzzaman et al. 2018).

The heparin affinity chromatography gives a high purity in just one step, that is low
concentration of contaminating proteins and high yields of the desired product
(Nasimuzzaman et al. 2018). The supernatant from Sf9 cells is loaded onto the heparin
column. As baculovirus envelope glycoprotein has affinity for heparin, the baculoviruses will
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bind to the column. The heparin column increasingly becomes saturated with baculoviruses
that bind strongly to the column. The column is rinsed with a physiologic isotonic wash
buffer to remove non-binding and loosely bound contaminated particles, while the
baculoviruses remain in the column. The baculoviruses can then be eluted with a high salt
buffer since the binding to heparin is reversible. They are diluted immediately after the
elution, to prevent inactivation due to osmotic shock in the next step when the supernatant is
ultracentrifuged. To concentrate the baculoviral vector, ultracentrifugation is used. The
supernatant is poured off, while the pellet, the vector, is saved.

4.7.2.1 Contaminating particles also have affinity for heparin

Not only baculoviruses have affinity for heparin, there are also other particles from Sf9 cells,
contaminating proteins, that can bind to the heparin column (Nasimuzzaman et al. 2018).
When the supernatant later is concentrated, the ultracentrifuge will concentrate these
contaminating proteins and other cellular debris in addition to the virus vector. The unpurified
baculoviral vector can be toxic and induce immune response or infection if used in vivo. To
avoid this outcome, the vector needs to be purified and separated from the contaminated
particles.

One solution is to use tangential flow filtration (TFF) downstream of the heparin
chromatography run. It will remove most contaminations with low molecular weight. TFF
can also be used to concentrate the baculoviral vector.

4.7.2.2 Large-scale manufacturing might be challenging

One thing to consider during the downstream process is the flow rate while the heparin
column is washed (Nasimuzzaman et al. 2018). If baculovirus particles are passing through
the column during the wash step, the flow rate needs to be lowered to allow more time for the
virus to bind. Another solution is to load a smaller volume of the supernatant onto the
column. However, this might be challenging in large-scale production, where we want to
minimize the downstream processing time. In order to meet this requirement, the heparin
column must bind baculovirus at higher capacity and sample speed.

4.7.2.3 Additional purification steps might be required for use in gene therapy

Unpurified baculoviruses work well for production of recombinant proteins, but when used
for gene therapy the vector has to be pure (Nasimuzzaman et al. 2018). Chromatography, gel
filtration and ultracentrifugation can be used to further purify the vector.

4.7.2.4 POROS heparin medium is superior

The POROS heparin medium gave the best result for capturing baculovirus particles, among
other heparin mediums such as Capto heparin and HiTrap, according to study by
Nasimuzzaman et al. (2018).

In the study, the baculoviruses were concentrated with a 25% recovery of purified infectious
baculovirus particles.

42

https://www.zotero.org/google-docs/?broken=8Q0eM2
https://www.zotero.org/google-docs/?broken=0OGWGp
https://www.zotero.org/google-docs/?broken=XjWLmr


4.7.2.5 Membrane-based steric exclusion chromatography - an alternative purification
method

Membrane-based steric exclusion chromatography (SXC) separates molecules by size unlike
the heparin affinity chromatography, which focuses on a specific surface composition
(Lothert et al. 2020). As mentioned above, the heparin affinity chromatography is time
consuming and can thereby be challenging for large-scale manufacturing. The method also
gives a relatively poor virus recovery yield and impurity depletion. Moreover, the
ultracentrifugation is labor and time consuming which also limits large-scale production
(Vicente et al. 2009). Membrane-based SXC, on the contrary, provides fast and efficient
purification. In the study by Lothert et al. (2020), AcMNPV VSV-G pseudotyped virus
particles were purified with membrane-based SXC and gave a recovery yield over 90% and
impurity depletion of 99% for contaminating protein and 85% for host cell DNA. This is a
much higher virus recovery than what the study with the heparin affinity chromatography got
(Nasimuzzaman et al. 2018). In other words, membrane-based SXC is a great alternative
purification method due to its effectiveness and ability to achieve high purification.

5. Clinical trials and approved therapies using viral vectors

5.1 Approved viral vectors in gene therapy

Some of the viral vectors investigated in this report have already been approved for
treatments by medical authorities such as the U.S. Food and Drug Administration (FDA) and
the European Medicines agency (EMA). Those vectors are adenoviral vectors,
adeno-associated viral vectors, gammaretroviral vectors, lentiviral vectors and herpes simplex
viral vectors and will be discussed further in the paragraphs below.

5.1.1 Approved AdV therapies

The adenoviral vector gene therapy Gendicine was approved by the Chinese SFDA in 2003
and is the first gene therapy product ever approved (Peng 2005). The p53 gene has replaced
the E1 region in the recombinant AdV5. The vector is safe in conjunction with the treatment
of cancer. Another potential AdV vector, Advexin, has been ahead in the development of
another gene therapy product for cancer treatment (Gabrilovich 2006, J. et al. 2007). Similar
to Gendicin, the E1-region in Advexin is eliminated and also serotype 5 is used in the RD
adenoviral vector (Gabrilovich 2006). However, in 2008 the application for approval of
Advexin was withdrawn (EMEA 2018), due to different concerns from the Committee for
Medicinal Products for Human Use, such as the safety and the benefits of using the product.

5.1.2 Approved AAV therapies

There are currently two approved gene therapies using AAV on the market (Kuzmin et al.
2021). One is Luxturna, FDA approved in 2017 (Darrow 2019), a gene therapy for the
treatment of an eye disorder known as Leber congenital amaurosis. The other is Zolgensma,
FDA approved in 2019 (Dangouloff & Servais 2019), a gene therapy for the treatment of
spinal muscular atrophy. Glybera was another AAV-based gene therapy approved by the
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European Medicines Agency in 2012 (Lugin et al. 2020). Glybera was used to treat
lipoprotein lipase deficiency. This gene therapy came at a cost of 1 million dollars to the
patient however, and was discontinued in 2017 due to the decision to not seek renewal of its
marketing authorization (Senior 2017). Through its lifetime Glybera was only ever used to
treat one patient.

5.1.3 Approved gRV therapies

The gammaretroviral vector gene therapy Strimvelis was approved by the EMA in 2016
(European Medicines Agency 2018). Strimvelis is a retroviral vector in combination with the
patient’s own HSCs. It was approved for the treatment of ADA-SCID, a rare severe form of
severe compromised immunodeficiency.

