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REVIEW ARTICLE
Production of lentiviral vectors

Otto-Wilhelm Merten', Matthias Hebben' and Chiara Bovolenta?

Lentiviral vectors (LV) have seen considerably increase in use as gene therapy vectors for the treatment of acquired and inherited
diseases. This review presents the state of the art of the production of these vectors with particular emphasis on their large-scale
production for clinical purposes. In contrast to oncoretroviral vectors, which are produced using stable producer cell lines, clinical-
grade LV are in most of the cases produced by transient transfection of 293 or 293T cells grown in cell factories. However, more
recent developments, also, tend to use hollow fiber reactor, suspension culture processes, and the implementation of stable
producer cell lines. As is customary for the biotech industry, rather sophisticated downstream processing protocols have been
established to remove any undesirable process-derived contaminant, such as plasmid or host cell DNA or host cell proteins. This
review compares published large-scale production and purification processes of LV and presents their process performances.
Furthermore, developments in the domain of stable cell lines and their way to the use of production vehicles of clinical material will

be presented.
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INTRODUCTION

With the first marketing authorization of an AAV1 vector for the
treatment of lipoprotein lipase deficiency (Glybera’) in Europe,’
viral vector-based gene therapy is more and more rapidly evolv-
ing towards the routine treatment of rare and acquired diseases for
which different viral vectors systems are available. Depending on
the purpose of the treatment as well as the target cells or tissues
to be treated, one or the other vector system is preferable. In case
of dividing, tissues or cells integrating vectors are required for the
long-term expression of the transgene. Traditionally, retroviral vec-
tors (in a large sense) are the vectors of choice because they lead to
a stable integration of the transgene to be expressed. Mainly two
different retroviral vector systems have been developed: y-retroviral
vectors derived from murine leukemia viruses (MLV)? and lentiviral
vectors (LV) mainly derived from HIV-1.2 In the past, many clinical tri-
als based on the use of MLV vectors were successful* and although
these vectors are still used, the general tendency is towards the use
of LV vectors. Different reasons can be quoted for this shift: (i) in con-
trast to y-retroviral vectors, LVs are able to transduce nondividing
cells because they can translocate across the nuclear membrane®;
(i) their integration patterns are different from MLV vectors and
seem to be less risky with respect to insertional mutagenesis®; and
(iii) they can be produced at high vector titer.

These are the main reasons why there is a clear transition from the
use of MLV to LV vectors though the overall manufacturing condi-
tions for LV vectors have not yet reached their maximal potential
and the level of those used for MLV vectors.

LV vectors have been used successfully in clinical trials, in a first
instance for the treatment of rare diseases, in particular, of primary
immunodeficiencies’® and in neurodegenerative storage diseases.®'

However, their application for the treatment of more frequent genetic
and acquired diseases, including treatment of [-thalassemia,"
Parkinson’s disease,'? and chimeric antigen receptor-based immuno-
therapy of cancer,'® has been assessed in clinics with exciting outcomes.
This means that manufacturing technology becomes a critical issue in
view of the implementation of these novel therapies for routine use.

Thus this review, based on publically available sources, presents
the actual state of the art of production means for LV vectors, pro-
viding information on advantages and short comings of actual pro-
tocols (or methods) and devices as well as on maximal manufactur-
ing levels achievable (titer, total vector quantity) and finishing with
a perspective of what should come next.

LV VECTOR SYSTEM(S)
The prototype LV vector system is based on HIV-1, a very well-stud-
ied human pathogen virus. Besides HIV-1, other lentiviruses have
also been developed as gene transfer vectors (TVs) but most of
them have not yet reached the clinical study stage, such as HIV-2
(ref. 14) simian immunodeficiency viruses,’ or nonprimate lentivi-
ruses including feline immunodeficiency virus,'® bovine immunode-
ficiency virus'” or caprine arthritis-encephalitis virus.'® Only equine
infectious anemia virus (EIAV)-based vectors' have been developed
up to clinical use.

In the following, this review article will focus on HIV-1-based LV
vector system.

