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Preface

The huge potential for gene therapy to cure a wide range of diseases has led to high
expectations and a great increase in research efforts in this area. The first human gene
therapy protocol was conducted in 1990 by W. French Anderson and showed promising
results. Over the following years, more than 1,500 gene therapy protocols were approved
for clinical trials, illustrating the rapid growth of this field. Furthermore, with the sequenc-
ing of the human genome and the development of advanced technologies for the identi-
fication of genes and their function, the number of candidate diseases for gene therapy has
continued to increase. However, the efficient transfer of a therapeutic gene into human
cells depends upon the technology used for gene therapy. A number of delivery systems
are in use, which either involve physical delivery of naked DNA or the use of viral vectors.
The protocols of the latter system are the subject of this book.

There is a large and rapidly growing body of literature on methods for gene delivery
involving the use of viral vectors. This is because genes are delivered more efficiently by
viral vectors, compared to DNA transfection. Vectors derived from retroviruses and aden-
oviruses are used in the majority of gene therapy clinical trials to date. However, vectors
derived from adeno-associated viruses, poxviruses, herpes simplex viruses, and baculovi-
ruses are receiving increasingly more attention in the field of gene therapy. The properties
of each of these vectors are described in Chapter 1, while Chapter 2 gives answers based
on examples of clinical trials to the question of why gene therapy has not yet become an
effective treatment for genetic disease.

Methods in Molecular Biology: Viral Vectors for Gene Therapy brings together the knowl-
edge and experience of those who are employing methodology of virus production, trans-
ferring protocols, and evaluating the efficacy of gene product. This is a comprehensive
methods book that provides basic principles for the development of gene therapy viral
products that are safe and effective. Chapters presenting protocols in readily reproducible,
step-by-step fashion, opening with an introductory overview, a list of the materials and
reagents needed to complete the experiment, and followed by a detailed procedure that is
supported with a helpful notes section offering tips and tricks of the trade as well as trouble-
shooting advice. There are chapters on production, purification, and characterization of the
most popular viral vector systems of adenovirus, retrovirus, and adeno-associated virus
(Chapters 5-11). The methodologies are in most cases simple, tested, and robust pro-
cesses. The protocols for the less common viral vector systems of baculovirus, herpes virus,
and measles virus are presented in Chapters 12-14. The growing interest in these vectors
has created a strong demand for large-scale manufacturing and purification procedures.

In view of the interest of many laboratories and practitioners in the preclinical and
clinical application of gene therapy vectors, it seems appropriate to include chapters to
describe protocols on the in vivo gene delivery into CD34 and mesenchymal cells as non-
exhaustive examples for in vivo gene transfer (Chapters 15 and 16). In this context, we
have also included Chapter 11 on characterization and quality control testing of in vivo
gene delivery of AAV viral vectors for the treatment of muscular and eye diseases to pres-
ent an example on a subject which is still today very much en vogue for most scientists.
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Chapter 3 presents basic considerations concerning the characterization of cell banks
for the production of viral vectors. It describes the advantages and disadvantages of the
most widely used cell lines, HEK293. The importance of viral purification in manufactur-
ing is now widely recognized, and information is presented here (Chapter 4) on the most
commonly used purification methods and chromatographic options available for large-
scale processes.

Gene therapy raises many unique ethical concerns. Although germ line gene therapy
is controversial, somatic gene therapy is morally acceptable for treating diseases since all
eftects of therapy end with the life of the patient, at the very latest. Chapter 17 explores
some of the ethical issues surrounding human gene therapy. The final chapter (Chapter 18)
presents examples of clinical trials and examines the processes of good clinical practice,
good manufacturing practice, and regulations for conducting gene therapy trials.

Protocols in gene therapy are not well understood by many scientists who will find this
book to be of interest. The material is addressed primarily to those interested in viral gene
therapy, but topics will also be of interest to scientists in virology, biomedicine, molecular
biology, cell culture, preclinical and clinical trials, cell banking, manufacturing, quality
control as well as medical practitioners. It will provide an invaluable resource for students and
researchers involved in the development of expression systems, gene delivery systems,
and therapeutic products. The editors come from industrial gene therapy (O.-W. Merten) and
academic bioprocessing (M. Al-Rubeai) backgrounds and are therefore well placed to
ensure that the contents are addressed to and understandable by a wide range of readers.
We are enthusiastic for the cause of gene therapy — we hope that our readers find inspira-
tion to explore further its potential themselves and that this work helps their rapid
progress.

Finally, we thank all the contributors, the series editor John Walker, and Humana
Press for their efforts which made this volume possible.

Otto-Wilhelm Merten
Mohamed Al-Rubeai
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Chapter 1

Introduction to Viral Vectors

James N. Warnock, Claire Daigre, and Mohamed Al-Rubeai

Abstract

Viral vector is the most effective means of gene transfer to modify specific cell type or tissue and can be
manipulated to express therapeutic genes. Several virus types are currently being investigated for use to
deliver genes to cells to provide either transient or permanent transgene expression. These include adeno-
viruses (Ads), retroviruses (y-retroviruses and lentiviruses), poxviruses, adeno-associated viruses, baculoviruses,
and herpes simplex viruses. The choice of virus for routine clinical use will depend on the efficiency of
transgene expression, ease of production, safety, toxicity, and stability. This chapter provides an introductory
overview of the general characteristics of viral vectors commonly used in gene transfer and their advantages
and disadvantages for gene therapy use.

Key words: Adenovirus, Adeno-associated virus, Lentivirus, Retrovirus, Baculovirus, Poxvirus,
Herpes virus, Virus infection, Virus structure

1. Introduction

The success of gene therapy relies on the ability to safely and
effectively deliver genetic information to target cells, through
either an ex vivo or an in vivo route. The former requires target
cells to be extracted from the patient, transfected with the thera-
peutic gene, and returned to the patient once the gene transfer is
complete. The in vivo route requires the vector to be introduced
into the host, where it transduces target cells within the whole
organism. Gene transfer has traditionally been achieved by the
use of either viral or nonviral vectors. While nonviral methods are
generally considered to be safer than viral transduction (1, 2), the
production yield for plasmid DNA needs to be increased, and
costs need to be decreased to make this a commercially viable
gene-delivery method (3, 4); in addition, the gene transfer effi-
ciency has to be improved. Consequently, only 17.9% of gene

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
Methods in Molecular Biology, vol. 737, DOI 10.1007/978-1-61779-095-9_1, © Springer Science+Business Media, LLC 2011
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2 Warnock, Daigre, and Al-Rubeai

therapy clinical trials employ naked or plasmid DNA, whereas
45% of trials use either retroviral or adenoviral vectors (http://
www.wiley.co.uk /genmed /clinical /).

Viruses have complex and precise structural features, which
have adjusted through natural evolution for efficient transfection
of specific host cells or tissues (5). A number of virus types are
currently being investigated for use as gene-delivery vectors.
These include adenoviruses (Ads), retroviruses (7y-retroviruses
and lentiviruses), poxviruses, adeno-associated viruses (AAV),
and herpes simplex viruses (HSV) (6). It is unlikely that any one
of these vectors will emerge as a suitable vector for all applica-
tions. Instead, a range of vectors will be necessary to fulfill the
objectives of each treatment (7).

2. Adenoviruses

2.1, Structure
2.1.1. The Capsid

2.1.2. The Genome

Adenovirus (Ad) was first discovered in 1953 in human adipose
tissue (8). This virus has since been classified into six species (A-F)
that infect humans, and these species are subdivided into over
50 infective serotypes (9). From the variety of known Ads,
researchers have concluded that viruses Ad2 and Ad5 of species C
are the most effective for creating viral vectors for use in gene
therapy (10). Ad vectors, now one of the most widely studied
vector forms, are prominently used in worldwide clinical trials. As
of March 2011, 402 of the total 1,703 gene-therapy clinical trials
included studies with Ad vectors (http://www.wiley.co.uk/
genetherapy /clinical).

The Ad capsid is a nonenveloped, icosahedral protein shell
(70-100 nm in diameter) that surrounds the inner DNA-containing
core. The capsid comprises 12 identical copies of the trimeric hexon
protein (9). A pentameric penton base protein is located at each
vertex of the capsid, and from it extends a trimeric fiber protein
that terminates in a globular knob domain, as seen in Fig. 1 (11).

The genome of the Ad is a linear, double-stranded DNA (dsDNA)
ranging from 26 to 40 kb in length (12). This linear form is orga-
nized into a compact, nucleosome-like structure within the viral
capsid and is known to have inverted terminal repeat (ITR)
sequences (103 base pairs in length) on each end of the strand
(11). The viral genome comprises two major transcription regions,
termed the early region and the late region (13, 14). The early
region of the genome contains four important transcription units
(E1, E2, E3, and E4). Table 1 outlines the functions of each unit
of the early region.


http://www.wiley.co.uk/genmed/clinical/
http://www.wiley.co.uk/genmed/clinical/
http://www.wiley.co.uk/genetherapy/clinical
http://www.wiley.co.uk/genetherapy/clinical

Fiber knob

Fiber shaft
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Penton base

Fig. 1. Schematic diagram of an Ad capsid. The major structural protein of the capsid is
the hexon. Penton capsomers, formed by association of the penton base and fiber, are
localized at each of the 12 vertices of the Ad capsid.

Table 1

Early transcription units and their functions (Ad virus)

Transcription unit

Function

EIA

E1B

E2

E3

E4

Activates early-phase transcription and induces the
S phase of the host cell

Codes for E1B 19K and E1B 55K, which inhibit
apoptosis and allow for viral replication

Codes for DNA polymerase (pol), preterminal
protein (pTP), and DNA-binding protein
(DBP)

Codes for proteins that block natural cellular
responses to viral infection

Codes for a variety of proteins that perform in
DNA replication, mRNA transport, and splicing
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2.2. Life Cycle

The early phase of adenoviral DNA invasion begins when the
virus comes in contact with a host cell and ends at the onset of
DNA replication. The globular knob domain of the viral capsid
has a high affinity for the coxsackievirus and adenovirus receptor
(CAR), which can be found on a variety of cells throughout the
human body (15, 16). When the virus locates a host cell, the pro-
cess of binding and internalization begins. The virus-host cell
affinity between the fibrous knob and the CAR is heightened by
the interaction of the penton base protein with secondary cellular
receptors. The virus then travels through the cell membrane via
receptor-mediated endocytosis, the virion is released, and the
genome escapes the protein capsid and makes its way into the
host cell nucleus, as depicted in Fig. 2.

199999
m a%“‘ Lk uu m

Endosome i\
o

Endosome disruption

— 9

Fig. 2. Schematic representation of adenoviral infection. The Ad virion attaches to the host
cell surface by CARand integrin receptors. The virus enters the cell through clathrin-mediated
endocytosis before viral DNA replication and transcription occur in the host nucleus.

Nucleus



2.3. Preclinical Gene
Transfer and Clinical
Trials
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Transcription of viral DNA begins when the genome enters
the host cell nucleus. At this time, the E1A transcription unit of
the early phase is transcribed, followed quickly by the E1B unit.
Together, these two units help to prepare the genome for further
transcription, shift the host cell into the S phase of replication,
and inhibit apoptosis of the host cell. The E2 unit, the next to
transcribe, encodes for DNA polymerase, a preterminal protein,
and a DNA-binding protein, all of which are necessary for DNA
replication. This process is followed by the transcription of the E3
unit, which inhibits the host cell from responding to the viral
invasion. Finally, the E4 unit is transcribed to produce a variety of
proteins required for DNA replication and movement into the
late phase.

The late phase begins at the onset of viral DNA replication.
This process begins at the origins of replication in the ITRs on
either end of the viral genome, and the terminal protein at each
end of the chromosome acts as the DNA primer. The products of
late-phase transcription are expressed after a 20-kb section of the
major late promoter has been transcribed. This section then
undergoes multiple splicing cycles to return five encoding pro-
teins of the late mRNA. These proteins are later used either to
form the viral capsid or to assist in assembling the viral progeny.
The host cell finally disintegrates and the virus is released.

The first-generation vectors are the most commonly used
viral vectors in gene-therapy trials (11). These vectors, based on
Ads 2 and 5 of species C, have the E1 region of the genome
deleted to allow more genomic space for foreign DNA (10, 17).
The E3 region may also be deleted for viral DNA to be replicated
in culture. These eliminations allow the insertion of approxi-
mately 7.5 kb of DNA into the vector. Another vector form used
in gene therapy is known as the “gutted” vector, in which all
adenoviral DNA is excised except for the ITRs and packing sig-
nals. These vectors allow up to 36 kb of foreign DNA to be
accommodated within the viral vector.

Adenoviral vectors have many benefits that account for their
growing popularity in gene-therapy trials; however, they also have
some limitations that must be overcome before they can be used
for a wide range of treatment options. Some of these advantages
and disadvantages are listed in Table 2.

The Ad vector is most commonly associated with studies of
cancer treatment. In one study, these vectors successfully deliv-
ered tumor suppressor genes p53 and p16 to tumor growths. The
Ad vector responsible for the delivery of the p53 gene was the
first to be approved for gene-therapy treatment (18). Suicide gene
therapy, or prodrug therapy, has also been studied as a cancer
treatment option. Suicide therapy uses viral proteins to metabolize
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Table 2
Advantages and disadvantages of adenoviral vectors

Advantages Disadvantages

Ability to infect both dividing and ~ Long-term correction not allowed
quiescent cells

Stability of recombinant vectors Humoral and cellular immune
response from high vector doses

Large insert capacity
Nononcogenic

Can be produced at high titers

nontoxic drugs into a toxic form, resulting in cell death. Recently,
a phase I /11 suicide-gene-therapy clinical trial has been completed
in prostate-cancer patients, using an E1 /E3-deleted replication-
deficient Ad (CTL102) encoding the bacterial nitroreductase
enzyme in combination with prodrug CB1954 (19). A total of 19
patients received virus plus prodrug, and 14 of these had a repeat
treatment. Minimal toxicity was observed in patients, including
those that received repeated dosages. The greatest reduction in
prostate-specific antigen (PSA) was 72%; however, less than 40%
of patients showed a PSA reduction greater than 10% (20).
Furthermore, an increased frequency of T cells recognizing PSA
was detected in 3 out of 11 patients following therapy, suggesting
that this direct cytotoxic strategy can also stimulate tumor-specific
immunity (19).

Gene therapy using adenoviral vectors has also been employed
in the study of various liver diseases because of the vector’s ability
to affect nondividing cells and its high concentration in the liver
after administration (21, 22). A recent study has assessed the
therapeutic effect of an Ad vector carrying PAI-1 small interfering
RNA (siRNA) on hepatic fibrosis. Histological and immunobhis-
tochemical analysis showed a significant reduction of liver fibrosis
in rats that received the vector. The vector was able to correct the
levels of matrix metalloproteinases and their inhibitors and to
stimulate hepatocyte proliferation while concurrently inhibiting
apoptosis (23).

Other popular research done with Ad vectors includes studies
of stem cell differentiation (24), AIDS (25), cardiovascular dis-
ease (20), and pulmonary tuberculosis (27, 28). Adenoviral vec-
tors have been widely studied and are likely to be prominent in
the future of gene therapy.
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3. Adeno-
Associated Virus

3.1. Structure

3.1.1. The Capsid

3.1.2. The Genome

3.2. Life Cycle

AAV originates from the Dependovirus genus of the Parvovirus
family and was first discovered in 1965 as a coinfecting agent of
the Ad (29). This small virus is naturally replication-defective and
requires the assistance of either a helper virus, such as the Ad or
the herpes virus, or some form of genotoxic stress to replicate
within a host cell nucleus (30).

The AAV capsid is a nonenveloped, icosahedral protein shell,
22 nm in diameter (30). Each serotype of this virus has its own
characteristic capsid with a special affinity for certain host cell
receptors, allowing it to be used to target a variety of tissue types

(31-33).

The genome of AAV is composed of a linear, single-stranded
DNA with two open reading frames flanked on each end by a
145-bp ITR sequence (30-32). The 5' open reading frame con-
tains nucleotides that code for four important replication pro-
teins, Rep 78, Rep 68, Rep 52, and Rep 40. The 3' open reading
frame codes for three capsid proteins, VP1, VP2, and VP3.
Table 3 outlines the functions of each of these proteins.

AAV serotype 2 is the most commonly used AAV vector in gene-
therapy clinical trials. The life cycle of this viral serotype begins
with the binding of the viral capsid to the host cell via negatively
charged heparan sulfate proteoglycans (HSPGs); this attachment
is enhanced by coreceptor integrins and various growth factor
receptors (29) that help to bind the viral vector to the host
cell surface. The vector is taken up by the cell through clathrin-
mediated endocytosis (30, 31). Internalization is quickly followed

Table 3
Functions of Rep and Cap proteins (AAV)
Protein Function
Rep 40 Participate in the generation and accumulation of
Rep 52 single-stranded viral genome from the
P double-stranded replicative intermediates
Rep 68 Interact with Rep-binding elements and ITR
terminal resolution sites to assist in the DNA
Rep 78

replication process

Cap (vpl, vp2,vp3) All share the same V3 regions but have different
N-termini — used to form the capsid structure
in a ratio of 1:1:10




8 Warnock, Daigre, and Al-Rubeai

3.3. Preclinical Gene
Transfer and Clinical
Trials

by acidification of the endosome and release of the viral genome.
It is not fully understood how the viral genome is able to inte-
grate with the host cell nucleus; however, researchers have found
that a helper virus is required to penetrate the host nuclear mem-
brane before the AAV genome can begin replication (29-31).
Once inside the nucleus, the AAV DNA integrates with the S1
site of chromosome 19 (33) and replication commences, produc-
ing the four Rep proteins and the three Cap proteins outlined in
Table 3.

The process for creating vectors from AAVs begins with the
deletion of genes coding for the Rep and Cap proteins. This dele-
tion provides approximately 5 kb of packing space for foreign
DNA. The new DNA is inserted into the “gutted” virus that con-
tains only the ITRs. The I'TRs contain all ¢css-acting elements nec-
essary for replication and packaging in the presence of a helper
virus. The Rep and Cap proteins and all necessary adenoviral
helper genes are expressed on either one or two plasmids. The
expression of Ad genes from a plasmid eliminates the need for
coinfection with wild-type adenovirus. Production of AAV vec-
tors requires cotransfection of human embryonic kidney cells
(HEK293) with the gutless AAV and one or two helper plasmids
(29, 34, 35).

Adeno-associated viral vectors are most widely used in tissue engi-
neering studies. For such applications, these vectors possess a
wide range of advantages; however, some obstacles must still be
overcome for these vectors to become commercially approved
and be available for treatment. A list of the benefits and limita-
tions of the AAV vectors may be found in Table 4.

Table 4

Advantages and disadvantages of AAV vectors (36)
Advantages Disadvantages

Nonpathogenic Smaller size limits the amount of

foreign genes that can be inserted

Broad host and cell type tropism  Slow onset of gene expression®
range

Transduce both dividing and
nondividing cells

Maintain high levels of gene
expression over a long period of
time (years) in vivo

*Note: In the case that single-stranded AAV vectors are used; using self-complementary
AAV vectors (double-stranded AAV vectors), the gene expression is more rapid, as the
transduction is independent of DNA synthesis (37)
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In various animal studies, AAV vectors have been used to
treat skin burns (38), excision wounds (39), and incision wounds
(40) and have shown great promise for the future. Researchers
have also found AAV vectors to be stable in various tissues, includ-
ing the brain (41), as well as in many different cell types, includ-
ing muscle (42) and retina cells (43).

The wide range of tissues that can be affected by AAV vectors
is due in large part to the unique capsid of each AAV serotype.
For example, AAV2 (the most commonly used AAV serotype) has
a high affinity for HSPGs (44) — receptors found in a variety of
cell types — whereas AAV5 will bind to the platelet-derived growth
factor receptor (PDGFR), commonly found on the cells of the
brain, lung, and retina (45, 46). Other serotypes whose receptors
have not been determined still show an obvious affinity for spe-
cific cell types. For example, AAV1, AAV6, AAV7, and AAVS are
attracted to muscle, lung, muscle and liver, and liver cells, respec-
tively (47-49). Further studies have been done with the so-called
“mosaic” serotypes, where researchers combined two different
AAV vectors and discovered that these mosaics often maintained
affinity for the receptors associated with both serotypes (50, 51).
Once inside the host cell, rAAV vectors stay mostly episomal (in
both human and nonhuman cells) (52). However, stable expres-
sion of the vector is possible for extended time periods, often in
excess of 1 year, for several cell types including brain (41), muscle
(42), and eye (43).

Unlike vectors used in other gene-therapy trials, the main
focus of AAV trials has been on monogenetic diseases (53%), fol-
lowed by cancer (23%) (36). Cystic fibrosis is the most frequently
targeted disease. Repeated administration of aerosolized AAV
vector containing the cystic fibrosis transmembrane regulator
(AAV-CFTR) is well tolerated and safe (53, 54); however, in a
phase 2B clinical trial, no statistically significant improvement was
seen in patients receiving AAV-CFTR compared to placebo (55).
AAV vectors have also been used to treat hemophilia B with some
success. In a phase 1/2 dose-escalation clinical study, rAAV-2
vector expressing human F.IX was infused through the hepatic
artery into seven subjects. There was no acute or long-lasting
toxicity observed at the highest dose, which was able to produce
a therapeutic effect. However, in contrast to previous work per-
formed in dogs (56), the expression of therapeutic levels of F.IX
only lasted 8 weeks as a result of immunogenic destruction of
hepatocytes expressing the AAV antigen (57). Other diseases that
have been treated with rAAV vectors are Canavan disease (58),
infantile neuronal ceroid lipofuscinosis (59), Parkinson’s disease
(60), and ol-anti-trypsin deficiency (61).
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4, Retroviruses

4.1, Structure

4.1.1. The Capsid

4.1.2. The Genome

Retroviruses are known for their ability to reverse the transcription
of their single-stranded RNA genome, thus creating dsDNA to
replicate after infecting host cells. These viruses are most generally
categorized as either simple (oncogenic retroviruses) or complex
(lentiviruses and spumaviruses) (62). This section discusses the
simple oncogenic retroviruses — most commonly the murine leu-
kemia virus — before discussing the complex retroviruses in the
lentivirus section. The oncogenic retroviruses are limited by their
inability to infect non-dividing cells; however, they are considered
extremely useful for tissue engineering studies, particularly those
concerning bone repair.

The retroviral capsid is an enveloped protein shell that is
80-100 nm in diameter and contains the viral genome (52). The
envelope structure surrounding the capsid is actually a lipid bilayer
that originates from the host cell and contains both virus-encoded
surface glycoproteins and transmembrane glycoproteins (63).
The basic retroviral structure is similar to lentiviruses (HIV-1 —
shown in Fig. 3).

The genome of the retrovirus is a linear, nonsegmented, single-
stranded RNA, 7-12 kb in length (62). The simple class of
retroviruses contains three major coding segments and one small
coding domain. The major segments contain three genes — gag,
pol, and env—which code for proteins importantin viral integration,

e Glycoprotein 120

‘ e Glycoprotein 41

) Reverse transcriptase
Capsid protein
Viral RNA

Fig. 3. Schematic diagram of the basic physical structure of a retrovirus (shown here is
the structure of the HIV-1 lentivirus).
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Table 5

Functions of retroviral genes

Protein Function

gag Codes for the viral core

pol Codes for reverse transcriptase and integrase
env Codes for surface and transmembrane

components of the viral envelope proteins

pro (small coding Encodes a viral protease
domain)

replication, and encapsulation (52). The small coding domain
contains the pro gene, which encodes for viral protease (63).
A more detailed description of the coding segments and their pro-
tein products may be found in Table 5.

The life cycle of the retrovirus begins when the glycoproteins of
the viral envelope attach to specific host cell receptors. The viral
envelope then fuses with the cellular membrane of the host, and
the viral core is released into the host cell cytoplasm. Proteins
coded for by the pol gene are then used to begin viral transforma-
tion. Viral reverse transcriptase is used to create a dsDNA genome
from the original single-stranded RNA of the virus. As the viral
dsDNA cannot pass through the nuclear membrane in nondivid-
ing cells, the integration of the virus is only possible when the cell
is cycling, after the breakdown of the nuclear membrane.
Subsequently, viral integrase helps the newly formed dsDNA inte-
grate into the host cell genome, where it will remain a permanent
part of the host cell, now known as a provirus. With respect to
virus replication, RNA polymerase II transcribes the provirus to
mRNA, which codes for viral proteins. After the virus reassembles
in the cytoplasm, it escapes the cell by budding out from the cel-
lular membrane, where the capsid receives its envelope (64).
Retroviral vectors must be replication defective. To achieve
this, all of the trans-acting elements of the genome (gag, pol, and
env genes) are removed, leaving only the attachment sites, the
long terminal repeat, the packaging signals, and the sites impor-
tant for viral gene expression. Removal of gag, pol, and env genes
provide space for the gene of interest to be inserted into the viral
genome. Vector replication can only occur in packaging cell lines.
Packaging cells are transfected with plasmids containing the gag,
pol, and env genes, which they consistently express allowing for
retroviral proliferation (65, 66). To increase safety, the gag and
pol genes are contained in one plasmid, while the env gene is
contained in another. The vector gene is contained in a third plasmid
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4.3. Preclinical Gene
Transfer and Clinical
Trials

(split-genome packaging plasmid). This allows multiple regenerations
of the vector to be produced without any risk of a replication-
competent retrovirus being formed (66).

Retroviral vectors are widely used in studies of tissue repair and
engineering. Because these vectors can be used to infect dividing
cells without producing any immunogenic viral proteins while also
becoming a permanent part of the host cell genome, they have
proven to be an extremely useful tool in gene-therapy research.
These vectors are limited only by their relatively small carrying
capacity and their inability to infect nondividing cells; however,
these disadvantages have not kept them from being the most
widely used vectors in the research of gene and cell therapy (67).

One of the most common types of study done with these viral
vectors involves bone repair. Current methods of bone grafting
are limited by the availability of source grafting material and the
dangers of disease transfer. However, retroviral vectors have
recently been used to deliver various growth factors and difteren-
tiation factors to both mature bone cells and stem cells that have
been used in tissue scaffolding, and various animal studies have
yielded promising results (68, 69). Retroviral vectors have also
been used in the repair of damaged cartilage (70, 71) and in the
formation of tissue-engineered blood vessels for the treatment of
cardiovascular disease (72).

In addition, retroviral gene therapy has also been used in clini-
cal trials, among others, to treat X-linked severe combined immu-
nodeficiency (X-SCID) in infants and preadolescents (73, 74).
Autologous CD34+ hematopoietic cells were transduced ex vivo
with retroviral vectors containing the open reading frame of human
IL2RG cDNA. Significant improvements in T-cell function have
been observed, although one study reported leukemias in four
patients secondary to retroviral insertional mutagenesis (75).

5. Lentiviruses

5.1. Structure

Lentiviruses, a subcategory of the retrovirus family, are known as
complex retroviruses based on the details of the viral genome.
The most common example of a lentivirus is the human immuno-
deficiency virus type 1 (HIV-1).

The lentiviral capsid is the same as that of the simple retroviruses
described in Subheading 4. The lentiviral genome, like that of
other retroviruses, contains a single-stranded RNA, 7-12 kb in
length (62). However, while the genome contains the same genes
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Table 6
Genes expressed in HIV-1 lentivirus in addition to the simple retrovirus genes
described in Table 1

Protein Function

rev An RNA-binding protein that acts to induce the transition
from the early to the late phase of HIV gene expression

tat An RNA-binding protein that enhances transcription 1,000-
fold

nef’ Disturbs T-cell activation and stimulates HIV infectivity

vpr Mediates HIV to infect nondividing cells

vpu Enhances the release of HIV-1 from the cell surface to the
cytoplasm

Vif A polypeptide necessary for the replication of HIV-1

These genes are nonessential and absent in lentiviral vectors. The 7ev gene along with the simple genes gag, pol, and
env are expressed on plasmids that are present in packaging cells

as the simple retroviruses (gag, pol, and env, see Table 5), it also
comprises six other genes — two regulatory genes and four acces-
sory genes — that code for proteins important for viral replication,
binding, infection, and release. Table 6 outlines each of these six
genes and the functions of their expressed proteins. The most
common lentiviral vector is made from HIV-1. In these vectors,
the original genes present in the simple virus, all four of the addi-
tional accessory genes, and one of the regulatory genes are deleted
to create space for the insertion of foreign genes (76, 77). In
contrast to the simple retroviruses, LV vectors are generally pro-
duced by transfection of HEK293 or 293T cells. The first of two
necessary helper plasmids contains the gag, pol, and rev genes;
the other plasmid contains the env gene (78). A further plasmid
brings in the recombinant LV vector sequence.

5.2. Life Cycle The life cycle of the lentivirus is representative of the retrovirus fam-
ily, in that the glycoproteins of the viral envelope are attracted to
specific cellular receptors; the envelope then fuses with the host cell
membrane, and the core is released into the cytoplasm. Soon after
this internalization, the single-stranded RNA is transcribed in reverse
with the help of viral proteins to form a double-stranded genome
that is incorporated into the host genome. However, some impor-
tant differences do take place in the life cycle of the lentivirus (64).
First of all, gene expression occurs in two separate phases, known as
the early and late phases, which are separated by the binding of the
rev protein (79). Second, the lentivirus is capable of infecting non-
dividing cells via proteins expressed from the vpr gene (80).
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5.3. Clinical Trials

Finally, the tat gene, found only in complex retroviruses, is essential
for the replication of HIV-1 (81).

The self-inactivating expression vector (SIN) is another vector
form of the lentivirus, in which the U3 promoter is deleted, causing
transcriptional inactivation of the provirus. This vector form limits
both genome mobility and possibilities of recombination in the
host cell (78, 82).

Oftentimes, the vectors used in gene-therapy trials are given
an envelope surrounding the capsid structure that is composed of
very specific glycoproteins, namely, the vesicular stomatitis virus
glycoprotein (VSV-G), which allows the vector a high tropism
and the ability to infect a wide variety of cell types (83).

Lentiviral vectors possess many advantages over other simple ret-
roviral vectors. For example, lentiviral vectors can infect mouse
and rat embryos to generate transgenic animals with high tissue-
specific expression of transgene (84). Since these vectors also have
a relatively large carrying capacity for foreign genomic material
(52), it is suggested that they can be used to produce other trans-
genic animal species.

Lentiviral vectors have traditionally been used in studies deal-
ing with nondividing host cells, such as those of the nervous and
cardiac systems (85). The first clinical trial using a LV vector was
approved in 2002. Since then, eight other protocols have received
approval, and 11 others have been submitted or are under review
(86). The first trial to be approved was for VRX496™
(lexgenleucel-T) anti-HIV RNA therapy (87). The vector has
been shown to be safe and offers short-term efficacy and is cur-
rently in phase I /11 trials. Other diseases to be targeted with LV
vectors are adrenoleukodystrophy (ALD) (88), a progressive neu-
rodegenerative disease that causes diffuse demyelination and pri-
marily affects the CNS, Parkinson’s disease (89), sickle cell anemia
and PB-thalassemia (90), HIV (91), and cancer immunotherapy
(92). A comprehensive review of forthcoming clinical trials can be
found in D’Costa et al. (86).

6. Baculoviruses

The most commonly studied baculovirus is known as the
Autographa californica multiple nucleopolybedvovirus (AcMNPV).
It was originally thought that this virus was incapable of infecting
mammalian cells; however, in 1983 several studies showed that
baculovirus could be internalized by mammalian cells (93, 94),
and they were used for the expression of human interferon  (95).
Subsequently, AcMNPV has been successfully internalized in a
number of human cells, with some of the viral genome reaching
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the host cell nucleus (96, 97). Though the baculovirus is not the
most widely studied virus in gene therapy, it is nonpathogenic to
human cell lines and is unable to replicate in mammalian cells.
These are considerable safety advantages and may be a distinct
advantage over other viral vectors.

The baculoviral capsid is a rod-shaped protein shell (40-50 nm in
diameter and 200400 nm in length) that is naturally protected by
a polyhedron coat. While this coat does provide viral protection,
the virus does not need it to exist. Some of the most studied of
these viruses are actually in the “budded” form, which consists of
an envelope that surrounds the capsid and that contains glycopro-
teins essential for viral binding to host cells (98). The genome of
the baculovirus is a complex circular, dsDNA containing the genes
necessary for viral infection of host cells. An in-depth description
of AcMNPV genes can be found in Cohen et al. (99).

The life cycle of the baculovirus is still not fully understood; how-
ever, researchers have come to some conclusions about its bind-
ing, internalization, and nuclear uptake. Though the method of
virus—host cell interaction is not clear, researchers do agree that
the glycoprotein Gp64 is necessary for this interaction to occur
(98). Researchers also agree that the virus is then taken into the
cell via some form of endocytosis, possibly clathrin-mediated
endocytosis, though some other internalization methods may
coexist (97, 100-102). Once inside the cytoplasm, the virus frees
itself through acidification of the endosome (96, 103). Scientists
agree that the transfer of the nucleocapsid is somehow blocked in
the cytoplasm of the host cell, and some say that this is due to the
various microtubules throughout the cytoplasm. This conclusion
is supported by the fact that transport time decreases when these
microtubules have been chemically disintegrated (104). Once the
viral genome finally reaches the host cell nucleus, it is ready to be
taken up into the cell; however, it appears that this uptake process
may vary depending on the type of host cell. Some cells take up
the genome directly through nuclear pores, while others seem to
transport the viral genome to different subcellular compartments.
Still others appear to degrade the viral genome prior to nuclear
uptake (105). Though researchers have not yet completely under-
stood the life cycle of the baculovirus, this virus and its capabili-
ties are being continually studied.

Though baculoviruses are not yet a widely studied vector form,
they do possess a number of benefits that have awakened the curi-
osity of many researchers. First, they do not replicate inside mam-
malian host cells and are not toxic (106). Second, baculoviral
DNA has been known to automatically degrade inside host cells
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over time (107, 108). Also, because the baculovirus only infects
insects and invertebrates, humans do not appear to have preexisting
antibodies or T-cells specifically against baculovirus (109). Finally,
these viruses may be constructed into vectors with a DNA carry-
ing capacity of up to 38 kb, allowing the delivery of a large amount
of foreign genomic material to the host cells (110). The main
drawback associated with baculovirus is a rapid, complement-
mediated inactivation. To overcome this, researchers have suc-
cessfully coated virus particles with polyethylenimine, protecting
them against complement inactivation (111, 112).

Not only does this virus have a variety of promising character-
istics, but it has also been proven to be practical in a number of
gene-therapy trials. Baculoviruses have been used in animal stud-
ies to deliver genes to a wide range of cell types, including carotid
artery (113), liver (114, 115), brain (116, 117), and skeletal
muscle (118). This relatively new vector form has already caught
the interest of many scientists and will likely play a large role in
the future of gene therapy.

7. Herpes Simplex
Virus

7.1. Structure

7.1.1. The Capsid

7.1.2. The Genome

7.2. Life Cycle

Actually, many different varieties of the HSV have been discovered.
The most common of these, known as HSV-1, is well known by
the average person as the viral cause for cold sores. One of the
most intriguing aspects of this virus is its ability to infect a host
and then remain latent for a period before reappearing again
(119). Research on this virus continues in hopes that its unique
characteristics will lead to a breakthrough in gene therapy.

The HSV has an icosohedral protein shell that is covered by a viral
envelope. Embedded within the envelope are a variety of glyco-
proteins important for the viral attachment to host cellular recep-
tors. Tegument is a layer of proteins and enzymes coded for by
the viral genome that lies between the capsid core and the viral
envelope (119). Figure 4 illustrates this capsid structure.

The HSV genome consists of a dsDNA (152 kb in length) that
codes for up to 90 different proteins important for viral attach-
ment and replication (120). This genome is further organized
into what are known as unique long and unique short segments,
and these segments are capped on each end by inverted repeat
sequences (52).

One of the most interesting characteristics of the HSV is its ability
to remain latent in host cells after the initial infection and then to
reappear spontancously (119). The life cycle of this virus begins
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Fig. 4. Schematic diagram showing the structure of the herpes simplex virus.
Table 7
Functions of o, B, and y genes of HSV-1
Protein class Function
o Major transcriptional regulatory proteins — necessary
for the synthesis of  and y proteins
B Include DNA polymerase and transcriptional factors

involved in viral replication

Y Primarily serve as structural proteins

when it binds to host cell surface receptors via glycoproteins of
the viral envelope. The virus is then taken into the cell, where it is
delivered to the nucleus. Once the virus reaches the nucleus, the
viral capsid binds to the nuclear membrane and releases the viral
DNA into the host cell nucleus. Transcription of the viral DNA is
a complex process involving multiple steps with the help of a vari-
ety of proteins. These proteins are classified into three groups,
termed o, B, and y proteins. The o proteins are also known as the
immediate early proteins, and the B proteins are called the early
proteins. The vy proteins are referred to as the late proteins, and
DNA replication begins following their transcription (63). Table 7
provides a more detailed explanation of these gene products and
their functions.

The HSV-1 has been used to develop two different types of
viral vectors. The replication-defective vectors work in much the
same way as the adenoviral and retroviral vectors. The o genes
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7.3. Preclinical Gene
Transfer and Clinical
Applications

involved in viral DNA replication are deleted, and the foreign
gene of interest is inserted into the viral genome. Helper cells are
then used to take the place of the deleted genes, and the vector is
ready for infection. The other type of HSV-1 vector is known as
the amplicon vector. In this vector form, plasmids that contain
the HSV-1 origin of replication, all necessary packaging signals,
and the gene of interest are cotransfected with a helper virus and
inserted into a cell line that supports the growth of the helper
virus. Replication of this vector is prevented by either deletion of
the o genes or temperature influence.

The main advantage of the HSV is its ability to remain latent
within host cells after infection. This distinctive feature, along
with the fact that the virus is naturally neurotropic, allows it to
infect neural cells and, therefore, to assist in treating neural diseases.
Most of the animal studies performed with HSV have involved
either the treatment of brain tumors or Parkinson’s disease. In
both cases, gene therapy using the herpes simplex viral vector has
shown promising results (121).

8. Poxviruses

8.1. Structure

The poxvirus is most widely known for its use as a vaccine against
smallpox. Recombinant gene expression of this virus was first per-
formed in 1982 (122, 123), and it was one of the first animal
viruses to be used as a gene-transfer vector (124). The most com-
monly studied strains of this virus include the MVA and NYVAC
viruses, as they are naturally replication-defective in most human
tissues and they lack the ability to produce infectious virus in
human host cells (125).

The poxvirus capsid is acquired in the host cell cytoplasm after
DNA replication. Some of the protein products of viral genome
replication form the capsid during viral reassembly. These mature
virions are wrapped by an envelope structure that originates from
the trans-Golgi to form intracellular enveloped viruses. These
viruses later fuse with the inner cell membrane, are released from
the Golgi envelope, and are reenveloped by the host cell mem-
brane upon escape (126).

The MVA and NYVAC poxviruses have unusually large dsDNA
genomes (178 and 192 kb, respectively) (127). Approximately
100 genes are specifically conserved in poxviruses, while the exis-
tence of other genes helps to define the different viral strands. All
of the genes present in the viral genome are valuable, and few
introns, if any, exist in many of the viral strands (128).
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The life cycle of the poxvirus begins when the glycoproteins of
the viral envelope attach to host cell surface receptors. Once the
virus enters the cytoplasm, it is thought to form a type of replica-
tion center enclosed by the rough endoplasmic reticulum. Unique
to the poxvirus, replication of the viral genome actually takes
place in the host cell cytoplasm, as opposed to the host cell nucleus
(129). Viral gene expression is an extremely complex cascade
mechanism that leads to the production of early, intermediate,
and late transcription factors, along with structural proteins and
various enzymes (130). Immature virions are formed followed by
the production of mature virions that are enveloped in a double
membrane structure by the trans-Golgi and that are released at
the host cell membrane and reenveloped by the lipid bilayer that
makes up the host cell membrane (1206).