5.1.4 Approved LV therapies

As of 2021, two lentivirus-based gene therapies have been approved by authorities, both of
which ex vivo cell therapy applications where the patient’s stem cells are extracted,
transduced with lentiviral vectors and then readministered into the body (Martínez-Molina et
al. 2020). In 2017, the FDA approved Kymriah, a CAR T-cell therapy directed at the
B-lymphocyte antigen CD19 (FDA’s Center for Biologics Evaluation and Research 2019).
This gene therapy is indicated towards patients up to 25 years of age with a form of acute
lymphoblastic leukemia that is refractory or in second or later phase, as well as adult patients
with relapsed or refractory B-cell lymphoma. Two years later, in 2019, Zynteglo was
approved by the EMA (DIMITROVA 2019). Zynteglo is used to treat the rare blood disorder
beta thalassemia in patients older than 12 years of age in need of blood transfusion but for
which no matching donor has been found.

5.1.5 Approved HSV therapies

In 2015 the FDA approved IMLYGIC (talimogene laherparepvec) an oncolytic viral therapy
for patients with melanoma (FDA’s Center for Biologics Evaluation and Research 2019). The
medicine is intralesional injected, it contains tumor-derived antigens that are combined with
protein to promote an antitumor immune response. IMLYGIC is a attenuated HSV-1 that will
express GM-CSF.

5.2 Viral vectors in gene therapy clinical trials

Before becoming an approved therapy, viral vectors are thoroughly tested in clinical trials to
ensure their safety and effectiveness. Most of the viral vectors investigated in this report are
being researched using clinical trials, most commonly in early trials phases (GTCT 2021). To
this date, there are over 3180 registered clinical trials on the Gene Therapy Clinical Trials
Worldwide’s database (https://a873679.fmphost.com/fmi/webd/GTCT, 2021). The viral
vectors currently in clinical trials and some examples of the applications tested in these trials
are presented in the paragraphs below.
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5.2.1 AdV in clinical trials

In clinical trials, two types of viral vectors are used, replication-defective (RD) and
replication-competent (RC) adenovirus. They are mainly used in clinical trials for cancer
treatments and vaccines. There are mainly three distinct ways adenoviral vectors could be
used for cancer treatment (Lee et al. 2017, Bulcha et al. 2021), where two of them include
oncolytic adenoviruses. One of the strategies is to induce suicide genes or tumor-suppressor
cells into the cancer cell to induce for example apoptosis. One of the most commonly used
recombinant tumor-suppressor adenovirus is to derive a p53 tumor suppressor gene
(rAd-p53) into a recombinant adenovirus (Peng 2005). By inserting the rAd-p53 gene into
specific tumor cells, it will activate apoptosis (Tazawa et al. 2013). However, the strategy will
only be pursued in p53-inactivated tumor cells. Additionally, an RD adenovirus has been
developed to express the p53 gene exogenous, also called replication-deficient adenovirus
vector (Ad-p53). There are clinical trials conducted using the replication-deficient vector. The
usage of Ad-p53 in preclinical trials has been used for a range of different cancers, both in
vivo and ex vivo (Zhang et al. 1994, Liu TJ et al. 1994, Gomez-Manzano et al. 1996, Mujoo
et al. 1996, Pagliaro et al. 2003). Overall according to (Tazawa et al. 2013), the Ad-p53
vector is safe and effective as an anticancer agent. The most challenging with the vector is the
antitumor efficacy which needs improvement.

The second main use in cancer treatment is to deliver immuno-regulatory genes (Bulcha et al.
2021), and for this RD AdV vectors are being used (Lee et al. 2017). By transporting
epitopes or immune-related genes directly to the tumor an antitumoral immune response can
happen locally. This is due to the immunogenic properties the replication-defective AdV
carries on. In clinical trials different types of epitopes of immune-related genes are used, for
example, granulocyte-macrophage colony-stimulating factor (GM-CSF) (Koski et al. 2010,
Ranki et al. 2016, Packiam et al. 2018) or CD40 which is a cell surface receptor (Malmström
et al. 2010, Diaconu et al. 2012, Eriksson et al. 2017). To deliver immuno-regulatory genes
the biggest focus is the use of oncolytic adenoviruses (Fukuhara et al. 2016). The last main
cancer treatment strategy is lysing cancer cells, yet also including oncolytic adenoviruses
(Wold & Toth 2013). There have also been several clinical trials with this type of treatment
(Eager & Nemunaitis 2011).

5.2.2 AAV in clinical trials

Globally, AAV makes up 8.1% of clinical trials in gene therapy applications (Lugin et al.
2020). Currently, the most common targets for AAVs as tools in gene therapy are the eye,
muscles, the liver and brain (Wang et al. 2019). Using the first of January year 2020 as the
cut-off date 149 unique clinical trials have been identified across the European Union Drug
Regulating Authorities Clinical Trials Database and the US FDA database (Kuzmin et al.
2021). With more than 40 completed trials AAV2 was the serotype most used and has the
strongest foundation in both efficacy and safety.

In light of Luxturna being approved by the FDA, patients have been treated in phase I and
phase II clinical trials of AAV-based gene therapies with one area of focus being the eye (Li
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& Samulski 2020). Among the conditions being targeted are retinitis pigmentosa and wet
age-related macular degeneration. In some cases therapeutic effects were observed. However,
some patients report the therapeutic effect lessening over time. Also of note is that there is no
certainty when it comes to efficacy in the long term. AAV has also been tested in clinical
trials against several neurological diseases including Parkinson's disease (Deverman et al.
2018). Progress in terms of efficacy has been made in several trials (Li & Samulski 2020). A
high level of safety has also been demonstrated based on the results from over 200 patients
afflicted with a range of disorders. Though clinical trials for cardiac disorders are among
them, these have not delivered in the same way in regard to efficacy. Here one obstacle is the
need for methods to improve cardiac transduction (Bass-Stringer et al. 2018). Another is the
NAbs of the immune system.

5.2.3 gRV in clinical trials

Clinical trials using gRVs are being done on a wide array of diseases, some of which are
shown in Table 2.

Table 2. Based on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT
2021). Different diseases in gRV clinical trials include the following but are not limited too.

Disease Area of effect Type

Epidermolysis bullosa
dystrophica Skin condition Genetic

Multiple myeloma Plasma cell cancer Cancer

Glioblastoma Brain cancer Cancer

Junctional epidermolysis
bullosa Skin condition Genetic

Chronic granulomatous
disease Immunodeficiency disorder Genetic

Seropositive neuromyelitis
optica spectrum disorder

Central nervous system
disorder Neurological

Rheumatoid arthritis Autoimmune disorder Partly genetic

A lot of these diseases are rare and may lack any other treatment method which is why
patients turn to more experimental methods such as gRV treatment in clinical stages of
development.

Even though gRVs have been improved over the years and some faults have been eliminated,
they are still lacking in certain regards making them less than optimal for clinical practice.
Their inability to transduce cells and their genotoxicity make them subpar compared to other
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retroviral vectors such as lentiviral (Morgan et al. 2017). Not only can lentiviral vectors
transduce non-mitotic cells and are less genotoxic, but they also have a larger packaging
capacity due to their genome coding for additional proteins (Cooray et al. 2012, Kohn 2017).
This shift in interest of gRVs in the gene therapy field can also be seen in PubMed
publication of retroviral gene therapy articles over the years as seen in Figure 3 (Lundstrom
2019).