Four-plasmid systems
Essentially guided by safety considerations due to the pathogenic-
ity of HIV-1 in humans, different generations of LV vector systems®
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have been developed of which the third generation is widely used for
R&D and clinical purposes today. It is a four-plasmid system (Figure 1),
consisting of three helper plasmids and one TV plasmid. The choice
of the helper plasmids was dictated by the principle of the rationale
design of a split genome conditional packaging system described by
Dull et al.* This production system is associated with all required fea-
tures necessary for a safe use in clinics (use of nonoverlapping split-
genome packaging constructs to maximally reducing the potential
recombination events, which could lead to the generation of repli-
cation-competent lentivirus (RCL)).>" All accessory genes of HIV-1 (vif,
vpr, vpu, and nef),?2 present only in the very first generation of LV, have
been removed because they are not necessary. Similarly, the regula-
tory tat gene, present in the second-generation LV, has been elimi-
nated because its transacting function is dispensable as the U3 pro-
moter of the 5" long terminal repeat (LTR) in the TV has been replaced
by a constitutively active promoter sequence, such as cytomega-
lovirus (promoter)?2* or Rous Sarcoma Virus (promoter)?' plus an
optional enhancer® or an inducible/repressible promoter sequence,
such as 7tet0.% This is commonly referred as the pRRL (lentivirus
transfer vector construct containing chimeric Rous sarcoma virus
(RSV)-HIV 5’ LTRs) design or the pCCL design ((CMV)-HIV 5°LTR). These
modifications lead to a LV vector system with the helper functions
based on the use of gag-pol (encoding for the structural proteins and
viral enzymes) and rev (encoding for a post-transcriptional regulator)
derived from HIV-1 and env. Although LV vectors can be pseudotyped
with different heterologous envelope glycoproteins,? all large-scale
(clinical scale) vector preparations have made use of the glycoprotein
of the vesicular stomatitis virus (VSV-g) envelope, due to improved
stability during downstream processing and its large transduction
spectrum.

The TV plasmid is the only genetic material transferred to the
target cells and consists of the LV backbone containing the trans-
gene expression cassette flanked by cis-acting elements required
for encapsidation, reverse transcription, and integration. In view of
biosafety improvement, self-inactivating (SIN)-LV vectors have been
developed, for which a deletion has been introduced into the U3
element of the 3’'LTR.2** This type of vector loses the transcriptional
capacity of the viral LTR once transferred to the target cells minimiz-
ing the risk of emergence of replication competent recombinants
and avoiding problems linked to promoter interference.

Considering vector production, HEK293 or HEK293T cells (see
below) are transfected with four plasmids encoding the gag-po/
genes, the rev gene, the VSV-g envelope gene, as well as a SIN LV
TV plasmid with an internal promoter for transgene expression
(Figure 1).

Further safety improvements of the LV vector system are related to
the removal of residual sequence homologies existing between the
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Figure1 One example of the third generation Tat-independent HIV-1
vector system. The shown SIN transfer vector contains the cPPT for
efficient nuclear import and uses the MSCV LTR promoter (MU3) as
internal promoter for driving the expression of the transgene, as well
as the WPRE (W) element for high-level transgene expression. The
three other packaging constructs encode for the HIV-1 gag-pol and
rev proteins as well as for the VSV-g envelope glycoprotein.? SIN, self-
inactivating; VSV-g, glycoprotein of the vesicular stomatitis virus.
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vector genome because the packaging signal (W) that extends into
the first bp of the gag gene® and the gag-pol construct via codon
optimization. Given that codon optimization renders the transla-
tion of gag-pol proteins rev-independent?**° the Rev-Responsive-
Element (RRE) sequence can be removed from the packaging con-
struct. Since the TV contains a portion of the gag sequence codon
optimization of the gag-pol sequence renders the so-called y-gag
recombination (for instance, reported by Sastry et al.3") impossible.®
An additional advantage of codon optimization is about 100-fold
reduced frequency of potential recombination events.*

A complete rev-independence of the LV vector system character-
ized by the absence of the RRE sequence in the TV has not been
shown for the moment. The function of RRE (which is part of the
unspliced vector transcript) consists in fact in the assembly of mul-
tiple molecules of Rev to form an oligomeric complex stabilizing
and mediating the export of the vector transcripts from the nucleus
to the cytoplasm during the production of the vector, but not after
integration of the TV in target cells.>* Alternative export sequences,
such as the constitutive transport elements or the RNA transport
element, were shown to be functional in the context of the gag-pol
production,*3¢ but they have not yet been shown to be as efficient
as RRE sequence in context of the TV.3?23> Thus, today, LV vector sys-
tems still make use of Rev/RRE for efficient vector genome export to
the cytoplasm.

Three-plasmid systems

A rev-independent vector technology was only successfully imple-
mented for the EIAV system in which only three plasmids (two
helper plasmids coding for the gag-pol and the env functions and
the TV plasmid) are required®” (Table 1).