The most widely used poxviral vectors originate from the MVA
and NYVAC viral strains. These strains are often chosen because
they are naturally replication-defective and unable to produce
infective viruses in human tissues (125).

These viruses have long been used as vaccines against diseases
such as smallpox but are now being studied as viral vectors to be
used against other viral, parasitic, and bacterial diseases, including
HIV, West Nile fever, and tuberculosis (131, 132). These viral
vectors are used to elicit an immune response against foreign dis-
eases that have become resistant to the drugs once used to kill
them (133). However, they are not dangerous because they are
naturally replication-defective in human cells.

Poxviral vectors are also being used in immunomodulation
gene therapy, in which they can safely deliver tumor-associated
antigens to tumor cells, causing an immune response against
those tumor cells (124). While not the most commonly studied
vector forms, poxviral vectors have proven applicable to the treat-
ment of many diseases for the treatment of various forms of can-
cer, and researchers are highly interested in their impact on
treatment options in the future.

9. Summary

The ability of viruses to deliver foreign DNA to cells for therapeutic
purposes has been exploited in numerous different contexts. The
diverse nature of different vectors and the variability of different
diseases mean that there will almost certainly be no “one size fits
all” vector. Clinical trials have shown that certain vectors have
great potential for specific diseases. For example, retroviral vectors
have had great success in treating X-SCID, whereas lentiviral vectors
have been used to target various neurological diseases, including
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Parkinson’s and ALD, and other clinical trials have employed
AAV vectors to treat monogenic disorders, such as Duchenne
muscular dystrophy and hemophilia B. Although no viral vector
has yet received clinical approval in Europe or the USA, the
encouraging results from clinical trials, coupled with continual
improvements in vector design and safety, shows that this tech-
nology has immense potential.
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Chapter 2

Introduction to Gene Therapy: A Clinical Aftermath

Patrice P. Denéfle

Abstract

Despite three decades of huge progress in molecular genetics, in cloning of disease causative gene as well
as technology breakthroughs in viral biotechnology, out of thousands of gene therapy clinical trials that
have been initiated, only very few are now reaching regulatory approval. We shall review some of the
major hurdles, and based on the current either positive or negative examples, we try to initiate drawing
a learning curve from experience and possibly identify the major drivers for future successful achievement
of human gene therapy trials.

Key words: Gene therapy, Clinical trials, Viral and nonviral approaches, Systemic delivery, Local
delivery, Ex vivo gene therapy

1. Three Decades
of Human Clinical
Gene Therapy

The invention of recombinant DNA technology (1) consequently
led to the immediate inception of engineered gene transfer into
human cells, aiming at reversing a cellular dysfunction or creating
new cellular function. The concept of direct therapeutic benefit
based on a gene defect correction in human cells or on gene therapy
was born.

Exactly 30 years ago, Martin Cline made a first early and cer-
tainly premature human gene therapy attempt in 1979 at treating
severe thalassemia patients through an ex vivo B-globing gene
transfer protocol in the bone marrow of two patients in Italy and
Israel (2). As the protocol had not received any otherwise manda-
tory approval by regulatory bodies, the study was promptly ter-
minated and Cline was forced to resign his department
chairmanship at UCLA (University of California, Los Angeles)
and lost several research grants. Subsequently, the Recombinant
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DNA Advisory Committee (RAC) at the National Institute of
Health (NIH) was urged in 1980 to expand its regulatory function
beyond recombinant DNA experiments so as to include human
gene therapy studies.

In 1982, a seminar was held at the Branbury Conference
Center of Cold Spring Harbors Labs. A group of scientists, led by
Ted Friedmann and Paul Berg, came together to build the foun-
dations of gene therapy and to draw what its future might be. As
an outcome, the first book on gene therapy (3) was and is still a
landmark reference to this field.

In 1989, Rosenberg et al. initiated the first RAC-approved
gene therapy clinical trial, which was actually a “gene-labeling”
study targeting a neomycin-resistance gene transfer into tumor-
infiltrating lymphocytes using a retroviral construct, for the treat-
ment of metastatic melanoma with Interleukin-2 (4).

Effectively, a therapeutic gene clinical trial took place in 1990
to treat severe combined immunodeficiency (SCID) by transfer-
ring the adenosine deaminase (ADA) gene into T-cells using a
retroviral vector. No significant clinical benefit was observed,
albeit the protocol appeared to be safe for the patients (5, 6).

These pioneer clinical studies, as well as some others, land-
marked the inception in the 1990s of a major burst of academic,
clinical, biotechnological, and sustained financial efforts lasting
for more than two decades (7). Even today, there are thousand
clinical trials registered as ongoing. Among which, 65 trials that
are declared in late stage (i.e., phase II-phase I1I) have proven to
be safe and would be in the clinical benefit evaluation phase
(Table 1).

Factually, one can also notice a sustained input of about a
hundred new clinical trials per year since 1999 (7). This seems in

Table 1
Number of gene therapy trials worldwide (7)

Gene therapy clinical trials

Phase Number %

Phase I 928 60.4
Phase I/1I 288 18.7
Phase 1T 254 16.5
Phase 11 /11T 13 0.8
Phase IIT 52 34
Single subject 2 0.1

Total 1,537




Introduction to Gene Therapy: A Clinical Aftermath 29

clear contrast with the commonly held opinion that gene therapy
would be no longer active because of disengagement, especially
from certain large pharmaceutical industries, after a “1990s
golden age.”

Despite this constant entry flow into clinical trials, the quasi-
absence of a registered drug after 20 years is quite compelling and
worth revisiting from a pure clinical development strategy
perspective.

Most of the initial failures were most probably due to very
naive “science-driven” approach to clinical practice, but even
today, many projects are simply blocked because of fundamental
absence of translational research practice and still a strong under-
estimation of some key technical challenges. The rest of this book
addresses the fundamentals to be considered at the molecular
biology and the bioengineering level, but one should also pay
attention to the most standard clinical development parameters,
which sometimes are simply lacking in the project development
plans.

In the late 1990s, a news & views section in a major journal
was entitled: “Gene therapy has been keeping for long pretending
to be 5 years from the clinics.” With more than a thousand clinical
trials launched, the goal is no longer to enter man study for the
sake of a nice publication. The goal is set to complete successfully
human clinical trials and get to product registration, which we are
closer now than ever.

2. Gene Therapy:
Definition

and Basic
Prerequisites

As a source of major hope for many incurable human diseases, the
concept of human gene therapy was immediately perceived as
the highest promise for curative treatment: a therapy acting at the
root of the genetic dysfunction.

The concept of gene therapy is relying on gene intervention.
From a pure pharmacokinetic point of view, nucleic acid has a
poor cell penetration capacity. For the past 30 years, an incredible
armada of viral and nonviral vectors has been engineered to for-
mulate the nucleic-acid-based “active principle.” Therefore, virus-
derived gene delivery vectors were thought from the beginning
to be optimized biomimetic vehicles. However, since they have
also evolved under a very high selection environment of infec-
tious agents, humans are also naturally equipped with very sophis-
ticated defense systems. These defense systems, which are often
specific to higher primates, cannot be ignored in the context of a
gene therapy clinical development plan, especially when it comes
to use of a natural human-derived virus. Other hurdles are the
active virus loads and the amount of virus particles to be used to
achieve therapeutic effects, which combined with the administration
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route are very difficult to predict in terms of clinical pharmacology
and drug safety, imposing extremely careful clinical development
protocols.

As foreign DNA cannot stay freely in a dividing cell, it does
not get associated with the host DNA replication machinery. On
one hand, one has engineered integrative vectors enabling the
“therapeutic gene” to be integrated into the host DNA, thereby
enabling long-term expression potential (e.g. use of oncoretroviral
or lentiviral vectors). A major drawback is the random insertion
into the host genome that can lead to serious adverse effect (SAE)
(8). On the other hand, one has tailored “nonintegrative vectors,”
which are mainly used to transfer DNA into quiescent cells but
which will be lost after a few replication cycles in dividing cells
(e.g. adenoviral or adeno-associated viral vectors).

The nature of target tissue/cell and the length of desired
therapeutic effect have, therefore, to be taken into consideration
in the gene therapy project charter.

In addition, the routes of administration of a therapeutic
principle can have major consequences both in terms of efficacy
and safety. Routinely, one classifies gene therapy protocols into
three main categories: ex vivo, local in vivo, and systemic in vivo
administrations (see Table 2).

In other words, the field has been facing major challenges,
from novelty to translational research, which have often been
complicated by specific ethical concerns (9) led by the subjective
perception of gene therapy practice as a “Sorcerer’s apprentice.”

For the sake of clarity, we now focus on specific sets of exam-
ples, including dead ends, mixed successes to the most promising,
clinical studies that are intended to contribute to the frame into
which the field should continue to contribute to the improve-
ment of human health.

3. Current Status:
Clinical Trials
and Case Studies

3.1. Systemic Delivery
Has Not Been
Delivered

After several years of clinical attempts, lack of clinical efficacy,
major SAEs, and often unsurmounted industrial bioproduction
issues, one should ask the question of clinical plausibility of
systemic gene therapy protocols. The treatment of human diseases
often requires systemic administration procedures, and most often
oral or intraparenteral routes. Using viral or nonviral approaches
via the oral route, no protocol has yet been able to achieve satis-
factory results in preclinical studies; therefore, most studies have
focused on parental routes. Given the classical multiplicity of
infection (MOI) in the range of 10-10,000, authors are considering
a routine dose ranging from 103 to 10! viral particles per kg of
body weight. This effective dose definition immediately triggers
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3.1.1. Cystic Fibrosis

several major technical, pharmacological, and immunological
hurdles to consider. We can schematically classify them as
follows:

*  Mastering an industrial bioprocess that is scalable to the Good
Manufacturing Practice (GMP)-compliant production of
clinical and eventually commercial batches

*  Defining a purification process and a formulation that is on
line with the vector physicochemical properties and the
desired volume to be injected

e  Documenting the pharmacokinetics and ADMET (adsorp-
tion, desorption, metabolism, elimination, and toxicity) prop-
erties of vectors in human at such high doses

e Documenting, in terms of long-term potential side effects,
the immunoreactivity against the vector itself or the thera-
peutic cells, and the fate of the product if it needs to be
readministered

Below are two examples of gene therapy concepts that have
emerged more than 20 years ago, for which clinical realization is
desperately kept on being delayed, i.c., in cystic fibrosis (10) and
Duchenne’s muscular dystrophy (DMD) (11).

Although predominantly used in the pioneering days of CF gene
therapy, adenovirus-based vector usage has dropped in the last
decade due to poor transduction efficiency in human airway epi-
thelial cells and the inability for readministration. In addition, a
study by Tosi et al. raised concerns that antiadenovirus immune
responses, in particular cytotoxic T-lymphocyte-mediated (CTL)
responses and major histocompatibility complex class I antigen
(MHC-I) presentation, may be further enhanced if the host has a
preexisting Psendomonas infection (12). These data highlighted
potential problems for adenovirus-based vectors in CF gene therapy
and definitely confined the use of adenovirus-based vectors for
CF gene transfer to upstream research studies.

As a potential alternative to adenovirus, adeno-associated
virus (AAV) (13) was assessed for lung transduction in clinical
cystic fibrosis gene therapy trials. However, the feasibility of
repeated AAV administration is still unresolved, and the limited
capacity of AAV to carry the full-length cystic fibrosis transmem-
brane conductance regulator (CFTR) gene and a suitably strong
promoter remains a significant problem. However, Lai et al. (14)
have recently shown that the efficiency of AAV trans-splicing can be
greatly improved through rational vector design and may, therefore,
allow the CFTR ¢DNA to be split between two viral vectors.

So far, two human gene therapy phase I/II protocols have
been undertaken with incremental and repeat doses of AAV, up to
2x10" and 2 x 103 DNase-resistant particles, respectively (13, 15).
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In both studies, viral shedding and increases in neutralizing
antibodies were observed, but no serious adverse event (8) was
associated to the virus administration. Importantly, a significant
reduction in sputum IL-8 and some improvement in lung func-
tion were noted after the first administration, but not after the
second or third administration.

On the basis of these studies, Targeted Genetics Corporation
initiated a large repeat-administration multicentric phase IIb
study (100 subjects), sufficiently powered to detect significant
changes in lung function. Eligible subjects were randomized to
two aerosolized doses of either AAV-CF or placebo 30 days apart.
The subjects underwent pulmonary function testing every 2
weeks during the active portion of the study (3 months) and were
followed for safety for a total of 7 months. No publication is avail-
able 4 years after the study was completed, but the company
announced that the trial had not met its primary end point and,
therefore, the CF program has been discontinued (16).

There may be several reasons for these new disappointing
outcomes: (1) As for adenoviral vector, AAV-2 was still too inef-
ficient in reaching airway epithelial cells via the apical membrane,
(2) the inverted terminal repeat (ITR) promoter used to drive
CFTR expression was not strong enough, and (3) repeat admin-
istration of AAV-2 to the lung was actually not possible owing to
the mounting of an antiviral immune response. Finally, on the
back of previously published AAV-2 aerosolization studies,
Croteau et al. (17) evaluated the effects of exposure of healthy
volunteers to AAV2. Based on airborne vector particle calcula-
tions, the authors estimated exposure to 0.0006% of the adminis-
tered dose. At such an infradose, no deleterious health effects
were detectable, but this underlies the strong requirement in
improving the general ADMET properties of the vector system
and the necessity to perform these studies even before going into
phase L.

Studies are currently underway to assess the feasibility of
repeated administration of lentivirus-based vectors into airways
by several groups (18, 19), and further data will be needed before
the relevance of such viruses for CF gene therapy can be decided.
In addition, the safety profile of virus insertion into the genome
of airway epithelial cells will have to be carefully monitored.

With the concept that bone marrow-derived hematopoietic
or mesenchymal stem cells may have the capacity to differentiate
into airway epithelial cells (20), some groups have entered this
very challenging and controversial approach for the treatment of
CF (21, 22).

On the nonviral side, parallel work had been made regarding
the formulation of vectors (23), and the United Kingdom (UK)
CF Gene Therapy Consortium clinical trial program has been
carefully comparing these agents and is now assessing whether the
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3.1.2. Duchenne’s
Muscular Dystrophy

most efficient currently available nonviral gene transfer agent is
able to alter CF lung disease. As the extension of gene transfer
achieved is still too small and transient to drive any clear thera-
peutic benefit, most research for CF gene therapy has returned to
the laboratory. In UK, there are no more trials ongoing at present,
but it remains the goal of the UK Consortium to work together
to meet the challenges and enhance progress to a phase III (large-
scale) study this year.

Finally, electroporation and some emerging physical delivery
methods such as ultrasound and magnetofection have shown
encouraging results in vitro and in rodent models, and again,
translational research into larger animal models, such as sheep,
and hopefully in the clinic is challenging (24, 25).

In perspective as of today, one can expect the promise for a
curative therapy for CFTR may not rely on gene therapy, but on
“protein-decay” therapy, with the phase II clinical development
of'a small molecule, miglustat, by Actelion, which has been shown
to slow down the mutated protein degradation and enables it to
be exported to the membrane (26).

DMD is an X-linked inherited disorder that leads to major systemic
muscle weakness and degeneration. Muscle fiber necrosis is related
to the dystrophin gene deficiency itself (27). Becker muscular
dystrophy (BMD) has clinical picture similar to that of DMD but
is generally milder than DMD, and the onset of symptoms usually
occurs later. The clinical distinction between the two conditions
is relatively easy because (1) less severe muscle weakness is
observed in patients with BMD and (2) affected maternal uncles
with BMD continue to be ambulatory after age 15-20 years. The
cloning of the dystrophin gene opened the door for gene therapy
(27-30). However, as in systemic disorders, there are major
roadblocks including (1) the large amount of skeletal muscle
(basically half the body weight of a healthy human being), (2) the
involvement of cardiac and the peritoneal muscles in the disease,
and (3) the extremely large size of the dystrophin protein,
427 kDa, encoded by a 79 exons gene (28, 31, 32).

In one study, nine DMD /BMD patients were injected with a
naked dystrophin gene-carrying plasmid into the radialis muscle.
Patients were divided into three cohorts, each injected with one
of following three doses: 200 pg once, 600 pg once, or 600 ug
twice (2 weeks apart). Biopsies were then retrieved 3 weeks
postinjection, and amplicon DNA could be detected only in 6,/9
patients. Patients from the first cohort and one patient from the
second cohort exhibited 0.8-8% of weak, complete sarcolemma
labeling (29), while 3-26% of muscle fibers showed incomplete /
partial labeling. The third group showed 2-5% complete sarco-
lemma labeling and 6-7% showed partial labeling. There were no
observed adverse effects to the treatment. The study concluded
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that the expression of dystrophin was low (29), and thus, the
study was not pursued. One may question why the study was ini-
tiated despite the product obviously failed to meet basic efficacy
requirements to reach future clinical application and even worse
was facing major industrial bioproduction pitfalls given the clini-
cal doses that could be inferred from preclinical studies.

For several years, several preclinical studies have been initi-
ated, and finally several concurrent clinical trials were initiated
using various pseudotyped adeno-associated viruses (33) as a
vehicle to deliver either truncated versions of the gene (mini or
microdystrophin) or an exon-skipping RNA structure, all thought
to achieve truncated albeit functional dystrophin protein expres-
sion (28, 34, 35). The AAV vector, whatever the serotype, pro-
vides superior transduction efficiency to the skeletal muscle but is
also a source for potential immune response that remains to be
carefully understood (36-38). No conclusive result has been
drawn yet from the current clinical studies. However, the intra-
muscular high-dose pharmacokinetic profile in relevant preclinical
models and eventually in humans is yet to be thoroughly docu-
mented prior to launching any efficacy clinical gene therapy.

However, the last 5-7 years, reviewed elsewhere (11), have
seen unrivaled progress in efficient systemic delivery of synthetic
and chemically modified oligonucleotides again used to enforce
mutated exon splicing (39). This progress has led to several more
clinical trials, which are labeled as “small molecule” trials, i.c., out
of the boundaries of gene therapy. The most advanced clinical
trial, led by a company called Prosensa in Holland, is completing
a phase IIb and has led to finalize a collaborative agreement with
GSKin October 2009, marking the return of large pharmaceutical
companies in the plain field.

The above examples clearly illustrate how gene therapy has pro-
gressively moved from “systemic” administration routes toward
more pragmatic local administration regimen or to alternative
small molecule innovative therapeutics. We now review the most
promising local gene therapy clinical protocols.

Parkinson’s disease is primarily due to the local degeneration of
nigrostriatal neurons projecting into striatum, and a subsequent
shortage of dopamine in this target region. Predisposing and risk
factors are numerous but disease mechanism remains unclear.
More than a million patients are affected both in Europe and the
USA. So far, the main treatment has been oral administration of
L-DOPA, a dopamine precursor, but patients generally encounter
motor complications after 5 years of treatment. Deep stimulation
surgery, therefore, becomes the second phase of disease manage-
ment for 0.5% of patients in France each year.
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The therapeutic challenge is then to trigger continuous release
of dopamine into striatum neurons. Gene therapy is a plausible
approach, as far as cellular therapies could be. In addition to be
continuous, dopamine release should remain local, to avoid dys-
kinesia effects observed in systemic administration of the precursor
in the pharmacologic treatment.

Several clinical trials have been undertaken (40,41). In California,
Avigen, later taken over by Genzyme, initiated a trial with an
AAV-vector to express the L-DOPA converting enzyme, and
another biotechnology company, Ceregene, conducted a phase I
open label study with 12 patients, then a phase II trial with an
AAV-based vector expressing neurturin (CERE-120), a neuron
survival factor (42). Very recently, Ceregene has reported addi-
tional clinical data from a double-blinded, controlled phase II
trial of CERE-120 in 58 patients with advanced Parkinson’s disease.
The company, however, announced that the phase II trial did not
meet its primary end point of improvement in the Unified
Parkinson’s Disease Rating Scale (UPDRS) motor off score at 12
months of follow-up, although several secondary end points sug-
gested a modest clinical benefit. An additional, protocol-prescribed
analysis reported focused on further analysis of the data from the
30 subjects who continued to be evaluated under double-blinded
conditions for up to 18 months, which indicate increasing eftects
of CERE-120 over time. A clinically modest but statistically sig-
nificant treatment effect in the primary efficacy measure (UPDRS
motor off; p=0.025), as well as similar effects on several more
secondary motor measures (p<0.05), was seen at the 18 months
end point. Not a single measure similarly favored sham surgery at
either the 12 or 18 months time points. Additionally, CERE-120
appears safe when administered to advanced Parkinson’s disease
patients, with no significant concerns related to the neurosurgical
procedure, the gene therapy vector, or the expression of neur-
turin in the Parkinson’s disease brain. Long-term safety was also
performed in a primate model and was satisfactory (43). The
company also reported the results of an analysis of neurturin
gene expression in the brains from two CERE-120 treated sub-
jects who died of causes unrelated to treatment. These analyses
revealed that CERE-120 produced a clear evidence of neurturin
expression in the targeted putamen but no evidence for transport
of this protein to the cell bodies of the degenerating neurons,
located in the substantia nigra. In addition to the known cell loss
in Parkinson’s disease, and in agreement with the perspectives
defined elsewhere (44), these findings suggest that deficient
axonal transport in degenerating nigrostriatal neurons in advanced
Parkinson’s disease impaired transport of CERE-120 and/or
neurturin from putaminal terminals to nigral cell bodies, reducing
the therapeutic effect of CERE-120.

In parallel to this study, Oxford Biomedica, in collaboration
with a group in Hospital H. Mondor in France, has built an
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equine lentivirus-based vector to express three genes involved in
dopamine synthesis. The product (ProSavin) is administered
locally to the region of the brain called the striatum, converting
cells into a replacement dopamine factory within the brain, thus
replacing the patient’s own lost source of the neurotransmitter.
A phase I/II study was initiated in December 2007 in France
with patients with mid- to late-stage Parkinson’s disease who are
failing on current treatment with L-DOPA but have not pro-
gressed to experiencing drug-induced movement disorders called
dyskinesia. After a first cohort of three patients who showed no
side effect or an antibody response (42), the dose-escalation stage
of the study has progressed to the second dose level. The 6-month
data from the first dose level suggest ProSavin is safe and well
tolerated and showed encouraging evidence of efficacy (42).

Another successful albeit often controversial is the case of ex vivo
gene therapy. This is the case of severe combined immunologic
disorders (SCID) treatment. Soon after the first US trial led by
Blaese and colleagues (5), a network of European groups led by
A. Fischer in France, A. Trascher in the UK, and M. Roncarolo in
Italy initiated similar protocols for the treatment of SCID. The
successful treatment of the first patients was greeted with a lot of
enthusiasm when it was first reported in 2000 and 2002 (45-47).
However, this euphoria turned to a serious alert at the end of
2002 when two of the first ten children treated in France devel-
oped SAE, described as leukemia-like conditions (48). As demon-
strated later, the insertion of the therapeutic DNA into the patient
cells had occurred next to one specific locus LMO2 (the proto-
oncogene LIP domain only two locus) (49-51). With the news of
this devastating event, most SCID-X1 gene therapy trials were
placed on hold worldwide. However, in view of patient overall
and lack of alternative treatment, some ADA and SCID-X1 trials
were pursued, with extremely careful monitoring and better
vector types designed so as to reduce the odds of such adverse
effect. Work is now focusing on correcting the gene without trig-
gering an insertional oncogenic event.

Between 1999 and 2007, gene therapy has restored the
immune systems of at least 26 children with two forms [ADA-
SCID (nine children) and SCID-X1 (ten children)) of the disorder,
and four of the ten SCID-X1 patients had developed leukemia-
related SAE (52). As of today, 20 children have been treated, four
of them have developed leukemia-like adverse effects and one
patient has unfortunately died from leukemia. From a clinical point
of view, patients, who have been able to lead a normal life for
periods up to 3 years, should be considered cured by this pioneer-
ing gene therapy treatment. Otherwise, 10 years later, none of
these 20 children would be alive today without gene therapy.

Based on this clinical success, several important protocols are
now entering the clinical stage. A major example is that of the
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3.3. Two Clear-Cut
Examples of Products
Successfully Reaching
Registration

3.3.1. Lipoprotein Lipase

3.3.2. Peripheral Vascular
Disease

Wiskott—Aldrich syndrome (WAS), which is a complex primary
immunodeficiency disorder associated with microthrombocy-
topenia, autoimmunity, and susceptibility to malignant lymphoma.
At the molecular level, WAS is caused by mutations in the gene
encoding the Wiskott—Aldrich syndrome protein (WASP). WASP
is a cytosolic adaptor protein mediating the rearrangement of the
actin cytoskeleton upon surface receptor signaling, which in turn
is instrumental for cognate and innate immunity, cell motility,
and protection against autoimmune disease (53). WASP confers
selective advantage for specific hematopoietic cell populations
and serves a unique role in marginal zone B-cell homeostasis and
function (54).

The success of such blood stem cell transplantation is related
to the patient’s age, the conditioning regimen precell infusion,
and the extent of reconstitution postcell reinfusion. Since WASP
is expressed exclusively in hematopoietic stem cells, and because
WASP exerts a strong selective pressure, gene therapy is expected
to cure the disease (55). Cumulative preclinical data obtained
from WASDP-deficient murine models and human cells indicate a
marked improvement of the impaired cellular and immunological
phenotypes associated with WASP deficiency. A first clinical trial is
currently being conducted with a retroviral construct (55, 56)
with a careful monitoring of insertional events (57). However,
capitalizing on experience with SCID-ADA and establishing a
solid European network, A. Galy and colleagues have engineered,
validated, and GMP-produced a very potent lentiviral product
(58) and a three-site clinical study is due to start in 2010 (59).

As stated above, the most promising gene therapy clinical results
are obtained with local delivery procedures. In addition to the
above examples, two key examples of successtul development of
candidate drugs up to the phase III are in the field of vascular/
metabolic disorders.

The first example is that of lipoprotein lipase gene for the treatment
of familial lipoprotein lipase deficiency. The product initially
cloned into adenovirus and retroviruses by us in the 1990s
(60-62) is now carried onto an AAV vector (63). Very encourag-
ing data have been obtained through a direct multiple intramus-
cular (IM) injection in the inner limb with corrective expression
obtained for several weeks postinjection (64), and the product
registration has been started by European Medical Agency (EMA)
in January 2010 as a centralized procedure, which is the standard
route for all advanced therapies.

The second example is that of peripheral vascular disease (PVD),
which is predominantly affecting the lower extremities. PVD has
a relatively low mortality but results in considerable morbidity

and disability.
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Even though angioplasty and reconstructive surgery are
somewhat effective treatment options for many patients with
peripheral arterial insufficiency, these procedures are associated
with considerable risks, notably restenosis after peripheral angio-
plasty. In addition, the severity and progressive nature of this dis-
ease often limit these treatment options, resulting in persistent,
disabling symptoms or limb loss. PVD, therefore, represents an
attractive target for a gene therapy approach to restoration of
effective limb perfusion in selected patients (65).

Dr. Jeftrey Isner and his colleagues have taken a novel
approach (66) to the problem of peripheral artery insufficiency
with encouraging results. This group has been at the forefront of
angiogenic gene therapy for peripheral artery insufficiency, pub-
lishing several studies over the past 15 years that have set the
ground (65-69) for the clinical study by Sanofi-Aventis.

Fibroblast growth factor 1, FGF1, is a proangiogenic factor
acting on various cellular subtypes, and more particularly involved
in preexisting microvessels sprouting, microcapillary network
genesis, and arteriolic maturation. Pharmacodynamic studies of
an FGF-encoding plasmid (70, 71) in two animal models con-
firmed the therapeutic potential of such an vector (70, 71). Several
preclinical toxicity studies were also performed to document vector
lack of integration as well as lack of neither oncogenic nor retin-
opathic potential of the product.

Two human clinical trials (phase I-IIa) were performed and
have documented good tolerance to NV1 EGF as well as local
angiogenesis effects limited to the injection point, confirming
product safety (72, 73). Consequently, a first phase II double-
blinded clinical study was performed with 125 patients, to docu-
ment product efficacy and has achieved a remarkable twofold
reduction of amputation in the treated group vs. placebo (74).

As of today, a large-scale pivotal phase III trial, called
TAMARIS, is ongoing (75) since November 2007 (490 patients,
130 clinical centers) to document reduction of amputation and
increase of life span. The study is aimed to be completed by July
2010 (76). These results, if proven positive, will most probably
result in a long-awaited milestone, i.c., the registration of the first
gene therapy product for a large clinical indication.

4. Future
Developments
and Prospects

Several lines of observations can be drawn from these past 20
years of clinical trials.

First, yet the primordial concept was meant to tackle inher-
itable genetic disorders, seen as low-hanging fruits for a fast
clinical proof of concept, most of the clinical protocols have been



40 Denéfle

addressing acquired complex disorders, e.g. cancer, cardiovascular,
neurodegenerative diseases.

Second, even though the science was sort of intuitively genuine,
clinical gene therapy is now understood as a “difficult” clinical
development field, and there is still a trend from private investors
to stay away from this area, although major clinical successes are
now emerging, such as for the SCID and now peripheral artery
diseases (PAD).

Third, the driving force has remained often too long in the
hands of academic research, and thus, clinical development has
been failing repeatedly because of translational research issues,
such as good laboratory practice (GLP) preclinical, clinical devel-
opment, and GMP lack of expertise.

Fourth, although viral vector are considered as best in class to
achieve efficacy in men, major adverse effects have been encoun-
tered such as vector-related oncogenesis in some trials and complex
immunologic responses to the virus in most of systemic and local
administration protocols.

However, watching the drug pipeline from the market approval
end, several investigational new drugs are by now registered or
close to approval, namely, RTV-ADA treated cells from the treat-
ment of SCID-ADA in Italy (52), the AAV-LPL product in Europe
(64), and NVIFGEF for the treatment of PAD (76, 77).

In the new perspective of true clinical realization and positive
learning experience, the mastering and practical application of the
right set of tools such as vector design and scale-up production
will become true strategic advantages for future gene therapy
projects.
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Chapter 3

Host Cells and Cell Banking
Glyn N. Stacey and Otto-Wilhelm Merten

Abstract

Gene therapy based on the use of viral vectors is entirely dependent on the use of animal cell lines, mainly
of mammalian origin, but also of insect origin. As for any biotechnology product for clinical use, viral
vectors have to be produced with cells derived from an extensively characterized cell bank to maintain the
appropriate standard for assuring the lowest risk for the patients to be treated. Although many different
cell types and lines have been used for the production of viral vectors, HEK293 cells or their derivatives
have been extensively used for production of different vector types: adenovirus, oncorectrovirus, lentivi-
rus, and AAV vectors, because of their easy handling and the possibility to grow them adherently in
serum-containing medium as well as in suspension in serum-free culture medium. Despite this, these cells
are not necessarily the best for the production of a given viral vector, and there are many other cell lines
with significant advantages including superior growth and/or production characteristics, which have
been tested and also used for the production of clinical vector batches. This chapter presents basic
considerations concerning the characterization of cell banks, in the first part, and, in the second part,
practically all cell lines (at least when public information was available) established and developed
for the production of the most important viral vectors (adenoviral, oncoretroviral, lentiviral, AAV,
baculovirus).

Key words: Cell bank, Cell-line characterization, Host cell lines, Oncoretroviral vector, Lentiviral
vector, Adeno-associated viral vector, Adenoviral vector, Baculovirus

1. Introduction

During the development of gene therapy, a wide range of packaging
cell lines have been used to generate the recombinant viral vector
to be used as the therapeutic product. While these cell lines are
not used directly in the patients themselves, regulatory require-
ments for application of the final therapeutic vector will include a
full technical history for the packaging cells used to identify any
risk factors and establish their suitability for manufacturing a

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
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clinical product. This dossier will include information on the
origin, characterization, culture history, and cell banks of the host
cell line. It is an important principle that for any single product all
of these various stages in the development of the final therapy,
including process development, preclinical testing, and manufac-
turing of the licensed product, should be performed on cells of
the same origin. Accordingly, an important early step is establish-
ment of a cell bank for use as the sole source of packaging cells
throughout the development and manufacturing of the final
product. This chapter outlines the cell banking process and
reviews the various cell lines used as host cells for packaging of
gene therapy vectors and the generic requirements for testing cell
banks for manufacturing purposes.

2. Cell Banking
Procedures

In the biotechnology industry, where microorganisms and cell
cultures have been used for manufacturing purposes for many
decades, the establishment of a well-characterized cryopreserved
master cell bank is a key step to assure the provision of a source of
reliable cells for all future work. Vials from the master cell bank
are recovered and expanded to prepare working cell banks from
which individual vials are used to initiate cultures for each pro-
duction run or period of experimentation. This master-working
bank system is crucial to assure long-term provision of reproduc-
ible cells for consistent product quality.

A desirable addition to the already described cell banking
process is to analyze cells beyond the anticipated limit of use to
check the stability of their characteristics. Regulatory require-
ments state that cells should be analyzed in a production run, at
or beyond the point of harvesting product or at an equivalent
passage level equivalent (1-4).

3. QC and Safety
Testing

There are a range of key issues for quality control of all cell cul-
tures that are important for the quality and safety of products
derived from cell cultures. Central aspects are as follows:

*  Viability
e Identity (i.e., the cells are what they are purported to be)
e Durity (i.e., freedom from microbiological contamination)

e Stability on growth or passage in vitro
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The following sections provide an overview of the key
quality-control procedures required for cell substrates used in
manufacturing processes of therapeutic products.

The ability of the large majority of cells to recover from the cryo-
preserved state and regenerate a suitably growing culture is key to
reliable culture processes for production. It is often determined
using a dye exclusion test such as trypan blue (5, 6), which, typi-
cally for mammalian cell lines, will yield viability values in the
range of 80-100%. While this means of measuring membrane
integrity is a useful indicator of the viability of cells, it is impor-
tant to remember that any one technique will only give a specific
and incomplete perspective on the overall status of a cell culture
regarding its ability to grow and replicate. In addition, viability
measurements at a single time point may not predict the ongoing
fate of the culture, for example, “post-thaw” cells observed to be
“viable” by dye exclusion test could in fact be in the early stages
of programmed cell death. For certain cultures, it may be helpful
to use additional parameters of viability such as early markers of
apoptosis, for example, annexin IV expression.

A more generally meaningful measure of viability is the ability
to grow and replicate at an acceptable rate. A number of
approaches are used, often in combination, to assess this capacity
of a cell bank. Examples include “cloning efficency,” “plating
efficiency,” and “population doubling rate” (7). It is also impor-
tant that the culture recovered from a working cell bank is repre-
sentative of the original master cell bank, and this will require
characterization, although this may not be as extensive as for the
master bank.

A further important use of cell viability and growth tests is to
evaluate consistency of cultures recovered from different vials
from within each cell bank (homogeneity testing) (8, 9).

Many mammalian cell lines used for basic research may have
been passed from one laboratory to another and in the process
may become permanently altered due to extensive passaging,
variation in local culture procedures and reagents, and microbial
contamination events. In addition, accidental cross-contamination,
switching or mislabeling of mammalian cell lines used in research
laboratories has been reported many times in the literature (10-13)
and clearly will have led to the publication of invalid data. Such
events may go unrecognized where there is similarity in the mor-
phology of the original and replacement cell line.

Clearly, before committing the significant resource involved
in making GMP banks of cells for manufacturing, it will be vital
to confirm that a selected source of production cells is authentic.
This can be achieved first by confirming the cell line provenance
through a well-documented history and traceability, ideally to the
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3.3. Microbial
Contamination

laboratory in which it was derived. Second, the candidate source
of production cells can be characterized to confirm cell line
authenticity directly. Short Tandem Repeat (STR) DNA profiling
methods provide the capacity to make highly specific identification
for human cell lines (14, 15). However, specific identification of
nonhuman cells remains challenging, and equivalent STR profil-
ing methods are not developed for many species, although there
are useful methods for identity in a range of species including
mouse, dogs (16), and some primate species (17, 18). For other
species, improvements in identification of the species of origin
can be achieved using conserved intron analysis (e.g., (19)) and,
more recently, Cox 1 gene sequencing (20, 21). However, fur-
ther work is required to qualify methods for specific identification
of the range of cell lines used as gene therapy host cells.

It is important to recognize that the value of any direct analysis
of cell line identity is dependent on having material from the orig-
inal animal /donor or a consensus on the cell line identity profile
from multiple sources.

Bacterial and fungal contamination from the environment will
destroy cell cultures, and if such contamination is from spore-
forming organisms, which can survive readily in the environment
and cell culture conditions, the problem can reemerge periodi-
cally. Standard pharmacopoeial sterility testing methods can be
used to give assurance that aseptic processing and other controls
are excluding contaminants from the environment (22, 23). It is
important to note that such methods are not intended to detect
breaches in aseptic processing and are not capable of detecting all
potential bacterial and fungal contaminants. In particular, con-
tamination by Mycoplasma and Acholeplasma spp. can go unno-
ticed as these organisms require special isolation media and
growth conditions. In addition, they can persist without necessarily
affecting the growth of the cells and may fail to show obvious
signs of contamination such as medium turbidity and appearence
of' microbial colonies. Standard methodologies for detecting these
organisms have been established and can be obtained from the US
and European Pharmacopoeia (24, 25). Mycobacteria have also
been isolated from animal cell substrates (26), and specific isola-
tion methods may be recommended for cell line testing for such
contamination.

Virological testing is usually based on risks associated with
the original cells used to derive the cell line (e.g., original donor
or animal colony used), other aspects of derivation (such as
genetic constructs), and exposure to materials of biological origin
during derivation, culture, and processing of the cells. For each
aspect, risk evaluation is important to identify those most likely
potential contaminants for which the candidate cell lines should
be tested. The risk of microbial contamination from the original
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cells can be evaluated based on factors including the species and
tissue of cells, their geographical origin, and level of isolation of
donor animals from the environment (i.e., husbandry and health
controls) (27). Typically long established cell lines will have been
exposed to traceable lots of fetal calf serum and porcine trypsin,
in which case guidance is available on typical agents for which
testing should be perfomed and similar lists exist for exposure to
materials of murine and human origin (1, 2, 4). However, it is
important to recognize that these are generic recommendations
that may need to be adjusted based on changes in the viruses
most prevalent among source herds, and testing requirements
will need to be reviewed in the light of the specific exposure his-
tory of each cell line under consideration. Risk evaluation of a cell
line should ideally be supported by detailed information on the
culture history so that potential virological contaminants can be
identified and an appropriate testing regime can be applied.

For nonmammalian cell types such as insect cell lines, the
adventitious agent aspects and other safety issues may differ con-
siderably, and detection of organisms that grow at lower tempera-
ture optima (e.g., spiroplasma) and persistent reverse transcriptase
activity may require experimental evaluation to demonstrate that
it cannot be transferred to mammalian cells. Other cell types such
as embryonic stem cell lines and those from avian origins may also
have specific additional adventitious agent issues that will need to
be evaluated (see revised WHO (4) guidance in preparation
referred to in Knezevic et al. (3)). However, despite the develop-
ment of technologies that could herald the ability to identify all
viral contaminants including unknown viruses (e.g., (28)) and
microarray detection systems that may enable broad ranging
screening of cell substrates, it is currently not feasible to test cell
banks to cover all potential viral contaminants.