Figure 3. Publications sorted by date publishing date using advanced search on PubMed with the search (gene
therapy[MeSH Terms]) AND (gammaretrovirus[MeSH Terms].

In conclusion, for now gammaretroviral vectors have a place within gene therapy but may be
replaced in the future by other vectors outperforming them.

5.2.4 LV in clinical trials

About 130 clinical trials involving lentiviral vectors are being carried out worldwide as of
now, most of which are conducted ex vivo in hematopoietic stem cells (Clinicaltrials.gov
2021). This section of the report will review some of the clinical trials to provide a picture of
the use of lentiviral vectors in gene therapy clinical trials today. The clinical trials are
executed in order to determine whether gene therapy using a lentiviral vector is safe, feasible
and effective.

5.2.4.1 The go-to vector for ex vivo applications in clinical trials

SIN lentiviral vectors are being evaluated in the treatment of X-linked severe combined
immunodeficiency (SCID-X1) (Clinicaltrials.gov 2021). SCID-X1 is the most common form
of severe combined immunodeficiency disorder (SCID) and is caused by defects in a
common cytokine receptor. This leads to difficulty fighting infections, due to the lack of a
functional immune system (Fischer & Hacein-Bey-Abina 2019). Today, patients with
SCID-X1 are systematically treated with hematopoietic stem cell transplantation (HSCT)
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from a healthy donor. However, not all patients have a fully-matched donor, which leads to
inferior outcomes of HSCT for these patients, who may instead benefit from ex vivo gene
therapy using HSCs. Because of problems with insertional mutagenesis linked to the use of
gammaretroviral vectors for the treatment of SCID-X1, LVs are being assessed as a safer
option, with promising results (Mamcarz et al. 2019, Fischer & Hacein-Bey-Abina 2019).
Even more clinical trials of this application are ongoing, in early clinical phases I and II
(Clinicaltrials.gov 2021)

Ex vivo clinical trials are also being conducted on LVs for treating sickle cell disease (SCD).
It is caused by a single amino acid substitution in one of the hemoglobin chains that leads to
sickling of the red blood cells and anemia (Brendel & Williams 2020). As with SCID-X1,
transplantation is the most common treatment option, and many patients do not have a
suitable donor. There are different approaches to treating SCD using gene therapy, but the
most investigated method is the introduction of a healthy globin transgene via an LV vector.
The patient’s stem cells are extracted and then transduced with an LV expressing an
anti-sickling beta-globin protein. After proliferation and growth, the transduced cells are
infused back into the patient. Several clinical studies are being conducted on this disease,
most of which are in phases I or II (Clinicaltrials.gov 2021)

Hemophilia A is another disease where treatment using gene therapy is assessed in phase I
clinical trials (Clinicaltrials.gov 2021). Hemophilia is a genetic bleeding disorder causing
defective blood-clotting factor VIII (FVIII), leading to the inability of blood to clot
effectively (Chang 2019). Current treatment includes intravenous infusion of clotting factors,
either in response to bleeding or as a preventative measure. However, this procedure is
expensive and life long, and still gives no cure to the disease. Gene therapy has the ability to
overcome human gene defects in the associated genes, and therefore cure hemophilia A. All
registered clinical trials for this application are in phase I (Clinicaltrials.gov 2021).

5.2.4.2 Applications of LVs in vivo

Despite being the go-to vector for ex vivo applications, some clinical trials have sought to
make use of LVs potential for in vivo gene therapies. For instance, lentiviruses are being used
in the research for new Covid-19 vaccines (Clinicaltrials.gov 2021). Synthetic so-called
minigenes, based on conserved domains or the structural proteins of SARS-CoV-2, are
potential immunogenic targets and may therefore work as universal vaccines against
Covid-19 (Chang 2020). The study aims to investigate the safety and immune reactivity of
such vaccines, using different engineered minigenes as transgenes in vivo. The clinical trials
for this application are all in phase I or II, and still recruiting participants (Clinicaltrials.gov
2021). This is an example of lentiviral vectors being used in vaccine development. Another in
vivo application is immunotherapy for treatment of chronic hepatitis C. Hepatitis C is caused
by infection by the hepatitis C virus (HCV). By introducing a vector encoding several HCV
antigens, an immune response against HCV can be triggered (GeneCure Biotechnologies
2020). This trial is in phase I, still recruiting participants.
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5.2.5 HSV in clinical trials

Clinical trials for HSV have been carried out worldwide, most of them in the cancer field,
according to data from The Journal of Gene Medicine Gene Therapy Clinical Trials database
(GTCT 2021).

One was a neurological disease in phase 1. The treatment was for intractable pain and the
purpose of the trial was to determine the tolerable dose of expressed human Proenkephalin
using RD-HSV. Another neurological disease also done in phase 1 approved in 2008 was also
done to treat pain in diabetic neuropathy. It was done using the GAD 67 gene, Human
glutamic acid decarboxylase 67. The third one was to treat dystrophic epidermolysis bullosa
(DEB) using RD-HSV to express collagen VII protein. All three were done in vivo.
Replication competent derived vectors from HSV are the most used vector in gene therapy
for the treatment of cancer, when looking at the preclinical and clinical trials (Kantor et al.
2014).

5.3 Viral vectors in preclinical studies

The first step of evaluating if a viral vector is suitable for gene therapy is through preclinical
studies. Some of the vectors presented in this report have not yet been used in clinical trials
and the preclinical studies conducted on them will instead be presented in the paragraphs
below.

5.3.1 AdV in preclinical studies

There have been no clinical trials conducted using the third generation adenoviral vector,
HDAdV (Wold & Toth 2013, Liu J & Seol 2020). There has, however, been preclinical
studies done using this vector. Among the preclinical phases, treatment for head and neck
cancer, bladder cancer, ovarian cancer, malignant brain tumors, and non-small-cell lung
cancer have been tested (Zhang et al. 1994, Liu TJ et al. 1994, Gomez-Manzano et al. 1996,
Mujoo et al. 1996, Pagliaro et al. 2003).

5.3.2 LV in preclinical studies

As mentioned earlier in the report, non-integrating lentiviral vectors have been developed to
increase safety in applications where stable, long-term expression is not needed (Apolonia
2020). NILVs are being used in preclinical trials but are, as of today, not used in any clinical
trials (Clinicaltrials.gov 2021).