In the past, Virxsys has developed a two-plasmid system for the
treatment of HIV infection using a conditionally replicating LV vec-
tor.®This system is characterized by the assembly of all helper func-
tions (gag-pol, rev, tat, and VSV-g) on one plasmid.?® Due to the use
of full LTRs, this system is tat-dependent and therefore by defini-
tion a second-generation LV vector system. The maintenance of full
LTRs is retained to allow the transcription of the antisense against
the HIV envelope gene® only in the HIV-infected target cells that
express Tat. Though such a production system is easier to produce
and less expensive in its application and leads to higher vector titer
than the three or four plasmid systems,* the presence of all helper
genes located on one plasmid might be a concern with respect to
the formation of RCLs. However, none of the vector lots or of the
transduced cell products were shown to contain RCLs.*

CELL LINES USED FOR VECTOR PRODUCTION

Most of the current LV vector production methods involve cotrans-
fection of, preferentially, HEK293T or HEK293 cells. The reason for
the preference of HEK293T cells is that the presence of the SV40
T-antigen in the producer cells renders them more efficient for
vector production. In addition, HEK293T cells show increased
cell growth and transfection efficiency in comparison to HEK293
cells.*"** A thorough explanation for the improvement of the “cel-
lular context” cannot be given today, however, Gama-Norton et al.*!
could show that, in the context of stable HEK293-based producer
cell lines, clones containing the SV40 T-antigen showed higher vec-
tor production rates than those not expressing the SV40 T-antigen.
The only difference between the clones was the expression/nonex-
pression of this antigen. The positive effect of the presence of SV40
T-antigen during LV vector production was also shown by Smith and
Shioda* in the context of CV-1 (SV40 T-antigen negative) — COS-1
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(SV40 T-antigen positive) cells. The latter cells are of high interest for
screening purposes related to LV vectors as well as for automated
manufacturing at small scale because of improved vector quality
(improved infectious to total vector ratio; reduced level of contami-
nating cellular proteins) in comparison to HEK293T cells.** However,
the main drawback when using COS-1 cells is that these cells are
obligatory adherent cells, whereas HEK293T cells can be adapted
to suspension growth in serum-free medium which is of particular
interest for large-scale vector productions.

LENTIVIRAL VECTOR PRODUCTION

The following section compares the production processes that have
been described in the literature from bench scale to industrial man-
ufacturing. The comparison focuses mainly on the technical meth-
ods developed by the producers. It would not be appropriate to
discuss the performance and productivity of each process since the
differences in lentivirus systems, transgenes of interest and titration
methods do not allow objective comparisons. Nevertheless, the
titers that were reported by the authors are given as an indication
in this review.

Vector production at small scale
Small-scale productions for R&D purposes are performed using
surface adherent cells grown in Petri dishes, T-flasks, multitray
systems (Cell Factories, Cell Stacks), or HYPERFlask. At optimal
confluence (<50%)* cells are transfected using either the tradi-
tional Ca-phosphate protocol“® or the more recently developed
polyethylenimine (PEl) method* characterized by several advan-
tages (independence of the culture conditions, no requirement for
medium change after transfection, applicability to transfection in
suspension culture).”® In principle, for small-scale applications, other
very efficient cationic transfection agents including lipofectamine,
fugene or 293fectin, have also been used resulting in high expres-
sion levels.*

By comparing the different cell culture systems, Ausubel et al.*®
did not observe any differences with respect to vector titers pro-
duced among the systems evaluated (T-flasks, one- or ten-layer
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CFs). Concerning the use of HYPERFlasks, Kutner et al*® observed
that probably due to the improved oxygen availability, cultures in
HYPERFlasks were able to produce about 10 times more LV vectors
per surface unit than when using traditional culture devices. In addi-
tion, the crude vector product was less contaminated by cellular
proteins and nucleic acid compared with supernatants produced in
traditional dish cultures.

Since attachment of HEK293T cells to culture surfaces is not very
strong, vector production is more difficult to perform in roller bot-
tles and transfection conditions in these devices have to be carefully
optimized for keeping cells attached. In this context, Patel et al.>!
could show that the overexpression of alpha-v and beta-3 integrin
by HEK293 led to an increased cell adhesion allowing efficient LV
vector production in roller bottles. However, this approach requires
the use of recombinant HEK293 cells overexpressing integrin.