Characterization of each bank will depend on the cell type and
key phenotypic and genotypic markers for the stem cell line.
Typically, the master cell bank will receive the most detailed char-
acterization, and more focussed quality control is performed on
working banks starting with viability, sterility, mycoplasma, homo-
geneity, and identity. However, regulators may leave open the
option of carrying out most safety testing on each working cell
bank where this can be justified by the manufacturer. A typical
scheme for a testing regime for cell banks is shown in Table 1, but
the testing should be established based on a specific risk assess-
ment for each cell line. Additional characterization of the working
cell bank is performed by passaging the cells to the normal antici-
pated cell generation level (end of production cells) required if
instability is suspected in certain characteristics that may affect
the final product. This should be documented as part of the cell
banking process.
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Table 1

Key elements of a typical testing regime for cell banks of production cells

Test specification Examples of test methods

Bacteria/fungi Inoculation of microbiological culture media to detect growth of

bacteria and fungi

Mycoplasma Direct culture in broth and agar and indirect test using indicator
culture /DNA stain
Postthaw recovery on a Trypan blue dye exclusion
proportion of vials Markers of apoptosis
(homogeneity testing) Doubling time

Identity and stability

Cell characteristics Short Tandem Repeat (STR) DNA profile
Karyotype by Giemsa-band analysis of metaphase spreads
Fluorescent In Situ Hybridization
Human Leukocyte Antigen (HLA) genotype Single Nucleotide

Polymorphisms.
Comparative Genome Hybridization by DNA microarray
methodology.
Genetic contructs and construct  Intergration site(s) analysis
stability (beyond production) FISH

Vector and helper sequences:
mRNA analsyis (Northern blot) cellular DNA analysis
(Southern blot, DNA sequencing, Restriction endonuclease
fragment mapping)
Functionality
Product titer (e.g., viral titer)
Product characterization
Absence of RCR (replication competent retrovirus) appearance
in the case of retroviral vector producer cell lines

Adventitous agents

Specific PCR/RT PCR for specified viral sequences (based on risk
assessment)
Antibody production tests in rodents inoculated with test cells,
e.g., MAP, HAP, RAP

Nonspecific Cell culture inoculation for detection of CPE and
Hemagglutinin
Animal inoculation and observation for pathology
Electron microscopy (SEM of ultracentrifuged supernatants
and TEM of sections of multiple cells)
Reverse transcriptase assays

Tumorigenicity /oncogenicity* Inoculation of immunocompromised mice with viable test cells
(tumorigenicity) or disrupted cells (oncogenicity)

It has been considered that testing for tumorigenicity,/oncogenicity should be part of early evaluation of
a cell substrate and not a routine test for cell banks and is not necessary or useful where the cell line is
known to be tumorigenic (3)



Host Cells and Cell Banking 51

In addition, the copy number of the inserted expression
cassettes as well as the identity of the chromosomally inserted
sequences has to be determined using, for instance, Fluorescence
In Situ Hybridization (FISH), partial or complete DNA sequenc-
ing of the integrated coding sequences, and analysis of mRNA
transcripts encoding the gene product such as Northern blotting.
Further methods used include restriction endonuclease fragment
mapping (examination for insertion/mutation/integration sites,/
rearrangements) and Southern blotting.

Concerning retroviral vector producer cell lines, specific tests
on the potential appearance of RCR (replication-competent
retroviruses) have to be performed on the banked producer cells
(MCB) as well as at the end of the production cycle on 1% of
pooled producer cells or 108 cells, whichever is fewer. Cocultures
with permissive cell lines (e.g., Mus dunni cells for amphotropic
and ecotropic retroviruses, HEK293 or HCT116 cells for ampho-
tropic, VSV-G, and GaLV enveloped RCRs (29)), including sev-
eral blind passages. Supernatants from the coculture should be
tested by PG4S + L- or an alternative assay (30). Similar tests have
to be performed for lentiviral vector producer cell lines. With
respect to vector preparations, it is evident that they have to be
tested for the absence of replication-competent viruses (RCR
(retrovirus) (31-37), RCL (lentivirus) (38), RCA (adenovirus)
(39, 40), RCAAV (41, 42)). As an example, in the case of retro-
viral vector containing supernatant, it is recommended to test 5%
of clinical-grade supernatant by amplification on a permissive cell
line (e.g., Mus dunni) including several blind passages, followed
by the PG4S + L- or an alternative assay (30).

4. Good Cell
Culture Practice

4.1. Understanding the
Cells and the Culture
System

In order to avoid the various hazards outlined above that could
disqualify a cell substrate from use in manufacturing of therapeutic
products, there are a number of fundamental principles for good
cell culture practice, which were captured in a consensus guid-
ance document from an ECVAM task force on Good Cell Culture
Practice (43). This guidance described seven core principles of
GCCP, now being incorporated into some regulatory guidance
(e.g., revision of WHO (4), see Knezevic et al. (3)) and some of
these are discussed below.

The variations that occur in the in vitro cell culture environ-
ment, particularly in terms of the composition of the culture
medium, will clearly influence the cell biology and responses of
the cells. Accordingly, basal media and additives such as serum,
growth factors, amino acids, and other growth-promoting
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compounds should, ideally all be specified and documented
according to their chemical composition, purity, and, where
relevant, biological activity. The use of serum or other poorly
defined reagents may not be avoidable but, in addition to rais-
ing safety concerns, will reduce the degree of definition and
standardization that can be obtained in a cell culture manufac-
turing process. However, there may be compromise to be stuck
between the benefits of a closely defined growth medium and
the potential shortcomings of a completely defined system that
may not meet the full biological needs of cells. Where complex
biological reagents (e.g., FBS) continue to be required, they
should be carefully controlled by preuse selection of batches.
Given that cell-extracellular contacts often have a fundamental
influence on the survival, growth, and function of cells, it fol-
lows that similarly careful specification and selection should
also apply to cell culture surfaces, i.e., using specified culture
vessels and surface coatings where relevant.

Variations in the general physical and chemical environment
(e.g., pH, temperature, gas atmosphere) can clearly have a signifi-
cant influence on viability, growth, and function of cells and
should be quantified with acceptable tolerance limits. However, it
is important to be aware that, using standard laboratory equip-
ment such as 5% CO,/air incubators and T flasks, the physical
environmental characteristics typically undergo significant and
regular changes when cultures are removed from the incubator
and passaged exposing them to the laboratory environment.

Physical stresses on cells due to manipulation during pro-
duction can also have a significant influence on the quality of the
cells and the final product. Care should be taken to minimize
the impact of manipulation of cells by prompt processing and
return of cells to standard culture conditions. The process of
passaging cells includes some of the more disruptive events such
as cell detachment, washing, and centrifugation, but there are
alternative culture systems such as “spinner” flasks and other
bioreactor systems where shear forces on cells may be significant
and in this respect even pipetting cell suspensions too vigorously
can be damaging. Cell harvesting and passaging procedures
should be specified to ensure consistency of cell output and
exposure to adverse effects. A further methodology prone to
causing adverse effects on cells is cryopreservation. As for pas-
saging, standardised methodology is important (typically using
slow rate cooling at —1°C/min, following addition of a cryopro-
tectant, typically 5-10% v/v DMSO) to ensure reproducible
removal of intracellular water to prevent ice damage (for a
review, see (44)). In addition, it is important to select healthy
cultures and check the viability of each preserved batch immedi-
ately after preservation (43).
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The various sources of microbiological contamination have
already been discussed above. In general cell culture work it is
clearly critical to adopt rigorous aseptic technique and provide
appropriate environmental controls and air quality for cell culture
processing and preparation of growth media. The presence of any
antimicrobial in a biological process or product could mask con-
taminants which have some degree of resistance (e.g., myco-
plasma, Achromobacter (26, 45)) and even in the case of some
commonly used antibiotics may affect cellular function (e.g.,
(46)). In addition, penicillin and other beta-lactam antibiotics are
recommended to be specifically excluded from production cell
cultures (4) and the new draft revised recommendations on cell
substrates, see Knezevic et al. (3).

The GCCP guidance (43) also addresses the core needs for train-
ing, laboratory safety, and recording and reporting on cell culture-
based work. In addition, following any cloning procedure, the
process of selecting a suitable recombinant cell line from multiple
cell clones is of critical importance in delivering and efficient and
economic production process. In new guidance under develop-
ment by WHO, best practice in cloning and selection of cell lines
has also been considered (3).

5. Host Cell Lines
Utilized in the
Development

of Gene Therapy

5.1. HEK293 Gells

Viral vectors for use in gene therapy applications have been pro-
duced with many different human and nonhuman animal cell
lines (Table 2). Although various cell lines have been evaluated
and some of them have been developed up to the GMP produc-
tion of viral vectors, one cell line should be mentioned here in
particular, HEK293 and its derivatives, because it is the cell line
that has been most frequently used for the production of a wide
range of viral vectors. In this chapter, most of the existing host
cell lines are described, however, with a particular emphasis on
HEK293 cells and their derivatives.

HEK 293 cells were generated by transformation of cultures of
normal human embryonic kidney cells with sheared adenovirus 5
DNA in the laboratory of Alex van der Eb in Leiden, Holland in
the early 1970s. They were obtained from a healthy aborted fetus
and originally cultured by van der Eb himself, and the transfor-
mation by adenovirus was performed by Frank Graham who pub-
lished his findings in 1977 after he left Leiden for McMaster
University in Canada (47). They are called HEK to reflect their
origin in human embryonic kidney, while the number 293 comes
from Graham’s habit of numbering his experiments, with the
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5.1.1. Traceability

original HEK293 cell clone arising from the product of his 293rd
experiment (Wikipedia).

Subsequent analysis has shown that the transformation was
brought about by an insert consisting of ~4.5 kilobases from the
left arm of the viral genome genome (17% of the left-hand region
— 4,344 bp of the left-hand of Ad5 viral DNA, E1 region, pIX
gene), which became incorporated into human chromosome 19
(19q13.2) (48).

HEK293 cells and their derivatives are known to be tumori-
genic (49). For many years, it was assumed that HEK293 cells
were generated by transformation of either a fibroblastic or an
endothelial or an epithelial cell, all of which are abundant in kid-
ney. However, the HEK cell cultures may contain small numbers
of almost all cell types of the body. In fact, Graham and coworkers
more recently have provided evidence that HEK293 cells and
several other human cell lines generated by adenovirus transfor-
mation of human embryonic kidney cells have many properties of
immature neurons, suggesting that the adenovirus was taken up
and transformed a neuronal lineage cell in the original kidney
culture (50). Further confirmation on this fact was provided by
van der Eb who speculated that these cells may have originated
from a rare neuronal cell in the kidney cell cultures at an FDA
meeting entitled “Vaccines and related biological products advi-
sory committee,” which took place in May 2001 (http://www.
tda.gov/ohrms/dockets /ac/01 /transcripts/3750t1_01.pdf, see
page 85 of this report for comment on the potential neuronal
origin of 293 cells). The obtained data have been put together
into a database on HEK293 cells available at http://www.mbi.
ufl.edu/~shaw /293 .html.

The traceability of HEK293 is not excellent. Although they have
been established in 1977, the passages during the first years after
the establishment have not really been traced. Only more recently
established subclones have a certain traceability that is often suf-
ficient for clinical studies.

As an example, the traceability of 293FT cells is presented
here. The real traceability starts with 1988 when Life Technologies
got the HEK293 cells from R. Horlick via R. Swanson (both
from Pharmacopeia in the USA). Today, it is practically impossi-
ble to trace back the way how the cells came from Graham’s lab
in Canada to Pharmacopeia.

In 1998, Life Technologies selected the 293F cells (“fast-
growing” clone of HEK293), and 1 year later Life Technologies
generated the 293FT cells after having stably transfected the 293F
cells with pPCMVSPORT6Tag.neo for overexpressing the SV40 T
antigen (the expression of the SV40 T antigen is controlled by
the human CMV promoter (— high level, constitutive expression).
The gene encoding the SV40 T antigen permits the episomal
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replication of plasmids containing the SV40 early promoter and
origin. Today, the cells are available from Invitrogen and are
traceable back to 1988.

Since 1988, these cells are traceable for the medium and
serum (USDA approved) used; no trypsin was used since 1988.

HEK293 cells are continuous cells and as such show a certain
tendency to change over many subpassages. Although this is not
very extensively documented, a study by Park et al. (51) presented
this issue. Whereas suspension adapted HEK293 cells (293S) cul-
tured in a specific serum-free medium (293SEMII) maintained
specific cell growth, cell size, and adenovirus production over 40
passages after thawing, the adherent cell clone (293M) did not
show constant culture parameters. The cells had been received
from ATCC at a passage number 31. The specific growth rate
increased from 0.29 /day (at passage 43) to 0.74+0.01 /day (at
passages 66—86). In parallel, the cells became smaller in size at
later passages.

Complementary to these results, a recent paper has presented
results on the evolution of the tumorigenicity of HEK293 as
function of the passage level. Whereas cells thawed from a cell
bank at passage 21 (from the China Center for Type Culture
Collection) and cultivated for further 31 passages did not induce
tumors in nude mice when injected sc at cell numbers of
1-2x10° ¢/0.2 ml (during an observation period of 8 weeks)
(thus confirming results from Graham et al. (47)), later passages
(P65 and P71) led to the formation of solid tumors of about
0.5 cm in all injected nude mice within 2 weeks (52).

These data indicate very clearly, that first, a well-characterized
cell stock (at a low passage number) has to be established, and
second, thawed cells should only be used over a limited and in
beforehand validated number of passages to maintain critical cel-
lular characteristics such as cell growth and vector production and
also to maintain a reduced tumorigenicity.

Basic culture conditions: The original cell line is an adherently
growing cell line when cultivated in standard medium (e.g.,
DMEM) with serum. However, in the absence of serum and in
media with low calcium ion concentration (different formulations
have been developed and can be purchased from different ven-
dors), these cells have a high tendency to detach to suspension
and they can then be subcultured in suspension in stirred tank
bioreactors.

As with the vast majority of mammalian cells, HEK293 cells
and their derivatives are cultured at 37°C (classical temperature),
but for certain vector productions, lower temperatures have
been shown to be optimal (e.g., Jardon and Garnier (53)) for
r-adenovirus production using 293S cells, Kotani et al. (54) and
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5.1.4. HEK 293 Subclones

Kaptein et al. (55) for the production of MLV using PA317
cells, Le Doux et al. (56) for the production of MLV using
YCRIP cells), as a result of the balance between production and
degradation. The atmosphere is 95% air, 5% CO,; under reactor
conditions, optimal pO, level as well as pCO, level depend on
the set points chosen, which in general lead to improved culture
conditions and, therefore, to improved growth and/or vector
production (53).

HEK293 cells are used for the transient production of adeno-
viral vectors (by infection) or AAV, MLV, or LV vectors (via trans-
fection). In order to improve certain functions, derivatives of
these cells have been established by inserting either the T-Ag of
SV40 or the EBV nuclear antigen (see Subheading 5.1.4). In
addition, HEK293 cells have also been used for the establishment
of stable producer cell lines for the production of MLV and LV
vectors. More details on HEK293-based MLV producer cell lines
can be found in Subheading 5.1.5.

As for the production of MLV producer cell lines, similar
attemps have been performed to develop LV packaging /producer
cell lines to facilitate and optimize the production of this vector of
high interest. More details on HEK293-based LV producer cell
lines can be found in Subheading 5.1.6.

HEK293 cells have also been the base for the development of
derivatives, such as 293T cells or 293E cells:

1. 293T cells and derived cell lines
a. 293T cells (293tsA1609neo0) (ATCC CRL-11268)

The 293T cell line (293tsA1609neo0) is a highly transfect-
able derivative of the HEK293 cell line into which the
temperature-sensitive gene of SV40 T-antigen was
inserted. It could be shown that these cells can be much
more efficiently transfected and they show a higher specific
growth rate than the HEK293 cells. In addition, certain
vector production rates are higher than for HEK293 cells
(57). A subclone is the 293T /17 cell line.

This cell line has been used for the transient production
of MLV and LV vectors using small-scale and large-scale
transfection methods. The same cells have also been used
for the establishment of stable producer cell lines of MLV
vectors. They were the base for the establishment of the
ANJOUG65 (ATCC CRL-11269), which were the base for
the BOSC23 (58) and Bing (ATCC CRL-11554) (59)
cells, producing ecotropic and amphotropic MLV vectors,
respectively. Another group (G. Nolan) developed the
Phoenix helper-free retrovirus producer lines using 293T
cells. As for the ANJOUG65 cell system, ecotropic and
amphotropic packaging and producer cell lines have been
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developed. With respect to the establishment of HIV-1
and FIV based lentiviral vectors, a similar approach (as for
the Phoenix (http://www.stanford.edu/group/nolan/
retroviral_systems/phx.html) system) had been employed,
leading to the Helix (http://www.stanford.edu/group/
nolan/retroviral_systems/helix.html) and Felix (http://
www.stanford.edu/group/nolan/retroviral_systems/
felix.html) retrovirus system.

Concerning the establishment of stable inducible lenti-
viral producer cell lines, 293T cells have been evaluated by
different groups for the production of HIV-1-based LV
vectors (60, 61) and EIAV-based LV vectors (62).

b. 293FT cells (Invitrogen R700-07):

Another subclone is the 293FT cells, which have been
established via the transfection of HEK293 cells with
pCMVSPORT6Tag.neo for overexpressing the SV40 T
antigen. The advantage of this cell line is the fact that it is
traceable back to 1988 (see above). In principle, their use
is as for the 293T cells with similar growth and production
levels; however, they have been less used.

2. 293E Cells (Invitrogen), 293-6E cells (NRC-BRI, Montreal,
WWW.NIre-cnre.ge.ca)

293EBNA-1 - ecither 293E or 293-6E (expressing the
Epstein-Barr virus (EBV) nuclear antigen-1, EBNA-1) are
cell lines that allow increasing expression levels by permitting
plasmid replication or episomal persistence, respectively, in
the transfected cells throughout the production phase.
Essential for the plasmid replication or episomal maintenance
is the presence of EVB oriD replication origins, respectively,
in the plasmid backbones. The EBV oriP-EBNAI system also
serves as a strong cis transcriptional enhancer for many viral
and nonviral promoters.

293E cells have been evaluated for the transient produc-
tion of LV and AAV vectors in bioreactors via plasmid trans-
fection (63, 64).

From a historical point of view, packaging cell lines were based on
the use of the mouse cell line NIH 3T3 (see Subheading 6.1).
However, certain limitations of these packaging cell lines have
initiated the search to improve them. Principally, mouse cell lines
are associated with the following drawbacks: They produce rela-
tively low titers. Furthermore, murine retroviral sequences that
are present in murine packaging cells can be selectively packaged
into retroviral particles (65), increasing the possibility of generating
RCRs. In addition, human packaging cell lines generate vector
particles that are less likely to be inactivated by human serum
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(66, 67). Therefore, the use of human cell lines for the establish-
ment of packaging cells is a step toward increased biological safety,
as they lack endogenous murine retroviruses (67—69). In fact,
viral supernatants or producer cells derived from human cells have
never given a positive test result for RCRs in small- or large-scale
assays (68, 70). Human MLV packaging cells are described in
Subheadings 5.1.5.1. - 5.1.5.4. and 6.2.

Patience et al. (71) showed that retroviral vectors interact
with human packaging cells (FLY cells that are based on HT1080
cells; see Table 4, Subheading 6.2) to produce retroviral particles
that are far less contaminated by endogenous viral sequences or
other types of extraneous particles than murine packaging cells
(for instance, the murine GP+envAml2 packaging system).
Endogenous C-type proviral genome sequences can be reacti-
vated (74). Hatzoglou et al. (75) reported the efficient packaging
of a specific VL30 retroelement by psi 2 cells, and Farson et al.
(76) showed that in contrast to the mouse system, where the ratio
of the transmission of recombinant retrovirus and of the murine
VL30 was about 1:1, the HEK293-based production system
transmitted HERV-H elements at a ratio of at least as low as
1:5x10°. In addition, as packaging cell lines derived from human
cells lack endogenous murine retroviral sequences, the likelihood
of producing RCRs is minimized (77). Dog-based producer cell
lines are also characterized by the absence of endogenous retrovi-
ral sequences homologous with MLV vector sequences (78).

One further argument for the use of nonmurine (mainly
human) cell lines for the establishment of MLV vector packing
cell lines are differences in the glycosylation of retroviral particles.
It seems that the glycosylation of the retroviral particles (glycosy-
lation of the env protein and of cellular proteins incorporated
into the particles, lipid-associated carbohydrates) has an impact
on the stability /retention of retroviral particles in human serum.
It is known that retroviral particles when produced with mouse
packaging cell lines are inactivated by the human complement
within 20 min after injection. This is generally considered to be
due to the presence of the galactosyl(ol-3)galactosyl carbohy-
drate moiety on the vectors produced by murine packaging cells,
whereas such vectors produced in human or primate cells do not
have this glycostructure and, therefore, are resistant to comple-
ment inactivation (66-68). However, it has been shown that even
retroviral vectors produced from a galactosyl(ol-3)galactosyl
carbohydrate positive ferret brain cell line (Mpf) are resistant to
complement inactivation, signifying that it is not only the
structure of the glycosylation of the env protein but also other
epitopes, such as lipid-associated carbohydrates (galactosyl(o1-3)
galactyosyl carbohydrate moiety being only one of them), present
on the surface of the viral membrane where antibody binds and /or
complement acts (79).
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In the following section, retroviral vector (MLV) producer
cell lines using HEK293 or 293T cells are presented:

The ProPak packaging cell lines (69) produce either murine
leukemia virus (MLV) xenotropic particles (ProPak-X cells) or
amphotropic particles (ProPak-A cells). They were derived from
the human embryonic kidney line HEK293 (see ATCC CRL-
1573) (68).

To derive the amphotropic packaging cell line ProPakA.6
(characterized by separate gag-pol and env packaging functions
expressed from a heterologous (non-MLV) promoter to maxi-
mally reduce homology between packaging and vector sequences),
the pCMV*Ea plasmid (4070A — env plasmid) was introduced
into HEK293 cells by cotransfection with the pHAS58 plasmid
conferring resistance to hygromycin B (250 pg/ml). Clones were
subsequently transfected with gag-pol and vector plasmids. Next,
the pCMV-gp construct (gag-pol construct) was stably trans-
fected into the HEK293-Env clones by cotransfection with the
plasmid pSV2pac. The cells are puromycin-resistant (1 pg/ml).
They secrete defective (noninfectious) murine leukemia virus
(MLV) particles composed of gag-pol and env proteins (69, 80).
The ProPak A6 cell line was deposited at the ATCC (catalogue
no. CRL-12006).

Stable producer cell lines have been established by transduc-
tion with a MLV vector. These cells showed stability for more
than 3 months. Titers of up to 2x10° G418 CFU/ml were
obtained (end-point titers on NIH 3T3 cells) (68).

To construct the ProPak-X (xentrope envelope) cell line, the
pMoMLVgp plasmid (coding for the gag-pol function under
control of an MoMLV-LTR) and the pHAS58 plasmid (conferring
resistance to hygromycin) were cotransfected into HEK293 cells
using calcium phosphate coprecipitation. Clones were screened
for the level of Gag secretion and one clone secreting high levels
of Gag was selected (designated ProGag); this clone yielded high
viral titers in transient transfection. The expression plasmid con-
taining the murine xenotropic env gene, pCI-Ex, was cotrans-
fected with pSV2pac into the ProGag cell line by calcium
phosphate precipitation and puromycin-resistant cells were
selected. The resulting cells were screened for Env expression and
clones designated ProPak-X, expressing high levels of Env were
screened for ability to produce transducing vector. Clone 36
designated ProPak-X.36 was deposited at ATCC (catalogue no.
CRL-12007) (80). A similar development was performed to
generate the ProPak-A-52 cell line producing retroviral vectors
pseudotyped with the 10A1 envelope protein (80).

Certain vectors that consistently give rise to replication-
competent retrovirus (RCR) in PA317 cells do not give rise to
detectable RCR in ProPak-A-based producer cultures (68).
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5.1.5.2. “Kat” Cells

5.1.5.3. 293GP-A2 Cells

ProPak-based producer cells were demonstrated to be free of
replication-competent retrovirus (RCR) by stringent testing.
Consistently, higher transduction of target cells was achieved with
ProPak-derived amphotropic vector than with PA317-packaged
amphotropic vector (69).

The amphotropic and xenotropic vectors produced with
ProPak cells have been shown to be resistant to human serum
(complement resistance). With respect to transduction efficiency,
ProPak vector preparations have a 2-3 times better transduction
efficiency than PA317 cells (69), however, vector titers have not
been communicated.

CellGenesys developed HEK293-based 3™ generation producer
cell lines (split genome approach with reduced homology between
the packaging and the vector constructs) for the production of
amphotropic (4070A — PUZIkat2, 10A1 — STRAkat) and xeno-
tropic (NZB, , — ALLIkat) retroviral vectors (76).

To derive the packaging cell line “TOMKkat,” which is the
basis for the different packaging cell lines providing different env
proteins, the pkat2gagpol plasmid was introduced into 2938 cells
(M. Mathew, Cold Spring Harbor Laboratories, Cold Spring
Harbor, NY) by cotransfection with the neomycin-resistance plas-
mid. 100 gagpol transfectant clones were picked and evaluated
for RT activity. The 12 clones displaying the highest RT activity
were evaluated for vector production capacity in a transient trans-
fection assay. The four best clones were evaluated for stability
over 12 passages (6 weeks). One of these clones (after evaluation
of stability and absence of RCR appearance in long-term pas-
sages) called “TOMkat” was selected for further stable transtec-
tion with envelope plasmids. For establishing the amphotropic
packaging cell line (“PUZIkat”), “TOMkat” cells were cotrans-
tected with pkat2amenv and a hygromycin-resistance marker
plasmid. Clones were selected via FACS analysis and evaluated
transiently for vector production in a second term for absence of
RCR production. The best clone produced titers of
5-10x10° TU per ml (on NTH 3T3). Similarly, two other split-
genome packaging cell lines have been developed: “ALLIkat2”
and “STRAkat” by cotransfecting with pkat2xenoenv and a
hygromycin-resistance marker plasmid or with pkat210Alenv
and a hygromycin-resistance marker plasmid, respectively. Charac-
terization was performed as for the “PUZIkat” packaging cells.
All packaging cells have been evaluated for stability and absence
of RCR appearance (70).

Using PUZIkat-based vector producer cells (CC49C), large-
scale clinical batches with a mean titer of 5.2x10° TU/ml (on
NIH 3T3) have been produced.

These amphotrope packaging cells published by Ghani et al. (81)
are based on a suspension and serum-free adapted clone of
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HEK293 cells, the 293SF cells (adapted from 293S cells (from
Dr. Michael Matthew (Cold Spring Harbor Laboratories))).
Subconfluent 293SF cells plated in Petri dishes were transfected
with pMD2.GPiZeo" (plasmid containing the gag-pol gene of
Moloney murine leukemia virus with downstream an IRES ele-
ment and the Zeo-resistance gene—selection at 400 pg/ml for
2 weeks). The highest RT expression clone was then transfected
with the pMD2.AIPuro’ plasmid (conferring the amphotrope env
gene and downstream an IRES element followed by the puromy-
cin resistance gene-—selection at 0.2 pug/ml for 2 weeks). The
selected packaging clone was able to produce up to 4x 107 IVP/
ml after generation of a producer clone (titered on HT1080,
transgene: GEP).

The cells can be cultured under serum-free conditions in a
stirred tank reactor using SFM from Invitrogen. Under these
conditions, titers of >107 IVP/ml were obtained, and the cells
were stable for more than 3 months. No RCR formation could be
detected.

Further HEK293-based cell lines have been developed, allowing
the predictable and stable virus production through Flp-mediated
site-specific integration of retroviral vectors (protocols for their
use are described in Chapter 7). These cell lines, FIp293A (82)
and 293 FLEX (83), produce retroviral vectors pseudotyped with
amphotropic and GaLV envelopes, respectively. Their particular-
ity is the possibility to exchange the MLV vector insert to the
vector construct of choice via Flp sites.

The 293 FLEX cells have been established using the follow-
ing strategy: HEK293 cells have been tagged by transduction
with a retroviral vector (MSCV based — pIRESGALEO) produced
with PA317 producer cells where LacZ is under the control of a
LTR promoter and the fusion protein gene hygromycin B phos-
photransferase /thymidine kinase (Myytk) (= positive/negative
selection marker) is under the control of the encephalomyocardi-
tis virus internal ribosome entry site (EMCV-IRES). This vector
contains two FRT sites in the U3 of 3'LTR, a wild-type FRT site
(wt) and a spacer mutant FRT site (F5) followed by an ATG-
defective neomycin phosphotransferase gene (Fig. 1a). The tagged
cells have been selected using 200 ug/ml of hygromycin B. All
selected cells were tag-positive, and the integrated tagging cas-
sette is shown in Fig. 1b. The choice of transduction instead of
transfection with a plasmid is based on the fact that retroviral vec-
tors integrate specifically into active chromosomal sites, which is
not the case for plasmid transfection.

The packaging functions were introduced by lipofectamine-
based cotransfection using the pCeb containing MoMLV gag-pol
and the blasticidin-resistance gene (&s7), both driven by the
MoMLV 5'LTR ((66); see establishment of FLY cells) and
pGALYV containing the gene of the Gibbon Ape Leukemia Virus
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Fig. 1. Tag and target methodology for the cassette exchange by Flp mediated recombi-
nation. (a) Schematic representation of the tagging retroviral plasmid containing a lacZ
gene, hygtk positive and negative selection markers and two FRT sites, a wild type
represented by a white arrow and a mutant represented by a black arrow, in the 3'LTR,
followed by a defective neo gene. (b) Tagging construct after proviral integration,
resulting in a duplication and transfer of the two FRT sites on the 5'LTR. (¢) Schematic
representation of the targeting plasmid containing the two FRT sequences flanking the
gene of interest and an ATG sequence that will restore the open reading frame of the neo
gene in the tagged clone after Flp recombinase mediated exchange (d) (83). (e) Design
of an optimized targeting construct (pEMTAR-1). In pEMTAR-1, the orientation of viral
vector genome was inverted, and the restored open reading frame is under the control
of a constitutive PGK promoter (P3). Promoter P2 (e.g., MPSV) is driving the expression
of the viral genomic RNA. Promoter P1 (e.g., EFS, fes, CMV) controls the expression of
the transgene. The transcriptional start sites are indicated by arrows. Abbreviations:
P promoter, GO/ gene of interest.

envelope protein and the zeocin (Zeo) resistance marker under
the control of the CMV promoter (Cosset, pers. commun., see
establishment of TEFLY GA cells). The cells have been selected
with 10 pug/ml of blasticidin and 100 pg,/ml zeocin.

For targeting (site-specific cassette exchange of the tag vector
by the vector containing the transgene of choice), the established
cells (293 FLEX) have been transfected with two plasmids, the
targeting vector plasmid (e.g., pPEmMFG — targeting vector con-
taining a FRT wz, an MoMLV-based retroviral MFG-LTR that
drives the eGFPgene (in this model, the transgene of choice)
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followed by an EMCV-IRES element next to an ATG and F5
FRT site (Fig. 1¢)) and the FLP recombinase containing plasmid
(pSVELPe — obtained by cloning the FLP recombinase 1,300 bp
fragment from pFLPe downstream of a SV40 promoter) using the
calcium phosphate coprecipitation method. The cassette exchange
leads to the appearance of a complete functional ORF
of the neo-gene; thus, the clones are selected in the presence of
1000 pg/ml of G418 24 h posttransfection (Fig. 1d — integrated
targeting cassette). The surviving clones are picked, amplified, and
analyzed for vector production and cassette exchange (Southern
blotting). In the case of MLV-eGFP producer clone (MFG-eGFP),
the titers obtained ranged from 1.1 to 1.4x10° iu/ml.

In the case of the Flp293A cells, after tagging for introducing
the tagging vector cassette via MLV-transduction (the MLV vec-
tor was produced by PG13 cells transfected with the pTAGeGFP
plasmid using calcium phosphate transtection and the cells were
selected for hygromycine resistance), the selected clone (1B2)
was cotransfected (use of calcium phosphate method) with the
gag-pol containing plasmid pCeB ((66), see establishment of the
FLY cell lines) and pENVAhis (84) (containing the wt amphotro-
pic env gene of 4070A and the histidinol-dehydrogenase gene for
selection purpose) and selected for resistance to blasticidin and
histidinol. Clone Flp293A was obtained. The targeting is per-
formed as for the 293 FLEX cells (see above). In the case of
MLV-eGFP producer clones (MSIReGFP and MLIReGFP),
the average titers obtained were 8.1 x10%+1.5x10° ip,/10° cells
x24 hand 2.5x107+1.3x 107 ip/10° cells x 24 h, respectively.

Both cell lines have been characterized by a certain read-
through, leading to a low-level contamination of the MLV vector
batches by MLV vector with the resistance gene (7zeo gene) as
transgene (85).

For lentiviral vectors, small- and large-scale productions are essen-
tially based on the use of transfection methods using either
HEK293 cells or their derivatives. Owing to traceability uncertain-
ties, some GMP large-scale productions have been performed with
HEK293 cells (86), and other large-scale productions (57, 87-89)
have been performed using 293T cells because of their superior
growth, transfection, and vector production characteristics (http: //
www.fda.gov/ohrms/dockets/ac/01 /briefing,/3794b3.htm).
Attempts to produce lentiviral vectors at a larger scale in suspen-
sion by maintaining a transfection method have successfully been
performed using a serum-free suspension clone HEK293SF-3F6
cells (see above, (90)), and under optimized conditions infectious
titers of about 108 TU/ml have been obtained. This result had
been validated in a 3-L stirred tank reactor (91).

Although of high interest, stable LV producer cell lines have
only been developed and evaluated in a research environment,
but no further transition to a larger scale/industrial scale had
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been performed. Most studies made use of HEK293 cells (92-94)
growing in an attached mode. Brousseau et al. (95) successfully
developed a suspension producer cell line based on a suspension
adapted HEK293 clone (HEK293SE-3F6) established by Coté
etal. (90).

On the other side, Ikeda et al. (60), Throm et al. (61), and
Stewart et al. (62) developed HIV-1- and EIAV-, respectively,
based lentiviral vector producer cell lines using 293T cells.

In general, the development of stable cell lines has been hin-
dered by the toxicity of one or more components, including the
most commonly used env glycoprotein, the vesicular stomatitis
virus G protein (VSV-g) (96), or the expression of HIV gag-pol
(97, 98). Packaging cell lines with conditionally regulated VSV-g
expression have been developed (tet-oft approach as used by Kafri
etal. (99), Klages et al. (92), Xu et al. (94), Farson et al. (38), Ni
et al. (93), and Throm et al. (61)), but this approach lacks flexi-
bility for changing envelopes and accessory genes. The cell lines
require several days of induction (removal of doxycyclin, which
suppresses the expression of VSV-g) prior to maximal vector pro-
duction, and the titer is often lower than for the transient trans-
fection process (92, 99, 100). In addition, producer cells have
often been shown to be unstable (Delenda et al. unpublished
observations) due to background expression of the VSV-g pro-
tein (as a result of leaky expression) (38, 93) which can lead to
cell fusion and syncytia formation (101) and finally to cell death.

In addition, many published producer cell lines are first- or
second-generation LV vector producer cell lines and should not
be used for the production of clinical batches due to safety con-
siderations because the constructs used for the establishment of
these cells contained at least the tat function if not other accessory
genes (38, 60, 61, 93,94, 99).

Real advances toward a large-scale LV vector production using
producer cell lines (293SE-PacL.V and PC48.2, respectively) were
achieved by Brousseau et al. (95) and Stewart et al. (62) because
both groups used inducible systems that are based on the addition
of'an inducing compound and not on the withdrawal of a suppres-
sor as used in the tet-off approach (see above). This is of high
relevance in the case of large-scale productions performed in bio-
reactors. Whereas Brousseau et al. (95) used the 293SF-3F6 cell
line, which is adapted to growth in suspension under serum-free
conditions, Stewart et al. (62) used 293T cells. In both cases,
third-generation LV constructs were used. On one side, Brousseau
et al. (95) used a double induction system (tetracycline and
cumate: cells expressing the repressor (CymR) of the cumate
switch and the reverse transactivation (rtTA2S-M2) of the tetracy-
cline (Tet) switch (selection via neomycin and hygromycin genes,
respectively) contained the inducible genes (VSV-g (pTR5-CuO-
VSV-g-IRES-GFP) and rev (pTR5-CuO-Rev)) and the consti-
tutively expressed gag-pol (pMPG-CMV-gag/polRRE) genes;
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the cells were established via cotransfection of these three plasmids),
and on the other side, Stewart et al. (62) used a simple induction
(tetracycline: cells constitutively express coTetR (use of pPuro.
coTetR, containing the puromycin selectable marker) and contain
pgag-pol and pVSVG under control of an hCMV promoter con-
taining 2xTetO2 sequences; selectable markers were Hygromycin
and Zeocin, respectively. Two of all selected clones (PC48,PC71)
showed highest vector production). In both cases, the induction
factor was between 2100 and 3700. After induction, the pro-
ducer cell lines can provide vector titers beyond 107 TU/ml
2-6 days postinduction (95). Stewart et al. (62) indicated similar
vector titers for the producer cells and for the transient vector
production.

Chapter 8 of the present volume describes a standard produc-
tion and purification method of LV vectors (HIV-1)) based on
the tritransfection of 293T cells.

Only human adenoviral vectors are considered here. Since the
development of HEK293 cells in 1977, many more different ade-
novirus complementing cell lines have been developed because
this first complementation cell line was not optimal. The draw-
back with HEK293 cells is that they have the tendency to pro-
duce replication-competent adenoviruses (RCA) due to
homologous recombination events between the adenoviral vector
construct and the adenoviral sequences in the cellular genome
(102, 103). In order to remedy this problem, new complementa-
tion cell lines have been developed with reduced adenoviral
sequences to reduce or even avoid any risk of recombination
events and thus the generation of RCAs. These complementation
cell lines are all based on human cells and in almost all cases on
primary neuronal or retinal cells. All more recent complementa-
tion cell lines have been immortalized with the E1 gene of adeno-
virus 5. They are briefly described in Subheading 7.

6. Other Cell Lines
Used as MLV
Packaging/
Producer Cells

6.1. NIH 313 (ATCC
CRL-1658) Derived
MLV Packaging/
Producer GCells

For historical reasons, NIH 3T3-based packaging/producer cell
lines should be mentioned here, as the first packaging cell lines
were based on these mouse cells due to the mouse origin of
gamma-retroviral vectors. NIH 3T3 is an adherently growing
fibroblast-like cell line isolated from mouse embryonic tissue
(Mus musculus). It is highly sensitive to sarcoma virus focus for-
mation and leukemia virus propagation and has proven to be very
useful in DNA transfection studies (104, 105). They have been
used as basal cell line for the establishment of various first-, second-,
and third-generation cell lines for the production of MLV vectors.
As for NIH 3T3 cells, all derived packaging/producer cell lines
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grow adherently. Third-generation packaging cell lines based on
the use of NIH 3T3 cells are summarized in Table 3.