5.3.3 FV in preclinical studies

Foamy vectors have not been as thoroughly researched as other retroviral vectors.
Publications of foamy viral vectors for gene therapy are few and no clinical trials have been
done using them. As Figure 4 and Figure 5 show, the interest in FV is slim compared to LV.
Our database analysis (Appendix B) of clinical trials using foamy viral vectors returned no
results, no clinical trials have been recorded.
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Figure 4. (lentivirus[MeSH Terms]) AND (gene
therapy[MeSH Terms]) on PubMed years
2010-2021

Figure 5. (spumavirus[MeSH Terms]) AND (gene
therapy[MeSH Terms]) on PubMed years

2010-2021

One theory as to why FVs are not as researched as other retroviruses could be that because of
the extensive research and have already approved treatments of lentiviruses makes it difficult
for companies to find interest for a viral vector without even clinical trials (Simantirakis et al.
2020). Although sooner or later the attractive traits such as large packaging capacity may
interest companies enough to start development.

5.3.4 BV in preclinical studies

The baculoviral vector has not yet been established in clinical trials, but has been used in
preclinical studies. Applications of gene therapy are investigated in these studies, including
cancer treatment, vaccination and tissue engineering.

Baculoviral vectors that contains antitumor genes like suicide genes and tumor suppressor
genes have been succesfully used as cancer treatment in animal models (Nasimuzzaman et al.
2018). The genes have the ability to elicit host immunity against malignancies of the brain,
bladder, lungs and prostate. In a study with mice bearing bladder tumors, a higher survival
rate and a strong immune capacity was observed after transduction of baculoviral vector that
expressed cytokines, CD40 ligand and IL-15 (Kwang et al. 2016).

Wild type baculovirus can protect mice from lethal virus infections and progressive tumor
metastasis due to its strong adjuvant activity that enhances antigen-specific immune
responses (Ono et al. 2018). These immune responses can suppress tumor growth. The vector
has also been shown to be an effective vaccine carrier in nonhuman primates and mice
(Kwang et al. 2016). Immune responses are induced through expression of antigens and
surface display of exogenous peptides that are fused with baculovirus envelope proteins. The
responses prevent or treat infectious diseases such as rabies, influenza and malaria. Moreover,

50

https://www.zotero.org/google-docs/?broken=ae7POV
https://www.zotero.org/google-docs/?broken=ae7POV
https://www.zotero.org/google-docs/?broken=WqNtPO
https://www.zotero.org/google-docs/?broken=WqNtPO
https://www.zotero.org/google-docs/?broken=7fomu4
https://www.zotero.org/google-docs/?broken=C8UEUc
https://www.zotero.org/google-docs/?broken=MruLJL


animal studies have shown that baculoviral vectors can be used in tissue engineering. The
vector can for example express growth factors that genetically modify adipose-derived stem
cells that can be used for bone healing (Kwang et al. 2016).

These preclinical results make the baculoviral vector promising for gene therapy in clinical
trials. But sufficient preclinical studies are needed before clinical trials can begin to guarantee
safe applications (Kwang et al. 2016).

6. Gene Therapy Clinical Trials database analysis - advancement in LVs
and AAVs

All analyses are made using data from the Journal of Gene Medicine Gene Therapy Clinical
Trials Worldwide database (GTCT 2021). This database is curated by the monthly,
peer-reviewed journal the Journal of Gene Medicine, published by John Wiley & Sons. The
database gathers information on gene therapy clinical activity worldwide from trial databases,
official agencies, published literature as well as conference presentations and posters.
Although the database is updated regularly, there is still a risk that some clinical trials are not
represented in the database, as well as the risk of underrepresentation of recent years as
discussed below. This should be taken into consideration when drawing conclusions from the
data.

Based on data from the last 10 years (2011-2020) from the GTCT database, vectors
investigated in this report which have been used in clinical trials, were plotted against each
other (see Figure 6) (GTCT 2021). Because it takes time for articles to be published, there is
an underrepresentation of clinical trials from recent years in the database (Ginn et al. 2018).
For this reason, the latest two years of data have been excluded in our analysis which is
represented by a vertical line and transparent graphs in the figure.
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Figure 6. The number of clinical trials conducted using each viral vector, plotted against the last ten years, based
on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The labels
show abbreviations of five of the different viral vectors studied. The GTCT database has a delay, resulting in
underrepresentation of the most recent years of clinical trials. The two latest years have therefore been excluded
in the analysis and are transparent in the figure and separated by a vertical line.

In the figure, there is a clear increase in the number of clinical trials that are conducted using
LV vectors in the latest years. A similar trend, although not as dramatic, can be seen for AAV
vectors (see Figure 6). The other three vectors considered either show no apparent change or
a slight decrease. Further, the graph shows that a majority of all gene therapy clinical trials
conducted during the last 10 years used lentiviral or adeno-associated viral vectors. These
patterns reinforce the conclusion that LV and AAV will dominate the gene therapy field in the
coming years.

Looking closer at these two vectors and the distribution of trials in different clinical phases, it
is evident that most conducted trials are in early clinical phases (I, I/II & II) (see Figure 7 and
Figure 8). This indicates an increased commercial use within a shorter time frame, whereas
some gene therapies utilizing these viral vectors are already approved by authorities and used
outside of clinical trials.
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Figure 7. The distribution of 10 years of clinical trials using AAV vectors in phases I, I/II, II, II/III, III, IV, based
on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The total
number of clinical trials conducted using AAVs during this period was 406.

Figure 8. The distribution of 10 years of clinical trials using LV vectors in phases I, I/II, II, II/III, III, IV, based
on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The total
number of clinical trials conducted using LVs during this period was 550.

Additional figures showing the progression of clinical trials in different phases for each viral
vector, as well as the distribution of the last 10 years of clinical trials for each vector, are
presented in Appendix B.
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7. The future for Viral vectors in Gene therapy - a foresight

Looking forward into the coming years in the field of gene therapy, and more specifically
using viral vectors, some conclusions can be drawn based on the potential for commercial use
for the vectors investigated in this report. As of today, most clinical trials utilize either LVs or
AAVs for gene transfer. Of these trials, a majority are in early clinical phases (phases I, I/II,
II), indicating a potential commercial use in the coming years.

Even though AAV and LV vectors dominate the fields of in vivo and ex vivo gene therapy
respectively, the purification steps used in large-scale production are not fully optimized.
Affinity ligands already on the market have enabled efficient separation of most AAV
serotypes from other contaminants of the upstream process. The major challenge in the
downstream process for AAV is the removal of empty capsids that only contribute to causing
immune response when used clinically. Affinity ligands are insufficient for removing these
contaminants as they select based on capsid structure. For this purpose ion exchange
chromatography is used, selecting based on isoelectric point. Affinity ligands and ion
exchange chromatography can when used in combination make a product of high purity, but
for the ion exchange step removal of empty capsids has to be weighed against the recovery of
potent viruses. The affinity chromatography step is not the bottleneck of the purification
process for the primary AAV serotypes. This should be taken into account when considering
development of new affinity ligands.