Vector production at large scale

When moving towards clinical trials larger vector lots are required
signifying that the production method has to be scaled up. This
can either be performed by using a scale-out approach (addition of
supplementary production units) or by the use of suspension cul-
tures which are characterized by much better scalability than when
using adherent cell cultures. Both approaches will be presented in
the following:

Large-scale vector production using adherently grown cells

Large-scale productions of LV are mostly a direct scale-up (scale-
out) of the small-scale production methods by augmenting the
culture surface via addition of supplementary culture/production
units. The productions are essentially performed in parallel cultures
using large numbers of multitray systems (Cell Factories (CF) (CF-10
(Figure 2)) or Cell Stacks (CS)). Because of easier manipulation, 10
stack devices (CS-10) are preferable, though, in principle, 40 stack
devices could equally be used, requiring nevertheless a specific
handling system due to the elevated weight of the CF-40 stacks.
Furthermore, gas exchange as well as medium layers may not be
identical for all plates and growth control using microscopy is very
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Table1 Large-scale cell culture GMP productions of LV vectors
Cell line, Culture system Number of Maximal Titer (before
Company/institution vector system (number of culture units) plasmids production scale (1) purification)®
Virxsys®? 293, HIV-1 NC 2 36-52 2.02x10°TU/ml
Généthon*?/MolMed'% 293T, HIV-1 CF-10(12-24) 24-50 1-5x1071G/ml
Beckman Research In-stitut 293T, HIV-1 CF-10(12x10=120) 4 120 0.5-1x10°TU/ml
(City of Hope/CA)**'!
Oxford Biomedica/Henogen 293T, EIAV CF-10 (24 perrun, 3 3 72 0.2-2x10°TU/ml
[**, Mitrophanous, personal communication] campaigns)
Généthon®13 293T, HIV-1 STR(50/2001) 4 50/200 5x1071G/ml
St. Jude Children’s Hospital*® Stable 293T, 50-I WAVE reactor with Induction by About 138 per 0.5-1x 10’ TU/ml
tet-off, HIV-1 ~ HEK293T cells immobilized removal of batch
on Fibra-cel doxycycline
University of California Davis School of 293T, HIV-1 Hollow fiber system? 4 NC 1.0-2.8%x 108 vg/ml
Medicine®
LV, lentiviral vectors; NC, not communicated; STR, stirred tank reactor.
2Equivalent with three CF-10.
bIt has to be kept in mind that the titers between the different laboratories cannot be compared because different transgenes, different promoters, and non
standardized analytical methods have been used.
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Figure2 Ten stack Cell Factory from Nunc (CF-10).

difficult when using 40 stack devices. Productions are performed
either in an “open mode” under a laminar air flow bench* or in a
semiclosed mode* providing improved safety for the operator, the
environment as well as for the final product.

Harvesting is performed via one simple medium exchange and
in some cases the number of harvests has been increased to aug-
ment the final vector quantity. However, in the case of preclinical
and clinical large-scale productions frequent harvest cycles are not
practical, wherefore in most of the cases one to at most three har-
vests are performed.#24352-54

Based on the number of 10-stack culture devices and the num-
ber of harvests, traditionally, the harvest volumes range between
20 and 52 %2525 using 12-24 CF-10 devices for a single campaign
production schedule.

In the case of multicampaign production protocols (multiple sub-
batch system), larger bulk volumes of a drug product (purified and
vialed product) can be produced. Ausubel et al.** presented such a
protocol for the production of large volumes of lentiviral material
(>1001) based on the pooling of multiple 10-I sub-batches produced
over several weeks. A similar approach was also used by Dupont.*®
The harvests of single runs are treated separately leading to the
purified bulk product per run which is quality controlled separately.
For generating a lot of drug product, the necessary number of ali-
quots of purified bulk is thawed, pooled, sterile filtered and vialed.

In the case of stable inducible producer cell lines (tet-off induc-
tion system) 50-1 WAVE reactor cultures (working volume: 251) could
produce about 138 | of vector-containing cell culture supernatant in
a continuous process (harvest period: 3 to 6-8 days postinduction)
(*® and see below).

Unprocessed supernatants often contain vector titers ranging
from 1 to 5x 107 infectious particles (ip)/ml**>? being thus similar
to titers reported for small-scale productions.>’-%° However, titers in
the range of 0.5-1x 107 and of 0.5-2 x 10° transducing units (TU)/ml
have also been reported for large-scale production runs by Greene
et al*® and by Ausubel et al.®*, respectively. These differences are
mainly influenced by vector components such as the gene of inter-
est, the promoter used, and any additional regulatory elements, but
also by the titration methods which are not standardized for the
moment.