6.2. FLY-Packaging A range of other cell lines of human origin have been used in the
Cell Lines development of new packaging cell lines and are included in
Table 4.
Table 3
Third-generation packaging cell lines derived using NIH 3T3
Cell line name,
references Generation of the cell lines Comments
GPE + 86 Established by electroporation of two plasmids This line is capable of
(ATCC into NTH 3T3 cells: packaging nucleic acids
CRL-9642) The gag-pol plasmid (pGag-Pol/Gpt — gag and containing a psi packaging
(34, 100) pol regions from Moloney murine leukemia sequence into recombi-
virus (Mo-MuLV) contained the selectable nant ecotropic retrovirus
marker gene gpt, and was deficient for , env, genomes.
and 3'LTR, and the env plasmid (pEnv — env It can be used to produce
region from Mo-MuLV — ecotropic envelope), retroviral vectors for
deficient for y, gag-pol, and the 3'LTR) were delivery of foreign genes
originally derived from the 3P0 parent plasmid into susceptible eukary-
(Mo-MuLV). otic cells.
After electroporation of 107 cells with 5 ug and Stable producer clones
10 ug DNA of pEnv and pGag-Pol /Gpt, generate titers of up to
respectively, the cells were resuspended in 4 x10° colony forming
DMEM +serum and plated. 48-72 h later units per ml
selective medium containing 15 pug hypoxan- (N2 vector titered on
thine, 250 pg xanthine, and 25 ug mycopheno- NIH 3T3 cells) (34)
lic acid was added and surviving cells were
analyzed for RT activity. Clones were selected
using the same medium and characterized for
RT activity and vector production after
electroporation with Aneo and N2 plasmid
GP+envAM12  The line was established by electroporation into This line is capable of
(ATCC NIH 3T3 cells of two plasmids that separately packaging nucleic acids
CRL-9641) encode the env region of a murine amphotro- containing a psi packaging
(33, 1006) pic MuLV and the gag, pol and other sequence into recombi-

sequences needed for viral packaging
(— amphotropic envelope).

The same establishment protocol was used as for

the establishment of the GP + 86 cells. The
difference was the pEnv plasmid: PenvAm

(- plasmid contained the 5'LTR and 5’ donor
splice site of the 3P0 plasmid (Mo-MLV) and
4070A env derived from the pL1 plasmid
(amphotropic murine leukemia virus clone
4070A))

nant amphotropic
retrovirus genomes.

It can be used to produce
retroviral vectors for
delivery of foreign genes
into susceptible eukary-
otic cells.

Stable producer clones
generate titers of >2x 10°
colony forming units per
ml (N2 vector titered on
NIH 3T3 cells) (33)

(continued)
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Table 3

(continued)

Cell line name,

references Generation of the cell lines Comments

YyCRE Established by sequential Ca-phosphate transfec- Selection against loss of
and yCRIP tion of 2 plasmids into NIH 3T3 cells. the DNAs conferring the
(107) In the first round of transfection, the packaging functions can

pCRIPenv — plasmid (pCRIPenv-

(a LTR-, y-, gag-pol+, env-plasmid
derived from the CRIP plasmid)) was
cotransfected with the plasmid pSVHm
confering resistance to hygromycin B.
Stable transformants were selected using
200 pg/ml hygromycin B. 2 /16 positive
clones which showed highest release of RT
activity (env-1, env-15) were further used:
env-1 was chosen to derive the amphotropic
YCRIP packaging line and env-15 was
selected as the parental clone for the
ecotropic YWCRE line, since it showed a
twofold higher level of Mo-MuLV-specific
transcripts in an RNA gel blot analysis.

In a second step, cither the pCRIPAMgag- (a

LTR-, y-, gag-, pol-, 4070A env + plasmid
derived from pCRIP) or the pCRIPgag-2
plasmid (a LTR-, y-, gag-, pol-, env + (ecotro-
pic env) plasmid derived from pCRIP) was
introduced into the env- cells, along with the
plasmid pSV2gpt (containing the bacterial
xanthine-guanine phosphoribosyltransferase
gene as a dominant selectable marker),
conferring resistance to G418.

Isolated resistant clones were tested for their

ability to package the BAG retroviral vector
into infectious particles. Each clone to be
tested was infected by a helper-free stock of
BAG virus and populations of 50-100 G418-
resistant colonies were derived from each
infection amplified. Two clones showing the
highest packaging activity were selected:

CRIP14 (— yCRIP, a retrovirus (amphotropic
(4070A) pseudotyped) packaging cell line) and

CRE25 (— YCRE, a retrovirus (ecotropic
pseudotyped) packaging cell line)

be performed by growing
the cells in medium
containing fetal bovine
serum and hygromycin B,
mycophenolic acid,
adenine, and xanthine.

For the selection of vector
producers, geneticin is
used.

Stable producer clones
generate titers of 10°
colony forming units per
ml (HSGneo vector
titered on NTH 3T3 cells)
(107). Merten et al.
(108) have reported titers
of up to 6 x10° FFU/ml
(wCRIP-LLZA: vector
tittered on NIH 3T3
cells).

(continued)
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Table 3
(continued)

Cell line name,
references Generation of the cell lines

Comments

PG13 (ATCC Established by sequential Ca-phosphate transfec-

CRL-10686) tion of 2 plasmids into NITH 3T3 cells.

(109) The MoMLV gag-pol expression construct
pLGPS (consisting of a 5’-truncated MoMLV
long terminal repeat (LTR) promoter without
the adjacent retroviral packaging signal, the
MoMLYV gag-pol coding region, MoMLV
sequences from 7676 (Clal) to 7774 (end of
the env gene), and the SV40 early polyadenyla-
tion signal, cloned into a modified version of
the poison-sequence-minus pBR322 derivative
pML, called pMLCN) was cotransfected using
a plasmid containing the herpes simplex virus
thymidine kinase gene as a selectable marker
(ratio of selectable marker plasmid to the
pLGPS plasmid was 1:20 or 1:100) into NIH
3T3 cells. After selection in HAT medium
(30 uM hypoxathine, 1 uM amethopterin,

20 pM thymidine) and test for RT production,
the clone (1,/17 positive clones) with the
highest RT production (4x >than any other
clone) was selected for further development.

The GaLV env expression plasmid (pMOV-GaLV
Seato env consisting of a MoMLV LTR
promoter without the adjacent y function, the
GaLV env coding region and the SV40 late
polyadenylation signal in a pBR322 plasmid
backbone) was cotransfected with a plasmid
containing the mutant methotrexate-resistant
dihydrofolate reductase gene (dhfr*): pFR400
into the cells expressing MoMLV gag-pol (ratio
of selectable marker plasmid to pMOV-GaLV
Seato env plasmid: 1:20 or 1:100). Cell
colonies containing the genes were selected in
medium containing 100 nM methotrexate and
dialyzed fetal bovine serum and were isolated.
Clone PG13 (1 out of 20 clones) produced the
highest-titer virus in a transient production test
using retrovirus vector plasmid pLN

Selection against loss of the

DNAs conferring the
packaging functions can
be performed by growing
the cells in medium
containing dialyzed fetal
bovine serum and

100 nM amethopterin for
5 days, followed by
cultivation in medium
containing HAT and
untreated fetal bovine
serum for an additional

5 days.

After sclection, the cells

should be maintained in
medium containing HT
for 2 days to avoid toxic
effects due to residual
amethopterin.

Stable producer clones

generate titers of 5x 10*
to 3x10° colony forming
units per ml (LN vector
titered on different
nonmurine cells (rat,
hamster, bovine, cat, dog,
monkey, human)) (109)

(continued)
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Table 3
(continued)
Cell line name,
references Generation of the cell lines Comments
PG368 (85) Established from PG13 cells, using a similar Titers: the titers obtained
cassette exchange mechanism as described for were in the range of
the 293 FLEX and the Flp293A cells: PG13 5-8 x 10° ip/ml, which
cells have been tagged with the retroviral was about two to four
ragging vector TAGeGFP as used by Schucht times lower than when
et al. (82). In order to avoid the problem of the vector orientation in
read-through and thus the production of small the targeted producer
quantities of MLV vector with the resistance cells was in the normal
gene as transgene (see Fig. 1d), the targeting sense.
construct had been newly designed which is In the case of therapeutic
essentially characterized by the inversion of the vectors SIN11(fes-GP91)
orientation of the vector. The most efficient and SIN11(EFS-yc) the
targeting construct is shown in Fig. le): titers ranged from 1 to
promoter 1 (P1): SF, P2: MPSV, P3: hPGK 4.1x10° ip/ml and were
thus 5-20-fold lower than
the titers detected for
SIN11-SF vectors
oriented in the normal
sense
7. Advanced
Adenovirus Vector
Packaging Cell ) )
Lines The general problem of HEK293 cells in context of the produc-

tion of adenoviral vectors is the generation of RCAs due to con-
siderable overlap of the adenoviral sequences used to transform
the HEK cells and the sequences of the adenoviral vector.
Therefore, in the last 15 years or so, several authors have devel-
oped new, improved adenoviral vector producer cell lines with
reduced transforming adenoviral sequences and in the case of the
more recently developed cell lines, practically without any over-
lap. These cell lines are presented in Table 5, providing their key
features.

Concerning adenoviral vector production, no real compari-
sons have been performed between the different complementa-
tion cell lines. Only Nadeau and Kamen (113) have published a
literature-data-based comparison between HEK293 and Per.C6
cells, which is presented in Table 6, indicating that both cell lines
show comparable specific vector production.

Chapter 5 presents methods to construct recombinant aden-
ovirus vectors.
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Table 6

Comparison of HEK293 and PerC6 for Ad vector production

Gell line, process mode

Titer

Specific production

References

HEK293, batch

Per.C6, batch

HEK293, perfusion

Per.C6, perfusion

3.9-5.1x10% vp/ml
3.3-14.5x10° ip/ml
7.5x10° ip/ml

7.5%x10% vp/ml
5.75x10'° vp/ml

2x10" vp/ml
3.2-7.8x10° ip/ml
9x10° ip/ml

1.5x10" vp/ml

2.5-5.4x10* vp/c
1.9-6.4x10° pfu/c
5.6x10%ip/c

7.5x10%*vp/c
3.6x10*vp/c

1x10°vp/c
1.3x10%ip/c
1.5x10%vp/c

2x10*vp/c

Zhang et al. (114)
Iyer et al. (115)
Nadeau et al. (116)

Irish et al. (117)
Liu and Shoupeng (118)

Chaubard (119)
Garnier et al. (120)
Nadeau et al. (121)

Irish et al. (117)

Note: MOI used: 5-50

8. Complementing
Cell Lines

for Production

of Gutless
Adenovirus
Vectors

These vectors are very attractive for gene therapy because the
associated in vivo immuno response is highly reduced compared
to first- and second-generation adenovirus vectors, while main-
taining high transduction efficiency and tropism. However, since
they are devoid of all viral regions, gutless vectors require viral
proteins supplied in zrans by helper virus. To remove contamina-
tion by a helper virus from the final preparation, different sys-
tems based on the excision of the helper-packaging signal have
been generated. Among them, Cre-loxP system is mostly used.
With this system, the helper adenovirus has a packaging signal
flanked by two loxP sites and amplification is performed in
Cre-recombinase-expressing cell lines, e.g., 293-Cre (122). When
the helper adenovirus enters the cell, its packaging signal is
excised, preventing the inclusion of its genome into the viral
particle, but retaining all coding regions for the viral proteins
needed to produce the gutless vectors. The downside is that con-
tamination levels still are 0.1-1% too high to be used in clinical
trials, needing specific purification methods.

In general, this production system is somehow problematic
regarding RCAs because RCAs have a selective growth advantage
over gutless vectors.

For more information, see Alba et al. (123).

Chapter 6 presents manufacturing methods for gutless aden-
oviral vectors.
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C7-Cre is a HEK293-based packaging line containing the Ad
E2b genes encoding DNA polymerase and preterminal protein as
well as the cre-recombinase gene (124). The developed helper
adenovirus is deleted in the E1, E3 region and in the viral DNA
polymerase gene region. As for all other helper adenoviruses in
this context, the packaging signal is flanked by two loxP sites. The
advantage with respect to 293-Cre cells is that only two passages
were necessary for obtaining titers of 107 TU /ml, in comparison
to 293-Cre cells, for which six to seven passages were necessary.
Contamination with packaging-competent helper virus levels at
about 3—4% at passage level 3; gradient centrifugation can reduce
the contamination level to 0.2-1% (124).

The PerC6-Cre packaging line is known to be contaminated with
packaging-competent helper virus levels of approximately
0.63%.

9. Gell Lines

for Production

of Oncolytic
Adenoviral Vectors

In view of the production of oncolytic adenoviral vectors, HeLa-S3
(clone of HelLa cells (ATCC CCL-2), which grows in suspension
in serum-free medium (125, 126)), and H1299 cells (lung large
cell carcinoma — suspension growth in serum-free medium)
(ATCC CRL-5803) have been selected for production purposes
due to their superior specific vector production (127). Such onc-
olytic adenoviral vectors are replication-selective that specifically
target and destroy human cancer cells. This viral vector is engi-
neered to replicate only in human tumor cells and not in normal
cells, based on their abnormal retinoblastoma protein (pRB)
tumor suppressor function. For replication, either helper cell lines
providing E1 and E4 functions or cell lines that are defective in
the pRB signalling pathway are required (128). The cell lines have
been evaluated and used for the establishment of a large-scale
manufacturing process for the production of oncolytic
adenoviruses.

10. Cell Lines for
Adeno-Associated
Viral Vectors (129)

Classically, AAV vectors have been produced by bitransfection
followed by adenovirus infection or by tritransfection of HEK293
cells (see above and Chapter 9). As transtection systems are rather
limited in their capacity for scale-up, other production systems
have been developed for the production of different AAV serotypes
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and these include production systems based on the use of Hel.a
(130) or A549 (131) with (recombinant) adenovirus or HEK293
or BHK-21 cells with recombinant Herpes virus (132, 133) or
S$f9 with recombinant baculovirus (134) (see Chapter 10). When
using the HeLa- or A549-based production system, these cells
have been modified to contain the rep-cap functions of AAV
(- packaging cells) (130, 131) and the recombinant AAV vector
(- producer cells) (135). After infection with wt adenovirus or
adenovirus defective in E2b and an rAAV/Ad-hybrid vector
(the AAV cassette is cloned into the E1 region) (in the case of the
packaging cells) (130) or only with Adenovirus (in the case of
the producer cells), AAV vector contaminated by adenovirus is
produced. The producer cell line approach had been scaled to 100 L.
Concerning the use of the recombinant herpes simplex type 1
production of AAV, either suspension culture adapted HEK293
or BHK-21 cells are used (133). For more details, see Table 7.

11. Sf9 Cells
for Baculoviral
Vectors

As baculovirus can infect mammalian cells without being able to
replicate, this virus represents a very safe alternative to transfer
genes (141-147). In principle, different cell lines can be used,
S, Sf21, and High-Five; however, only the Sf9 cells are pre-
sented in the following. Caution should be taken with High-Five
cells, since these cells have recently been shown to suffer from
the latent infection by a novel nodavirus, Tn5 cell line (TNCL)
virus (148):

S£9 cells (ATCC CRL-1711) can be grown in attached mode
in T-flasks using serum-containing media (e.g., Grace’s Insect
Medium with r-glutamine and 500 mg/L CaCl,, 2.6 g/L KClI,
3.3 g/L lactalbumin hydrolysate, 3.3 g/L yeastolate, 10% FCS)
or serum-free media as well as in suspension in agitated systems
(spinner, stirred tank reactor system) in commercial serum-free
media. The media are formulated for use without CO,; however,
the omission of yeastolate or lactalbumin hydrolysate will lead to
poor performance by this line. In contrast to mammalian cells,
the optimal culture temperature is 27-28°C.

For baculovirus production, the cells are infected with an
MOI of 0.1 of a titered baculovirus stock (production of baculo-
virus as gene vector is presented in Chapter 12). This production
system was also established for the production of AAV vectors,
see above and Chapter 10.
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Glossary

Ad

ATCC
BHK
CBER
CMV
Cox 1
CuO
DMEM
DMSO
DRP
DSMZ

El, E4
EBV
ECACC
EMEA (EMA)
FBS
FCS
FDA
G418
GalLV
GCCP
GFP
GOl
GP
HAT
HBV
HCV
HEK
HIV
hGPK
HSV
ICH
ICLC
1P
IRES
ITR
JCRB
LV
LTR
MCB
MLV
MoLV
MOI

Adenovirus

Adeno-associated virus

American Type Culture Collection

Baby hamster kidney (cell line)

Centers for Biologics Evaluation and Research
Cytomegalovirus

Cytochrome oxidase 1

Cumate operator

Dulbecco’s Modified Eagle Medium
Dimethylsulphoxide

DNAse-resistant particles

Deutsche Sammlung von Mikroorganismen
und Zellkulturen: (German Resource Centre
for Biological Material)

Early genes of adenovirus

Epstein-Barr virus

European Collection of Cell Cultures
European Medicine Agency

Fetal bovine serum

Fetal calf serum

Food and Drug Administration

Geneticin

Gibbon Ape leukemia Virus

Good cell culture practice

Green fluorescent protein

Gene of interest

Gag-pol
Hypoxanthine-Aminopterin—Thymidine
Hepatitis B virus

Hepatitis C virus

Human embryonic kidney (cell line)
Human immunodeficiency virus

Human phosphoglycerate kinase promoter
Herpes simplex virus

International Conference on Harmonisation
Interlab Cell Line Collection

Infectious particle

Internal ribosomal entry sites

Inverted terminal repeat

Japanese Collection of Research Bioresources
Lentivirus/lentiviral

Long terminal repeat

Master cell bank

Murine leukemia virus

Molony leukemia virus

Multiplicity of infection
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MpF Mustela putoris furo (ferret)
MSCV Murine Stem Cell Virus
NIH National Institutes of Health
ORF Open reading frame

P Passage or promoter

PCR Polymerase chain reaction

RCA Replication-competent adenovirus

RCAAV Replication-competent adeno-associated virus

RCL Replication-competent lentivirus

RCR Replication-competent retrovirus

rtTa25-m2 Reverse transactivator (rtTA2S-M2) of the tetracy-
cline (Tet)

SEM Serum-free medium

SIN Self-inactivating (vector)

SV Simian virus

TetR Tetracyclin resistance

TK Thymidine kinase

TNCL Tn5 cell line

TU Transducing unit

A% Vesicular stomatitis virus

Vg/vg Vector genome

WCB Working cell bank

Wt/WT  Wild type
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Chapter 4

Overview of Gurrent Scalable Methods
for Purification of Viral Vectors

Maria Mercedes Segura, Amine A. Kamen, and Alain Garnier

Abstract

As a result of the growing interest in the use of viruses for gene therapy and vaccines, many virus-based
products are being developed. The manufacturing of viruses poses new challenges for process developers
and regulating authorities that need to be addressed to ensure quality, efficacy, and safety of the final
product. The design of suitable purification strategies will depend on a multitude of variables including
the vector production system and the nature of the virus. In this chapter, we provide an overview of the
most commonly used purification methods for viral gene therapy vectors. Current chromatography
options available for large-scale purification of y-retrovirus, lentivirus, adenovirus, adeno-associated virus,
herpes simplex virus, baculovirus, and poxvirus vectors are presented.

Key words: Viral vectors, Gene therapy, Purification, Downstream processing, Centrifugation,
Membrane filtration, Chromatography

1. Introduction

Viruses were first introduced as therapeutics more than 200 years
ago with the intentional administration of the vaccinia virus to
prevent smallpox disease. Whether killed or live attenuated, many
more virus-based products were developed since then for vaccina-
tion purposes. More recently, the use of viruses as beneficial tools
in medicine has regained interest with the emergence of gene
therapy. Gene therapy offers great potential for the treatment of
many inherited as well as acquired diseases. This relatively new
therapeutic approach is likely to play an increasingly important
role in health care throughout this century.

Like recombinant proteins and viral vaccines, viral vector
therapeutics are scrutinized by regulatory authorities that demand
increasingly stringent standards of purity, efficacy, and safety.

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
Methods in Molecular Biology, vol. 737, DOI 10.1007/978-1-61779-095-9_4, © Springer Science+Business Media, LLC 2011
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Direct adaptation of methods and technologies already developed
for the downstream processing of recombinant proteins and vac-
cines, although tempting, is not as straightforward as originally
envisioned. The different physico—chemical properties of viruses
compared to proteins and the need to maintain viral activity as
intact as possible throughout the purification process, consider-
ing the complex and fragile structure of virus particles, pose new
challenges for process developers. Consequently, modifications to
traditional purification approaches are required.

Downstream processing of viral vectors comprises a series of
steps aimed at increasing the potency and purity of the vector
preparation. Strategic design and step by step optimization of the
purification process is crucial to maximize yield and quality of the
final virus preparation. Considerable progress has been made in
the area of downstream processing of viral vectors over the past 10
years. Most research effort has been focused on the development of
purification strategies for the widely used adenoviral vectors (1—4),
v-retroviral and lentiviral vectors (5, 6), and adeno-associated viral
vectors (AAV) (2). Less effort has been invested in developing
and optimizing purification processes for baculovirus, herpes
virus, and poxvirus vectors.

This chapter describes various methods available for down-
stream processing of viral gene therapy products. It intends to aid
the reader in selecting the most appropriate methods to be used
and define the order in which they should be used to achieve the
best purification results. The chapter makes particular emphasis
on scalable purification techniques.

2. Purification
Strategy

Downstream processing begins with the harvest of viral vector
particles from the cell culture. Depending on the virus being con-
sidered, viral particles may be enriched in the cellular fraction, the
cell culture supernatant, or sometimes in both (Fig. 1). In cases
where the virus remains located intracellularly, disruption of the
cells is necessary to release viral particles. Clarification of the crude
viral vector stocks (supernatant or lysate) typically follows to elim-
inate remaining producer cells and cell debris (Fig. 2). The con-
centration of the clarified viral stock at this early stage is often
advantageous to reduce the volume of feed and consequently, the
size of the equipment required in later operations (pumps, filters,
columns, and vessels). This is especially true when dealing with
extracellular viruses since the viral product is diluted in the cell
culture medium. These initial downstream processing steps are
primarily intended to remove cells, cell debris, and water. Some
degree of purification may also be accomplished. However, the main
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Retrovirus/ Adenovirus AAV Herpes simplex Baculovirus Poxvirus
Lentivirus (Ad5) (AAV2) (HSV-1)
Family Retroviridae Adenoviridae Parvoviridae Herpesviridae Baculoviridae Poxviridae
Genome Plus strand ssSRNA Linear dsDNA Linear ssDNA Linear dsDNA Circular dsDNA Linear dsDNA
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Fig. 1. Viral vector characteristics.
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Fig. 2. General purification flow scheme.
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purification issues are left to be resolved during the purification
stage itself. Typically more than one purification step is required
to bring the product to the desired level of purity. In the initial
step, viral particles are separated from the most abundant con-
taminants contained in the vector stock. The polishing step is
further introduced to remove remaining impurities and /or closely
related species (e.g. defective vector forms and /or cell membrane
vesicles).

Before deciding what techniques should be employed, it is
key to define purification needs. First, it is important to know
how pure the virus needs to be, which will mainly be determined
by the end-product final application. For instance, if the viral vec-
tor preparation will be used in gene transfer experiments in vitro,
it is likely that no purification will be needed or perhaps, at the
most, a concentration step to increase the vector potency will be
desirable. In contrast, viral vector preparations that will be used in
gene transfer experiments ex vivo or in vivo usually need to
undergo a series of purification steps to increase the potency and
safety of the final product. Nonpurified vector preparations con-
tain contaminating species that are toxic to cells and may reduce
transduction efficiencies ex vivo and in vivo. These preparations
also induce a systemic immune response and inflammation when
injected in vivo. On the other hand, viral vector preparations des-
tined for preclinical studies or clinical studies must attain extremely
high levels of purity in accordance with regulatory requirements.
Second, it is important to establish how much virus will be needed.
The answer to this question will determine the working scale,
which in turn will dictate which purification methods are most
suitable in each particular case. Figure 2 outlines general purifica-
tion schemes for viral gene therapy vectors at laboratory scale and
large scale. As it can be observed in the schemes, purification of
viral vectors at laboratory scale is typically accomplished using
ultracentrifugation-based methods whereas, in large-scale purifi-
cation approaches, scalable technologies such as membrane filtra-
tion and chromatography are preferred.

The selection of appropriate virus purification techniques will
also depend heavily on the nature of the virus itself. Therefore, it
is important to gather as much information as possible about the
virus properties before designing a suitable purification scheme.
Figure 1 shows some of the characteristics that are important to
consider including virus particle size, net charge at neutral pH,
relative particle stability, and typical vector yields. The size of viral
vectors ranges between 20 nm (AAV vectors) up to 400 nm (poxvirus
vectors) and it is significantly larger to that of proteins (typically
<5 nm). This feature is extensively exploited for the separation of
virus particles from cellular and culture medium derived proteins
by employing separation techniques such as ultracentrifugation,
membrane filtration, and size exclusion chromatography (SEC).
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The net charge at neutral pH will depend on the virion surface
composition that will differ for each viral vector type and serotype
(Fig. 1). Depending on their net charge, either anion exchange or
cation exchange chromatography techniques will be useful for
purification. The overall virion charge is affected by the pH of the
buffer employed and can be modulated with changes in pH.
However, viruses often display a narrow window of pH stability
and abrupt changes in pH could lead to virus inactivation. In the
case of virus products for gene therapy, it is always important to
retain biological activity of the virus preparation. Some viral vectors
are more sensitive to changes in pH, buffer composition, tem-
perature, and shear forces than others, with enveloped viruses
typically being the most sensitive to such changes (Fig. 1). This
will restrict the type of techniques that can be used and the condi-
tions under which purification can be performed. In general, it is
important to plan a purification scheme that contains as few steps
as possible and minimum changes in buffer composition. Average
yields of active virions produced per cell vary considerably among
the different types of vectors (Fig. 1). These yields will ultimately
determine the titer in crude vector stocks and will provide an idea
of how many times a viral stock needs to be concentrated through-
out the purification process to attain satisfactory vector potency
in the final product.

Finally, crude viral stocks contain contaminants derived from
producer cells, cell culture medium, and other substances added
throughout vector production (e.g. plasmids, helper viruses,
detergents). The composition and abundance of these contami-
nants will also guide the selection and order of methods used for
purification. The harvesting point greatly influences vector yield
and also the amount of cellular contaminants that may escape to
the supernatant fraction. The choice of cell culture media will also
affect the type/amount of contaminants that need to be elimi-
nated, particularly for extracellular viruses. In this sense, several
viral vector producer cell lines have been adapted to grow in
serum-free media, which greatly facilitates downstream processing.

3. Virus Harvest

At the end of the production phase, virus particles are found
enriched either inside or outside the producer cells. Often, naked
viruses remain inside the cells until cell lysis occur and thus, can be
concentrated in the cellular fraction. In contrast, enveloped viruses
usually escape from the host cells by budding through cellular
membranes and are diluted in the supernatant. In some cases, active
viral particles are found in significant amounts in both the cells and
the culture supernatant requiring both fractions to be processed.
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This would be the case for the prototypical poxvirus vector
(vaccinia virus) that produces four different forms of infectious
particles that can be located intracellularly or extracellularly. In
addition, adenovirus infection is often allowed to proceed until
cell lysis occurs since this practice has shown to improve infec-
tious: total particle ratios (7). In this case again, both the cellular
fraction and supernatant are recovered in order to maximize vector
recovery. The first downstream processing operation for intracel-
lular viruses is cell lysis. Mammalian cells can be disrupted with
relative ease. At laboratory scale repeated freeze—thaw cycles of
cell pellets are sufficient to break up the cells. At a larger scale,
producer cells are lysed by simply lowering the ionic strength
(hypotonic shock) or with the aid of mild pressure changes that
can be provoked by a microfluidizer® or cross-flow filtration system.
Along with vector particles, vast amounts of cellular DNA, RNA,
and proteins are released from the producer cells. In order to
reduce the viscosity of the cell lysate, which may cause difficulties
in subsequent purification steps, nucleic acids are often eliminated
tollowing cell lysis by digestion with nucleases (e.g. Benzonase®).
In addition, removal of nucleic acids has been shown to prevent
aggregation of adenovirus particles, which would further compli-
cate their purification (3).

4, Clarification
Methods

4.1. Centrifugation

4.2. Microfiltration

Removal of cells and cell debris from harvested supernatants or
cell lysates is typically achieved by batch centrifugation at small
scale. This simple operation allows separation of viral particles
from most cellular debris. Product loss by coprecipitation is not
usually an issue when centrifugation force and time are well
adjusted, but could be if viral particles associate with cell debris
(8). For large volumes of vector stock (>10 L), the use of con-
tinuous centrifuges is preferred for practical reasons (1). While
low speed centrifugation alone may render a clarified vector stock
of sufficient quality for subsequent ultracentrifugation, this step is
generally complemented with microfiltration to achieve greater
clarification when ultrafiltration or chromatography steps follow
in order to avoid filter or column clogging.

Microfiltration is widely used for clarification of viral vector stocks
cither alone or following a centrifugation step. Viral stocks are
passed through a membrane that retains cell debris while allowing
the recovery of virus particles in the permeate fraction. Membranes
with moderately large pore sizes ranging from 0.45 to 0.8 pm are
typically employed for virus stock clarification. Smaller pore
size filters (0.22 wm) may result in early membrane blockade and
the risk of losing active viral particles. Membrane filtration can be
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Fig. 3. Membrane filtration methods. Modes of operation. (@) Dead-end filtration system. (b) Cross-flow filtration system.

operated in two modes: dead-end and cross-flow filtration (Fig. 3).
In cross flow filtration, most of the fluid travels across the surface
of the membrane, rather than into the filter, minimizing cake for-
mation and consequently delaying filter blockade. Microfiltration
needs to be optimized to minimize the loss of viral product.
Clogging of the pores with cell debris over time results in reduc-
tion of the actual membrane pore size and consequently virus
rejection (9). Therefore, to attain high recovery of virus particles,
it is crucial to limit the volume of supernatant to be passed per
filter. This volume may vary depending on the initial membrane
pore size and quality of the feed, among others. Additionally,
selection of an appropriate membrane surface chemistry is impor-
tant to prevent adsorption and loss of viral particles during filtra-
tion. In general, low protein-binding membranes provide
satisfactory results. At large scale, a single-step clarification pro-
cess using only membrane filtration is preferred. To improve fil-
tration performance, in addition to operating in cross-flow
filtration mode, crude supernatants are often clarified using a
series of membranes with decreasing pore size to further mini-
mize membrane clogging.

5. Concentration
Methods

5.1. Virus Pelleting

Virus pelleting is the simplest centrifugation technique traditionally
employed to concentrate viruses at a small scale. Both ultracen-
trifugation and long low-speed centrifugation methods (usually
several hours) can be used to efficiently pellet virus particles.
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5.2. Precipitation
with Additives

Centrifugation conditions depend on the size and density of the
virus. Using centrifugation, high concentration of the virus stocks
(over 100-fold) can be easily attained by resuspending viral pellets
in small volumes of resuspension buffer. However, transduction
efficiencies usually do not increase proportionally with the con-
centration factor and may not increase at all compared to non-
concentrated virus stocks in the case of labile virus particles. It is
not entirely clear whether the loss of active viral particles is due to
hydrodynamic pressure at the bottom of the tube, extended pro-
cessing time, viral aggregation, or shear forces required to disperse
the pellet, but it is probably a combination of the above.
Coconcentration of viral particles with inhibitors of transduction
has also been described as a potential contributor to the loss of
active yield (10). In addition, susceptibility of viral vectors to
hydrodynamic shear may vary for each type of viral particle or
even for each vector pseudotype (11). Recovery of infective par-
ticles may be considerably improved by underlaying a cushion of
medium with higher density than the virus, where virus particles
will band, as this avoids harsh conditions associated with pelleting.
Another important limitation of ultracentrifugation procedures is
that ultrahigh speed rotors currently in use generally have small
volume capacity, although large-scale systems are also available.

Concentration of viral particles by precipitation with additives is a
commonly used method for the manufacturing of conventional
viral vaccines (8). The advantage of using additives is that following
the treatment, virus pellets can easily be obtained at low centrifu-
gation speeds in a short time. Using low-speed rotors, larger volumes
of supernatant can be processed per run. Several additives have
been used to promote precipitation of viral particles including
salts and polymers. Salting out of viruses is typically achieved by
adding a salt such as ammonium sulfate or calcium phosphate at
high concentration (12, 13). This causes partial dehydration of
viral particles promoting the formation of aggregates by hydro-
phobic interactions between particles. Precipitation of viral par-
ticles can also be enhanced by the use of nonionic polymers such
as polyethylene glycol (PEG) (13). Nonionic polymers occupy
large volumes in solution (excluded volume) reducing the volume
available for the viral particles, which forces them to interact more.
The concentration of such additives required to precipitate virus
particles are typically lower than that for individual proteins (14).
The use of cationic polymers (poly-1-lysine) able to form lentivirus—
polymer complexes that can be pelleted by low-speed centrifuga-
tion has also been described (15). Main disadvantages associated
with precipitation methods include the low recovery of labile
virus particles possibly due to changes in osmotic pressure and
the need for dialysis and /or further purification steps to remove
salts, polymers, and impurities that coprecipitate with the virus
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particles due to lack of selectivity of this method. In addition,
precipitation processes that include a centrifugation step may be
difficult to scale-up.

Ultrafiltration is the method of choice for large-scale concentra-
tion of viral particles because it allows gentle volume reduction
of viral stocks in a relatively short time. Furthermore, mem-
brane processes are easily scaled-up and used for GMP manu-
facturing. Viral particles are enriched in the retentate fraction
while water and small molecular weight contaminating mole-
cules pass through the membrane and are removed with the
permeate. In contrast to the standard concentration methods
discussed above, filtration processes involve no phase change
that may be harsh enough to cause virus inactivation. Thus,
membrane processes are particularly appealing for labile virus
particles, such as y-retroviral vectors (8). Membranes with mod-
erately large pore sizes ranging from 100,000 to 500,000
molecular weight cut-off (MWCO) are typically employed for
ultrafiltration of viral particles. The larger the pore size, the
higher the flow rate and purity that can be achieved during the
process. However, the limit should be well defined to avoid loss
of viral particles either trapped in the membrane pores or in the
permeate fraction. Ultra/diafiltration processes offer the possi-
bility of washing off impurities, thus achieving greater levels of
purity. More importantly, the retentate could be diafiltered
against equilibration buffer used for upcoming chromatogra-
phy. A relatively low volume of buffer is required for complete
buffer exchange compared to SEC and dialysis (1). Ultrafiltration
can be carried out using a variety of filtration devices. At small
scale, centrifugal filtration devices are a viable option. To pro-
cess small to medium volumes of vector stocks (up to 2 L)
stirred cell tanks are frequently employed. Moderate to large
volumes of viral vectors are typically concentrated by cross-flow
filtration using either flat-sheet cassette devices or hollow fibers.
Membrane fouling is the main problem faced during ultrafiltra-
tion since it causes the flow rate to decrease over time. To keep
process time within reasonable limits, it is often necessary to
restrict the volume reduction. Quantitative recovery of infec-
tious viral particles can be achieved using this concentration
technique provided appropriate selection of membrane pore
size and chemistry and adjustment of critical operating param-
eters (i.e. transmembrane pressure, flow rate, process time,
volume of feed /cm?) is performed. However, infectious particle
recoveries tend to be lower for semipurified stocks presumably
due to lack of protection provided by contaminating proteins
present in crude viral stocks or viral aggregation due to high
local concentrations of virus particles as proposed for adenovi-
ruses (16).
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6. Purification
Methods

6.1. Density Gradient
Ultracentrifugation

6.1.1. Equilibrium Density
Ultracentrifugation

Density gradient ultracentrifugation is the most widely used
method for isolation of virus particles in standard virology labo-
ratories. This technique separates virions from other contaminants
in solution based on differences in size, shape, and density.
Separation of viral particles occurs during their passage through a
density gradient enforced by centrifugation at very high speed.
Gradients are formed using a dense substance in solution. Caesium
chloride (CsCl) and sucrose are the most commonly used gradi-
ent forming substances for virus purification. Density gradient
ultracentrifugation may be carried out in continuous or discon-
tinuous gradients. In general, two or three purification rounds are
required to achieve high levels of purity. The amount of impurities
is fairly reduced after the first round, which is often carried out
using discontinuous gradients. A continuous density gradient
ultracentrifugation often follows to achieve greater levels of purity.
Smaller tubes and a narrower density range (closer to the virus
buoyant density) are usually employed in the second and third
round to attain higher resolution and allow the collection of a
well-defined isolated virus band. In cases in which the virus band
is not visible (e.g. viruses produced at low yields), collection and
analyses of all gradient fractions will be necessary to locate the
fraction(s) with high viral activity. Purification of virus vectors by
density gradient ultracentrifugation can be accomplished using
two different centrifugation modes: equilibrium density or rate
zonal ultracentrifugation.

Equilibrium density ultracentrifugation, also known as isopycnic
or buoyant density ultracentrifugation, is the most commonly used
method for separation of viruses. Using this technique, viral par-
ticles are separated according to their buoyant density. A dense
solution is layered into the ultracentrifugation tube in such a way
that a density gradient is formed, the solution being denser towards
the bottom of the tube. The virus stock is usually placed on the top
of the continuous gradient and the tube is centrifuged at a very
high speed until the virus particles reach a point where the density
of the gradient is equal to their buoyant density (equilibrium).
Alternatively, the gradient is formed during ultracentrifugation
using a self-generating gradient medium such as CsCl, iodixanol,
or Nycodenz®. In this case, the virus stock is homogeneously dis-
tributed with a medium solution of uniform density and placed on
the centrifugation tube. When subjected to a strong centrifugal
force, virus particles and contaminants will sediment (or float)
until they reach equilibrium. The efficacy of the separation is not
limited by the size of the sample, since regardless of their starting
position in the gradient, all particles of the same density will band
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at the same position. However, because centrifugation must be
carried out for a time that is sufficient to allow all the particles in
the sample to reach equilibrium, the method is usually very time
consuming.

The buoyant density of viruses ranges between 1.1 and
1.4 g/cm?® (Fig. 1). While these densities differ notably from that
of contaminating nucleic acids (RNA 2.0 g/cm?® and DNA
1.7 g/cm?), they may overlap with that of soluble proteins (1.3 g/
cm?®) and some cellular organelles (1.1-1.6 g/cm?) (17), which
may copurify with the virus by equilibrium density. In contrast to
the latter technique that is independent of particle size, rate zonal
ultracentrifugation, also called sedimentation velocity centrifuga-
tion, separates virus particles based on their size and density. In
rate zonal ultracentrifugation, the virus stock is placed on top of
a continuous density gradient as a thin layer. During ultracen-
trifugation, the particles move through the gradient solution due
to their greater density, but at a velocity that is also dependent on
their size. Ultracentrifugation must be stopped before the viral
particles reach the bottom of the tube or reach equilibrium.
Therefore, the process is typically shorter than equilibrium den-
sity ultracentrifugation. However, for optimal resolution, it is
crucial to layer the sample as a narrow band over a continuous
density gradient. Thus, sample volume is usually restricted to 10%
of the total gradient volume. Sample concentration prior to ultra-
centrifugation may be required. This powerful separation tech-
nique is underutilized for the purification of viral vectors
considering that viruses have a unique size compared to most cel-
lular macromolecules.

Although density gradient ultracentrifugation is extremely
helpful for production of small scale viral lots, this purification
method is associated with several practical disadvantages that com-
plicates its use at the manufacturing scale. The preparation of
density gradients is labor-intensive, time-consuming, and requires
technical expertise. In addition, the quality of final vector prepara-
tions is variable. Furthermore, the viscous and hyperosmotic nature
of commonly used density gradient generating agents (sucrose and
CsCl) along with the high shear forces generated in the ultracen-
trifugation force field can cause disruption of virus particles and
thus, loss of virus activity particularly when dealing with labile
virus particles such as retroviruses. Other gradient media including
iodixanol, Percoll®, and Nycodenz® have been successfully
employed for virus purification. Iodixanol is less viscous than CsCl
and sucrose and can form iso-osmotic solutions that help preserve
virus particle integrity and functionality. In addition, this gradient
medium has a much lower toxicity compared to CsCl and allows
for direct in vitro or in vivo experimentation directly without prior
need of a dialysis or similar desalting steps. The main drawback of
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6.2. Chromatography

density gradient ultracentrifugation is the limited capacity of
commonly available laboratory centrifuges, and the very limited
number of large-scale systems based on this technology (18, 19).
Other disadvantages of this technology include long processing
times and potential to generate infectious aerosols. Even though
not ideal, ultracentrifugation is the only tool available to date
capable of separating viral vectors from contaminating closely
related contaminants (see Subheading 6.4).