As for LV vectors, the purification is generally performed using AIEX chromatography with
following polishing steps. Some attempts have been made to use affinity ligands, but none of
the alternatives show specificity towards only LVs. Consequently, a lentivirus-specific
affinity ligand, such as an antibody ligand, would streamline the purification process and
thereby also the whole manufacturing procedure.

Although LVs and AAVs are the strongest contenders in the field as of now, there are some
alternative viral vectors worth keeping an eye out for in a long-term perspective. Both BV
and FV vectors show great potential, even surpassing LV and AAV vectors in some areas.
These are, however, lagging behind in development and, as of today, no clinical trials have
been conducted using either of them. Because of this, their prospective commercial use is far
in the future.

The other viral vectors investigated in this report, namely HSV and AdV, are no longer strong
contenders in “classic” augmentation gene therapy. They do, however, show promise in other
fields, such as vaccines and cancer treatments, along with many other viruses not considered
in this report.

8. Conclusions

Our conclusion regarding viral vectors used in gene therapy, is that AAV and LV are the most
promising to use in classic gene therapy, due to their low genotoxicity and long-term
expression of transgene. The other vectors of interest are more relevant for alternative
treatments or still not fully qualified for commercial use. This is based partly on our database

54



analysis, which was done by using the GTCT database, but also based on our own viral
vector analysis. The analysis of the different viral vectors of interest shows a rising trend of
AAVs and LVs in early clinical phases. Purification of viral vectors and its challenges has
also been established. Considering that the viral vectors of interest have similar properties
they can have similar purification processes, even though it will slightly differ. Both affinity
chromatography and AIEX are suitable to use for purification of AAV and LV. For AAV it is
recommended to use a combination of them both, which is not the case for LV. The
techniques are not completely impeccable, and improvements in several aspects, such as flow
rate, resolution and specific affinity ligand for LV are required before they are ideal.

Even further in the future, foamy and baculovirus could possibly be used as viral vectors in
classic gene therapy. They have shown great potential in preclinical trials and have preferable
properties in this type of treatment. However, due to their absence in clinical trials, they need
to be looked into further before commercial use is feasible.
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10. Method

Since this project is a literature project, the majority of the time has been spent on research
and discussion.

10.1 The Research
During the project we used Uppsala university’ s library page, and in this way, we had access
to the different databases the university provides. The database primarily used was Pubmed.
Another database frequently used was Ulrichsweb to identify if the source of interest was
peer-reviewed or not, to ensure their adequacy.

10.2 Methodology
To start, we did broad research to find as many different viruses used in gene therapy as
possible. Afterwards we discussed which viruses were of interest for the report. When we had
gotten a picture of the different viral vectors used in gene therapy we created an outline to
exactly know which parts should be in the report and which should not.

Two weeks were then contributed to collecting relevant data from peer-reviewed papers for
the different viruses of interest. To collect as much information as possible, responsibility for
the different viruses were distributed amongst the group members. After the research the viral
vector part of the report was written. Additionally a database analysis about presence of
different viral vectors for gene therapy in clinical trials was done. Lastly, the appendices,
introduction, and similar parts of the report were written.

10.3 Keywords used in the searches
The different keywords used for different parts of the research were: adenovirus,
alpharetrovirus, baculovirus, canine, challenges, clinical trial*, DNA therapy,
adeno-associated virus, downstream, foamy virus, future, gammaretrovirus, gene delivery ,
gene therap*, gene therapy, gutless, herpes simplex virus, integrating, lentivirus,
non-integrating, non-integration, purification, retrovirus,serotype*, somatic gene therapy,
spumavirus, upstream, vector, viral vector*, virus vector.

10.4 Communication

10.4.1 Internal communication for easing the work

The team had at least one meeting every day in the morning for discussion. This was for
discussion and updating on the different subjects. Additionally, the team had meetings if
necessary to discuss and analyze. The meetings have been a crucial part of the project for
discussion of relevant topics, making decisions, giving feedback, and keeping track of
milestones and deadlines.
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10.4.2 External communication

The team has had contact with the supervisor and the client representative, both by email and
by meetings. This to ensure the goals of the project were achieved. We also had a meeting
with the client at the beginning of the project to discuss the design of the project, the
requirements, and our interpretation of the project’s goal.

58



11. Contribution statement

All group members have contributed to writing the report and choosing the delimitations and
main focus of the report. The section on background information of the viral vectors was
divided into sections based on the virus where one group member had the main responsibility
for each section.

● E. Ekstedt wrote the section on adeno-associated viral vectors as well as the
introduction part of the report. He also worked on the delimitations part of the report
together with J. Jonsson. E. Ekstedt also wrote sections 5.1.2, 5.2.2 and 4.2.

● I. Fryckstedt wrote the section on lentiviral vectors, as well as the introduction to viral
vectors including the sections 3.1, 3.1.1, 3.1.3, 3.1.4, 3.5, 3.5.1, 3.5.2, 3.5.3. She also
wrote the lentivirus part of the purification section (subsections 4.4, 4.4.1, 4.4.2,
4.4.3). She also did the database analysis parts of the report with diagrams and
discussion (section 6), as well as the appendix Gene Therapy Clinical Trials (GTCT)
database analysis - Additional figures (Appendix B). The future recommendations
part of the report (section 7) was also written by I. Fryckstedt. Figures 2, 6, 7, 8 and
B1-B8 were created by I. Fryckstedt, as well as contributing to Table 1. She also
worked together with E. Ring on the appendix on Gene Therapy and Viral Vectors
(Appendix A). Additionally, I. Fryckstedt worked together with E. Ekstedt on section
5. Clinical trials and approved therapies using viral vectors, specifically on
subsections 5.1, 5.1.4, 5.2, 5.2.4, 5.3, 5.3.2.

● H. Hyllander wrote the section on adenoviral vectors. She also wrote the conclusion
part of the report. She also worked on Method and section 4.1, 5.1.1, 5.2.1 and 5.3.1.
H. Hyllander also worked on the ethics appendix together with J. Jonsson.

● J. Jonsson wrote the section on herpes simplex viral vectors, 3.7. She also worked on
the delimitations part together with E. Ekstedt and the ethics appendix together with
H. Hyllander. She also wrote section 4.6, 5.1.5 and 5.2.5.

● E. Ring wrote the section on baculoviral vectors, the abstract, section 4.7 and 5.3.4.
She also worked together with I. Fryckstedt on the Gene Therapy and Viral Vectors
appendix and the introduction to viral vectors including sections 3.1.2 and 3.1.6.

● F. Waern wrote the sections on gammaretroviral, alpharetroviral and foamy viral
vectors. This is the following sections: 3.4, - 3.4.1, 3.6 - 3.6.6, 5.1.3, 5.2.3, 5.3.3 This
includes creating related figures to those viral vectors. He also wrote the discussion on
purification methods for viral vectors and its challenges. He also revised and
compiled the purification part of the report. F. Waern created figures 1, 3, 4 and 5 as
well as table 1.