All large-scale production protocols were developed for
HIV-142525461 and EIAV?7**-based LV vectors.

Very recently a semi-“large-scale” LV vector production system
based on the use of hollow fibers has been presented.®? The hollow
fibers are seeded with HEK293T cells, which are then transfected
with three plasmids after attachment for 24 hours. The advantage
consists in the fact that it is a closed, fully automated culture system
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with an LV yield equivalent to three CF-10 stacks. This, however,
requires that several parallel systems have to be set up for real larger
scale productions.

Table 1 presents details of the available large-scale vector
productions.

Vector production using suspension cultures

Although transfection of adherent cells is the gold standard meth-
odology for producing LV, this system is rather limited in scalability.
For industrial manufacturing, cell culture in large bioreactors is usu-
ally the most convenient approach.

Production in bioreactors requires the expansion of the pro-
ducer cells in suspension. Several cell lines used for lentivirus
production (293T, 293FT, and 293SF-3F6) have been described
to be prone to adaptation to suspension culture in chemically
defined media (Freestyle 293 and F17, Invitrogen, Carlsbad, CA;
HyQSFM4TransFx293, Hyclone, Logan, UT).5% These cells grow
readily in suspension with no need for microcarriers rendering thus
their culture and expansion much easier than for adherently grow-
ing cells. In addition, the absence of bovine serum and animal origin
components in the culture media is the most suitable situation for
clinical manufacturing as this decreases the risk of contamination
by adventitious agents.

As a suspension culture, the cells can be expanded in differ-
ent kinds of vessels: shake flasks, glass bioreactors, stainless steel
bioreactors, wave bags, and disposable stirred tank. In the case of
HEK293T cells, expansion, transfection, and lentivirus production
have been demonstrated at 50-1 scale in single-use bioreactors.®

To transfect suspension cells, DNA precipitation using calcium
phosphate is expected to be less effective because of continuous
culture stirring. Therefore, other transfection agents like cationic
polymers are used most of the time. Linear 25-kDa PEI appears to
induce the highest transfection efficiency in 293T and 293-EBNA1
cells, leading to 75% of transfected cells using a green fluorescent
protein (GFP) reporter plasmid.® The same form of PEl is used in the
patent from Marceau and Gasmi®: for the production of LV and leads
to 90% of GFP-positive cells. However, in this example, the transfec-
tion efficiency was measured 48 hours post-transfection. Therefore,
the GFP signal might also result from cell transduction by the neo-
synthesized lentiviral vector.

For optimal transfection of several HEK293-derived cell lines,
the cell density appears to be a critical parameter. Many papers
converge towards values around 1 million cells/ml, more precisely
between 8x10° cells/ml and 1.5x10° cells/ml, to proceed to the
addition of the PEI/DNA polyplexes.®*66¢7

One drawback of PEI-mediated transfection is the amount of plas-
mid DNA required to reach high transfection efficiency. Ansorge
et al.® used 1 pg/10° 293SF-3F9 cells while Marceau and Gasmi®
reported optimal amounts at 2.5 pug/10° 293T cells, which would
lead to enormous amounts of plasmids at larger scale (e.g., 750mg
of total plasmid DNA for a potential 200-I bioreactor). This large
amount of DNA represents a high cost of raw material and a sub-
stantial residue to be eliminated by downstream processing.

Another issue with PEl is the absence of analytical method to
detect and quantify this molecule in process or in the purified vec-
tor preparation. Therefore, it is unclear whether PEI remains copuri-
fied with the vector, to which extent and if this can be detrimental
or not for the vector infectivity and stability.

Alternatively, electroporation has been described as a method
for transfection of eukaryotic cells. The production of lentiviral

Official journal of the American Society of Gene & Cell Therapy



vector by electroporation has been shown possible and effective
by Witting et al.** However, this method appears difficult to trans-
late to industrial scale as the electroporation step requires concen-
trating the cell culture to 108 cells/ml. As a matter of fact, the cur-
rent protocol implies a centrifugation step before electroporation,
then dilution back to the volume of the original vessel. At larger
scale, such a manipulation would require specific equipment like
continuous centrifuge. In general, technical operations during
cell-culture phase should be limited as much as possible since
they considerably increase the risk of microbial contamination.
In addition, centrifugation may lead to substantial cell damage or
cell stress that may correlate with lower productivity. Therefore,
although promising, the electroporation method needs further
development and simplification before being implemented at
industrial scales.