Chromatography is the method of choice for selective fraction-
ation of bioproducts in the industrial setting since it overcomes
the bottlenecks of common laboratory scale techniques and meets
all regulatory requirements. This purification approach is easy to
scale-up allowing processing of large volumes of vector stocks in
a relatively short period of time. Chromatography-based separa-
tions are highly reproducible resulting in a consistent viral vector
product in consecutive runs. Modern chromatography systems
allow process automation further minimizing human contribu-
tion to overall process variation. In addition, the ability to conduct
viral vector purification in a closed system that can be sanitized
supports aseptic processing. Mild conditions are used to elute
viruses from the chromatography column /filter allowing mainte-
nance of the biological activity. In fact, vector yield and potency
resulting from chromatography-based purifications often exceeds
that obtained by conventional density gradient purification.
Chromatography purifies viral vectors based on the surface
properties of the viral particles (adsorptive chromatography) or
their size (SEC). In adsorptive chromatography, a clarified viral
stock is passed though a solid phase (microparticle, monolith, or
membrane) coated with functional groups that capture viral parti-
cles while the rest of the solution containing undesired impurities
passes through. Retained viral particles are then displaced from
the chromatography support using desorption agents and collected
in purified fractions. Chromatography adsorbers can also be
employed in flow-through mode or negative mode. Using this
mode of operation, contaminants bind the chromatography support
while the product of interest (virus) passes through the column
without binding the matrix and can be collected in the flow-
through fraction. In SEC, viral particles are separated from low
molecular weight contaminants during their passage through a
column packed with microporous particles without binding the
solid phase. Virions are excluded from the internal pores of the
microparticles due to their large size and elute in the void volume
of the column whereas most contaminants present in the virus
vector stock are retarded inside the column pores and elute later.
A number of chromatography techniques and supports have
been reported for purification of viral vectors. The techniques can be
broadly classified into ion-exchange chromatography (IEX), affinity
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chromatography (AC), hydrophobic interaction chromatography
(HIC), and size-exclusion chromatography (SEC) (Table 1). Process
development begins with the screening of candidate chromatogra-
phy supports under various conditions to identify those methods
resulting in the highest vector purities and yields. In general, at least
two chromatographic steps are required to attain the high levels of
purity required for in vivo applications. The best overall purification
results are obtained by selecting the steps with the greatest comple-
mentarity (orthogonal process design). This is usually achieved by
combining steps that are based on distinct separation principles (e.g.
one step based on virus charge and another on virus size or hydro-
phobicity). Purity levels obtained by chromatography are comparable
and sometimes higher than those obtained by ultracentrifugation.
Since many chromatographic elution buffers are not suitable for
in vivo administration, additional purification steps such as dialysis
or ultra/diafiltration may be necessary. The latter has the advantage
of simultaneously concentrating the final viral vector product.

Biomolecules differ from one another in their net surface charge.
For nucleic acids this charge is always negative due to the phos-
phate ions in their backbone structure, but for proteins and
viruses the charge will depend on the proportion of surface
charged amino acids at a particular pH. IEX exploits these ditfer-
ences to separate viruses from contaminating molecules present
in vector stocks. This powerful purification tool is widely used in
downstream processes since it is efficient and cost-effective
(Table 1). Positively charged virions will bind cation exchangers
carrying negatively charged ligands such as carboxymethyl (CM)
or sulfate (S) groups. In contrast, negatively charged viruses will
bind anion exchangers bearing positively charged ligands such as
diethylaminoethyl (DEAE) or quaternary ammonium (Q) groups.
Viruses are not only eluted from the ion exchangers by increasing
the ionic strength (salt concentration) of the buffer, but can also
be eluted by changing the pH. Hydroxyapatite chromatography
belongs to mixed mode ion-exchange techniques since the resins
bear both positively charged functional groups (calcium ions) and
negatively charged phosphate groups. Viruses at relatively high
salt concentrations can bind hydroxyapatite resins since elution is
accomplished using phosphate gradients, which may be advanta-
geous in certain cases (e.g. sample prepurified by IEX). While
defining the most suitable binding and elution strategy, one
should bear in mind the pH stability range and the susceptibility
of the different viral vectors to rapid changes in ionic strength as
these changes may result in conformational changes that can be
associated with loss of viral activity, aggregation, or disruption of
viral particles.

Anion exchange chromatography (AEX) is the most com-
monly used chromatography purification strategy for viral vectors.
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This is likely related to the fact that most viral vector particles possess
an isoeletric point below 7.4. In other words, they are negatively
charged at physiological pH. In fact, purification at pH~7.4 is
very common since viral vectors are stable under physiological
conditions, a prerequisite for gene therapy applications. AEX was
found useful for the purification of adenovirus, AAV, y-retrovirus,
lentivirus, and baculovirus vectors (Table 1). In most cases, AEX
is used as a first capture chromatography step. Because viral par-
ticles are large macromolecules and contain multiple binding
sites, they tend to exhibit enhanced binding strength to anion
exchangers compared with most contaminating proteins including
host cell contaminants as well as free viral components. Therefore,
virus loading and binding can usually be carried out at relatively
high ionic strength enhancing the selectivity and capacity of the
chromatography support. However, nucleic acids often display a
similar or higher affinity for AEX supports and can still compete
with the vectors for AEX binding sites and often coelute with the
vector. Consequently, further purification steps may be required
to eliminate similarly charged contaminants including nucleic
acids and also salt used for elution.

Some virus particles such as AAVs can withstand important
changes in pH without compromising their viral activity. In this
case, the net surface charge of the virions can be modified from
negative to positive (by adjusting the pH of the viral vector feed)
making their binding and separation by cation exchange chroma-
tography possible (Table 1). Hydroxyapatite chromatography
was also found useful for the purification of various viral vectors
(Table 1). These resins offer an alternative purification approach
with distinct selectivity and often result in high vector yields as
shown for AAV-2 and Ad5 vectors.

Affinity chromatography separates biomolecules based on a highly
specific interaction between a target molecule and a ligand coupled
to a chromatography support. Hydrogen bonds, van der Waals
forces, electrostatic and hydrophobic interactions can all contrib-
ute to binding. Elution of the viral particles from affinity supports
is accomplished by reversing the interaction, either specifically
using a competitive ligand, or nonspecifically, by changing the
pH or ionic strength in the elution buffer. Due to its exception-
ally high selectivity and efficiency, affinity chromatography offers
the potential to separate viruses in a single step saving process
time and usually allowing high recoveries of viral particles com-
pared to multistep purification processes. In addition, adsorbent
binding capacities and concentration effects are generally very high.

Affinity chromatography is the second most widely used chro-
matography purification method for viral gene therapy vectors
(Table 1). The most selective affinity chromatography technique
is immunoafhinity chromatography, which relies on the specific
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interaction between immobilized antibodies and surface viral
antigens. This technique was used for the separation of assembled
AAV2 vector particles from unassembled capsid proteins using a
selective monoclonal antibody (47) as well as the purification of
both AAV1 and AAV2 produced in insect cells using the com-
mercially available AVB Sepharose High Performance resin (GE
Healthcare) (46). A drawback of immunoaffinity chromatogra-
phy is that it usually requires stringent elution conditions to break
the strong antibody—antigen interactions including low pH, high
salt, or the use of denaturing agents. This precludes its application
for the purification of labile viral particles. A viable option would
be to use immunoaffinity chromatography in negative mode for
the specific adsorption of contaminants that may be difficult to
eliminate using other purification approaches. For instance, this
technique could separate retrovirus particles from cell membrane
vesicles provided that a surface protein was found to be exclu-
sively incorporated into the vesicles but not the virions as shown
for wild-type HIV-1 (71, 72). In any case, the high costs associ-
ated with antibody purification/immobilization and the low
stability of these ligands to sanitizing agents make them unat-
tractive for large-scale processes (73).

A biospecific interaction frequently exploited for the purifica-
tion of viruses is that between a matrix-bound receptor and a viral
surface ligand (Table 1). Ubiquitously expressed heparan sulfate
proteoglycans are widely utilized by viruses as cell attachment
receptors. Viruses known to interact with such receptors can often
be purified by heparin (a receptor analog) and /or cellufine sulfate
affinity chromatography. Heparin, an inexpensive generic affinity
ligand, captures many different types of viruses including AAV2,
y-retrovirus, lentivirus, HSV, and vaccinia (Table 1) (74). Cellufine
sulfate affinity chromatography has also been employed for the
successful purification of AAV2 and vaccinia viral vectors (Table 1).
A further demonstration of the utility of matrix-bound receptors
for the purification of viruses was provided by Auricchio et al. (56),
who isolated AAV5 vectors by a single-step affinity chromatogra-
phy using a mucin column. The rationale behind this approach is
that widely distributed sialic acids assist AAV5, among other
viruses, to enter target cells and mucin is a sialic acid-rich protein.

Alternatively, viral vector particles can be engineered to dis-
play affinity tags on their surface in order to facilitate their purifi-
cation by affinity chromatography. Hexahistidine affinity tags
(His,), frequently used for the purification of recombinant pro-
teins by immobilized metal affinity chromatography (IMAC),
have been inserted into the surface of many viral vectors. His,-
tagged viruses show high affinity for immobilized nickel ions and
can be purified by Ni-IMAC (Table 1). In addition, HSV-1 vectors
bearing a cobalt affinity peptide (HAT) have been generated and
successfully purified by Co-IMAC. Interestingly, Ad5 vectors
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6.2.3. Hydrophobic
Interaction and Reversed-
Phase Chromatography

possess a natural affinity for zinc ligands and can be purified by
Zn-IMAC with no need for vector engineering. Viral particles
can also be purified by exploiting the specific interaction between
biotin and avidin (Table 1). In this case, viral particles first need
to be biotinylated, either chemically or metabolically. Chemical
biotinylation of y-retrovirus particles was accomplished by expos-
ing producer cells to a biotinylation reagent during the vector
production process. In order to metabolically biotinylate viral
particles and generate covalently biotinylated virions, a viral surface
structural protein must be genetically fused to a biotin acceptor
peptide (BAP). A common disadvantage to all vector tagging
methods, is that modifying the viral surface structure by inserting
tags without reducing or eliminating the virus ability to transduce
cells may be a challenging task.

HIC and reversed-phase chromatography (RPC) separate biomol-
ecules based on the differences in their surface hydrophobicity.
HIC is widely used in preparative protein purification schemes
usually complementing other chromatography methods that sep-
arate based on charge, size, or bioaffinity. This method has found
only modest use for the purification of viral vectors (Table 1).
Binding of viral particles to HIC supports is promoted in the
presence of moderately high salt concentrations that enhance
hydrophobic interactions between the virus surface and the chro-
matography ligands. Bound virions are typically displaced from
hydrophobic supports by gradually lowering the salt concentra-
tion in the elution buffer. The use of HIC has been described for
AAV and Ad vectors, both in normal and negative modes
(Table 1). Low infective recoveries were obtained for Ad5 parti-
cles in normal bind-and-elute mode (5-30%). This was attributed
to a possible viral particle disruption at the high salt concentra-
tions (1.5 M [NH, ],SO,) used to load the virus into the column
(20). Another likely explanation is that the virus aggregated inside
the column as these concentrations of [NH, |,SO, have been used
for virus concentration by precipitation as reported in previous
work (13).

On the other hand, due to its outstanding high resolution,
RPC is primarily used as an analytical technique for the analysis of
disrupted viral particles (structural viral proteins) and for purity
checking. RPC has also been employed for preparative purifica-
tion of Ad5 particles, but only in negative mode in order to pre-
serve viral particle integrity (Table 1). While based on the same
separation principle, RPC differs from HIC in that the surface of
a RPC support is more hydrophobic leading to stronger interac-
tions. Therefore, elution of tightly bound biomolecules from
RPC supports requires the use of organic solvents that can dena-
ture proteins. In contrast, HIC separations can be entirely conducted
in aqueous solutions.
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6.2.4. Size Exclusion
Chromatography

6.3. Chromatography
Supports

SEC, also known as gel filtration chromatography, is a universal
purification method for viruses since it takes advantage of the
large size of viral particles compared to most contaminating
biomolecules. This technique has been widely used for the purifi-
cation of viral vectors (Table 1), mainly as a final polishing step in
multistep purification processes. Importantly, SEC allows simul-
taneous desalting and buffer exchange. Because no virus binding
occurs during the chromatography run and no change in the buf-
fer composition is necessary for virus elution, SEC is a gentle and
straightforward approach for viral vector purification. Careful
selection of the chromatography media is required since resins
with pore sizes in the range of the virus size may lead to virus
entrapment inside the pores and consequently, low vector yields
(1, 20). Using suitable chromatography supports, high recoveries
of active viral particles can be reproducibly obtained.

A few practical disadvantages are associated with the use of
SEC for virus purification. Inherent to its nonadsorptive nature,
the main limitation of this technique is a low loading capacity
(<10% column volume for best peak resolution) that often limits
the scalability of the process. If large volumes of vector stock need
to be processed, concentration of the starting material by preced-
ing ultrafiltration could be useful. However, the concentration of
semipurified high titer vector stocks may result in important loses
of vector yield due to virus aggregation (16). Moreover, high
resolution SEC separations are carried out at low linear flow rates
(~15 cm/h) with long columns, which increases process time and
typically results in product dilution of two- to fourfold. On the
other hand, it is difficult to separate virus particles from high
molecular weight contaminants (e.g. proteoglycans or genomic
DNA) that, if present at this stage, would coelute with the virus
in the void volume of the column. Alternatively, SEC can be oper-
ated in group separation mode at the initial steps of a purification
process. This mode of operation has been successfully employed
for initial fractionation of plasmid DNA (75) and influenza virus
(76). The main advantage of this strategy is that feed volumes of
up to 30% of the column volume can be loaded in each run (77).
In this mode, separations are faster as linear flow rates can be as
high as 80 cm/h and bed heightsaslowas 25 cm (75). Additionally,
(a) no significant product dilution occurs and yields are consis-
tently high, and (b) the buffer can be exchanged to condition the
feed for a subsequent chromatography step.

Most currently available chromatographic matrices were designed
to maximize the adsorption of proteins rather than viruses.
Consideration of the pore dimensions of conventional micropo-
rous chromatography adsorbents (typically 30-80 nm) suggests
that adsorption of viruses will be restricted to the bead surface
area alone whereas most contaminating proteins will have access
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to the area inside the pores as well (Fig. 4a). Moreover, large
nanoparticles such as viruses and plasmid DNA diffuse more
slowly than competing proteinsin solution (75,78). Consequently,
both the available virus binding capacity and purification efficiency
are compromised using these classical chromatography supports.

Binding capacity is an important variable because it deter-
mines the throughput and concentrating potential of a chroma-
tography resin. It can be expressed as static capacity or dynamic
capacity. Dynamic capacity values are more useful in predicting
real process performance since they are carried out under actual
flow conditions. The best case scenario is to determine dynamic
binding capacities by pumping the actual sample (containing con-
taminants) into the column as opposed to a purified sample, since
the latter approach will result in overestimated values. Reported
binding capacity values for viral vectors (10''-10"? viral particles
per mL of resin) (1) seem to be in line with those reported for
plasmid DNA that are usually in the order of hundreds of micro-
grams of plasmid per mL of chromatographic support in contrast
with those commonly obtained for proteins that are in the range
of tens to hundreds of milligrams per mL of chromatographic
support (79). One way to increase the outer surface area available
for virus binding is to decrease bead size since these two param-
eters inversely correlate. However, small beads generate high col-
umn back pressure, which limits the flow rate that can be applied
and the bead size that can be used.

Advanced chromatography technologies tailored to improve
binding capacities of large particles are rapidly being adopted for
virus purification. Among them, tentacle supports, membrane
adsorbents, and macroporous monoliths have been tested for the
purification of viral vectors (Table 1). Tentacle supports possess
sterically accessible ligands available for virus capture (Fig. 4b).
The ligands are attached to an inert and flexible spacer arm that
separates them from the bead. Therefore, tentacle ligands can
access otherwise sterically hindered binding sites and compensate
in part for the loss of surface area inside the pores. In addition,
since they are no longer exclusively on the surface of the chro-
matographic bead, larger amounts of ligand are available for
binding (80). Tentacle matrices distributed under the trade name
Fractogel® (Merck) have been employed for the purification of
various viral vectors including AAV-2, Ad5, y-retrovirus, and len-
tivirus vectors (Table 1).

More recently, membranes and monoliths are gaining particular
interest as alternatives to traditional microporous column packing
resins. Owing to their different architecture, mass transport
though the pores/channels takes place mainly by convection
overcoming virus particle diffusion issues encountered with tradi-
tional chromatography supports. This permits the use of higher
flow rates at lower pressure drops, which in turn results in higher
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Fig. 4. Chromatographic technologies. Depiction of chromatography phases available for the purification of virus particles.
(@) Column packed with conventional porous microparticles, (b) column packed with tentacle porous microparticles,
(c) chromatography membrane device containing several layers of adsorptive membrane, (d) monolithic column containing
a polymer-based monolith with an uninterrupted, interconnected network of channels.

process productivities. In addition, virus particles have access to
the majority of ligands on the adsorber surface, which typically
results in increased binding capacities. A further advantage of
these modern chromatography technologies is that they do not
require packing, thus eliminating packing labor, variation, valida-
tion, and risks associated with accidental introduction of air.
Membrane chromatography devices are offered by two major
suppliers under the commercial name of Mustang® (Pall) and
Sartobind® (Sartorius). They consist of multilayer porous mem-
brane assemblies housed within a capsule. Functional ligands are
attached to the membrane surface (Fig. 4c). A wide range of surface
chemistries, porous sizes, and formats for different processing
scales are available. An additional advantage of membrane chro-
matography is disposability. Single use membrane adsorbers
minimize process validation efforts, time and cost facilitating
technology transfer to cGMP operations. The main disadvantage
associated with membrane chromatography is the large dead
volume of the filter units resulting in peak broadening and
decreased separation efficiency. Membrane adsorbers have been
used for the purification of AAV, Ad5, baculovirus, lentivirus, and
vaccinia vectors showing excellent results (Table 1). Monoliths
are continuous beds consisting of a single piece of highly porous
solid material, characterized by an uninterrupted, interconnecting
network of channels (Fig. 4d). Although only a few viral vector
purification studies have been reported so far, monolithic columns
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offer similar benefits regarding flow rates and capacities as
membrane technologies (Table 1). In addition, higher resolution
and concentration factors can be attained since, in monolithic
columns, the void volume can be decreased to a minimum.
Monolithic columns are polymerized directly in a column and can
be prepared and derivatized with traditional chromatography
ligands in the laboratory using relatively straightforward tech-
niques. Commercial monolithic supports are provided by Dionex
(SwiftPro®) (analytical columns), Bio-Rad (UNO™) (analytical
and laboratory scale preparative columns), and Bia Separations
(CIM®, Convective Interaction Media) (analytical, laboratory,
and industrial scale preparative columns).

The main challenge facing researchers working in downstream
processing of viral vectors is how to separate the functional viral
particles from contaminating closely related viral species such as
inactive vector forms (empty capsids), helper viruses, and cell
membrane vesicles. Given the structural surface similarity they
share with viral vectors, these contaminants pose a serious challenge
since they are difficult and sometimes impossible to separate using
currently described purification procedures. Minimizing their
levels at the production stage is very important, but often not
enough to guarantee vector safety.

Levels of contamination with inactive vector forms (including
empty viral capsids) vary depending on the specific vector being
considered and its production system. Empty capsids are nearly
undistinguishable from viral vectors, but they lack the vector
genome or contain very little nucleic acid and therefore are inactive.
However, they still contribute to the total particle mass and the acute
immune response directed against the vector in vivo. Therefore,
regulatory authorities have set limits of total-to-infective particle
ratios for specific viral vectors types. In the case of Ad vectors,
FDA recommends a maximum ratio of 30:1 (81). Separation of
empty Ad particles by equilibrium density ultracentrifugation is
possible given the significant difference between the buoyant
densities of empty and full viral capsids. In contrast, the potential
for clearance of empty Ad particles by chromatography remains
controversial (21-23). Unlike Ad vectors, the separation of empty
and complete AAV particles using a refined column AEX chroma-
tography method has been demonstrated at the lab scale (26, 28)
and recently by using membrane based IEX chromatography(82).
Although technically challenging, the development of compara-
ble methods for efficient removal of empty capsids from other
vector preparations may be possible. Elimination of other inactive
vector forms, such as damaged or denatured vector particles, is
still rarely reported or discussed in the literature.

A number of vector production systems utilize helper
viruses to support viral vector production. Examples include
the generation of AAV and helper-dependent Ad vectors using
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helper adenoviruses, and AAV and lentiviral vectors using
recombinant baculoviruses. Chromatography separation of
helper viruses from a different species than the viral vector is
possible given the differences in chemical and physical proper-
ties between the various viruses. In contrast, no reports
concerning the separation of helper adenovirus from helper-
dependent Ad preparations by chromatography have been pub-
lished and achieving such chromatographic separation seems
unlikely. In this case, the only difference between both types of
particles might be represented by merely a few kilobases of
DNA between their genomes. By designing helper-dependent
Ad and helper Ad virus constructs having a significantly differ-
ent genome size (and thus, different buoyant densities), separation
can be accomplished by equilibrium density ultracentrifugation
(83, 84).

Other closely related species that are generated during retro-
viral vector production and may prove difficult to separate are cell
membrane vesicles. Purified retrovirus preparations obtained by
equilibrium density ultracentrifugation were described to contain
variable amounts of cell membrane vesicles. These are released by
producer cells and have a density similar to that of the virus
(85, 86). Complete removal of contaminating cell membrane
vesicles is difficult to accomplish since these particles show
important similarities in morphology, composition, and physical
characteristics with the virions. However, since these vesicles show
a wider range of size (50-500 nm) than viruses, higher levels of
purification can be attained by rate zonal ultracentrifugation.
The use of this strategy resulted in highly purified y-retrovirus
preparations with no evident contamination with cell membrane
vesicles (87). Another possible way to remove these cellular vesi-
cles is to employ immunoaffinity chromatography as previously
mentioned (Subheading 6.2.2) (71, 72).

In order to facilitate the use of ultracentrifugation in a large-
scale purification protocol, a possibility would be to combine
chromatography and ultracentrifugation. It would be tempting,
for instance, to introduce ultracentrifugation as a final polishing
step to allow removal of closely related contaminating species at
the end of a standard chromatography process when the volume
of viral stock is easier to handle.
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Chapter 5

Methods to Construct Recombinant Adenovirus Vectors

Miguel Chillon and Ramon Alemany

Abstract

The most efficient system to introduce genes of interest within the adenovirus genome is by homologous
recombination in microorganisms. In this chapter, the most popular procedures are described: two for
homologous recombination in Escherichia coli, and one in yeast. Main differences between procedures
are found in the plasmids needed as well as in the selection system used to rapidly identify newly gener-
ated recombinant adenovirus. The adenovirus genomes are then analyzed to confirm their identity and
integrity, and further linearized to generate a viral pre-stock in permissive human cells. Finally, as a previ-
ous step before its amplification at medium or large scale, the viral pre-stock must be analyzed to quantify
its potency and infectivity as well as to exclude the presence of unwanted replication competent
particles.

Key words: Adenovirus genome, Adenovirus construction, Cloning the gene of interest,
Homologous recombination

1. Introduction

Initially, recombinant adenoviruses were generated by direct ligation
of the gene of interest into the adenoviral genome. However,
direct ligation was technically difficult due to the large adenovirus
genome (36 kb), the lack of unique restriction sites for cloning,
and the low efficiency of large DNA fragment ligations. Further
developments led to a two-step strategy, where the gene of interest
was first cloned in a shuttle vector containing part of the adeno-
virus genome, and then transferred into the vector genome by
homologous recombination within an adenovirus packaging cell
line. Newly generated recombinants were selected by screening
individual plaques in permissive packaging cells (1). However,
this strategy needed to be improved due to the low efficiency of
homologous recombination, the need for repeated rounds of
plaque purification, and the long duration required for completion

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
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of'the viral production process. A third approach recently developed
takes advantage of the highly efficient homologous recombina-
tion process in microorganisms. In this approach, the gene of
interest still needs to be cloned into a shuttle plasmid. However,
identification of positive recombinants is facilitated by faster plas-
mid replication in microorganisms than in mammalian cells, and
simpler selection based on antibiotic-resistance markers.

Traditionally, generated adenoviruses were first-generation
vectors derived from human serotypes 2 (Ad2) and 5 (Ad5).
However, the following methods can also be used to generate
vectors derived from other adenovirus serotypes (2); generation
of chimeric vectors, which contain viral proteins from different
serotypes (3); generation of vectors other than the first genera-
tion vectors as oncolytic vectors (4) or helper and helper-depen-
dent adenovirus vectors (5); or even the generation of non-human
adenovirus (6). In all cases, the recombination procedures either
in BJ5183 bacteria or yeast can be applied directly, though for
each particular vector the researcher must use specific plasmids
and /or specific permissive cell lines.

Cloning the gene of interest within the adenovirus genome
by homologous recombination and further amplification in per-
missive HEK-293 cells may lead to rearrangements and instability
of the viral genome. Therefore, it is highly recommended to ana-
lyze the recombinant adenovirus genome (both at the genetic
and the functional level), before starting large-scale amplification
of the vector. At the genetic level, adenovirus genomes should be
digested by a large battery of restriction enzymes and the pres-
ence of the gene of interest should be confirmed by PCR (sequenc-
ing is also recommended). At a functional level, tests detecting
the production of new viral proteins such as the anti-hexon anti-
body staining method, or the IC50 assays, should be used to con-
firm infectivity of the vectors produced, as well as to exclude the
presence of replication competent adenovirus.

2. Materials

2.1. Adenovirus
Construction

by Homologous
Recombination in
Bacteria: Procedure |

1. LB Broth: 2.5 g of Miller’s LB in powder in 1 L of ddH,O.
Autoclave.

2. LB +Ampicillin: Add 100 mg of ampicillin to 1 L of LB Broth.

3. LB + Ampicillin plates: Add 15 g of agar to 1 L of LB Broth.
Autoclave. Cool down to 50°C and add 100 mg of ampicillin.
Poor on plates.

4. E. coli strain BJ5183 (endA, sbcB-, recBC, strl).
. E. coli strains TOP10, DH50 or similar.
. 0.8% (wt/vol) agarose gel.

QN
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2.3. Adenovirus
Construction
by Homologous
Recombination
in Yeast
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. LB + Kanamycin: Add 60 mg of kanamycin to 1 L of LB Broth

(see previous protocol).

. LB + Kanamycin plates: Add 15 g of agar to 1 L of LB Broth.

Autoclave. Cool down to 50°C and add 60 mg of kanamycin.
Poor on plates.

. AdEasy kit (Stratagene #240009).

4. E. coli strains TOP10, DH5a or similar, and E. coli B]J5183.

. 0.8% (wt/vol) agarose gel.

Reagents (the basic component can be purchased at Sigma):

1.

Transformation mix: 240 uL of PEG (50%, wt/vol), 36 UL of
lithium acetate 1.0 M, 10 uL of Boiled SS-Carrier DNA
(10 mg/mL), 74 uL [(v)+(i)] DNA plus H,O (Milli-Q,
autoclaved).

. YPDA* (yeast extract/peptone/dextrose/adenine rich

medium): 5 g of Yeast extract, 10 g of Bacto-peptone. Add
ddH,O up to 450 mL. For YPDA** plates add 15 g of bacto
agar and autoclave for 20 min. Then, add 50 mL of glucose
20%; 20 mL of adenine 0.5% (previously filtered through a
22 um filter).

. SC (basic medium): 3.35 g YNB [yeast nitrogen base without

AA, with ammonium sulfate (Difco)]. Add ddH,O up to
400 mL. For SC plates add 15 g of bacto agar and autoclave
for 20 min. Then, add 50 mL of glucose 20% and 50 mL of
10x AA solution (URA- or LEU-, or URA/LEU-).

. 10x AA Solution: 5.7 g of BSM—His-Leu-Try-Ura+0.5 g

Leucine (do not add for LEU-), 0.2 g tryptophan, 0.1 g his-
tidine, and 0.1 g uracil (do not add for URA-). Add ddH,O
up to 500 mL and autoclave for 15 min. Store at 4°C.

. SC plates with FOA (5-Fluoroorotic acid):

(a) In a beaker, mix: 0.63 g of BSM-His-Leu—Try—Ura,
0.04 g of uracil (plasmids that grow in FOA plates must
have lost the Ura gene), 0.02 g of Tryp, 0.01 g of His,
0.05 g of Leucine (do not add if the plasmid has CAL),
0.5 g of FOA, 3.5 g of YNB [yeast nitrogen base without
AA, with ammonium sulfate (Difco)], 10 g of glucose/
dextrose. Add ddH,O up to 250 mL. Stir and heat on a
stir plate to dissolve powders. Try to keep temperature
below 45°C. It may take a while to dissolve the 5-FOA.
Filter-sterilize when dissolved and keep the solution
warm.

(b) In another flask: Add 10 g of bacto agar plus 250 mL of
ddH,O. Autoclave. Add the filtered mixture (a) and mix
thoroughly. Pour in plates (protect from light).
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2.4. Generation
of Viral Pre-stocks

2.5. Purification
of Viral Pre-stocks
by Banding on CsCl

2.6. Genome Identity

2.7. Titration Viral
Stocks Using Anti-Ad/
Hexon Staining

6.

Lithium acetate (1.0 M): Dissolve 5.1 g of lithium acetate
dihydrate (Sigma) in 50 mL of H,O, sterilize by autoclaving,
and store at room temperature.

. Polyethylene glycol 3350 (50%, wt/vol): Dissolve 50 g of

PEG 3350 (Sigma) in 30 mL of H,O in a 150-mL beaker on
a stirring hot plate. Cool down the solution to room tem-
perature; fill volume up to 100 mL, mix thoroughly by inver-
sion and autoclave. Store, securely capped, at room
temperature. Evaporation of water from the solution will
increase the concentration of PEG and severely reduce the
yield of transformants.

. Dulbecco’s modified eagle’s medium (DMEM) (Gibco/

BRL) supplemented with 10% or 1% fetal bovine serum (FBS,
Hyclone).

2. Pac I restriction enzyme (New England Biolabs).

. HEK-293 cells or other adenovirus packaging cell lines.

. Ultracentrifuge: Beckman Coulter Optima L90K o L100XP

and rotor SW40Ti (Beckman Coulter). Polyallomer centri-
fuge tubes for SW40 rotor (Beckman Coulter ref. 331374).

2. CsCl solutions: 1.4, 1.34, and 1.25 g/mL in PBS 1x.

. 18-G needles, 2-mL syringes, pipette-aid, and 5 mL

pipettes.

. Amersham /Pharmacia PD-10 columns Sephadex G-25 (ref.

17-0851-01).

. PBS 1x Ca**/Mg*™ (Gibco ref. 14080-048), Glycerol, anhy-

dride (Fluka ref. 49769).

. DNase mix: 1 uLL of RNase-free DNase (10 U/uL; Roche),

154 pL of nuclease-free water, 18 uL. of 10x DNase digestion
buffer (500 mM Tris-HCI, 100 mM MgCl, at pH 7.6).

. Proteinase K mix: 20 uL of 10x Proteinase K buffer (100 mM

Tris-HCI, 100 mM EDTA, and 2.5% SDS at pH 8), 5 uL of
Proteinase K(20 mg,/mL; Roche Applied Science, Mannheim,
Germany).

. 0.8% (wt/vol) agarose gel.

. Dulbecco’s modified eagle’s medium (DMEM) (Gibco/

BRL) supplemented with 5% FBS (Hyclone).

. Primary antibody anti-hexon 2Hx-2 from ATCC or similar

antibodies.

. FITC or Alexa488-conjugated secondary antibody.
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1. Dulbecco’s modified eagle’s medium (DMEM) (Gibco/

for Virus 150 BRL) supplemented with 0.5% FBS (Hyclone).

Determination 2. BCA protein staining (Pierce ref. 23225): Mix 1 part of reac-
tive A in 50 parts of reactive B and vortex the solution. This
solution can be stored for 24 h if it is required.

3. Methods

3.1. Adenovirus
Construction

by Homologous
Recombination in
Bacteria: Procedure |

Cloning the genes of interest by homologous recombination in
bacteria or yeast is based on a two-step system. In the first step, the
gene of interest is cloned into a shuttle vector using adequate
restriction enzymes and ligation. The shuttle plasmid contains two
fragments of adenovirus sequence (usually 4-5 kb from the 5’ end)
flanking the multicloning site. After confirming its presence and
orientation by restriction digestion analysis and /or sequence analy-
sis, the second step consists of introducing the gene of interest into
the adenovirus genome by homologous recombination between
the shuttle plasmid and a large backbone plasmid. This backbone
plasmid provides most of the adenovirus genome, but lacks essen-
tial genes (usually E1 genes) for virus propagation. Rapid detection
of positive recombinants is achieved by antibiotic selection and
restriction digestion analysis. The first method below describes the
procedure to generate recombinants in E. coli by selection with
only one antibiotic. The second method describes the commercial
system AdEasy, whose cloning plasmids contains resistance for two
different antibiotics. The third method describes how to generate
recombinant adenovirus efficiently in yeast.

In this protocol, the recombination between the shuttle plasmid
and the adenovirus genome is performed in the E. cols strain
BJ5183. Positive recombinants are selected by resistance to only
one antibiotic (see Fig. 1). Therefore, to avoid background from
undigested plasmids, complete digestions in steps 1 and 3 must
be ensured.

1. Linearize backbone plasmid (i.e. pKP1.4 (5, 7) or similar)
with a restriction enzyme cutting in the insertion site. In the
pKP1.4 plasmid, Swal site is located after the adenovirus pack-
aging signal and marks the insertion point of the gene of interest.
Digestion should be made in two steps: First, digest 3 ug of
plasmid with 10 U of Swal for 12-18 h. Then, add 10 U more
of Swal and digest six additional hours (see Note 1).

2. Check background by transforming BJ5183 bacteria with
100 ng of digested plasmid. After verification, store in aliquots
of 200 ng.
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Gene of
TR.5 Interest

AmpR
pShuttle Restriction enzyme
\ digestion

RE-I

RE-II

Ampr ITRS’
ITR-3'

Swal / pKP1.4

\
¥
BJ5183 .):(‘i’;’-—x:.
AmpR \ Pac | f
>

$lemmm—_§ Recombinant adenovirus genome

Fig. 1. Schematic outline of the homologous recombination in E. coli (procedure 1). The shuttle plasmid already contains
the gene of interest, which is flanked by the 5" ITR and packaging signal (y) in one end, and adenoviral sequences in the
other. The pKP1.4 backbone plasmid contains the adenovirus genome (except the E1 region). First, the pKP1.4 plasmid
is linearized by Swa |, and the shuttle plasmid is digested by one (RE-I) or two restriction enzymes (RE-Il) in the Amp?
gene. Both digested plasmids are co-transfected in BJ5183 bacteria for homologous recombination and only bacteria
carrying recombinant plasmids containing the adenoviral genome plus the gene of interest are viable in LB + AmpF# plates.
For production of the viral pre-stock, recombinant plasmids are digested with Pac | to liberate the vector genome.

. Digest 2 ug of the shuttle plasmid with one or two appropriate

restriction enzymes. Digest for 12-18 h using 2 U of each
restriction enzyme (see Note 2).

. Confirm complete digestion by agarose gel electrophoresis

(0.8%). Purity the DNA fragment containing the expression
cassette by GENECLEAN® or a similar method (see Note 3).

. Resuspend in sterile ddH,O and quantify the DNA by mea-

suring absorbance at 260 nm.

. Mix 50 ng of linearized pKP1.4 plasmid gently with different

amounts of the previously purified DNA fragment (see Note 4).
Start with the following molar ratios:

1:5 pKP:fragment (approximately 50 ng pKP:50 ng of frag-
ment) or

1:20 pKP:fragment (approximately 50 ng pKP:200 ng of
fragment)

. Transform competent BJ5183 E. coli strain, using either heat-

shock or electrocompetent standard procedures. Add 1 mL
of LB broth and incubate at 37°C for 1 h while shaking at
250 rpm (see Note 5).
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8. Culture 500 uL of co-transformed bacteria, in one 10-cm plate
of LB +ampicillin. Incubate overnight at 37°C (see Note 6).

9. Pick at least ten isolated small colonies. Inoculate each in
2 mL of LB +ampicillin. Incubate overnight at 37°C shaking
at 250 rpm (see Note 7).

10. Purify plasmid DNA with the conventional alkaline lysis proce-
dure (better than with commercial DNA minipreparation kits).
Resuspend DNA in 30 pL of Milli-Q H,O. Check by agarose
gel electrophoresis (0.8%). Store at —20°C (see Note 8).

11. Transform competent E. coli (strain TOP10, DH5a., or similar).
Culture in 1 mL of LB and incubate for 1 h at 37°C while
shaking at 250 rpm.

12. Culture 100 pL in one LB +ampicillin plate. Incubate over-
night at 37°C. Pick three or four colonies and inoculate 3 mL
of LB +ampicillin. Grow overnight at 37°C.

13. Purify plasmid DNA with the conventional alkaline lysis pro-
cedure and store at —20°C.

14. Identify positive recombinants and check their genomic
integrity by a battery of informative restriction enzymes (see

Subheading 3.6).

In this protocol, recombination between the shuttle plasmid and
the adenovirus genome is also performed in the E. coli strain
BJ5183. The main difference is that the plasmid used contains
resistance to two different antibiotics (8, 9). This strategy is fol-
lowed by the AdEasy™ Adenoviral Vector System (see Fig. 2).

1. Digest the 2 pg of shuttle plasmid with Pmel. Remove the
restriction enzyme and buffer, and treat with alkaline phos-
phatase for 30 min at 37°C. Pmel cuts within the flanking
adenoviral sequences. This is an important difference with
respect to the previous protocol.

2. Confirm complete digestion by agarose gel electrophoresis
and purify the linearized shuttle plasmid by GENECLEAN®
or similar method (see Note 3).

3. Resuspend in sterile ddH,O to a final concentration of
1 pg/pL.

4. Mix 100 ng of the plasmid containing the complete adenovi-
rus genome (pAdEasy-1 plasmid in AdEasy kit) and 1 pg of
the linearized shuttle plasmid (see Note 9).

5. Transform competent BJ5183 bacteria, using either heat-
shock or electrocompetent standard procedures. Add 1 mL
of LB broth and incubate at 37°C for 1 h while shaking at
250 rpm (see Note 5). As control use only linearized shuttle
plasmid.
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Gene of
TR-5 Interest

KanR

ITR-3' pShutlIe ‘mel digestion

AmpR
ITR-3'

pAdEasy-1

Kan®

¢lmmmm—_§ Recombinant adenovirus genome

Fig. 2. Schematic outline of the homologous recombination in E. coli (procedure ll). The shuttle plasmid already contains
the gene of interest, which is flanked by the 5’ ITR and packaging signal (‘) in one end, and adenoviral sequences plus
the 3' ITR in the other. The AdEasy-1 backbone plasmid contains the adenovirus genome (except for the 5’ ITR, ¥ and the
E1 region). First, the shuttle plasmid is digested with Pmel into the adenovirus sequence. Both plasmids are co-transfected
in BJ5183 bacteria for homologous recombination and only bacteria carrying recombinant plasmids containing the adeno-
viral genome plus the gene of interest are viable in LB +Kan* plates. For production of the viral pre-stock, recombinants
plasmids are digested with Pac | to liberate the vector genome.

7.

10.

11.

12.