All group members have contributed feedback and valuable comments to each other during
the duration of the project, in order to improve its content and the quality of the text. All
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members were also part of the discussions regarding the database analysis and purification
methods for the viral vectors.
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Appendices

Appendix A – A background on Gene therapy and Viral vectors

Gene therapy is a method to treat genetic diseases by introducing genetic material into a
patient. The genetic material is a healthy gene, also called transgene, which replaces the
disease-causing gene to correct its effects (Gonçalves & Paiva 2017). The goal of gene
therapy is to have a long-term expression of the transgene to produce functional products in a
sufficient level to achieve a therapeutic effect. The functional product replaces the protein
that is missing and can thereby treat the diseases (Anguela & High 2019). Gene therapy can
target both genetic diseases, such as cystic fibrosis and sickle cell anemia, and acquired
disorders, like cancer and AIDS, through different approaches.

Requirements of the vector

The transgene is inserted in a vector, which is a carrier. The carrier is responsible for
delivering the transgene to target cells (Gonçalves & Paiva 2017). The vector can be viral,
plasmidial or nanostructured. Viral vectors are often used due to their many benefits such as
high adaptability which facilitates entry into the cell. They can also effectively introduce their
genetic material into the host's genome.

The vector needs to meet several requirements to be considered functional and safe. First of
all, the transgene needs to be delivered to the right cells, which generally is the cell type
where the targeted protein normally is produced in healthy humans (van Haasteren et al.
2018). In other words, the vector has to be specific enough to not only deliver the transgene
to the target cells, but also to avoid all other cells. If the transgene is delivered to the wrong
cells, the treatment is both less effective and can cause health problems for the patient. The
vector must also prevent immune reactions to the nucleic acid (Eilts et al. 2021). The vector
can be recognized by the host immune system, which results in ineffective delivery and
immune reactions that could be harmful for the patient. This especially has a risk to occur
when viral vectors are used due to recognition of viral genetic material. To avoid immune
responses, the vector needs to be sufficiently purified. Moreover, the vector must allow
sufficient expression of the transgene in order to achieve therapeutic effect for the patient
(Eilts et al. 2021). The vector should also be able to deliver transgenes with varying sizes.

In vivo and ex vivo gene therapy

The transgene can either be administered in vivo or ex vivo. For in vivo gene therapy, the
transgene is introduced directly into the patient (Kaufmann et al. 2013b, van Haasteren et al.
2018). The vector can for example be injected in the liver or a muscle. When the vector is
administered ex vivo, the transduction is taking place outside the patient's body. Cells from
the patient are first isolated and thereafter genetically modified with the vector. The cells are
then reintroduced into the patient.

When the vector is introduced in vivo, the ability to target only the correct cells is crucial to
avoid health problems for the patient (Kaufmann et al. 2013b, van Haasteren et al. 2018). In
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order to achieve this, the vector needs to be highly purified. Vectors used ex vivo do not have
a high risk to target the wrong cells, unlike vectors used in vivo. Further, cells targeted ex vivo
are not able to elicit immune responses as they are isolated and cannot communicate with the
patient's immune system. However, immune responses can be induced when reintroducing
the modified cells. In addition, it is possible to control the quality of the transduced cells
before transplantation into the patient. In other words, ex vivo gene therapy enables efficacy
and safety checks.

Integrating and non-integrating viral vectors

Depending on the application, either integrating or non-integrating viral vectors are used to
move the transgene into the host cell. Non-integrating vectors are maintained episomally,
meaning autonomously from the host cell chromosomes, whereas integrating vectors are
inserted into the host cell genome, often with preference for certain regions. Integrating
vectors are used when the therapy requires stable, long term-expression of the transgene
(Lundstrom 2018). For instance, the most common approach for ex vivo applications is
integrating vectors (Anguela & High 2019). This is because ex vivo applications generally
utilize hematopoietic or other stem cells (HSC). Integration of the transgene into the HSC
genome ensures that the therapeutic gene is passed on to all daughter cells during
differentiation or self-renewal cell division. Examples of integrating vectors being used in
clinical trials today are lentiviral vectors (LV), gammaretroviral vectors (gRV) and
alpharetroviral vectors (aRV) (Bulcha et al. 2021).

On the other hand, some applications, such as vaccines and certain cancer therapies, only
require short-term transient transgene expression and for this type of application,
non-integrating vectors are preferred (Lundstrom 2018). Here, the transgene is instead
maintained episomally within the cell. During cell division however, there is a dilution effect
of non-integrating viral vectors in the cell, which leads to lowered therapeutic effects. When
transduced into long-lived, post-mitotic cells, non-integrating vectors can instead provide
long-term gene expression (Athanasopoulos et al. 2017). This is the most common approach
for in vivo gene therapy applications, where infrequently dividing cells are targeted (Anguela
& High 2019). In order to combat the dilution effect in dividing cells, non-integrating vectors
can be administered to the patient repeatedly to maintain the therapeutic effect
(Athanasopoulos et al. 2017).

Repeated administrations of the same viral vector can, however, induce an unwanted immune
response in the patient which can lower the effectiveness of the therapy or even harm the
patient (Athanasopoulos et al. 2017). It is therefore preferred to use post-mitotic cells as
targets for in vivo gene therapy, as the vector concentration in non-dividing cells will
practically be constant. Examples of non-integrating vectors used clinically today are
adeno-associated viral vectors (AAV), adenoviral vectors (AdV), and herpes simplex viral
vectors (HSV) (Chen YH et al. 2018). These non-integrating viral vectors show a lower risk
for genotoxicity, that is damage to the genetic material or dysregulation of cellular genes,
than their integrating counterparts (Athanasopoulos et al. 2017). This is because the
integration event can cause insertional mutagenesis which can have various effects on cellular
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genes, such as dysregulation or oncogenic events (Anguela & High 2019).

Somatic vs germline gene therapy

Another way of classifying gene therapy is depending on the target cell, i.e. whether the
therapy is applied to germline or somatic cells (Soleimani et al. 2015). Germline cells, that is
cells that pass on genetic material to the progeny of the patient, are less frequently used in
gene therapy applications due to the technical and ethical challenges associated with it (Tang
& Xu 2020). Since the therapeutic effects mediated via germline gene therapy are inherited
by the offspring, it holds potential to prevent the passage of genetic diseases to all future
generations. This technology is, however, up for ethical debate due to this same reason, since
complications and unforeseen adverse events will not be limited only to the patient. This is
discussed further in the Ethics Appendix (Appendix C) of this report. Somatic cells, i.e. all
cells except germline cells, are frequently used for gene therapy (Steffin et al. 2019). Here,
gene alterations are restricted to the target cells and are not passed on to the next generation.
Because of this, there is less ethical debate regarding this technology and the progress has
therefore been faster than for germline gene therapy (Soleimani et al. 2015).

