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CHALLENGES & ADVANCES IN

VIRALVECTORS

Clinical applications of viral vec-
tor-mediated gene therapy will soon
be approaching their third decade
of use. The initial idea of re-engi-
neering naturally arising viruses for
efficient integrating and non-inte-
grating gene delivery strategies was
groundbreaking [1]. A huge amount
of effort went into basic research in
the 1980s to make murine oncoret-
roviruses replication incompetent,
adapt them to efficiently transduce
human cells and then reliably inte-
grate their payload into the genome.
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Gene therapy has, after years of setbacks,
returned as a highly advantageous novel
therapy for the treatment of severely

debilitating diseases for which there were no
treatment options.

At the same time, adenoviruses were
re-engineered to transport genetic
information into target cells with-
out gene integration. Soon after-
wards, adenoviral vectors were used
for human in vivo gene therapy ap-
plications, while culture technolo-
gies for human T cells and human
hematopoietic progenitor cells were
developed to allow for retroviral
vector transductions ex vivo [2]. At
that time, while used under appro-
priate transduction conditions and
transferring a well-designed gene,
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oncoretroviral vectors based on the
murine moloney leukemia virus
could be utilized in clinical testing.
Unfortunately, the in vivo applica-
tion of a first-generation adenoviral
vector in a clinical trial of gene ther-
apy for ornithine transcarbamylase
(OTC) deficiency ended with the
death of a young patient in the year
2000, due to a systemic, uncon-
trollable inflammatory reaction [3].
Similarly, the oncoretroviral medi-
ated clinical trial of hematopoietic
stem cell gene therapy for X-linked
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severe combined immunodeficiency
(SCID) in France caused several pa-
tients to develop leukemia, due to
insertional toxicity [4]. By carefully
evaluating these severe drawbacks,
soon a clearer understanding of the
safety issues involved in viral-medi-
ated gene therapy was achieved [5].
Safer adenoviral vectors were devel-
oped that would not cause system-
ic inflammatory reactions, and for
retroviral vectors, tighter control of
transduction conditions and insert-
ed copy numbers, combined with
integration site analyses with a bet-
ter understanding of the integration
pattern in transduced cells lowered
the inherent risk of insertional tox-
icities. A major improvement in
integrating vector gene therapy was
achieved when HIV-based vectors
became available, offering a safer
integration pattern [6]. The further
development and application of ad-
eno associated viral vectors (AAV)
also offered significant improve-
ment in non-integrating in vivo
gene therapy, since these vectors
showed extremely high safety with
almost no toxicities, particularly in
gene delivery to the CNS [7].

Soon after, gene therapy clinical
trials, particularly using AAV and
lentiviral vectors, established clear
clinical benefits in many patients [8].
Lentiviral vectors have shown ther-
apeutic efficacy in the treatment of
ADA SCID [9], adrenoleukodystro-
phy [10] and Wiskott—Aldrich syn-
drome [11]. AAV vectors have been
successfully used for treatments of
Leber’s congenital amaurosis 2 [12],
a rare inherited eye disease with a
mutation in the RPE65 gene, cho-
roideremia [13], an X-linked reces-
sive retinal disease, and hemophilia
B [14]. Additionally, an AAV vec-
tor, Glybera® (uniQure), has been
approved as the first gene therapy
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application in Europe, for the treat-
ment of lipoprotein lipase deficien-
cy. Subsequently, other gene thera-
py products entered the EU market
[15]; an oncolytic herpes virus 1
(HSV-1), Imlygic® (Amgen), for the
treatment of melanoma, Strimve-
lis* (GlaxoSmithKline), autologous
hematopoietic stem cells (HSCs)
transduced with a retroviral vector
transferring the ADA gene to treat
children with ADA SCID, and most
recently, Zalmoxis® (MolMed SpA),
allogeneic T cells for the treatment
of high-risk hematologic malig-
nancies (in conjunction with stem
cell transplantation), transduced
with a retroviral vector transferring
a herpes simplex virus-1 (HSV-1)
thymidine kinase. In the USA, no
marketing approval for gene thera-
py vectors has yet been given; how-
ever, several successful gene thera-
py products, including transduced
stem cell products, are in the pipe-
line for marketing approval.