Culture 100 and 500 uL of co-transformed bacteria, in two
10-cm plates of LB + Kanamycin. Incubate overnight at 37°C
(see Note 6).

. Select at least ten isolated small colonies. Inoculate in 2 mL

of LB + Kanamycin. Incubate overnight at 37°C by shaking at
250 rpm (see Note 7).

. Purify plasmid DNA with the conventional alkaline lysis pro-

cedure (better than with commercial DNA minipreparation
kits). Resuspend DNA in 50 pL of Milli-Q H,O. Check by
agarose gel electrophoresis. Store at -20°C.

Transform competent bacteria (strain TOP10, DH50 or similar)
using either heat-shock or electrocompetent standard proce-
dures, only with DNA from colonies with high molecular
weight DNA (see Note 8). Culture in 1 mL of LB and incu-
bate for 1 h at 37°C while shaking at 250 rpm.

Culture 100 pL in one LB + Kanamycin plate. Incubate over-
night at 37°C. Pick three or four colonies and inoculate 3 mL
of LB + Kanamycin. Grow overnight at 37°C.

Purity plasmid DNA with the conventional alkaline lysis pro-
cedure. Store at -20°C.
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13. Identify positive recombinants and check their genomic
integrity by a battery of informative restriction enzymes (see
Subheading 3.6).

Compared to bacteria, homologous recombination in yeast is
more efficient and need much shorter regions of homology
(40 bp). This makes yeast a more flexible and efficient system for
adenovirus construction. The method requires adapting adenovi-
rus genomic plasmids (i.e. pKP1.4 or pAdEasy-1) to grow in
yeast. This means that a centromere “CEN”, an autonomously
replicating sequence “ARS”, and a yeast selection gene (Ura o Leu)
has to be inserted in the backbone of such adenovirus plasmid.
This is quite straightforward as this sequence can be obtained by
PCR from a plasmid with Uracil or Leucine selectable genes (i.c.
pRS416 or pRS425, respectively, Stratagene). The Ura gene
allows the yeast to grow in media without uracil (URA-) and the
Leu gene to grow without Leucine (LEU-). We call this fragment
that confers yeast compatibility and selection, CAU or CAL (“C”
for centromere, A for autonomous replicating sequence and U or
L for URA or LEU). The primers used for this PCR contains
40 nt tails at their 5" ends that are homologous to the site tar-
geted in the adenovirus plasmid. In addition, the primer contains
20 nt at their 3’ end corresponding to the beginning and end of
the CAU or CAL fragment. The PCR product will contain the
CAU or CAL with 40-bp flanking regions homologous to the site
to be targeted. As the only plasmid that can grow in yeast is the
recombination product, it is not necessary to open or linearize
the adenovirus genomic plasmid for the recombination. However,
if a site with a unique enzyme that does not destroy an essential
sequence in the adenovirus genomic plasmid is available then,
such a site should be targeted. That is, the 40-bp flanking regions
of the CAU or CAL fragments should fall upstream and down-
stream of this site. Then linearization of the adenovirus genomic
plasmid with this unique enzyme increases the rate of homolo-
gous recombination.

Once the pAd-CAU or CAL is ready, the modification of this
plasmid to generate recombinant adenoviruses follows two gen-
eral strategies depending on the availability of restriction sites:
cut-repair or URA-positive-negative selection. When a restriction
site is unique (or partial digestion using a two-cutter) the pAd-
CAU or pAd-CAL plasmid (“vector”) can be linearized and a
fragment of DNA (“insert”) with a minimum of 40 bp homology
at both sides of the cut can be used to circularize the plasmid and
obtain the recombinant with the insert. If no restriction sites exist
at the position to be modified, the pAd-CAL genomic plasmid
can be used to insert URA without the need to cut it. URA is
amplified from pRS416 using primers with 40 nt sequences that
flank the desired position in the pAd-CAL plasmid and recombinants
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Fig. 3. Main steps involved in the generation of recombinant adenoviruses using homologous recombination in yeast. CAL
(Centromere-Autonomously Replicating Sequences — Leucine gene) renders a bacterial plasmid competent for yeast
growth. The adenovirus genomic plasmid with CAL can be used to insert a DNA of interest either via cut-repair when a
unique restriction site is available at the targeted site (a) or via positive—negative selection with the URA3 gene (h).

3.3.1. Preparation
of the Insert

are selected using Uracil and Leucine deficient plates (positive
selection of CAU). Then the URA gene is replaced by the desired
insert without the need of any restriction using a negative selec-
tion against URA-containing plasmids using FOA plates.
Alternatively to the negative selection step, the URA gene can
be flanked by unique restriction sites and cut it after the positive
selection to proceed as in a cut-repair protocol (see Fig. 3). Once
yeast colonies are obtained by cut-repair or URA-positive-negative
selection, the DNA from the yeast plasmid (low copy) is isolated
and transferred to bacteria (high copy) in order to analyze it.
A similar system has been published by Hokanson et al. (10).

There are different types of inserts: the CAU or CAL to adapt a
regular bacterial plasmid to grow in yeast, the URA insert to use
positive—negative selection, and a regular DNA insert obtained by
restriction or PCR to repair (re-circularize) a linearized yeast plasmid.
The common requirement is that the 5’ and 3’ ends (a minimum
ot 40 bp) of the insert are homologous to a region in the receptor
vector that will be replaced.

1. Primer design: Oligos to amplify CAU (CAL uses the same
oligos but pRS425 instead of PRS416): Forward: 40 bp
homology upstream of targeted site+ ACCTGGGTCCT
TTTCATCAC. Reverse: 40 bp homology downstream of
targeted site (reverse orientation)+ CATCTGTGCGGTAT
TTCACA.
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Oligos to amplify URA (from pRS416): Forward: 40 bp
homology upstream of targeted site+ TCAATTCATCA
TTTTT. Reverse: 40 bp homology downstream of targeted
site (reverse orientation) + GTAATAACTGATATAA.

2. PCR mix: 0.5 pL template DNA (20 ng) (e.g. pRS416);
25 plb Ex-Taq 2x; 1 pL oligo F (20 uM); 1 uL oligo R
(20 uM); and 22.5 pL Milli-Q-autoclaved H,O.

3. PCR program (PCR fragment 1 kb): 1 min at 95°C/30x (30 s
at 95°C — 30 s at 55°C — 2 min 30 s at 72°C) /5 min at 72°C.

4. After the PCR, digest the template plasmid by adding 10 U
of Dpnl (only cuts the methylated DNA template, not the
PCR product) to the PCR tube and incubating for 2 h at
37°C. Then, use phenol-chloroform extraction and clean
with gel purification, ethanol precipitation, and resuspend in

ddH,0.

Protocols for yeast transformation have been adapted from Gietz
and Woods (10).
Day 1

1. In a 50-mL falcon, inoculate 5 mL of YPDA** (Yeast extract/

Peptone /Dextrose /Adenine rich medium) with one colony
of yeast or 10 pL of yeast glycerol stock (strain YPH857).

2. Incubate O/N at 30°C shaking at 200 rpm.

3. Place a bottle of YPDA* and a 250-mL culture flask in the
incubator as well.

Day 2
1. Dilute 1/10 in YPDA* to measure OD,, (use YPDA"" as
blank, 1 OD, =1.5x107 cells/mL). Calculate dilution to

prepare 50 mL of pre-warmed YPDA* at OD,,=0.15 (0.15
OD_ , =2.25x106 cells/mL).

600
2. Incubate the flask on a rotary shaker at 30°C and 200 rpm
until exponential growth is achieved (OD,,=0.4-0.9,
approximately 5 h).

3. Transfer the 50 mL to a falcon tube and spin at 3,000 x4 for
5 min at room temperature.

4. Decant supernatant and wash the pellet with 25 mL ddH,O.
Spin again (2,000 rpm, 5 min).

5. Decant supernatant and resuspend the cells in 1 mL of
ddH,0.

6. Boil salmon sperm or Herring DNA (10 mg/mL) in a boiling
water bath (use 10 uL for each transformation) for 5 min and
then keep on ice while harvesting the cells.
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3.3.3. Yeast Plasmid
Extraction After Yeast
Transformation

10.
11.

12.
13.

14.

15.

16.

o NN O\ Ul

. Transfer the yeast suspension to an Eppendorf, centrifuge for

30 s at 5,000 x4 in a microfuge, and discard the supernatant.

. Add ddH, O to a final volume of 1 mL and vortex-mix vigor-

ously to resuspend the cells.

. Pipette 100 pL of samples (10® cells) into 1.5-mL microfuge

tubes, one for each transformation, centrifuge at 5,000 rpm
at room temperature for 30 s, and remove the supernatant.

Make up the transformation mix (see Note 10).

Add 360 pL of transformation mix to each transformation tube
and resuspend the cells by vortex mixing vigorously.

Incubate the tubes in a 42°C water bath for 40 min.

Microcentrifuge at 5,000 rpm at room temperature for 30 s
and remove the supernatant with the micropipette.

Pipette 1.0 mL of H,O (Milli-Q, autoclaved) into each tube,
stir the pellet with a micropipette tip and vortex vigorously.

Plate appropriate dilutions of the cell suspension onto
SC-URA or SC-LEU plates (see Subheading 2.3). Spread
gently (few movements). Use plates without URA or LEU or
both according to the presence of URA, LEU, or both genes,
respectively, in the vector or the insert.

Incubate at 30°C for 2-3 days until yeast colonies appear.
There should be more colonies in the plates with (v)+ (i),
than in the (v) and (i)-alone controls.

. Seed 2 mL of liquid SC-URA (or SC-LEU) O/N at 30°C

with the desired colony.

. Transfer 1.5 mL to the Eppendorf tube. Centrifuge at maximum

speed for 5 s in a microfuge. Discard supernatant and resus-
pend the yeast pellet in residual liquid.

. Add 400 uL of 2% TX-100,/1% SDS,/0.1 M NaCl/10 mM

Tris-HCI at pH 8.0/1 mM EDTA and mix.

. Add 400 pL phenol:chloroform:isoamyl alcohol (25:24:1).

. Add 0.3-g glass beads (Sigma). Close Eppendort with parafilm.
. Vortex (vertical) for 2 min at 4°C.

. Spin for 5 min at maximum speed in a microfuge.

. (Optional) Take 300 pL of the supernatant and extract DNA

from the solution following a DNA purification method (e.g.
glass milk). Add ddH,O to a final volume of 300 pL and con-
tinue with step 9.

. Take 300 pL of supernatant and add 600 uL of EtOH /2%

NaAc. Invert and leave at -80°C or -20°C to increase DNA
precipitation.
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10. Centrifuge 20 min max. Speed in microfuge at room
temperature.

11. Resuspend in 25 puL of H,O or TE (H,O is better when plan-
ning to transform this DNA by electroporation).

12. Use 2 pL for electrocompetent DH50 transformation. Next
day pick up colonies and purify by miniprep the plasmid DNA.

13. Identify positive recombinants and check their genomic
integrity by a battery of informative restriction enzymes (see
Subheading 3.6).

The production of recombinant adenoviruses should be per-
formed in a Biosafety Level 2 laboratory. The requirements
include the use of laminar flow hoods and the establishment of
proper residue’s manipulation. Conventional methods for pro-
ducing small volumes of viral vectors involve culturing cells in
stationary, adherent cultures, such as T-flasks or roller bottles.
The principle protocols of this small scale production method are
presented below, while methods for large scale production of Ad
viral vectors can be found in the literature. Viral pre-stocks
obtained at the end of the protocol are ready to be used as starting
material for subsequent rounds of larger amplifications.

1. Six to fifteen hours before transfection, plate 10° HEK-293
cellsin several 25-cm? tissue culture flask(s) with DMEM + 10%
EBS. Plate at least two flasks. One plate may work as control
plate and help to follow vector amplification.

2. Digest 3 ug of recombinant adenoviral plasmid with 30 U of
Pacl to separate adenovirus genome from bacterial sequences.
To ensure complete digestion, 6 h later add another 30 U of
Pacl. Digest overnight.

3. Precipitate digested DNA with two volumes of ethanol and
resuspend in 20 uL of sterile ddH,O.

4. Perform a standard transfection using 3 pug of Pacl digested
plasmid per 10¢ HEK-293 cells (see Note 11).

5. Incubate the DNA with the transfection reagent for 30 min
at room temperature.

6. Remove growth medium from HEK-293 cells and wash once
with serum-free DMEM gently. Remove DMEM and add
2 mL of DMEM + 1%FBS per 10° cells.

7. Add DNA complexes dropwise to the cells. Incubate at 37°C
and 5% CO, for 4-6 h.

8. Remove medium and add 2 mL of fresh DMEM +10% FBS.
Incubate at 37°C and 5% CO, for 6 days (see Note 12).

9. Scrape/harvest the medium and cells. Freeze/thaw three
times to release adenovirus from cells.
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3.5. Purification
of Viral Pre-stocks

3.5.1. Initial Step Gradient

10. Centrifuge at 4°C for 10 min and 500x4 and discard the
pellet.

11. Use all the centrifuged crude lysate to infect 8 x 10 HEK-
293 cells (at 70-80% confluency) in a 10-cm plate.

12. Incubate at 37°C and 5% CO, until general cytopathic effect
is observed (usually between 3 and 6 days).

13. Harvest medium and cells. Freeze /thaw three times to release
adenovirus from cells.

14. Centrifuge at 4°C for 10 min and 500 x 4. Discard the pellet
and keep the supernatant.

15. Use all the previous centrifuged crude lysate to infect 4 x 10®
HEK-293 cells (at 70-80% confluency) in twenty 25-cm
plate.

16. Incubate at 37°C and 5% CO, until general cytopathic effect
is observed (usually between 32 and 38 h).

17. Harvest medium and cells. Freeze /thaw three times to release
adenovirus from the cells.

18. Centrifuge at 4°C for 10 min and 500 xg. Discard the pellet
and keep the supernatant (viral-prestock).

19. Titer the viral pre-stock by anti-hexon staining method (see
Subheading 3.7).

20. Aliquot and store viral pre-stock at —80°C.

Although out of the scope of this methods paper, the protocols
for purification of AdV vectors have evolved over the last decade.
The most classical and easy to acquire for a non-specialized labo-
ratory remain the ultracentrifugation on a CsCl. This method of
purification is limited by the capacity of cell lysate volume that can
be processed. However, this method is still widely used and most
of the time sufficient for fundamental studies and early in vivo pre-
clinical evaluation of the vectors. More complex techniques based
on column chromatography and membrane techniques are now
well developed for the generation of high purity grade and upscaled
production suitable for human clinical applications (11).

1. In an SW40 polyallomer centrifuge tube, add 2.5 mL of
1.4 g/mL of CsCl.

2. Add 2.5 mL of 1.25 g/mL of CsCl by placing tip of a 5-mL
pipette slowly dispensing solution to make two phases.

3. Gently add ~7 mL of cleared vector supernatant on top of
1.25 g/mL CsCl. Leave about 0.5 ¢cm at the top of the tube.

4. Add 0.5 mL of mineral oil on top of cleared vector
supernatant.

5. Balance tubes against closest sample and load in rotor.
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3.6.1. Identity of the Vector
Genome by Restriction
Enzyme Analysis
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6. Centrifuge for 90 min at 35,000 rpm, 18°C.
7. Remove tubes from the rotor with forceps.

8. Vector appears as an opaque band at interface of 1.25 g/mL
and 1.4 g/mL CsCl. Remove band by piercing the tube about
1 cm below vector with 2-mL syringe loaded with 18-G nee-
dle (see Note 13).

1. Add 5-6 mL of 1.34 g/mL of CsCl to the recovered vector
band from previous step into a new polyallomer centrifuge
tube. Cover with ~0.5 mL of mineral oil.

2. In a second tube add CsCl (1.34 g/mL) to equilibrate tubes.
Centrifuge for 18 h at 35,000 rpm, 18°C.

3. Remove tube from rotor and place in black safety tube holder.
Vector appears as opaque band near the center of the tube.
Remove band as above in less than 2 mL. Collect vector by
keeping the volume to a minimum.

1. Prepare PD-10 column following manufacturer’s instruc-
tions. Load up to 2 mL of vector on column.

2. Collect by adding 0.5 mL of PBS 1x Ca**/Mg**. Repeat the
step 9-10 times. Label 0.5-mL tubes.

3. The vector is clearly visible as an opaque elute in a final vol-
ume of ~2.0-3.5 mL (from aliquots 4 to 7), depending on
the initial volume size.

4. Combine the most opaque tubes (excluding the extremities
which can be used to isolate DNA for further analysis) and
add glycerol to a final concentration of 10%. Another option
is to dialyze the vector in several changes of PBS at 4°C.

5. Aliquot (10, 50, and 100 pL) in 0.5-mL tubes and store at
-80°C as quickly as possible.

Integrity and identity of the vector genome can be quickly ana-
lyzed by restriction enzyme digestion. Since, each gene of interest
has a specific DNA sequence, informative restriction enzymes
must be previously chosen by comparing the expected recombi-
nant adenovirus to the original backbone plasmid with a Sequence
Analysis computer program.

1. Digest 1-2 ug of purified plasmid DNA from selected colo-
nies after homologous recombination with 10 U of an infor-
mative restriction enzyme, for 6 h.

2. Perform at least seven or eight different digestions and run in
a 0.8% agarose gel (see Fig. 4).

3. If only one restriction enzyme pattern does not correspond
with the expected pattern, repeat the digestion. If the observed
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Fig. 4. Analysis of the integrity and identity of the vector genome by multiple restriction
enzyme digestion. Informative restriction enzymes must be previously chosen with a
Sequence Analysis computer program. Marker, 1-kb marker. ND non-digested control.

pattern still does not correspond with the expected pattern or
if there are more than one unexpected enzyme patterns, dis-
card the selected DNA.

3.6.2. Detection Contaminating cellular DNA from the viral-pre-stock must be
of the Gene of Interest removed prior the PCR, especially when the gene of interest is of
by PCR human origin. To this end, an aliquot of viral pre-stock must be

subjected to a pretreatment with DNAse and Proteinase K (11).
Once the viral pre-stock has been processed, use specific primers
for the gene of interest and previously set-up conditions. In addi-
tion, amplified fragment may be sequenced to further confirm the
identity of the gene of interest cloned into the viral genome.
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. Incubate 2 pL of viral pre-stock with 173 pL. of DNAse mix for

1 hat 37°C. Inactivate DNase by incubation at 75°C for 30 min.
Allow viral pre-stock to cool down at room temperature.

. To disrupt the viral capsids incubate with 25 pL of Proteinase

K mix during 1 h at 37°C. Inactivate Proteinase K by incuba-
tion at 95°C during 20 min.

. Use 2—4 L of treated viral-prestock per PCR.

. Prepare serial dilutions (typically 1,/10) of the stock in 96-well

dishes using DMEM + 5% FBS. Final amount for each dilu-
tion in each well should be 100 uL. Range of dilutions will be
selected according to the estimate concentration of the viral
stock to titer.

. Add 50 pL/well of a cell suspension at 1.10° cells/mL

(50,000 cells/well) in DMEM +5% EBS. The cell line must be
chosen depending on characteristics of the viral stock to titer
(HEK-293 cells are appropriate for most assays) (see Note 14).

. Incubate virus and cells for 2448 h (time must be chosen

depending on rate of replication of Ad in the cell line in order
to avoid secondary infections). For HEK-293 cells incubate

for 24-36 h.

. Remove medium from the wells very carefully to avoid cell

loss. Air-dry for 3-5 min.

. Add 100 pL of 100% ice-cold methanol to each well (fixa-

tion). Incubate for 10 min at -20°C.

. Aspirate methanol. Wash each well containing the cells twice

with 100 pL of PBS Ca**/Mg* 1% BSA (PBS without Ca**/
Mg** can also be used, but adding bivalent ions can prevent
cells detaching from wells).

. Add 50 pL of primary antibody diluted in PBS Ca**/Mg** 1%

BSA to each well. For most hybridomas 1/5 dilution from
supernatant is recommended. If using a purified anti-adeno-
virus or anti-hexon Ab, 1 /500 dilution can be initially tested.
Avoid bubble formation. Incubate for 1-2 h at 37°C.

. Wash each well (3x) with 100 pL of PBS Ca**/Mg* 1% BSA.

9. Add 50 pL of FITC or Alexa488-conjugated secondary anti-

10.

11

body diluted in PBS Ca**/Mg** 1% BSA (1,/300 dilution is
suitable for most commercial antibodies) to each well. Using
Alexa488 can increase the test sensibility. Avoid bubble for-
mation. Incubate for 1-2 h at 37°C in the dark.

Wash each well (3x) with 100 puL of PBS Ca**/Mg* 1% BSA.

. Quantify green cells in each well using an inverted fluores-

cence microscope. A cloud of positive cells (“comet effect”)
suggests secondary infections and consequently it should be
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3.8. Ad Titration Assay 1.

for Virus I1C50
Determination
(Spectrotiter)

quantified as a single positive cell. For each stock, the mean of
different dilutions will be used to calculate concentration.
Note that only 100 pL of each dilution has been used for
analysis, so a tenfold factor should be applied to obtain trans-
ducing units per milliliter (TU/mL).

Seed cells in a 96-well plate at 30,000 cells/well in a total
volume of 100 pL/well of DMEM supplemented with 0.5%
EBS. To do it, count the total number of cells, centrifuge
them to eliminate the supernatant (1,250 rpm during 5 min),
and resuspend them in a necessary volume of DMEM +0.5%
EBS to obtain 300,000 cell/mL. In case confluence is needed,
seed more cells/well (100,000 cells/well for HEK-293, or
30,000 cells/well for A549).

. Two days after seeding, infect the cells with serial dilutions of

the virus (see Note 15). For cells that get casily infected, use
1/5 dilutions. For cells that need high concentrations to be
infected use 1/2 or 1/3 virus’s dilutions. Prepare 11 serial
dilutions of each virus in an Eppendorf and infect wells by
adding 50 uL of each dilution per well. Add to the 12th col-
umn of the 96-well plate, 50 uL. of DMEM+0.5% FBS as
non-infected controls to each well (see Note 16).

. Observe the infection daily by comparing the CPE of infected

cells with the control cells. Incubate at 37°C until cytopathic
effect can be detected in the first seven columns (this is nor-
mally occurs 5-8 days after infection).

. Prepare BCA protein staining. For 96 wells: 96 wells x 200 uL /

well=19.2 mL. Reactive A+ B=20 mL reagent A+400 uL
reagent B.

. Shake softly, the 96-well plate, in order to resuspend dead

cells and carefully remove the medium from each well. Add
200 pL of reagent A+ B to each well as soon as possible with
a multi-channel pipette. If DMEM + 5% FBS was used, wash
the cells with PBS in order to remove FBS (that could inter-
fere with the results) before adding reagent A+B.

. Incubate for 30 min at 37°C and read in a spectrophotometer

at 540 nm. Use any well from the first or second column (the
clearest) as the blank.

. Introduce the results in an excel file. For each condition (vp/

mL or TU/mL), plot the amount of protein as a percentage
(%) with respect to the non-infected control (see Fig. 5).

. Calculate the dose that reduces the protein content to 50%

(IC50) for each virus (GraFit software for example).
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Fig. 5. Spectrophotometric determination of the concentration of the virus that lyses
50% of cells in a given period of time (IC50). This method is very useful to compare the
Iytic potency of different viruses. Cells are infected in 96-well plates using serial dilu-
tions of the different viruses in triplicates. The researcher arbitrarily stops the experi-
ment when for most viruses, wells with 50% of cytopathic effect (detachment of cells)
fall in the middle of the serial dilution. The protein content remaining in the well is mea-
sured by colorimetric absorbance as a quantitative indication of the cells that have not
been lysed. The more diluted the virus, the highest the protein content, until a 100% is
indicated by non-infected control wells. For each triplicate dilution (x), the mean% of
inhibition achieved (y) (100% inhibition being no cell death) and the standard deviation
is introduced into a nonlinear regression program (Prism, GraFit, BioDataFit, etc.) to
apply an adapted Hill equation that will indicate the mean IC50 and the fitting or stan-
dard error of such IC50. Some programs use the log10 of the dilution as (x).

4. Notes

1. Digestion should be as complete as possible in order to
remove the background from undigested plasmids in the fol-
lowing steps.

2. The enzyme(s) must NOT cut within the expression cassette.
To facilitate recombination, it is recommended to leave at
least of 1 kb sequences on both sides of the expression cas-
sette. If possible, use two enzymes for digestion, better if at
least one is within the resistance gene.

3. Briefly, to isolate DNA from Agarose Gels by Geneclean®
Turbo Kit, place gel slice in an Eppendorf tube. Add 100 pL
GENECLEAN® Turbo SALT Solution per 0.1 g of gel slice
and mix. Incubate at 55°C for 5 min to melt gel. Invert tube
to mix. Transfer <600 pL DNA/SALT solution to
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GENECLEAN® Turbo Cartridge. Centrifuge until all liquid
has passed through the filter. Empty Catch Tube as hended.
Add 500 pL of prepared GENECLEAN® Turbo Wash
Solution to the filter and centrifuge for 5 s. Empty Catch
Tube as hended. Centrifuge GENECLEAN® Turbo Cartridge
for an additional 4 min to remove the residual Wash Solution.
Remove cap from a new, clean Catch Tube and insert the
GENECLEAN® Turbo Cartridge containing the bound
DNA. Add 30 uL of GENECLEAN® Turbo Elution Solution
directly onto GLASSMILK®-embedded membrane and incu-
bate at room temperature for 5 min. Centrifuge for 1 min to
transfer the eluted DNA to a GENECLEAN® Turbo Catch
Tube. Discard GENECLEAN® Turbo Cartridge and cap the
Catch Tube.

. Alternatively, mix different molar ratios by changing the

amount of purified fragment, for example at a ratio of 1:50
(approximately 50 ng pKP1.4:500 ng fragment).

. Use as controls (a) Only pKP1l.4 linearized with Swal

(optional, if the plasmid has been previously checked as sug-
gested in point 1); and (b) only gel-purified fragment from
the shuttle plasmid. It is recommended to use highly compe-
tent bacteria since BJ5183 exhibit lower transformation effi-
ciencies than conventional E. cols strains.

. Some authors suggest incubation for at least 24 h, arguing

that a shorter incubation time is not sufficient for evident
growth of colonies containing recombinant plasmids.

. Two populations of colonies are expected: large and small size

colonies. Large colonies are generally the background from
shuttle plasmid, while small colonies will likely contain recom-
binants plasmids, which are low copy number plasmids. Number
of small colonies must be at least three times higher than in
control plate (digested pKP1.4 only) to continue the protocol.
If number of small colonies is less than three times, start the
procedure once again and check for complete Swal digestion of
the pKP1.4 plasmid; also use a different ratio in step 5.

. Do not store the BJ5183 bacteria after overnight growth, as

unwanted recombinants might appear. Perform plasmid puri-
fication early in the morning. Check by agarose gel electro-
phoresis to discard colonies containing the shuttle plasmids.
Select clones only with high molecular weight DNA. Also
check those clones with undetectable DNA since the yield of
recombinant DNA is much lower that from background or
unwanted rearrangements.

. It is possible to use competent BJ5813 bacteria previously

transformed with the AdEasy-1 plasmid (AdEasier-1 bacteria).
Because of the efficient recombination processing in BJ5183
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bacteria, perform extensive restriction enzyme analysis to
discard unwanted rearrangements, unless commercial AdEasier
bacteria are used.

Vector (v) is 300 ng linearized plasmids. Insert (i) is 100 ng
CAU or CAL PCR fragment or any other insert obtained by
PCR or restriction form a donor plasmid. When vector is not
linearized because the insert has a selectable gene (Ura or Leu),
increase the amount of insert by 100-fold (10 pg). It is recom-
mended to use a mix with vector and insert alone as controls.

Usual methods to transfect HEK-293 cells are calcium phos-
phate precipitation (12), or polyethylenimine (PEI) (6)
though other methods based on cationic molecules can also
be used. For efficiency, simplicity, and cost, PEI is highly rec-
ommended. In the case PEI is used, the following protocol
for the preparation of the PEI/DNA complex can be used:

(a) Prepare PEI and the DNA complexes in 2-mL Eppendorf
tubes.

(b) In a tube labeled A: put 6 ug DNA and 150 pL of sterile
150 mM NaCl. Mix well.

(c) Inatube labeled B: put 1.35 uL PEI 10x and 150 uL of
sterile 150 mM NaCl. Mix well.

(d) Using a Pasteur pipette, slowly add solution B drop-wise
to solution A.

(e) Incubate for 30 min at room temperature.
(f) Change cell medium to DMEM + 1%FBS.
(g) Add PEI-DNA complexes to cells.

If vector carries a marker gene, check initial transfection efficiency
as well as vector copy during amplification. Though possible, do
not expect to observe an evident cytopathic effect (CPE).

Carry pierced tube to plastic bottle using loaded syringe,
withdraw needle and let drain into 500-mL plastic bottle (an
old medium bottle works well).

Use non-permissive, A549 human cells to detect replication
competent adenovirus. Contrary to the regular first-genera-
tion vectors, replication competent adenovirus will be able to
produce new viral proteins in A549 cells.

Always use pipette tips with filter when pipetting the virus.
Before preparing the dilution, choose the vp/cell or TU /cell
(viral particle per cell or transducing units per cell) desired to
infect the first column. Use 5333.3 vp/cell or 100-300 TU/
cell. The vp/mL necessary for the first column is:

5333.3 vp/cell x30.000 cell /well = 1.5E10%vp /50 uL
=3E10°vp/uL



16. When infecting, start adding DMEM +0.5% of FBS in column
number 12. Then, infect column number 11 (the most
diluted) and use the same tip while infecting with the same
virus. Try to release the 50 pL of infection medium, of each

well, without disturbing the monolayer (particularly for
HEK293 cells). Try not to make bubbles.
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Chapter 6

Manufacturing of Adenovirus Vectors: Production
and Purification of Helper Dependent Adenovirus

Edwige Dormond and Amine A. Kamen

Abstract

Adenoviral vector (AdV) of the third generation also known as helper-dependent adenoviral vector
(HDV) is an attractive delivery system for gene therapy applications. However, obtaining high quality-
grade HDV in sufficient amount remains a challenge that hampers the extensive use of this vector in
preclinical and clinical studies.

Here we review recent progress in the large-scale manufacturing of HDV. The production of HDV
is now amenable to large-scale volume with reduced process duration under optimized rescue and
co-infection conditions. Also, efficient downstream processing of HDV with acceptable recovery of HDV
and minimal contamination by the helper virus is described.

Key words: Gutless adenoviral vectors, Large-scale manufacturing, Reactor culture, Downstream
processing

1. Introduction

Manufacturing methods of the first and second generation aden-
oviral vectors have been extensively reviewed (1) and detailed
protocols have been provided in previous editions of this book
series. Therefore, this chapter will focus on the most recent prog-
ress for large-scale production and purification of the third gen-
eration adenoviral vectors.

1.1. Adenoviral Human adenoviral vector serotype 5 (AdV) is the most character-
Vectors ized virus among the other 51 serotypes of the same family (2, 3).
AdV has been considered as a good candidate for human gene
therapy for a number of advantages including its wide cell tropism
in quiescent and non-quiescent cells, its inability to integrate the
host genome, its high capacity for the therapeutic gene insertion

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
Methods in Molecular Biology, vol. 737, DOI 10.1007/978-1-61779-095-9_6, © Springer Science+Business Media, LLC 2011
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1.2. Production
System
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and its high production titre. Within the last two decades, the
AdV genome has been progressively modified from the wild-type
genome to improve its safety and efficacy in therapeutic applica-
tions. A decrease in the immunological response following vector
administration has been achieved by a progressive removal of
nonessential viral DNA regions. From the first generation of AdV
with the deletion of replication necessary genes to the third gen-
eration of AdV with the clearance of most viral sequences, an
enhanced capacity for a therapeutic gene insertion from ~7 to
~30 kb has been achieved. The therapeutic benefit of the third
over the first generation suggests that, in the future, AdV vectors of
the third generation will be predominant for clinical approaches.

The actual need for large amounts of clinical-grade AdV (10" to
103 viral particles/patient; 10'° to 10! plaque-forming units/
patient) requires efficient and established processes for large-scale
production. While substantial efforts were dedicated to improv-
ing the large-scale manufacturing of the first and second genera-
tions of AdV, one can access only scarce information on the
large-scale production of the third generation, mostly due to the
inherent complexity of the production system (4). The third gen-
eration AdV genome comprises only cis-acting elements, i.e., the
packaging signal (y) and the inverted terminal repeats (ITR). Its
production in human embryonic kidney 293 cells (HEK293)
requires trans-acting elements provided by the first generation of
adenoviral vector called helper virus (HV) and by the host cell
line (E1 sequences) (5). Therefore, these defective vectors have
been referred to as Helper Dependent AdV (HDV). Initial efforts
emphasized the necessity to develop cell systems capable of reduc-
ing the HV contamination (Fig. 1). This has been achieved
through the use of Cre/loxP (6-8) or FLP/frt recombinase sys-
tems (9, 10). Both the Cre//oxPand FLP /frt systems have shown
similar efficiencies in reducing the HV contamination and in
amplifying the HDV (9, 10).

HV

1B

Fig. 1. The FLPe/frt recombinase system used for production of HDV in HEK293 derived cell line.
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The standard HDV production protocol consists of a multi-step
process (Fig. 2). The initial step, commonly known as the rescue
step, aims to recover HDV from HDV DNA. Typical rescue pro-
tocols involve transfection of adherent producer cells with the
linearized HDV genome, i.e., excised from the bacterial sequence,
followed by the HV infection 8-18 h post-transfection (11). The
viral lysate containing the HDV is recovered when a cytopathic
effect is visible, usually 48—72 h post-infection. To overcome the
limitations associated with the use of adherent cell culture for
large-scale operations, but also to improve the yield of HDV at
the rescue step, we have developed a protocol called adenofection
(see Subheading 3.1.1) that is easily transferable to large-scale
volumes (12).

Because the HDV titer is low at the end of the rescue step
[10? to 10° infectious units (IU) of HDV,/mL] (8,9, 13), further
amplification of the HDV is required. To achieve this, typical
amplification protocols consist of exhaustive passages of viral
lysate on an increasing number of adherent cells using a volume-
based method (14, 15). Drawbacks of such a amplification proto-
col are process time length, fluctuation in titre, and viral
recombination (9, 14, 15). An amplification protocol based on
the use of infection parameter (see Subheading 3.1.2) has been
developed to simultaneously decrease the number of passages
(up to two passages), favor the HDV amplification (up to 10®
infectious units of HDV/mL corresponding to 10° total viral
genomes of HDV /mL) and limit HV contamination (16).

8 to 18 h post-
transfection b ¢

HV

Rescue

@ = © —
Amplification Purification

Fig. 2. Standard production process of HDV in adherent cell cultures.
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1.4. Purification
Process

VIRAL VECTORS RELEASE

(CONCENTRATION, CELL LYSIS, DNA CLEARANCE
& MICROFILTRATION)

VIRAL VECTORS CAPTURE
(ANION EXCHANGE CHROMATOGRAPHY-AEX)

HV REMOVAL
(IODIXANOL DENSITY GRADIENT ULTRACENTRIFUGATION)

POLISHING & BUFFER EXCHANGE
(SIZE EXCLUSION CHROMATCGRAPHY-SEC)

Fig. 3. Downstream processing strategy for the third generation adenoviral vectors.

The production allows generation of sufficient HDV material at a
concentration of 103 TU/mL. However, before considering use
of this material in preclinical or eventually clinical studies, this
bulk material has to be separated from any contaminants (host
cell protein, serum, and non-desirable viral species), purified, and
characterized. For large-scale applications, the purification of
HDYV presents a number of challenges that are mostly associated
with the residual contamination by the HV. Use of the chromato-
graphic steps as established with the first generation adenoviral
vector allows clarification, capture, and purification of the viral
material in a scalable manner. Then an improved iodixanol ultra-
centrifugation procedure allows a rapid separation of the HV
from the HDV particles in the final viral preparation (see
Subheading 3.2). Figure 3 presents a scheme of the purification
process. The overall recovery of infective units of HDV for the
complete purification strategy is ~80%. A 10-times diminution of
HV contamination ratio from 2 to 0.2% is obtained. A second
round of iodixanol ultracentrifugation can be considered if a
lower level of contamination is desired (17).

2. Materials

The production data shown in this protocol have been generated
using (i) the HDV plasmid, pHCAgfp, a generous gift from
Dr. V. Sandig. It carries a gfp expression cassette driven by the
cytomegalovirus promoter, two ITRs adjacent to the bacterial
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sequence, the y and the E4 promoter region of the adenovirus
type 5. pHCAyfp is amplified in E. coli DH5-0 and purified using
Giga-Prep columns (Qiagen, Ontario, Canada). The HDV plas-
mid is Pmel-linearized to liberate the viral sequence (30 kb).

And (ii) the HV, provided generously by Dr. P. Lowenstein.
It is an E1/E3 deleted adenoviral vector available in viral form
(10). It bears two parallel frt sites flanking the y. A high-titer
stock of the HV is produced by infecting HEK293SF cells (18, 19)
(see Note 1).

Adenoviral vectors must be handled under appropriate bio-
safety containment by trained personnel using biological safety
cabinets and following the guidelines specified by the institution
where the experiments are conducted. The nature of the trans-
gene must be taken into account when establishing biosafety
requirements. The work described herein has been performed in
biosafety level-2 laboratories.

1. LCSEM is a low calcium formulation of HSFM (Gibco
Invitrogen, Grand Island, NY) supplemented with 10 mM
HEPES (Calbiochem, Gibbstown, NJ), 0.1% Pluronic F-68
(Sigma-Aldrich, Oakville, ON), and 0.75 pg/mL puromycin.

2. HEK293 FLPe cells (18) in fresh LCSEM medium at a
final concentration of 0.5x10¢ cells/mL, 1 h prior to
adenofection.

3. HDV DNA Pmel-lincarized in 10 mM TrissHCI, 1 mM
EDTA, pH 8.0 at 1 mg/mL (see Note 2). For the preparation
of complexes, dilute in HSFM /10 mM HEPES in 1/10 of
the cell culture volume for a final concentration of 1 ug/mL
of cell culture.

4. Linear 25 kDa polyethylenimine at 1 mg/mL in water, neu-
tralized with HCI. Sterile filtered and stored at —-80°C. For
the preparation of complexes, dilute in HSFM/10 mM
HEPES for a final concentration of 3 ug/mL of cell culture.

5. Purified HV in 10 mM Tris-HCI, pH 7.9, 1 mM MgCl,, 5%
sucrose (see Note 3). Dilute in HSFM /10 mM HEPES for a
final concentration in cell culture of 5 IU /cell.

1. HEK293 FLPe cells in fresh LCSFM medium at a final con-
centration of 0.5x 106 cells/mL, 1 h prior to amplification.

2. HV as viral lysate. Diluted in HSFM /10 mM HEPES in
1/10 of the cell culture volume at a multiplicity of infection
(MOI, see Note 4) of 0.5 TU /cell.

3. HDV as viral lysate from rescue by adenofection (see
Subheading 2.1.1) and then from amplification by infection.
For amplification of passage 1 and passage 2, use non-diluted.
For amplification of passage 3, use diluted in HSFM /10 mM
HEPES at a MOI of 5.
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4.

2.2. HDV Purification 1.

2.2.1. Concentration,
Clarification, and 2.
Conditioning Step

2.2.2. Anion Exchange 1.
Chromatography

2.2.3. Ultracentrifugation 1.

2.2.4. Size-Exclusion 1.
Chromatography

3.5-L bioreactor in batch mode for the amplification passage
3 (see Note 5).

HDV material following amplification at passage 3 in
bioreactor.

Concentration and lysis buffer: 10 mM HEPES, 2 mM MgCl,
in MilliQ-H,O at pH 7.5, sterile filtered.