Gene therapy in cancer treatment

One of the largest areas in which gene therapy is being used is cancer treatment. In fact, a
majority of all gene therapy clinical trials are associated with different types of cancers
(GTCT 2021). There are many different approaches to cancer treatment using gene therapy
methods, most of which do not fall under the augmentation gene therapy notion, wherein a
therapeutic gene is transferred into and expressed in a target cell in order to treat disease
(Anguela & High 2019). Instead, they usually involve immune cells that are genetically
manipulated or engineered using gene therapy tools (Steffin et al. 2019). As cancer is
generally an acquired disease and not monogenic, the choice of transgene is not as obvious
here as in many other gene therapies, where a single nucleotide mutation can be causative
(Bouard et al. 2009).

An early method for cancer treatment using gene therapy was local in vivo delivery of a
suicide gene, i.e. a gene where the expressed product is toxic to the cell in some way
(Anguela & High 2019). This is often administered in combination with routinely used
cytotoxic drugs to increase the patient’s sensitivity to the treatment (Belete 2021). Another
promising approach for cancer treatment, and more specifically therapies against tumors, is
oncolytic viruses (OV) (Belete 2021). Here, one utilizes replication-competent viruses that
proliferate specifically in tumor cells, directly lysing the cancer cells in combination with the
patient’s immune system, whilst avoiding any damage to healthy cells (Anguela & High
2019). OVs are a large group of viruses containing both naturally occurring viruses in their
wild-type form, as well as genetically modified viruses (Belete 2021).

A third approach to gene therapy for the treatment of cancer is Chimeric Antigen Receptor
(CAR) T cell therapy (Anguela & High 2019). Naturally, T cells detect infected and tumor
cells by non-self antigens on their surfaces and destroy them as a part of the adaptive immune
system (Belete 2021). In CAR T cell therapy, the T cells are transduced via ex vivo gene
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therapy methods, with a CAR that is used to detect a specific tumor-associated antigen. This
way, the T cells recognize the cancer antigens on the tumor cells and they can be destroyed.
This technique combines the antigen-receptor capabilities on a monoclonal antibody with the
killing capacity of a T cell, creating an efficient mechanism to combat some types of cancer
(Steffin et al. 2019). This is unfortunately not risk free, and adverse effects have been
reported.
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Appendix B – Gene Therapy Clinical Trials (GTCT) Database analysis -
additional figures

Adeno-associated viral vectors

Figure B1. The last 10 years of clinical trials using AAV vectors, based on data from The Journal of Gene
Medicine Gene Therapy Clinical Trials database (GTCT 2021). The labels show clinical phases I, I/II, II, II/III,
III, IV. The GTCT database has a delay, resulting in underrepresentation of the most recent years of clinical
trials. The two latest years have therefore been excluded in the analysis and are transparent in the figure and
separated by a vertical line.
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Lentiviral vectors

Figure B2. The last 10 years of clinical trials using LV vectors, based on data from The Journal of Gene
Medicine Gene Therapy Clinical Trials database (GTCT 2021). The labels show clinical phases I, I/II, II, II/III,
III, IV. The GTCT database has a delay, resulting in underrepresentation of the most recent years of clinical
trials. The two latest years have therefore been excluded in the analysis and are transparent in the figure and
separated by a vertical line.
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Retroviral vectors

Figure B3. The last 10 years of clinical trials using RV vectors, based on data from The Journal of Gene
Medicine Gene Therapy Clinical Trials database (GTCT 2021). The labels show clinical phases I, I/II, II, II/III,
III, IV. The GTCT database has a delay, resulting in underrepresentation of the most recent years of clinical
trials. The two latest years have therefore been excluded in the analysis and are transparent in the figure and
separated by a vertical line.

Figure B4. The distribution of 10 years of clinical trials using RV vectors in phases I, I/II, II, II/III, III, IV, based
on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The total
number of clinical trials conducted using RVs during this period was 290.
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Adenoviral vectors

Figure B5. The last 10 years of clinical trials using AdV vectors, based on data from The Journal of Gene
Medicine Gene Therapy Clinical Trials database (GTCT 2021). The labels show clinical phases I, I/II, II, II/III,
III, IV. The GTCT database has a delay, resulting in underrepresentation of the most recent years of clinical
trials. The two latest years have therefore been excluded in the analysis and are transparent in the figure and
separated by a vertical line.

Figure B6. The distribution of 10 years of clinical trials using AdV vectors in phases I, I/II, II, II/III, III, IV,
based on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The
total number of clinical trials conducted using AdVs during this period was 273.
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Herpes simplex viral vectors

Figure B7. The last 10 years of clinical trials using HSV vectors. The labels show clinical phases I, I/II, II, II/III,
III, IV, based on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021).
The GTCT database has a delay, resulting in underrepresentation of the most recent years of clinical trials. The
two latest years have therefore been excluded in the analysis and are transparent in the figure and separated by a
vertical line.

Figure B8. The distribution of 10 years of clinical trials using HSV vectors in phases I, I/II, II, II/III, III, IV,
based on data from The Journal of Gene Medicine Gene Therapy Clinical Trials database (GTCT 2021). The
total number of clinical trials conducted using HSVs during this period was 82.
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Appendix C – Ethical discussion regarding gene therapy

Med genterapins stora möjligheter kommer risker

Drömmen om att finna nyckeln till att förändra vårt DNA och låsa upp möjligheterna till
evigt liv, eller bota dödliga sjukdomar har funnits sedan upptäckten av DNA. Sedan 1962, när
Crick och Watson fick Nobelpriset, har vi strävat efter att lösa gåtan kring DNA och lära oss
att redigera den genetiska koden vilket idag kan vara möjligt tack vare bland annat genterapi.
Genterapi skapar möjlighet att föra in nya gener eller förstärka uttrycket från befintliga. Detta
ger denna nya teknologi en potential som inte tidigare behandlingar haft, möjligheten att
skapa botemedel för sjukdomar som tidigare saknat det, generellt rädda liv och höja
människors livskvalitet är stor. Inom teknologin har det gjorts många framsteg de senaste
åren och det finns möjligheter för en stor kommersiell användning i framtiden. Trots att
genterapi kan ses som en fantastisk mirakelmedicin så finns det flera stora etiska dilemman
att ta hänsyn till. En av dessa är vem som ska få tillgång till denna typ av behandling, detta är
kanske inte det mest omtalade eller kritiska etiska dilemmat. Det är dock en intressant aspekt
som är viktig utifrån människors rättigheter och en förståelse utifrån utveckling av denna
teknologi.

Vem kommer att ha tillgång till genterapin?