While Europe has made excellent
progress in approving gene therapy
vectors and certain cellular gene
therapies as marketed products, the
USA has made great strides in pi-
oneering a new gene therapy tech-
nology in the fight against cancer
— chimeric antigen receptor T cells
(CAR-T cells) [16]. Autologous
patient T cells are genetically en-
gineered using retro- or lenti-viral
vectors, transferring the genetic in-
formation for a new T-cell receptor
that can recognize a specific antigen
on cancer cells, bind to it and en-
able the T cells to elicit cytotoxicity
on the target cells. Remarkable can-
cer remissions, particularly in leuke-
mias, could be demonstrated [17],
and significant amounts of funding
have been directed into the clinical
development of this technology. The

drawbacks, however, are sometimes




systemic toxicities caused by cyto-
kine storms, which still need to be
monitored, controlled and made
manageable. To manufacture the
gene-modified  cellular  product,
autologous T-cell expansions and
transductions need to be performed
in a controlled environment, which
is currently only possible in spe-
cialized centers [18]. However,
closed-system culture technologies
are under development that will, in
the future, allow the generation of
CAR-T cells at a much wider scale,
and also in areas where Good Man-
ufacturing Practice (GMP) labora-
tories are not available.

Currently, the transduction of
HSCs with integrating vectors,
particularly lentiviral vectors for
clinical applications is the most
complicated procedure, requiring
several highly technical steps [19].
To treat ADA SCID, for instance,
the patient’s bone marrow or mo-
bilized peripheral blood stem cells
are harvested, CD34* hematopoi-
etic stem and progenitor cells are
isolated and cultured in conditions
that allow efficient transduction,
but at the same time, will not di-
minish the cells” long-term engraft-
ment potential. The transduced
CD34" cells are tested extensively
prior to the infusion into the recip-
ient. Product safety is imperative,
with tests for sterility, endotoxin,
mycoplasma and integrated copy
number performed. It is vital that
as few therapeutic gene copies will
be integrated per genome to lim-
it integrational toxicity with any
possibility of leukemia generation.
The cells will be administered with
myeloablation or reduction, to al-
low for efficient engraftment of the
gene corrected cells. It took the field
almost 20 years to perfect this pro-
tocol. Only a few specialized centers
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Scaling up of the manufacturing process from
laboratory scale to clinical scale is not trivial,
both in vector and cellular manufacturing.

in the world can perform this proce-
dure. Maybe when this application
becomes more mainstream, more
medical centers will be equipped
with specialized facilities and highly
trained personnel, able to perform
it.

The translation of laboratory re-
search into all these aforementioned
clinical applications with therapeutic
efficacies, although having progressed
significantly, has always been chal-
lenging and required the develop-
ment of unique knowledge and costly
manufacturing procedures [20]. Of-
ten, both vector manufacturing and
cellular manufacturing is required,
and both need to be performed under
GMP conditions. These controlled
manufacturing procedures must be
approved by the appropriate region-
al regulatory agencies and carried out
in properly equipped facilities with
equally properly trained personnel.
Scaling up of the manufacturing pro-
cess from laboratory scale to clinical
scale is not trivial, both in vector and
cellular manufacturing. Vector purity,
particularly for direct 77 vivo admin-
istration is of utmost importance,
and vector titer (with good packaging
efficacy and little interference from
empty particles) is directly responsible
for good clinical efficacy. In the past,
retroviral vector could be manufac-
tured using stable producer cells. This
production method cannot easily be
applied to lentiviral vector or AAV
vector manufacturing. Transient plas-
mid transfection into certified human
producer cells is the most common
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Transfection efficiency is over 20% in most
protocols; however, vector particle yield is
largely dependent on the properties of the
packaged therapeutic gene, with a high degree
of variability.
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vector production method, currently.
Transfection efficiency is over 90%
in most protocols; however, vector
particle yield is largely dependent on
the properties of the packaged ther-
apeutic gene, with a high degree of
variability. Vector purification strate-
gies are also wide ranging, from spin
filtration, tangential flow, gradient
ultracentrifugation to chromatog-
raphy methods. Vector certification
tests include sterility, endotoxin,
mycoplasma, replication competent
vector, plasmid DNA, host cell DNA
and proteins, other tests may also be
necessary; again, the most important
aspect of the manufactured vector lot
is its safety.

What lies ahead in the future?
Most likely, new gene editing tech-
nologies with zinc finger nucleases,
transcription activator-like effector
nucleases and clustered regularly
interspaced short palindromic re-
peat-associated systems will be wide-
ly employed in clinical testing for
gene therapies [21]. Instead of insert-
ing a new functional gene into cells
at random and leaving the old one

behind, the non-functional gene will
be replaced with the new functional
gene, in the correct locus. This will
remove the danger of random inser-
tional toxicity with upregulation of
oncogenes in the vicinity of the new
gene. In vivo gene editing is also be-
ing developed; however, any adverse
events associated with this novel
technology, particularly unwanted
genetic editing of germ line cells and
off target effects will need to be stud-
ied carefully, prior to its implementa-
tion in clinical testing.

Gene therapy has, after years of
setbacks, returned as a highly ad-
vantageous novel therapy for the
treatment of severely debilitating
diseases for which there were no
treatment options. As marketed
therapeutic products, gene therapies
will add an arsenal of new options
to provide life-saving clinical bene-
fits to many patients worldwide.
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