. Benzonase (Merck KGaA, Darmstadt, Germany).
. Concentrated conditioning solution: 1.5 M NaCl in MilliQ-

H,O0, filtered and degassed.

. 0.45 um cellulose acetate membrane in a vacuum filtration

unit with a glass fiber pre-filter (Corning Life Sciences, Lowell,

MA).

Low-pressure GradiFrac system with UV monitoring at
280 nm (GE Healthcare, Uppsala, Sweden).

. Fractogel-DEAE beads (Merck KGaA, Darmstadt, Germany)

packed into a HR 5/5 glass column (Amersham Biosciences,
Pistacaway, NJ) with ~4 mL bead volume.

. Running AEX Buffer A: 50 mM HEPES, 2 mM MgClL,, 2%

sucrose in MilliQ-H,O at pH 7.5, filtered and degassed.

. Running AEX Buffer B: 50 mM HEPES, 2 mM MgCl,, 2%

sucrose, 1 M NaCl in MilliQ-H,O, pH 7.5, filtered and
degassed.

. Storage buffer: 150 mM NaCl, 20% ethanol in MilliQ-H,O,

filtered and degassed.

. Regeneration/sanitization buffer: 1 M NaCl, 0.5 M NaOH

in MilliQ-H, O, filtered and degassed.

Ultracentrifugation medium: OptiPrep medium (60% iodix-
anol) (Axis-Shield, Oslo, Norway).

. Ultracentrifugation medium diluent: 10 mM Tris—=HCI,

150 mM NaCl, and 1 mM EDTA at pH 7.9.

. 13.5-mL PA Ultracrimp tube (Thermo Scientific, Milford,

MA).

. Stepsaver 50V 39 vertical rotor and a Sorvall discovery ultra-

centrifuge (Thermo Scientific).

Low-pressure GradiFrac system with UV monitoring at
280 nm (GE Healthcare, Uppsala, Sweden).

. Sepharose 4FF resin packed in a XK 16/70 glass column

(Amersham Biosciences) with a bead volume of ~30 mL.

. Running SEC buffer: 10 mM Tris—-HCI, 150 mM NaCl,

1 mM EDTA, and 2% sucrose at pH 7.9.
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Cytopathic Assay

2.3.2. HDV and HV Total
Particles and HV
Contamination: gPCR
Assay
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Storage buffer: 150 mM NaCl and 20% ethanol in

MilliQ-H, O, filtered and degassed.

Regeneration/sanitization buffer: 1 M NaCl and 0.5 M
NaOH, filtered and degassed.

The HDV IU are quantified by GFP gene transfer assay (GTA)
on target cells in suspension culture.

1.

4.

HEK293E cells, seeded at 0.5x10° cells/mL in 12-well
plates (20).

. HEK293E medium: HSFM, 10 mM HEPES, 1% BCS, and

50 ug/mL G-418.

. Dilution of unknown in HEK293E medium (100 uL) to

stand around 3-30% of TU /cell.
16% p-formaldehyde in phosphate buffered saline.

The HV IU are quantified by a cytopathic effect (CPE) detection
following end-point dilution assay (EPDA) on infected target
cells.

1.

SO ST NS ]

HEK293A cells, seeded at 0.03x10° cells/mL, 200 uL, in
96-well plates.

. HEK293A medium: DMEM+, 2 mM L-glutamine, 1 mM

sodium pyruvate, and 10% FBS.

. 10-Logarithmic dilution of unknown in HEK293A medium

(50 uL/well and 8 well /dilution).

. Benzonase (Merck KGaA).

. Benzonase activation solution: 50 mM MgCl,.

. Benzonase inactivation buffer: 0.5 M EDTA.

. High Pure Viral Nucleic Acid kit (Roche Diagnostics, Laval,

QC, Canada).

. HDV forward and reverse primers (see Table 1) at 5 uM in

MilliQ-H,0.

. HV forward and reverse primers (see Table 1) at 5 pM in

MilliQ-H,0.

. Light Cycler Fast-Start SYBR Green I (containing MgCl, at

25 mM and 10x Master Mix).

. 10-Logarithmic dilution in MilliQ-H,O of standard plasmid

(see Note 6) containing HDV and HV amplified products
(from 108 to 10° copies/2 uL).

. Several dilutions of unknown in MilliQ-H,O in the range of

standard plasmid dilution.
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3. Methods

3.1. Scalable HDV
Production

3.1.1. HDV Rescue
by Adenofection

3.1.2. HDV Amplification
by Infection

The adenofection protocol consists of a combined transfection-
infection approach that takes advantage of the HV infection
mechanism. Complexes of HDV DNA, PEI, and HV are formed
by simple in vitro mixing and then added to the producer cells to
deliver the required genetic material and generate new HDV. We
have shown that the adenofection protocol outperformed the
standard rescue procedures by producing more HDV in a shorter
process time length (12). Moreover, this protocol is adaptable to
suspension culture, rendering the rescue process scalable.

1. HEK293FLPe cells were maintained as suspension cultures in
shake flasks at 37°C in a humidified incubator with 5% CO,
under orbital agitation (120 rpm). Every 2 or 3 days, cells
were sub-cultured to maintain exponential growth.

2. Seed HEK293FLPe cells in fresh medium in a 250-mL shake
flask at a final volume of 45 mL, 1 h prior to the adenofection.

3. Prepare a final volume of 5 mL of adenofection complexes by
gently mixing 150 pg of prediluted 25 kDa linear PEI with
50 pg of prediluted linearized HDV DNA (see Note 2).
Allow it stand for 5 min at room temperature. Add
1.25x108 IU of prediluted HV and allow it to stand for 5 min
more (see Note 7).

4. Distribute the complexes on the cells and incubate for 48 h.

5. Aliquot the viral lysate and store at —80°C before amplification

Once the first HDV viral particles are obtained, usually two
serial amplifications are required to generate a stock with a high
HDV titer (1 x108 IU/mL) and a low HV contamination ratio
(around 1%). Amplification is carried out via coinfection using
an optimal quantity of HV and HDV viral lysate from the pre-
ceding passage. An HDV viral lysate volume of 1:10 of the total
cell culture volume is used to minimize addition of toxic ele-
ments from infected cell lysate. At this step, because of the low
titer of HDV up to passage 2, it is difficult to control the HDV
MOI to an optimum MOI of 5. The protocol described below
has been designed to produce 3 L of HDV material before puri-
fication following a rescue and two amplification steps.

1. Seed 2.5 x10” HEK293FLPe cells in fresh medium in a 250-
mL shake flask, in a final volume of 45 mL, 1 h prior to the
coinfection.

2. Coinfect the cell culture with 1.25x 107 IU of HV and 5 mL of
37°C-thawed viral lysate containing HDV from the rescue step
(see Note 8). Incubate the cell culture for 48 h (passage 1).
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3.1.3. HDV Amplification
by Infection in Bioreactor

3.2. Scalable HDV
Purification

3.2.1. Concentration,
Clarification, and
Conditioning Step

3. Harvest the viral lysate, aliquot for amplification and
quantification, and store at —80°C until further use.

4. Repeat from point 1 to 4 a second time (passage 2).

5. Characterize the HDV material at this point (see
Subheading 3.3).

Once a stock of HDV has been produced and characterized as
described in the previous section, a large-scale preparation of
HDV can be performed to generate the required quantity of
material for in vitro or in vivo studies using the robust MOI-
based protocol for amplification. Under these controlled condi-
tions, the HDV material generated should have the required
specifications before undergoing the purification process.

1. Seed at least 7.5x10% HEK293FLPe cells in the 3.5 L
bioreactor.

2. Around 24 h later, count cells using the erythrosine dye
exclusion technique. Cell concentration should be at
0.5x10°¢ cells/mL before infection.

3. Thaw an aliquot of viral lysate of HV and viral lysate from the
passage 2 in a 37°C water bath until the lysates completely
melt (see Note 8). The quantity of HV corresponds to
7.5x10% TU (MOI of 0.5) and the quantity of HDV corre-
sponds to 7.5x10° IU (MOI of 5).

4. Coinfect the cell culture with HV and HDV from the inocu-
lation bottle. Let the cultures run for 48 h. Record the param-
eters and sample the bioreactor culture every 6 h for cell
counts and freeze-store the samples for subsequent analyses
at —-80°C storage.

5. Harvest the bioreactor viral lysate and proceed immediately
to the concentration step in the purification procedure.

At this point, the volume and titer of the HDV bulk material
determines the size of the chromatographic column and volume
of buffers. For instance, the set-up described herein was designed
for the downstream processing of 1 L of crude lysate materials
from a 3.5-L bioreactor culture.

These steps are designed to release the virus from the cells allow-
ing an efficient capture on the AEX column:

1. Centrifuge the viral lysate by spinning the culture at 290 x g
for 15 min. Resuspend the viral lysate in lysis buffer in 1:10 of
the bioreactor volume.

2. Aliquot and store at —80°C.
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3.2.3. lodixanol
Ultracentrifugation Step

9.
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. Quantify HDV in terms of IU and viral genomes (VG) and

HV in term of VG before proceeding with the purification
protocol.

. Thaw around 100 mL of the 10x cell lysate in a 37°C water

bath (see Note 8).

. Vortex, triturate with a 5-mL pipet to homogenize this vis-

cous cell lysate solution.

. Add Benzonase at a final concentration of 100 U/mL and

put on a rocking plate for gentle shaking at room tempera-
ture for 1 h (see Note 8).

. Centrifuge at high speed (4,700 xg) for 15 min. Recover the

supernatant in a new recipient.

. Add concentrated NaCl dropwise to reach a final NaCl con-

centration of 300 mM.

Filter the conditioned supernatant using the filtration unit.

The AEX chromatography was used to selectively capture the
AdV and remove the majority of protein contaminants.

1.

Rinse the column with 10 column volume (CV) of MilliQ-
H,0O at 75 cm/h and equilibrate with 5 CV of 30% bufter B
at 150 cm/h.

. Load onto the column at 150 cm/h the clarified conditioned

supernatant previously filtered.

. Apply a stepwise elution strategy consisting of a wash step at

300 mM NaCl with 30% buffer B, an elution step at 450 mM
of NaCl with 45% of buffer B in 7 CV and a final high strin-
gency step at 1 M of NaCl with 100% of buffer B.

. The collected AEX-AdV peak is stored at 4°C and processed

immediately in the iodixanol gradient ultracentrifugation
step.

. Clean the column with the regeneration/sanitization buffer

at 75 cm/h for 1 h, rinse with 10 CV of MilliQ-H,O at
150 cm/h, and store in storage buffer in 10 CV at 75 cm/h.

. The AEX-AdV peaks were processed through an iodixanol

gradient ultracentrifugation to isolate HDV from HV.

. Place horizontal marks every 0.5 cm on the Ultracrimp tube

to mark a total of 16 fractions.

. Distribute the AEX-AdV peak equally among the tubes and

weigh the exact quantity distributed.

. Determine the concentration of iodixanol solution to be

added to reach a final 38.60% iodixanol concentration (see
Note 9).
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3.2.4. Size Exclusion
Chromatography Step

3.3. Monitoring and
Characterization of
HDV Manufacturing

3.3.1. HDV Infectious
Particles: Gene Transfer
Assay

Table 2
Characteristics of the self-formed iodixanol density
gradients obtained following the 3-h run at 180,000 g,

HV Fraction number 6-8
Todixanol content (% w/v) 41.640.3
Density (g/mL) 1.224-1.217

HDV Fraction number 9-12
Todixanol content (% w/v) 39.4-37.6
Density (g/mL) 1.212-1.203

5. Prepare the iodixanol solution and verify the iodixanol
concentration by refractive index measurement. Correct
eventually by adding iodixanol or buffer. Fill the tube up the
neckline. Equilibrate the tubes (see Note 10).

6. Crimp the tube and place them in the Stepsaver 50V39 verti-
cal rotor. Run at 180,000 x g for 3 h at 4°C.

7. Puncture the bottom of the tube and collect fractions 1-16.
Fractions 6-8 contains HV and fractions 9-12 contains HDV.
Pool fractions 9-12 together (see Notes 11 and 12; Table 2).

8. Store the HDV iodixanol-containing fractions at 4°C before
proceeding to the size exclusion chromatography (SEC).

SEC was used to remove the iodixanol viscous buffer and the
remaining protein contaminants.

1. Rinse the column with 10 CV of MilliQ-H,O. Equilibrate the
column with the running bufter for 5 CV.

2. Load material at a linear flow rate of 90 cm/h. Elute at
135 cm/h. The SEC-AdV peak elutes first in the void volume
of the column whereas iodixanol elutes later (see Note 12).

3. Clean the column with the regeneration/sanitization buffer
at 75 cm/h for 1 h, rinse with 10 CV of MilliQ-H,O at
150 cm/h and store in storage buffer in 10 CV at 75 cm/h.

4. Aliquote and store the SEC-AdV peak at —80°C.
5. Characterize the final product.

The HDV IU are quantified by GFP gene transfer assay (GTA)
on target cells in suspension culture.

1. Seed the HEK293E cells (20) at 0.5 x 10° cells/mL in 12-well
plates (see Note 1).

2. Apply at least two dilutions of unknown (100 uL) on the
cells.



3.3.2. HV Infectious
Particles: Cytopathic Effect
Following an End-Point
Dilution Assay

3.3.3. HDV and HV Total
Particles and HV
Contamination: gPCR

3.

4.

5.

Manufacturing of Adenovirus Vectors 151

At 24 hpi, estimate the cell concentration by the erythrosine
dye exclusion method.

Resuspended in 2% p-formaldehyde in PBS and allow it stand
for 1 h at 4°C.

Analyze by flow cytometry at least 10,000 events using the
Coulter EPICS™ XL-MCL cytometer and EXPO32 software
to determine the percentage of GFP-positive cells. A mini-
mum of two dilutions showing 3-30% GEFP-positive cells
should be taken into account for the titer calculation.

HDV titer (IU/mL)=percentage GFP-positive cellsx cell
concentration (cells/mL)/(dilution of unknownx 0.1 mL)

The HV IU are quantified by cytopathic effect (CPE) detection
following an end-point dilution assay (EPDA) on infected target
cells under static conditions This assay is strictly used to deter-
mine the quantity of HV to be added during the amplification.
Assay should be performed in duplicates.

1.

2.

Seed 150 pul. of HEK293A cells at 0.03x 10°¢ cells/mL in
96-well plates.

24 h later, each column of the 96-well plates should receive a
logarithmic dilution of unknown viral stock. A noninfected
column is considered as a negative control.

. Place the plates in a humidified Tupperware inside the incu-

bator to limit medium evaporation.

. 14 days post-infection, the positive infected wells are scored:

Infected cells are rounded, form grapes, and might be detached
from the bottom surface of the plates. The negative control
helps in determining the infected from noninfected wells.

. The HV titer is estimated according to the calculation by

Reed and Muench (21) based on the Median tissue culture
infective dose (TCID,;); amount of IU that will produce
pathological change in 50% of cell cultures. Details of the
TCID, calculation is given below.

Proportional distance = (% of infected wells at the dilution above

50%-50%)/(% of infected wells at the
dilution above 50% - % of infected wells at
the dilution below 50%).

Log TCID,,=Sum of log of dilutions above 50% - pro-
portional distance xlog (dilution factor)

TCID. = ](log TCID50
50
Titer in IU/mL=TCID_" /infected volume per well in mL

The VG titers of the HDV and the HV and the HV contamina-
tion ratio are determined by a duplex SYBR-Green I quantitative
PCR assay (qPCR). As the qPCR conditions are similar for both
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HDYV and HV detection, a single run is performed to quantitate
both vectors. We recommend running at least duplicate
samples.

1.

10.

11.

12.

Thaw 500 pL of cell lysates at 37°C and centrifuge for 2 min
at 4,500 x g to remove the cell debris.

. Treat 200 pL of the supernatants with 1 pL. of Benzonase in

a final concentration of Benzonase activation buffer of 2 mM
MgCl, for 30 min at 37°C.

. Add 5 uL of 0.5 M EDTA for DNA inactivation and inacti-

vate RNA by heating the sample at 65°C for 30 min.

. Extract the viral genomes using the High Pure Viral Nucleic

Acid kit following the manufacturer’s instructions. Elute the
equivalent of 200 pL of supernatant in 50 pL.

. Prepare separately a HDV mix and a HV mix by mixing per

number of samples 12 uL. H,0, 1.6 pL. MgCl, 25 mM, 1.2 uLL
forward HDV or HV primer 5 uM, 1.2 pL reverse HDV, or
HV primer 5 uM.

. Under limited light exposure, in the HDV or HV mix, add

per sample 2 puL. of 10x Master Mix Light-Cycler Fast-Start
SYBR Green I prepared according to the manufacturer. Mix
gently by up and down by pipetting.

. Distribute 18 puL of the HDV or HV mix among the capillaries

previously placed in the cold metallic box. Add 2 uL of samples
in the capillaries (serial dilution of standard from 10® to 10?
molecules or unknowns or MilliQ-H,O for negative control).

. Spin the capillaries at 300 x4 for 1 min to allow the qPCR

mix to settle down in the shallow part of the capillary.

. Perform the run in the Light Cycler according to the pro-

gram described in Table 1.

By highlighting the HDV or the HV samples forming the
standard curve, the software displays results for HDV or HV
unknowns, respectively.

Analyze the data using the Light Cycler 480 software.
Specificity of the reaction is confirmed by melting curves
analysis and runs of qPCR products on agarose gels
(Table 1).

Calculate the concentration of HDV and HV and the con-
tamination ratio.

VG/mL=Light cycler value/0.002 plL/
0.2 uLx0.05 uL

TVG (total viral genomes)/mL=VG of HV/mL+VG of HDV/

mL

% Contamination=(VG of HV/mL/VG of HDV/
mL)x 100
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4. Notes

. The HEK293SF cell line is used to produce HV (18, 19).

Briefly, a suspension culture of HEK293SF cultivated in
LCSFM medium without puromycin at 0.5x 106 cells/mL is
infected with HV at a MOI of 5. Twenty-four hours later, the
viral lysate is recovered. The viral lysate is concentrated 10x
by centrifugation (300 x g, 10 min) and stored at -80°C. This
lysate might be used in this form for amplification or further
purified by ultracentrifugation foradenofection. Quantification
of the stocks by EPDA-CPE (see Subheading 3.3.2) allows to
determine the viral titer for rescue by adenofection and ampli-
fication by infection protocols (see Subheading 3.1).

In this chapter, references are made to other HEK293 derived
clones:

HEK293 A: A stands for adherent and these cells are used in
infectious assays.

HEK293 E: E stands for EBNA and cells are EBNA trans-
formed cells.

Both cell lines are maintained and used in this lab based on
previously established protocols.

. Overnight digest at least 50 ug of HDV DNA with Pmel

restriction endonuclease. Verify DNA digestion by running a
small volume of PmeI-HDV DNA on agarose gel electropho-
resis stained with ethidium bromide. Purify the linearized
HDV DNA by ethanol precipitation and dilute in TE.
Quantify DNA concentration by UV absorbance in 50 mM
Tris—=HCI at pH 8.0 ensuring that A, /A,  stands between
1.80 and 1.95.

. We recommend using purified HV material to form adeno-

fection complexes. HV might be purified either by ultracen-
trifugation procedures or chromatographic methods such as
described in Subheading 3.2.2. Purification by ultracentrifu-
gation consists of a double CsCl banding (one-step gradient
at 100,000x g, 4°C for 1.5 h and one linear gradient at
100,000 x g, 4°C for 24 h) followed by dialysis against 10 mM
Tris-HCI, pH 7.9, 1 mM MgCL,.

. The multiplicity of infection (MOI) is a commonly used

parameter when describing viral infection. It is the quantity of
infecting units (IU) per cell and is therefore dependent on
the viral quantification method used to assess viral titer. For
better clarity in the text, the MOI is given without units.

. For amplification passage 3, the 3.5 L bioreactor CF-3000

(Chemap, Minnedorf, Switzerland) is equipped with surface
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10.

baffles and marine impellers for an efficient mass transfer.
Temperature is maintained at 37°C by a water jacket. Bottles
for virus inoculation and NaHCO, addition are connected to
the bioreactor. The pH is controlled at 7.2 with the addition
of 1 M NaCO, solution or controlling the percentage of CO,
in the gas inlet. Nitrogen and oxygen are used for controlling
the dissolved oxygen concentration at 40% of air saturation.
The gas is introduced by surface aeration and its composition
was controlled by mass flow controllers. Data acquisition and
control is performed using FIX MMI software.

. For standard plasmid construction, briefly, the HV genome is

extracted by using the viral DNA Roche kit. The HDV and
HYV elongated qPCR products are amplified by standard PCR
using the pHCAgfp and the extracted HV genome as tem-
plates. Restriction site sequences were added to the 3'-end of
each primer sequence (HDV forward: AAAGTTTAAACG
CCCAGGTAGTAAATGTCTC containing Pmel sequence,
HDV reverse: containing EcoR I sequence, HV forward:
AAAAAGCTTGGCCTACCCTGCTAACTTCC containing
Hind III sequence, HV reverse AAAGCGGCCGCAG
GTACACGGTTTCGATGAC containing Not I sequence).
The PCR cycling conditions were 94°C for 5 min; 35 cycles
0ot 94°C for 30 s, 58°C for 30 s, 72°C for 40 s; 72°C for 7 min
and final temperature 40°C. Each product is gel purified,
digested, desalted, and ligated sequentially into the pTT vec-
tor. The resulting standard plasmid pTT3-HDV-HV (7 kb) is
amplified in E. co/i and purified by Qiagen Maxiprep (Qiagen,
Mississauga, ON, Canada). The standard stock was quanti-
fied with absorbance ratios of 260 nm/280 nm and values
greater than 1.8 were considered pure and accepted for fur-
ther studies.

. Several key points have to be considered during complex for-

mation: thaw material (PEI, DNA, and virus), mixing and
mixing time affect complex formation. For instance, always
use material thawed only once, avoid vortex mixing and
respect time for complex formation.

. Do not allow to over warm, as virus is temperature-sensitive.

Gently mix by inverting the tubes until complete melting.

. A filled-up (until the tube neck) 13.5-mL Ultracrimp tube

weighs 17.68 g and contains 14.65 mL of material.

Because of the infinite difference of density, particular care
should be taken in the preparation of the self-forming
iodixanol density gradient. For instance, preparation is carried
out using volumes and refractive index measurements. The latter
is used to measure the exact iodixanol content and correct it
accordingly using the following correlation (http: /www.axis-
shield-density-gradient-media.com/Applic/VO1.pdf).


http://www.axis-shield-density-gradient-media.com/Applic/V01.pdf
http://www.axis-shield-density-gradient-media.com/Applic/V01.pdf

11.

12.
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% lodixanol (w/v)=641.4717m-856.4968
% lodixanol (0/®)=190.3302p-191.3011

From the bottom to top of the tube, the fractions are num-
bered 1-16. Viral bands are not visible; however, a faint band
around fractions 14-15 has been observed and corresponds
to aggregated proteins. The refractive index measurement
might confirm HDV localization which bands at 39.4-37.6%
iodixanol.

This protocol aims to separate the 30-kb HDV vector from
the 37-kb HV vector. To separate vector of different sizes, we
recommend to collect each fraction and to assess vectors pres-
ence by gene transfer assays. Here, initial fraction identifica-
tion was done by assessing each fraction for GFP expression
(HDV marker gene) and for luciferase expression on target

cells (HV marker gene).
13. A maximum of 20% of the CV should be loaded.
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Chapter 7

Manufacturing of Retroviruses

Pedro E. Cruz, Teresa Rodrigues, Marlene GCarmo, Dagmar Wirth,
Ana |. Amaral, Paula M. Alves, and Ana S. Coroadinha

Abstract

Retrovirus vectors derived from moloney murine leukemia virus (MoMLV) were the first class of viral
vectors developed for gene therapy. They have been extensively used in clinical trials, particularly in
ex vivo transduction of hematopoietic stem cells. Although there is a vast experience acquired with retro-
viruses, their manufacturing is still a difficult task due to the low cell productivities and inherent instability
of the infective virus. These viral vectors are most commonly produced using stable producer cell lines in
adherent monolayer culture systems. In order to obtain high transduction efficiencies and low toxicity
in clinical applications, the viral preparations should be purified, concentrated, and well characterized to
attain stringent quality specifications. This chapter describes currently used protocols for manufacturing
retroviruses.

Key words: Retrovirus, Gene therapy, Packaging cells, Production, Bioreaction, Purification,
Quantification

1. Introduction

Oncoretrovirus or C-type retroviruses derived from Moloney
Murine Leukemia Virus (MoMLV) were the first class of viral
vectors used in Gene Therapy (1). The retroviruses integrate the
transgene in the host-cell chromosome resulting in prolonged
expression which makes them particularly suited for inherited dis-
eases (2, 3). Traditionally retroviral vectors have been the vector
of choice for ex vivo transduction of hematopoietic stem cells, as
in the treatment of severe combined immunodeficiencies (SCIDs),
where they have shown to be effective in clinical trials (4).
Notwithstanding its particular advantage of high transduction
efficiency ex vivo, retroviruses have also demonstrated promising
results in the treatment of other types of diseases, namely cancer
(e.g., melanoma, glioblastoma, etc.) (5).

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
Methods in Molecular Biology, vol. 737, DOI 10.1007/978-1-61779-095-9_7, © Springer Science+Business Media, LLC 2011
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Among the major disadvantages of retroviral vectors are the
difficulties in its manufacturing, storage, and quality control.
Relatively low titers are usually obtained during retroviruses man-
ufacturing due to the low cell productivity and short vector half-
life (6). The retroviral vectors are produced in packaging cell
lines, generally derived from murine or human origin. These cell
lines provide the helper or packaging functions gag, pro, pol, and
envelope of the virus in z7ansusing molecular constructs that cannot
be packaged into the retroviral vectors. The therapeutic gene is
supplied by stably transfecting the packaging cell lines with a
construct that mimics the viral genome by containing minimal
cis-acting sequences, allowing its incorporation in the viral particles.
Table 1 lists some of the retroviral producer cell lines available
(7-9). The production systems used to date to manufacture ret-
rovirus for clinical trials are considered for small scale (1040 L)
and preferably disposable systems, such as T-flasks, cell factories,
and roller bottles, although a number of other systems of greater
scalability are available (7). Until recently, the purification of ret-
roviruses has been based on centrifugation and ultracentrifuga-
tion, but for clinical applications these methods are generally
insufficient to meet the quality standards required by the regula-
tory agencies. The removal of DNA and protein contaminants
generally requires the use of chromatographic and membrane
technologies (10).

Robust and integrated protocols are needed for efficient
manufacturing and characterization of retroviruses. This chapter
provides detailed experimental protocols for the production,
purification, and quantification of retroviruses.

2. Materials

2.1. Establishment
of Retroviral Vector
Producer Cells

2.1.1. Establishment
of Modular Producer
Cells by Flp-Mediated
Recombination

of the Transgene

All materials used in cell culture procedures, media, Fetal Bovine
Serum, Dulbecco’s Phosphate-Buffered Saline (D-PBS), antibi-
otics, and other supplements should be of cell culture grade. The
chemicals used in all protocols should be of purest grade available
from regular commercial sources, unless otherwise specified.

1. 293 FLEX or FIp293A cells and plasmids pTARFwF5 and
pSVEIpe (Table 1, Fig. 1 and Coroadinha et al. 2006 (8) and
Schucht et al. 2006 (9)).

(The cell lines and plasmids are available from the authors.)

2. Cell culture medium: Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) Fetal Bovine Serum
(FBS) (see Note 1).

3. Neomycin selection medium: DMEM supplemented with
10% (v/v) EBS and 1,000 pg/mlL G418.
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2.1.2. Classical Approach
for Establishing Producer
Cells by Transfection
with the Transgene

2.2. Production
of Retrovirus

2.2.1. Production
in Small-Scale T-Flasks

b

v IRES/P

) ReH F)

LTR LTR

Fig. 1. Schematic representation of pSVFIpe (a) and pTARFwF5 (b) plasmids used in the
establishment of modular retroviral producer cells.

4. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.

N Ul W

. Dulbecco’s Phosphate-Buffered Saline (D-PBS) w/o calcium

and w/0 magnesium.

. Cell culture plates: 96-well, 6-well flat-bottom sterile plates

and 100 mm Petri Plates (polystyrene-treated surface).

. 2.5 M CaCl, in water, filter sterilized (store at -20°C).
. 2x HBS: 50 mM Hepes, 280 mM NaCl, 1.5 mM Na,HPO,

in water (final pH 7.1), filter sterilized (store at —20°C).

. Packaging cells and retroviral vector plasmids (Table 1 lists a

few examples of packaging cell lines available) (see Note 2).

. Cell culture medium: DMEM supplemented with 10% (v/v)

FBS.

. Selection Antibiotic (see Table 1).
. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.
. D-PBS w/0 calcium and w/0 magnesium.

. Cell culture plates: 96-well, 6-well flat-bottom sterile plates

and 100 mm Petri Plates (polystyrene-treated surface).

7. 2.5 M CaCl, in water, filter sterilized (store at -20°C).

o

. 2x HBS: 50 mM Hepes, 280 mM NaCl, 1.5 mM Na,HPO,

in water (final pH 7.1), filter sterilized (store at -20°C).

. Stable retrovirus producer cell line (e.g., Table 1).
. Cell culture medium: DMEM supplemented with 10% (v/v)

FBS.

. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.
. D-PBS w/0 calcium and w/0 magnesium.

. Cell culture T-flasks 25; 75 or 175 ¢cm? (polystyrene-treated

surface).

. Depending on the scale, the filtration at 0.45 pm can be done

using either sterile 33 mm Filter Units or Stericup Filter Units
(low protein binding — PVDF).
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. Stable retrovirus producer cell line (e.g., Table 1).
. Cell culture medium: DMEM supplemented with 10% (v/v)

EBS.

. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.
. D-PBS w/0 calcium and w/0 magnesium.

. Cell Factory with 10 trays (CF10) corresponding to a total

culture area of 6,320 cm? and the corresponding accessories,
air filter, connector, and white filter adaptor cap from Nunc
(Roskilde, Denmark).

. Four 2 L sterile aspirator bottles mounted with a sterile con-

nector and a clamp (see Note 3).

. Stericup Filter Unit (0.45 um) — low protein binding Durapore —

PVDFE.

. Storage buffer: 10 mM Tris pH 7.2, 2 mM MgCl,, and

0.01% (v/v) Tween 80 (filter sterilized).

2. 20% (w/v) sucrose solution (autoclaved sterilized).

. 45Ti ultracentrifugation tubes: 70 mL polycarbonate bottle

assembly with aluminum caps (Beckman Coulter, Fullerton,
CA).

. 95T ultracentrifugation tubes: 10.4 mL polycarbonate bottle

with cap assembly (Beckman Coulter).

. Beckman 45Ti rotor (Beckman Coulter).

6. Beckman 95Ti rotor (Beckman Coulter).

O 0 NN N Ul

11.
12.

. Beckman Optima XL-100 ultracentrifuge (Beckman).

. Buffer 1: 20 mM phosphate buffer with 150 mM of NaCl at

a pH value of 7.5, filtered through a 0.22 pum filter.

. Buffer 2: 20 mM phosphate bufter with 1,500 mM NaCl at a

pH value of 7.5, filtered through a 0.22 pm filter.

. Buffer 3: 20 mM Tris—-HCI with 0.5 M sucrose at a pH value

of 7.2, filtered through a 0.22 pm filter.

. 300 mM NaCl solution.

. 150 mM NaCl solution.

. 1 M MgCl, solution.

. 0.5 M NaOH solution.

. Benzonase® purity grade IT (Merck, Darmstadt, Germany).

. Sterile containers (Schott bottles and /or disposable bags).
10.

0.8-0.45 um Sartopore 2 MidiCaps size 7 (Sartorius,
Gottingen, Germany).

Peristaltic pump.

Pressure gauge.



162 Cruz et al.

2.4. Retrovirus
Quantification

2.4.1. Infectious
Vector Units

2.4.1.1. Quantification

of LacZ-Expressing Vectors
by Contrast Phase
Microscopy

2.4.1.2. Flow Cytometric
Analysis of Fluorescent
Reporter-Expressing
Vectors (or Fluorescence
Antibody Staining)

13.
14.

15.

16.
17.
18.

19.
20.

21

22.

12.
13.
14.

Flexible tubing.

Hollow fiber cartridge with 500 kDa cutoff, 30 cm length,
and 140-420 cm? filtration area (GE Healthcare, Uppsala,
Sweden).

MidGee hollow fiber cartridge with 500 kDa cutoff, 30 cm
length, and 16-26 cm? filtration area (GE Healthcare).

Quick Stand System (GE Healthcare).
Advanced Mid]Jet System (GE Healthcare).

Anion-exchange chromatography (AEXc) resin Fractogel
DEAE EMD 650 (M) media (Merck).

XK 26,/20 column (GE Healthcare).
RK 16,26 packing reservoir (GE Healthcare).

. AKTA™ or FPLC system with a conductivity meter, an UV

absorbance detector, pH meter, and a fraction collector.

0.22 pum syringe filters (and a 20 mL sterile syringe).

. Te671 (ATCC CCL-1306) target cells (see Note 4).
. Cell culture medium: DMEM supplemented with 10% (v/v)

FBS.

. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.
. D-PBS w/0 calcium and w/0 magnesium.

. Cell culture 96 flat-bottomed sterile well plates (polystyrene-

treated surface).

. 12 channel Multichannel micropipettes 10-100 pL and

20-200 pL and reagent reservoir.

. Phase contrast inverted microscope (100x magnification).

. Polybrene solution 1 mg/mL (Sigma, Steinheim, Germany)

in PBS, filter sterilized.

. 37% (v/v) formaldehyde solution.
10.
11.

25% (v/v) glutaraldehyde solution.

X-gal solution, sterile: 20 mg/mL 5-bromo-4-chloro-3-in-
dolyl-beta-d-galactopyranoside (X-gal, Stratagene, La Jolla,
USA) in dimethyl formamide (DMF).

0.5 M K,Fe(CN), solution, filter sterilized.
0.5 M K,Fe(CN), solution, filter sterilized.
0.1 M MgCl, solution, filter sterilized.

. Te671 (ATCC CCL-1306) target cells (see Note 4).
. Cell culture medium: DMEM supplemented with 10% (v/v)

FBS.

. Trypsin-EDTA: 0.05% (w/v) Trypsin, 0.53 mM EDTA.
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. D-PBS w/0 calcium and w/0 magnesium.
. Cell culture 24-well sterile plates (polystyrene treated surface).
. 5 mL polystyrene round-bottom tubes.

. Flow cytometer with Blue Argon Laser (e.g., FACS Calibur,

Becton Dickinson).

. Tabletop Centrifuge.

. Polybrene solution 1 mg/mL (Sigma) in PBS, filter sterilized.
10.
11.
12.

PBS supplemented with 2% (v/v) FBS.
1 mg/mL Propidium iodide solution (Sigma) in PBS.

Fix & Perm Cell Permeabilization Reagent B (Invitrogen,
Camarillo, CA) when perfoming antibody staining.

LightCycler® Systems for Real-Time PCR (Roche, Mannheim,
Germany).

. Thermomixer.

. LighCycler capillary 20 pL tubes (Roche).

. 1.5 mL sterile tubes.

. DNase I (Sigma).

. PCR-grade water.

. First-Strand ¢cDNA synthesis kit (Roche).

. LighCycler-DNA master SYBR Green I (Roche).

. pSIR standard retroviral vector plasmid (Clontech, Palo Alto,

CA) or equivalent plasmid with MoMLV LTRs.

. Forward Primer: ATT GAC TGA GTC GCC CGG,

Tm=52.4°C, 20 uM (17).

. Reverse Primer: AGC GAG ACC ACA AGT CGG AT,

Tm=53.6°C, 20 uM (17).

3. Methods

3.1. Establishment
of Retrovirus Vector
Producer Cells

3.1.1. Establishment

of Modular Producer Cells
by Flp-Mediated
Recombination of the
Transgene

This section describes the establishment of a stable producer cell
line. This requires the stable transfection of a packaging cell line
expressing the retrovirus helper functions with retroviral trans-
gene, either by random integration or site-specific flp-mediated
integration.

1.

Seed modular packaging cells (293 FLEX or FIp293A) at 6x 10°
cells per well in a six-well plate (prepare a cell suspension at
3x10° cells/mL and inoculate 2 mL perwell). Incubate the cells
overnight in a humidified incubator at 37°C and 10% CO,,.
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. The next day cells should be 60-80% confluent. Three hours

before transfection remove the medium and replace it with
2 mL of fresh cell culture medium.

. Co-transfect cells with calcium phosphate precipitation

method with 4 pg of targeting plasmid (pTARFwF5) and
12 pg of flipase plasmid (pSVFlpe) per well. For each transfec-
tion, prepare two sterile tubes with solution A and solution B
according to Table 2. In tube A, dilute the DNA in Molecular
Grade Water, mix well, and add afterwards the 2.5 M CaCl,
and mix again. Perform a negative control replacing the DNA
volume by Molecular Grade Water. Prepare the tube B with
150 uL of 2x HBS and to this tube add slowly drop wise tube
A solution under vortex mix. Incubate the solution at room
temperature for 10-15 min.

. Vortex transfection solution again and add drop wise to the

cells. Swirl the plates and incubate in a humidified incubator
at 37°C and 10% CO,,.

. Between 4 and 16 h post-transtection remove the medium

and add 2 mL of fresh growth media.

. Forty-eight hours after transfection start neomycin selection

by transferring the cells to a 100 mm Petri plate with
1,000 pg/mL of G418.

7. Incubate plates in a humidified incubator at 37°C and 10% CO,.

10.

. Change the selection medium containing 1,000 pg/mL of

G418 twice a week until large drug-resistance colonies
(2-3 mm in diameter) are formed (10-20 days).

. Isolate 10-12 colonies using cloning rings or by suction using

a P-200 pipette (see Note 5), place the colonies in a 96-well
plates with 200 UL of selection medium.

Expand each cell clone; confirm correct recombination and
virus production of five to ten clones. The titers should be

Table 2
Solutions for calcium phosphate transfection

per well in six-well plate

B

DNA:
pTARFwF5 4ug
pSVFlpe 12 pg
2.5 M CaCl, 10 ul
M.G. Water To a final volume 150 pl
2x HBS 150 pl

M.G. Water (Molecular Grade Water)
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homogeneous and around 1-10x10¢ IP/mL. The stable
producer cell line can now be used for the production of ret-
roviruses according to the following protocols and cryopre-
served at -85°C or vapor liquid N, according to the general
cell culture protocols (for additional details see refs. 8, 9).

The classical protocols for establishing a producer cell line are
dependent on the helper cell line used (e.g., the transfection
method, retroviral plasmids, selection antibiotic) (see Table 1).

1.

Seed the classical packaging cells in six-well plates at a cell
density that will be between 60 and 80% confluent the next
day (depending on the origin of the cell line use between 2
and 6 x 10° cells per well).

. Incubate the cells overnight in a humidified incubator at

37°C and 10% CO,.

. The next day, 3 h before transfection remove the medium and

replace it with 2 mL of fresh cell culture media.

. Transfect cells with calcium phosphate precipitation method

with 5 pg of retroviral vector plasmid per well. For each trans-
fection prepare two sterile tubes with solution A and B according
to Table 2 but instead of pTARFwF5 and pSVFlpe dilute
5 ug of your transfer retroviral plasmid of interest in the
Molecular Grade Water. Mix well and add afterwards the
2.5 M CaCl, and mix again. Perform a negative control
replacing the DNA volume by Molecular Grade Water.
Prepare the tube B with 150 puL of 2x HBS and to this tube
add slowly drop wise tube A solution under vortex mix.
Incubate the solution at room temperature for 10-15 min.