Orimliga kostnader

De behandlingar som finns med genterapi idag är dyra. Detta kan skapa en ojämlikhet utifrån
vem som får tillgång till den. Kommer människor, som är i behov av dessa nya behandlingar,
ha möjlighet att lägga den kostnad som behövs för att bli friska?

Vad finns det för rättigheter för de som är i behov av genterapi? Till följd av det dyra pris så
finns det risk att alla inte kommer kunna ta del av behandlingen. Vore det inte då rimligt att
alla patienter kan få behandlingen betald, eller till ett rimligt reducerat pris? Detta för att ge
alla människor samma villkor att ha råd med sjukvård. Om en patient lever i ett land utan
gratis sjukvård eller högkostnadsskydd, eller har det sämre ekonomiskt ställt bör inte det
begränsa möjligheterna till genterapi som skulle kunna ge patienten ett mer fungerande liv.
Är inte ett mindre lidande mer värt än kostnader?

Samtidigt finns frågan om det är hållbart att investera miljonbelopp för enstaka behandlingar
som inte ens kommer kunna behandla majoriteten av befolkningen. Genterapin som utvecklas
idag är ofta begränsad till monogenetiska sjukdomar, vilket har en liten patientgrupp. Även
om det kanske inte ses som ekonomiskt gynnsamt idag så kan denna forskning komma att bli
en språngbräda för framtida behandlingar. Det kan verka orimligt att satsa resurser på det som
ger liten påverkan, men för att nå de stora målen kan de små stegen vara väsentliga för att
kunna bota sjukdomar som berör fler i framtiden. Men framtiden är inte satt i sten och det
finns en osäkerhet i om tekniken kommer att fungerar på det sätt vi vill, eller om det kommer
upp något annat som hindrar användandet av det. Därför finns det en risk i att den
fundamentala forskningen har varit förgäves, detta är dock ett dilemma med alla nya
teknologier. Enligt ett konsekvensetiskt synsätt så skulle målet vara att maximera nyttan, hur
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detta ska uppnås bäst är osäkert. Frågan kvarstår om det istället vore mer effektivt att
investera i befintliga kommersiella terapier istället för genterapi? Hur som helst finns det en
risk med allt nytt att det inte ska fungera innan man testar. Därför är det rimligt att ge
genterapi en chans? Enligt konsekvensetiken så kan man motivera fortsatt forskning på
genterapi utifrån att det är en väldigt stor sannolikhet att framgång i detta fält kan komma att
leda till mer nytta än om vi inte väljer att utveckla denna teknologi.

Stor satsning på liten patientgrupp

Forskning och kliniska studier i samband med genterapi görs främst på monogenetiska
sjukdomar, eftersom dessa sjukdomar enbart beror på en gen. De är mindre komplexa jämfört
med polygenetiska eller livsstilssjukdomar och är därför lättare att behandla med genterapi.
Jämfört med polygenetiska sjukdomar är de monogenetiska sjukdomarna mer sällsynta och
det är oftast färre som drabbas av dem. Hur stor kommer den egentliga patientgruppen att
vara som faktiskt kommer att främjas av denna typ av behandling?

Är det då etiskt rätt att investera tid och resurser i att utveckla behandlingar för en sådan liten
patientgrupp när man kan lägga samma tid och resurser på en större del av populationen. Om
tid och kapacitet läggs på den större patientgruppen så skulle nyttan kunna maximeras, utifrån
konsekvensetiken, och därför skulle det vara rätt att prioritera de områden där fler personer
faktiskt kan få hjälp. Samtidigt är det viktigt att tänka på att alla människor har rätt till ett så
bra liv som möjligt enligt pliktetiken. Därför bör man satsa på alla möjliga behandlingar,
även dem som hjälper en mindre skara. Sjukdomar utan befintlig medicin skulle kunna
prioriteras eftersom det inte finns någon annan alternativ behandling. Om liv ställs mot liv så
går det inte att ställa olika behandlingsgrupper mot varandra för alla människor är lika
mycket värda och har därför lika mycket rätt till behandlingar för att kunna leva ett normalt
liv.

Är det mer etiskt försvarbart att utveckla en behandling för en grupp som i nuläget saknar
annan lösning? Dessa individer kan vara mer oskyddade då de är i större behov, och då är mer
villiga att testa behandlingen eftersom andra alternativ saknas. För andra patientgrupper, där
redan befintliga behandlingsmetoder finns kommer de patienterna att vara mindre villiga att
ta lika hög risk just eftersom de har en säkrare väg att välja. Informerade val innebär att
patienten har fått ta del av information kring behandlingen eller studien och de realistiska
riskerna, så det innebär att patienten då kan till viss mån ta ansvar över sitt val. Det är därför
informerade val och även informerat samtycke är en central del för att ge patienten all
information individen har rätt till för att hen ska kunna ta ett grundat beslut.

Det är viktigt att ha i åtanke att dessa patienter kan vara mer benägna att tacka ja till
behandlingen då det inte finns så många andra alternativ. Dessutom är det troligt att det finns
många okända risker, då dokumentationen är begränsad och alla biverkningar inte är
observerade. Därför är det extra viktigt att informationen innan behandlingen är klar och
tydlig, och att patienten gör ett beviljande val.
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Immuniteten skapar problematik

Det kan finnas en befintlig immunitet för dessa vektorer hos populationer och det kan skilja
sig mellan geografiska områden, vilket gör att vissa populationer kommer vara mer eller
mindre mottagliga för denna teknologi än andra. En befintlig immunitet försvårar
användningen av de olika virala vektorerna och flertalet risker kan tillkomma. Detta skulle
kunna skapa ojämlikheter eftersom det är en begränsande faktor för vilka som kan ta del av
denna hjälp. Problematiken av en befintlig immunitet eller en inducerad immunitet av terapin
går att läsa mer om i rapporten.

Viktiga riktlinjer inför framtiden

Den genetiska koden har under lång tid utvecklats och vad ger oss befogenhet att ändra på
detta arv? Detta är ett välanvänd etiskt argument mot genterapi. Syftet att skapa den “perfekta
människan” eller på andra sätt skapa genetisk kosmetika är inte syftet, utan målet med denna
teknologi är medicinsk. Det är viktigt att definiera riktlinjerna för hur genterapin ska
användas i framtiden för att inte råka glida in på andra icke medicinska användningsområden
av misstag. Alltså frångå målet att bota och lindra sjukdomar.

Genterapi har många lovande framtida applikationer som förhoppningsvis kommer att
bespara många människor mycket lidande. Denna nya teknologi har flertalet risker vilket kan
bidra till etiska dilemman, och dessa förstärks utifrån en försiktighet från allmänhetens sida.
Det kommersiella intresset är en viktig faktor vid introduktionen av nya läkemedel och
teknologier. Trots misstron och risker så har virala vektorer inom genterapi stor potential att
göra gott.
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