. Proceed as in steps 4 and 5 in Subheading 3.1.1.

. Forty-eight hours after transfection, start antibiotic selection

by cultivating the cells in a 100 mm Petri dish with the respec-
tive resistance antibiotic (see Table 1).

7. Incubate plates in a humidified incubator at 37°C and 10% CO,,.

10.

. Change the selection medium containing the resistance anti-

biotic twice a week until large drug-resistance colonies
(2-3 mm in diameter) are formed (10-20 days).

. Isolate around 100 colonies using cloning rings or by suction

using a P-200 pipette (see Note 5) and place the colonies in a
96-well plate with 200 uL of selection media (see Note 6).

Expand each cell clone and screen for clones producing titers
between 1x10° and 10x 10° IP/mL (see Note 6). The stable
producer cell line can now be used for the production of ret-
roviruses according to the following protocols and cryopre-
served at —-85°C or vapor liquid N, according to the general
cell culture protocols.
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3.2. Production
of Retrovirus

3.2.1. Production
in Small-Scale T-Flasks

3.2.2. Production
in Cell Factories

The production conditions of retrovirus will depend on the
producer cell line used (i.e., cell inoculum, production medium,
and harvest time). The protocols below describes the production
conditions for 293-derived producer cells 293 FLEX and Flp293A
and for Te671-derived producer cells Te Fly Gal8 and Te Fly A7.

1.

Prepare a cell suspension at 2x10° or 1x10° cells/mL for
293-derived producer cells (293 FLEX or FIp293A) or Te671-
derived cells (Te Fly Gal8 or Te Fly A7), respectively, in cell
culture medium DMEM supplemented with 10% (v/v) FBS.

. Inoculate each T-flask with 5, 15, or 35 mL depending if you

are using a 25, a 75, or 175 cm? T-flask, respectively. This
corresponds to an inoculation density of 4 x 10* cells/cm? for
293 FLEX and Flp293A and of 2x 10* cells/cm? for Te Fly
Ga 18 and Te Fly A7. Place in a humidified incubator at 37°C
and 10% CO,,.

. After 3 days, when cells reached around 60% confluence,

exchange the growth medium for fresh new one and re-incubate
in a humidified incubator at 37°C and 10% CO,,.

. The next day, 24 h after medium exchange, harvest the viral

supernatant, and filter at 0.45 pum. If not immediately used,
the supernatant should be stored at -85°C.

. Prepare acell suspension of 1.5 Lat 1.7 x 10° or 8.5 x 10* cells /

mL for 293-derived producer cells (293 FLEX or Flp293A)
or Te671-derived cells (Te Fly Gal8 or Te Fly A7), respec-
tively, in cell culture medium DMEM supplemented with
10% (v/v) EBS. The suspension should be prepared or trans-
ferred to a 2 L sterile aspiration bottle mounted with sterile
connector and clamp (additionally see Nunc Cell Factory
Instructions).

. Unpack the Cell Factory CF10 (10 tray — 6,320 ¢cm?) and

place it in the laminar flow cabinet. The following steps should
be done under sterile conditions.

. Remove the seal from one of the white filter adaptor caps, as

indicated in the Cell Factory instructions, and immediately
insert presterilized air filter (0.22 um) (see Fig. 2a, b).

. Remove the second white filter adaptor cap from the Cell

Factory and insert the connector from the 2 L aspiration bottle
containing the cell suspension (see Fig. 2a, b).

. Turn the Cell Factory to its side, so that the growth surface is

in the vertical position, and raise the aspirator bottle above
the Cell Factory level. Gently agitate the aspirator bottle and
loosen the clamp, the cell suspension will flow into the Cell
Factory (see Fig. 2¢).
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Fig. 2. Schematic representation of manual Cell Factory operation during, inoculation (a—€) and supernatant harvesting (f).

6. When the filling is complete, allow the levels of the liquid to
equalize in all chambers and then turn the Cell Factory 90° in
a way that inlet is up and the growth surface is still in the
vertical position (see Fig. 2d).

7. Verify that the medium is separated in equal volumes in each
chamber and then place the Cell Factory in the horizontal
position in order that the growth surface of all trays will be
covered by the medium (see Fig. 2e).

8. Remove the connector from the 2 L aspirator bottle and
replace it by a white filter adaptor cap (leave the filter on).

9. Incubate the Cell Factory in a humidified incubator at 37°C
and 10% CO, for 3 days (see Note 7).
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3.3. Purification
and Storage

3.3.1. Purification
by Ultracentrifugation

10.

11.

12.

13.

After 3 days, prepare an empty sterile 2 L aspirator bottle
mounted with a sterile connector with clamp. Connect it to
the Cell Factory using the adaptor cap port, turn the Cell
Factory on its side and raise it above the aspirator bottle.
Open the clamp and the supernatant will flow into the aspira-
tor bottle (see Fig. 2f).

Prepare a third sterile aspirator bottle with a connector and
clamp with 900 mL of fresh cell culture medium previously
warmed at 37°C. Connect the aspirator bottle to the adaptor
port and raise it above the Cell Factory. Open the clamp and
allow the medium to flow into the Cell Factory (see Fig. 2¢).
Turn the Cell Factory 90°C so that the level of medium is
equal in each chamber (see Fig. 2d). Turn the Cell factory in
the horizontal position, remove the aspirator bottle connec-
tor and replace it by a white filter adaptor cap (see Fig. 2e).

Re-incubate the Cell Factory in a humidified incubator at
37°C and 10% CO, for 24 hours.

The next day prepare a sterile aspirator bottle with a connector
with a clamp to harvest the viral supernatant. Perform as
described in step 10. Filter the viral supernatant at 0.45 pm
and proceed to purification or store at -85°C in appropriate
containers.

This section describes a common ultracentrifugation labscale
purification procedure and a complete scalable purification pro-
cess based on filtration and chromatographic techniques (18) of
retroviruses.

This section describes a general ultracentrifugation purification
method for retroviral vectors. Since the principle of purification is
based on molecular size, it is applicable to all retroviral vectors
pseudotypes, although different yields may be obtained depending
on the envelope resistance to shear stress.

1.

Place the retrovirus supernatant in 70 mL ultracentrifugation
bottles previously sterilized by autoclavation (see Note 8).

. Concentrate the retrovirus supernatant by ultracentrifugation

at 100,000 x g for 90 min at 4°C using a Beckman 45Ti rotor.

. Resuspend the pelleted viruses in a maximum volume of

1.5 mL of storage bufter.

. Fill sterile ultracentrifugation 10.4 mL bottles with 7 mL of

20% (w/v) sucrose solution.

. Place up to 1.5 mL of the concentrated pelleted viruses on

top of the sucrose solution.

. Ultracentrifuge at 200,000x4 for 120 min at 4°C using a

90Ti rotor.
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3.3.2.1.Step 1:
Microfiltration

3.3.2.1.1. Preparation
and Conditioning of the
Microfiltration Capsule

3.3.2.1.2. Microfiltration
Purification Procedure
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7. Resuspend the final pellet in the desired volume of storage
buffer (or other buffer desired, accordingly to the subsequent
use of the purified retroviral preparation).

8. If not for immediate use, store the viral vector preparation at
-85°C (see Note 9).

This method describes a complete purification process for retro-
viral vectors relying on the retrovirus size and charge. The following
protocol was tested for Amphotropic pseudotyped retroviruses,
although it is applicable for all envelope pseudotypes (due to the
different envelope charge differences minor optimization for dif-
ferent envelopes may be desirable for achieving good yields). The
process includes six steps: (1) an initial microfiltration clarification
of the vector supernatant followed by (2) benzonase treatment
and (3) concentration using 500 kDa MWCO tangential flow
hollow fiber Ultra/Diafiltration membrane, (4) purification by
anion-exchange chromatography (AEXc) using a tentacle matrix
bearing DEAE functional ligands, (5) concentration and buffer
exchange of the vector into a storage buffer by ultrafiltration and,
finally, (6) sterile filtration of the purified vector using a 0.22-um
filter. To maintain viral stability and achieve higher transducing
unit yields, it is recommended to perform the purification protocol
at low temperature (between 4 and 6°C).

The dimensions of the micro and ultrafilters to be used depend
on the initial volume of the supernatant to be processed. The filters
herein described have been tested for processing 2—4 L of initial
retroviral supernatant (18).

1. Mount a pressure gauge close to the filter’s inner port and a
flexible tubing upstream the pressure gauge (add enough
tubing in order to be able to filter in a vertical position into a
reservoir) following Fig. 3. Use clamps to ensure the tube is
tight to the filter and the pressure gauge.

2. Adjust and secure the tubing to the pump head and introduce
the tubing extremity into a reservoir containing Buffer 1.

3. Remove the top plug of the filter and start the pump at
50 mIL/min. This will allow removal of the air inside the
capsule.

4. Close the top plug of the filter when the capsule is filled with
liquid and rinse with 500 mL of Buffer 1.

5. Stop the pump and leave the buffer to soak the membrane till
further use.

1. Remove the tubing from the Buffer 1 reservoir and start the
pump to drain the Sartopore 2 filter.
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3.3.2.2. Step 2: Benzonase
Treatment

3.3.2.3. Step 3: First Ultra/
Diafiltration

3.3.2.3.1. Preparation
of the Ultrafiltration
Cartridges

Pressure
Gauge

Feed

- Permeate
Reservoir

Reservoir

Fig. 3. Schematic representation of the microfiltration setup.

2.

Place the extremity of the tubing into the reservoir containing
the retroviral supernatant, remove the top plug of the filter,
and start the pump at 50 mL/min.

. Close the top plug of the filter when the capsule is filled with

liquid and rinse with 500 mL of Buffer 1. Filter through in a
vertical position.

. Close the top plug and increase the flow rate to 100-300 mL/min

ensuring the inlet pressure is below 2 bar (decrease flow rate
if necessary).

. Collect the filtrate into a sterile Schott bottle (see Note 10).

. Add 200 units of benzonase and 2 mL of 1 M MgCl, per L of

clarified supernatant (19).

2. Incubate the supernatant overnight at 4°C or at 37°C for 1 h.

. Condition the supernatant at the appropriate temperature for

further purification (see Notes 11 and 12)

. Install and connect the cartridges to the appropriate system:

QuickStand for the larger cartridge and the Advanced MidJet
System for the MidGee cartridge. See Fig. 4 for guidance.

. Connect the retentate and the permeate lines to a waste

container.

. Fill the feed reservoir with warm ultrapure water.

4. Start the pump at a low flow rate and adjust the feed pressure

to 0.3 bar (5 psi).

. Adjust the pump speed and retentate valve such that the

retentate flow rate is approximately one-tenth of the permeate
flow (see Note 13).
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Pressure
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Permeate
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Reservoir

Fig. 4. Schematic representation of a tangential flow filtration setup using a hollow fiber
(courtesy of GE Healthcare).

6.

Continue rinsing for 90 min adding more water to the reser-
VOIr as necessary.

. Stop the pump and drain the system.

. Direct the retentate and permeate lines to the feed reservoir.

9. Recirculate a solution of 0.5 M of NaOH at 30°C for

10.
11.
12.
13.

14.

15.
16.

30-60 min.
Drain the system.
Rinse the cartridge with ultrapure water as described above.

Drain the system.

Add Buffer 1 (first ultra/diafiltration) or Buffer 3 (second
ultra/diafiltration) to the feed reservoir (5-10 L of buffer
per m? of filter surface area).

Open the retentate and permeate valves. Start the pump
slowly and increase the feed rate until solution flows from the
retentate and permeate lines.

Adjust transmembrane pressure to 0.3 bar (5 psi).

Open the retentate valve and close the permeate valve.
Increase the retentate flow rate to 15 mL /(cartridge fiber.
min), e.g., a cartridge containing six fibers should run at a
recirculation flow rate of 90 ml,/min.
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17.

18.
19.

3.3.2.3.2. First Ultra/ 1.

Diafiltration Purification
Procedure

Open the permeate valve and adjust the retentate valve to the
transmembrane pressure noted above.

Recirculate the buffer solution for 30 min.

Drain the buffer from the feed reservoir, leaving a small
amount in the bottom of the reservoir to prevent introduc-
tion of air into the system.

Allow the clarified supernatant and the Quick Stand System
to reach the temperature at which the process will be run
(4°C or room temperature).

. Introduce the feed and the concentrate lines into the feed

reservoir containing the clarified supernatant. Keep the reten-
tate returning to the feed reservoir below the liquid level to
avoid splashing, foaming and excess air entrainment (Fig. 4).

. Place the permeate line in a waste reservoir.

4. Open the concentrate valve and close the permeate valve.

. Start the pump and increase the recirculation flow rate slowly.

Set the recirculation flow rate to 12 mL /(cartridge fiber.min).

. Open the permeate valve and adjust the inlet pressure to

1.5 bar by closing the concentrate valve. Adjust the concen-
trate valve to keep the inlet pressure constant.

. Add 0.1x initial supernatant volume of Buffer 1 when the

volume of concentrate reaches 10% of the initial supernatant
volume.

. Concentrate further till approximately 100 mL of concen-

trate remain in the retentate reservoir.

. To maximize the recovery of concentrate from the system,

place the retentate line above liquid level and start the pump
at a low flow rate in the reverse mode. Most of the retentate
in the membrane and the system will be drawn back to the
retentate reservoir.

10. Stop the pump and carefully drain the retentate out (see Note 14).

3.3.2.4. Step 4: Anion- The dimensions of the AEXc column to be used depend on the

Exchange Chromatography ~ initial volume and biological titer of the supernatant to be pro-
cessed. Herein, we describe the packing of a column with approx-
imately 100 mL volume (CV=100 mL), 20 cm height, and
2.6 cm diameter suitable for processing up to 4 L of initial retro-
viral supernatant (18).

3.3.2.4.1. AEXc Column 1.
Packing and Cleaning 2.

Equilibrate all materials at room temperature.

Remove the storage solution of approximately 150 mL of
resin slurry by decanting and wash with 500 mL of ultrapure
water. Decant again and wash two times more with 500 mL of
300 mM NaCl. Decant and add 150 mL of 300 mM NaCl.



3.3.2.4.2. AEXc FPurification
Procedure

10.

11.
12.

13.
14.

p—
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. Mount the XK 16/20 column end pieces. Eliminate air by

flushing column end pieces with 150 mM NaCl. Ensure no
air is trapped under the column net. Close column outlet
leaving 1-2 cm of bufter in the column.

. Adjust the packing reservoir to the top of the column and

level the column.

. Gently resuspend Fractogel DEAE medium and pour into

the column.

. Immediately fill the column and packing reservoir with

150 mM NaCl.

. Close the packing reservoir and connect it to the chromatog-

raphy system.

. Open the column outlet and pump 20 mL/min of 150 mM

NaCl through the column. Ensure the backpressure does not
exceed 0.5 MPa.

. Stop the pump when the bed height no longer decreases and

close the column outlet. Remove the packing reservoir and
carefully fill the rest of the column with buffer to form an
upward meniscus at the top.

Insert the adaptor into the column at an angle; ensuring that
no air is trapped under the net, and slide the adaptor slowly
down the column (the outlet of the adaptor should be open).
Lock the adaptor in position.

Flush the chromatography system with 0.5 M NaOH.

Clean the column with 1.5 CV of 0.5 M NaOH at a flow rate
of 5 mL/min.

Flush the chromatography system with Buffer 1.

Equilibrate the column with Buffer 1 at a flow rate of 10 mL/
min. Monitor the conductivity and pH of the outflow. Stop
when both reach stable values.

. Equilibrate the AEXc column with 1 CV of Buffer 1 at

10 mL/min.

. Reset the UV detector.

. Load the concentrated supernatant into the AEXc column at

a flow rate of 7 mL/min.

. Wash the column with 2 CV of Buffer 1 at a flow rate of

10 mL/min (maintain this flow rate till the end of the process).

. Start elution of contaminant proteins with a mixture of 25%

(v/v) of Bufter 2 and 75% (v/v) of Buffer 1 (prepare the bufter
solutions previously if the chromatography system has no
buffer mixer). Elution is accompanied by an increase in
absorption at 280 nm.
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3.3.2.5. Step 5: Second
Ultra/Dialfiltration

3.3.2.6. Step 6: Sterile
Filtration

6.

After 2 CV of buffer (or when absorbance reaches baseline
again) start elution of the viral vectors with a mixture of 60%

(v/v) of Buffer 2 and 40% (v/v) of Bufter 1.

. The viral peak should start eluting at 40-50 mL after starting

to pump the elution buffer through the column. Collect the
viral peak using the fraction collector (the elution volume will
be approximately 30—40 mL).

. Regenerate the column with 2 CV of buffer 2 and 5 CV of

buffer 1 afterwards.

The second concentration step is similar to the first but performed
at a smaller scale. Preparation of the ultrafiltration cartridges
follows as described in step 3 “Preparation of the Ultrafiltration
Cartridges.”

1.

10.

Allow the AEXc purified vector and the Advanced Mid]Jet
System to reach the temperature at which the process will be
run (4°C or room temperature).

. Introduce the feed and the concentrate lines into the feed

reservoir containing the AEXc purified vector (as in Fig. 4).
Keep the retentate returning to the feed reservoir below the
liquid level.

. Place the permeate line in a waste container.
. Open the concentrate valve and close the permeate valve.

. Start the pump and increase the recirculation flow rate slowly.

Set a recirculation flow rate of 12 mL/(cartridge fiber.min).

. Open the permeate valve and adjust the inlet pressure to 1.0

bar by closing the concentrate valve. Adjust the concentrate
valve to keep the inlet pressure constant.

. To start diafiltration, add 10 mL of Buffer 3 to the concen-

trate reservoir when the volume of concentrate reaches
approximately 10 mL.

. Concentrate further till reaching 10 mL of concentrate and

repeat the previous action two more times. The virus can be
concentrated down to 5 mL.

. To maximize the recovery of concentrate from the system

place the cartridge inlet line above liquid level and start the
pump at a low flow rate. Most of the retentate in the mem-
brane will be pumped through system into the retentate
reservoir.

Stop the pump and recover the retentate.

Due to the small volume of purified vector obtained in the end of the
process, the best way to sterile filter the vector is to use a low binding
0.22 wm MiniSart® NML syringe filter. It is advisable not to exert
too much pressure during filtration. Filter under sterile conditions.
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3.4.1. Infectious Vector
Units: Quantification

of LacZ-Expressing
Vectors by Contrast Phase
Microscopy
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If not for immediate use, store the viral vector preparation at

-85°C (see Note 9).

The quantification of infectious retroviruses depends on the gene
expressed, herein are described two protocols for retrovirus express-
ing either the marker genes LacZ or fluorescent reporter proteins.
The latter protocol can be adapted to genes for which an anti-
body is available. This section also describes the quantification of
total viruses by quantifying by real-time RT-PCR the viral RNA, it
can be applied for all retrovirus possessing an MoMLV LTR (17).

1.

Prepare a cell suspension of target cells Te671 at
1.65x10° cells/mL in DMEM supplemented with 10% (v/v)
FBS (see Note 4).

. Inoculate 100 pL per well of the cell suspension in 96-well

plates (this corresponds to an initial cell density of 5 x 10* cells /
cm?). Incubate overnight in a humidified incubator at 37°C
and 10% CO,,.

. The next day perform serial dilutions of the viral samples (gen-

erally between 107! and 1077 for titers between 10° and
10°1.U./mL). These dilutions should be performed in 96-well
plates, using a multichannel micropipette, by diluting 20 puL of
viral suspension successively in 180 pl. of DMEM supple-
mented with 10% (v/v) FBS and polybrene at 8 pg,/mlL..

. Remove the supernatant from the Te671 target cells, that should

be 60-80% confluent, and infect cells in triplicate with 50 UL of

viral suspension of the several dilutions performed. Incubate
cells in a humidified incubator at 37°C and 10% CO,.

. After 4 h of incubation, for virus adsorption, add 150 puL of

DMEM supplemented with 10% (v/v) of FBS. Incubate 48 h
in a humidified incubator at 37°C and 10% CO,,.

. Two days after infection the cells are fixed: the medium is

removed from the target cells Te671, cells are washed with
PBS 100 pL per well, and 100 pL of the fixing solution is
added and incubated for 3 min at room temperature. The fixing
solution should be prepared freshly by adding (for one 96-well
plate): 675 uL of glutaraldehyde 25% (v/v) and 100 puL of
formaldehyde 37% (v/v) to 12.5 mL of PBS.

. After fixing the cells, wash with 100 pL of PBS per well.
. Stain the cells by adding 100 pL of staining solution per well.

The staining solution should be prepared freshly by adding
(for one 96-well plate): 125 puL of x-Gal 20 mg/mL, 125 uL
of 0.5 M K,Fe(CN),, 125 puL of 0.5 M K Fe(CN),, 125 uL.
of 0.1 M MgCl, to 12 mL of PBS.

. Incubate for 24 h at 37°C (see Note 15).
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3.4.2. Infectious Vector
Units: Flow Cytometric
Analysis of Fluorescent
Reporter-Expressing
Vectors (or Fluorescent
Antibody Staining)

10.

11.

Count the number of stained blue cells (corresponding to the
infected cells expressing B-Galactosidase) per well, using a
phase contrast inverted microscope. Only wells with
20-200 blue stained cells should be considered.

The titer is calculated by multiplying by the dilution factor
according to the equation:

[Titer] (LU./ mL) = 1" BIU€ CBIIS _ \iva ditution.
0.05mL

. Prepare a cell suspension of target cells Te671 at 1 x 105 cells/mL.

in DMEM supplemented with 10% (v/v) FBS (see Note 4).

. Inoculate 0.5 mL of Te671 target cells per well in 24-well

plates and incubate cells in a humidified incubator at 37°C
and 10% CO, overnight.

. The next day determine the cell concentration per well at the

time of infection, in duplicate, by tripsinizing the Te671 cells
in two wells.

. Perform serial dilutions of the viral samples (generally between

107! and 10-¢ for titers between 10° and 10 I.U./mL) in
DMEM supplemented with 10% (v/v) FBS and polybrene at

8 ug/mL.

. Remove the supernatant from the Te671 target cells, that

should be at 60-80% confluent, and infect cells in triplicate with
200 pL of viral suspension of the several dilutions performed.
Perform a negative control with cells not infected.

. Incubate the cells for 4 h in a humidified incubator at 37°C

and 10% CO, for virus attachment.

. Add 0.8 mL of DMEM supplemented with 10% (v/v) FBS

and re-incubate for 48 h in a humidified incubator at 37°C
and 10% CO,,.

. Two days after infection harvest cells: remove the supernatant

from the wells, wash with 0.5 mL of PBS, trypsinize with
200 pL of trypsin, and after cell detachment resuspend cells
with 300 puL of PBS supplemented with 2% FBS.

. Centrifuge cells at 200 x g (either in Eppendorf tubes or FACS

polysterene tubes), for 5 min at 4°C. For fluorescent marker
genes, remove the supernatant and resuspend each pellet in
500 uL of PBS with 2% (v/v) FBS and 2 ug/mL of PI
(Propidium Iodide). For fluorescence antibody staining of
the gene expressed, wash by removing the supernatant, resus-
pend each pellet in 500 pL. of PBS and centrifuge again.
Resuspend pellet with 100 uL of the fluorescent-labeled
primary antibody (FITC- or PE-conjugated) diluted in



3.4.3. Total Vector Units:
Viral RNA

3.4.3.1.Part:
Pretreatment of Samples
and cDNA Synthesis

10.

11.

9]
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reagent B of the Fix & Perm Cell Permeabilization (at the
antibody manufacturer recommended dilution). Wash twice
in PBS by centrifugation and resuspend in 500 pL of PBS
with 2% (v/v) FBS and 2 pg/mL of PI (see Note 16).

Analyze samples for fluorescent-positive viable cells using a
flow cytometer (see Note 17).

The titer is calculated by multiplying the percentage of fluo-
rescent-positive cells by the number of cells per well at the
time of infection and by the dilution factor according to the
equation:

0,
[Titer](LU/mL) = YFluorescent cells ;a1 Dilution x n°cells / well

0.20 mL

(see Note 18)

. Incubate 50 pL of viral samples (previously filtered at

0.45 pm) at 75°C for 10 min in a Thermomixer to release the
viral RNA.

. Let the samples cool down to room temperature and spin

down the tubes in a bench top centrifuge.

. Add 1 pL of DNase I (1 U/uL)and 1.8 uL. of 25 mM MgCl,,

vortex and incubate the mixture for 30 min at 25°C in order
to destroy any DNA from the cell lysates.

. Incubate the mixture at 75°C for 10 min in the Thermomixer

to inactivate the DNase 1.

. Prepare 11.5 pL of the cDNA synthesis mix to the indicated

end-concentrations (see Table 3 and First-Strand cDNA syn-
thesis kit instructions from Roche).

Table 3
cDNA synthesis mix solution

cDNA synthesis mix

1x reaction buffer 2 uL
5 mM MgCl, 4 uL
1 mM dNTP 2 uL
1 uM reverse primer 1.7 uL
50 U RNase inhibitor 1 uL
20 U AMV reverse transcriptase 0.8 uL

Total volume 11.5 uL
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3.4.3.2. Part II: Real-time
PCR

. Add 8.5 uL of viral sample to 11.5 pl. of cDNA synthesis

mix, vortex briefly, and spin down the mixture.

. Incubate the reaction at 25°C for 10 min and subsequently

for 60 min at 42°C.

. Inactivate the AMV (avian myeloblastosis virus) reverse tran-

scriptase by heating for 5 min at 99°C. Store the sample either
at 4°C for 1-2 h or -20°C for longer periods.

. Prepare 10 pL per sample of the LightCycler Real-Time

SYBR Green reaction mastermix to the indicated end-
concentrations in a sterile 1.5 mL tube (see Table 4 and
LightCycler Fast Start DNA master SYBR Green I manual
instructions from Roche).

. Vortex the mastermix and distribute 10 pL per each

LighCycler capillary reaction tube.

. To the negative control capillary tube add 10 pL of PCR-

grade water and close it. To the sample capillary tubes add the
samples of cDNA previously synthesized and diluted in PCR-
grade water (generally a dilution of 10! is adequate for titers
between 10°-10'2 T.U./mL).

. Prepare the standard curve of retroviral plasmid (e.g., pSIR)

at 107, 103, 10%, 105, 10°, 107, and 10® copies/mL in PCR-
grade water and add 10 pL of each to the respective capillary
tube.

. Centrifuge the capillary tubes to spin down the reaction,

place them in the LightCycler rotor and run the PCR: dena-
turation program (95°C for 10 min); amplification and quan-
tification program repeated 45 times (60°C for 10 min; 72°C
for 10 min with a single fluorescence measurement); melting
curve program (65-95°C for 10 min with continuous fluo-
rescence measurement); and cooling step to 40°C.

. Analyze the data using the second derivative maximum

method (see Note 19). The titer of Total Units is calculated

Table 4
Real-time SYBR Green PCR mastermix solution

Real-time SYBR Green PCR mastermix

Fast start DNA master SYBR Green I 2 uL

4 mM MgCl, 3.2uL
0.5 uM forward primer 0.5 uL
0.5 uM reverse primer 0.5 uL.
PCR-grade water 3.8 uL

Total volume 10 uL
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taking into account: an efficiency of 30% of the reverse
transcriptase, two copies of LTR per retroviral RNA (if the
plasmid has two LTRs such as pSIR this term is eliminated);
two copies of RNA per viral particle and the dilution factor
accordingly to the equation:

[TotalUnits] (T.U./ mL)= [DNA, ] (copies/ uL)

x Dilutionfactor x1000 x 1:—0 X %

4. Notes

. All cell culture media used are high glucose (4.5 g/L) and

high glutamine (4 mM).

. The choice of transfer vector depends both on the packaging

cell line and target cell for gene delivery. A review on the state
of the art transfer vector design can be found at Schambach
et al. (2008) (20).

. The 2 L aspirator bottles should be mounted and sterilized

20 min at 121°C in a autoclave.

. There are several target cell lines available that can be used

for the titration of infectious retrovirus namely, NIH 3T3
(murine cell line), HT1080, HCT 116, HEK293, and Te671
(human cell lines). The choice of target cell depends mainly
on the envelope used in the retrovirus (although other factors
such as the transgene promoter in the case of SIN vectors
should be accounted for). Te671 cells are a suitable target
cell line for both GaLV and Amphotropic envelope pseudo-
typed retrovirus.

5. After selecting and marking the location of colonies in the

Petri plate, aspirate the medium and add small volume of PBS
sufficient to cover the plate. Place the pipette tip, with the
plunger fully depressed, directly over the colony and slowly
release the plunger to aspirate the colony. Place the colony
under trypsin in a 96-well plate a few minutes and resuspend
cells with cell culture medium.

. Isolation of a transfected cell clone expressing high-titers of

infectious retrovirus is a low-yield process due to the random
integration of the plasmid. Hundreds of clones have to be
screened in order to find a high-performance clone. For non-
SIN vectors, since they contain an active promoter element at
the LTR (original U3 sequence or a heterologous promoter
inserted at the deleted U3 region of the 3'LTR) driving the
expression of primary transcripts, viral transduction by retroviral
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10.

11.

12.

13.

14.

15.

16.

17.

infection has been preferred for their stable integration in
the packaging cell line. This procedure generally leads to a
higher yield of high-performance clones; however, requires a
previous transient transfection of a packaging cell in order to
produce the virus.

. When a microscope allowing the monitoring of Cell Factory

with 10 trays is not available, it is reccommended to inoculate
simultaneously one 175 cm? T-flask using the same inoculum
and the same cells’ density (i.e., inoculate 41 mL in order to
obtain 4 x 10* cells/cm? for 293 FLEX and FIp293A and of
2x10* cells/cm? for Te Fly). Monitor the 175 cm? T-flask,
and if cells do not grow as expected, the medium exchange
can be delayed or anticipated.

. Use retroviral supernatant previous filtered at 0.45 um.

. To increase the vector half-life at —85°C several stabilizers

can be added to the storage buffer. Examples of such are
sucrose, ectoin, and firoin (generally added at 0.5 M) (21)
or alternatively recombinant proteins, like BSA or HSA
(0.4 mg/mL) (22).

The filter can be rinsed with 200 mL of Buffer 1 collected
into the filtrate to maximize recovery.

If the inactivation kinetics of the vectors is fast the benzonase
treatment can be performed during the production phase,
i.e., benzonase and MgCl, can be added to the medium used
for the last medium exchange.

A second benzonase treatment can be performed after the
first ultra/diafiltration step if necessary.

The transmembrane pressure is given by (Pin+Pout)/2-
Ppermeate.

Performing this step at 4°C results in a decrease of the perme-
ate flux through the membrane thus, significantly increasing
processing time.

After incubation at 37°C the plates can be stored at 4°C up to
1 week if sealed with parafilm (prevents evaporation).

If the primary antibody is not conjugated with a fluorescent
probe, after the first incubation with the antibody, wash twice
with PBS and incubate for 1 h with 100 uL of a fluorescent-
labeled secondary antibody diluted in reagent B of the Fix &
Perm kit (at the antibody manufacturer recommended dilu-
tion). After incubation, wash twice in PBS by centrifugation
and resuspend in 500 pL of PBS with 2% (v/v) FBS and
2 ug/mL of PI.

Homogenize cell samples immediately before flow cytometry
analysis.
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18. Consider only the dilutions of viral samples giving a linear
response (dilution vs. % of positive fluorescent cells transduced).

19.

Examine the melting curves for the presence of specific ampli-

fication and the absence of primer dimers. The amplicon peak
corresponds to an 84°C melting temperature. The calibration
curve should have a slope between —-3.3 and -3.9 and an error

below 0.1.
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Chapter 8

Lentiviral Vectors

Marc Giry-Laterriére, Els Verhoeyen, and Patrick Salmon

Abstract

Lentiviral vectors have evolved over the last decade as powerful, reliable, and safe tools for stable gene
transfer in a wide variety of mammalian cells. Contrary to other vectors derived from oncoretroviruses,
they allow for stable gene delivery into most nondividing primary cells. In particular, lentivectors (LVs)
derived from HIV-1 have gradually evolved to display many desirable features aimed at increasing both
their safety and their versatility. This is why lentiviral vectors are becoming the most useful and promising
tools for genetic engineering, to generate cells that can be used for research, diagnosis, and therapy.
This chapter describes protocols and guidelines, for production and titration of LVs, which can be
implemented in a research laboratory setting, with an emphasis on standardization in order to improve
transposability of results between laboratories. We also discuss latest designs in LV technology.

Key words: Lentivirus, Vector, Lentivector, Gene transfer, Gene therapy, Genetic engineering,
Cell engineering, Cell therapy

1. Introduction

1.1. From Lentiviruses ~ Retroviral vectors have three characteristics of a highly attractive
to Lentivectors gene delivery system. First, they integrate their genetic cargo into
the chromosome of the target cell, a likely prerequisite for long-
term expression. Second, they have a relatively large capacity,
close to 10 kb, allowing for the delivery of most cDNAs. Finally,
they do not transfer sequences that encode for proteins derived
from the packaging virus, thus minimizing the risk that vector-
transduced cells will be attacked by virus-specific cytotoxic T lym-
phocytes. Conventional retroviral vectors, however, are of limited
usefulness for many applications because they are derived from
oncoretroviruses such as the mouse leukemia virus (MLV), and,
as a consequence, cannot transduce nondividing cells. In contrast

Otto-Wilhelm Merten and Mohamed Al-Rubeai (eds.), Viral Vectors for Gene Therapy: Methods and Protocols,
Methods in Molecular Biology, vol. 737, DOI 10.1007/978-1-61779-095-9_8, © Springer Science+Business Media, LLC 2011
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to oncoretroviruses, lentiviruses, such as the human immunodefi-
ciency virus (HIV), are a subfamily of retroviruses that can infect
both growth-arrested and dividing cells.

An infectious retroviral particle comprises an RNA genome
that carries cis-acting sequences necessary for packaging, reverse
transcription, nuclear translocation and integration, as well as
structural proteins encoded by the gag and env genes, and the
enzymatic products of the pol gene. The assembly of these com-
ponents leads to the budding of the virion at the plasma mem-
brane of the producer cell. In lentiviruses, the efficient expression
of Gag and Pol requires a virally-encoded post-transcriptional
activator called Rev.

The envelope protein (Env) mediates the entry of the vector
particle into its target. HIV-1 Env specifically recognizes CD4, a
molecule present on the surface of helper T cells, macrophages,
and some glial cells. Fortunately, as with all retroviruses, the
HIV-1 envelope protein can be substituted by the corresponding
protein of another virus. This process, which alters the tropism of
the virion, is called pseudotyping. The envelope of the amphotro-
pic strain of MLV was used in some early experiments to pseudo-
type HIV-derived vectors (1). Its receptor, Pit-2, however, is only
present at very low level on hematopoietic stem cells, an impor-
tant target for gene therapy. Very often, the G protein of vesicular
stomatitis virus (VSV-G) is used to pseudotype lentiviral as well as
oncoretroviral vector particles, because it is highly stable, allow-
ing for the concentration of the vector by ultracentrifugation, and
because its phospholipid receptor is ubiquitously expressed in
mammalian cells. Moreover, the association of the VSV-G glyco-
protein with viral cores derived from lentiviruses results in vector
pseudotypes that can integrate into non-proliferating target cells
(2). More selective tropisms were achieved by taking advantage of
the natural tropisms of glycoproteins (gps) from other membrane-
enveloped viruses (see Table 1).

For instance, the use of surface glycoproteins derived from
viruses that cause lung infection and infect via the airway epithe-
lia, like Ebola virus or Influenza virus, may prove useful for gene
therapy of the human airway (3). Exclusive transduction of retinal
pigmented epithelium could be obtained following subretinal
inoculations of some vector pseudotypes in rat eyes (4).
Importantly, several viral gps target lentiviral vector to the central
nervous system (CNS) such as rabies, mokola, lymphocytic cho-
riomeningitis virus envelope (LCMV) or Ross River viral gps that
permit even transduction of specific cell types in the CNS
(Table 1). Some other envelope gps have been proven specifically
efficient for LV transduction of hepatocytes or skin (Table 1).
Likewise, screening of a large panel of pseudotyped vectors estab-
lished the superiority of the Gibbon Ape Leukemia virus (GALV)
and the cat endogenous retroviral glycoproteins (RD114) for
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Table 1
Pseudotyping of lentiviral vectors with heterologous envelope glycoproteins
relying on the natural tropism of these glycoproteins (after (22))
Glycoprotein Virus of origin Targeted cells — tissues Reference
VSV-G Vesicular stomatitis virus Broad tropism (mouse (2)
and human cells)

MLV-10A1 gp Murine leukemia virus — Broad tropism (mouse (5)

amphotropic strain and human cells)
MLV-E gp Murine leukemia virus — Broad tropism (mouse (6)

ecotropic strain cells)
Rabies gp Rabies virus Neurons (23-20)
Mokola gp Mokola virus Neurons (23)

Retinal pigment epithelium (25, 27, 28)

LCMV gp Lymphocytic choriomeningitis ~ Glioma and neural stem (27, 29, 30)

virus cells
Ross River gp Ross River virus Glial cells (31)
Ebola gp Ebola virus Airway epithelium (3, 32, 33)

Skin (34)

GPo64 Baculovirus Hepatocytes (35)
HCV gp Hepatitis C virus Hepatocytes (36)
F protein Sendai virus Hepatocytes (37)
RD114 modified gp  Feline endogenous retrovirus Hematopoietic cells (7)
GALV modified gp ~ Gibbon ape leukemia virus Hematopoietic cells (5,7, 38)
HA gp Hemagglutinin — influenza Broad tropism — retinal (4)

A virus epithelium
H and F measles Measles virus H (hemaggluti- Resting B cells and T cells (8,39)

&ps

nin) and F (fusion protein)

transduction of progenitor and differentiated hematopoietic cells
(5-7). Importantly, replacement of the cytoplasmic tail of RD114
and GALV gps with that of MLV-A glycoprotein resulted in
strongly increased incorporation of these chimeric gps as well as
high titers (5). Measles virus (MV) gps also require a modification
of their cytoplasmic tails to allow efficient in corporation onto
lentiviral vectors. Interestingly, lentivectors pseudotyped with
such modified MV gps can transduce quiescent T and B cells
more efficiently than VSV-G pseudotyped LVs (8). Although
many different pseudotyped vectors have been generated as
described above, pseudotyping with VSV-G gp provides lentiviral
vectors with the highest titers and the most robust particles.
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This technique is thus widely and routinely used in basic research
as well as in clinical research. Therefore this chapter focuses on
production of the VSV-G-pseudotyped vectors.

When producing vector stocks, it is mandatory to avoid the
emergence of replication-competent recombinants (RCRs). In
the retroviral genome, a single RNA molecule that also contains
critical cis-acting elements carries all the coding sequences.
Biosafety of a vector production system is therefore best achieved
by distributing the sequences encoding its various components
over as many independent units as possible, to maximize the
number of recombination events that would be required to recre-
ate a replication-competent virus. In the lentiviral vector systems
described here, vector particles are generated from three or four
separate plasmids (Fig. 1). This ensures that only replication-
defective viruses are produced, because the plasmids would have
to undergo multiple and complex recombination events to regen-
erate a replication-competent entity.

HIV is a human pathogen. However, its pathogenic potential
stems from the presence of nine genes that all encode for impor-
tant virulence factors. Fortunately, six of these genes (namely Env,
Vif, Vpr, Vpu, Nef, and Tat, see Fig. 1) can be deleted from the
HIV-derived vector system without altering its gene-transfer abil-
ity. The resulting multiply-attenuated design of HIV vectors
ensures that the parental virus cannot be reconstituted.

Because lentiviruses can infect both dividing and nondividing
cells, vectors were developed from this subgroup of retroviruses
with the hope 