In previous examples of lentivirus production by transient trans-
fection in suspension cells, sodium butyrate was added to the cul-
ture at a final concentration between 2 and 10 mmol/l. Sodium
butyrate, as other inhibitors of histone deacetylases like trichostatin
A or valproic acid, has been reported to prevent DNA compaction
thus providing more accessibility to promoters. This in turn improves
RNA transcription and consequently vector production.®® However,
the effect of sodium butyrate remains controversial as the gain in
vector productivity is not consistent from one author to another
one. For instance, Ansorge et al.> reported a titer increase of more
than 10-fold using 5-mmol/I sodium butyrate for the production of
VSV-g-pseudotyped LV.*> At the opposite, Sena-Esteves et al.®® did
not observe any gain of productivity for LV-bearing VSV-g protein
at 10-mmol/I sodium butyrate while a positive effect was obtained
for other pseudotypes.®® Therefore, it is difficult to conclude on the
impact of histone deacetylase inhibitors. The major differences in
these experiments may come from the plasmid constructs them-
selves since their possible interactions with histones should theo-
retically depend on the DNA sequences and the types of promoters.
Hence, for each DNA construct the effect of sodium butyrate should
be assessed.

In terms of productivity in suspension culture, the published data
indicate that LV titers are similar to the values obtained in adher-
ent cells. The titers achieved in the bulk harvest or culture super-
natants are in the range of 107 to 10? infectious genomes (IG)/ml
or TU/mI®*%* while the productivity of adherent cell systems varies
from 10° to 108 TU/ml® (Table 1). However, the comparison is rather
difficult since a limited number of comparative studies has been
reported using the same vector and because of differing analytical
procedures.

Finally, in adherent cells, the LV culture supernatant can be har-
vested at least twice at one-day interval (see previous section) which
is a good way to increase the cost effectiveness of the process. In
suspension, such an approach is much more difficult to implement
as the culture medium cannot be collected independently from the
cells. A perfusion system has been evaluated by Ansorge et al.® to
allow medium replacement and successive harvests during 7 days.
Their results showed that LV titers peaked between 48 and 96 hours
post-transfection, suggesting that multiple harvests should be
appropriate to suspension culture, too. Although perfusion systems
can be complex and costly at large scale, they should have an enor-
mous interest for transient transfection processes since they would
allow multiplying the harvest volume by 2 or 3 while keeping con-
stant the plasmid quantities.

In conclusion, large-scale production of LV using transient
transfection of suspension cells is feasible and shows promising
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productivity. However, further developments are required before
transferring this technology to industrial manufacturing. The
major bottleneck in urge of optimization is the transfection pro-
cedure itself that requires massive amounts of plasmid DNA and
consequently makes the production process extremely costly. An
industrial-friendly transfection technology consuming less DNA
and increasing the percentage of producing cells will be the key ele-
ment to render such a process profitable for industries in the future.

Without those perspectives of improvement, stable producer
cell lines will represent a much more affordable production system
once they will be available for LV production.

DEVELOPMENT OF STABLE LV PRODUCER CELL LINES
Compared with transient production, stable LV manufacturing is
the best option for gene therapy to reduce the production costs
and increase the overall safety and reproducibility, which are, cur-
rently, the major limitations discouraging the application of the
transient method to the large scale. The implementation of stable
systems for clinic trials first and ultimately for gene therapy prod-
uct commercialization represents, therefore, a mandatory mile-
stone to reduce the manufacturing cost and to enhance quality
and safety of LV. Since the early 1990s, when the first packaging
cells were generated, various construction strategies have been
developed differing, essentially, for the method chosen to intro-
duce the vector encoding genes, i.e., plasmids versus integrating
vectors, and the nature of the pseudotyping envelopes utilized.
The latter has been one of the most important elements guiding
towards the development of a larger number of inducible rather
than constitutive packaging cells. As the heterologous VSV-g
envelope, the most widely utilized envelope for LV, is highly cyto-
toxic, and its transcription must be induced only at the time of
LV production to prevent packaging cells death. Furthermore,
the expression of gag and pol genes of HIV is associated to cyto-
toxic and cytostatic effects and therefore high expression of these
genes must also be regulated only during the production phase.
The first and more frequently utilized inducible systems are the
Tet-on and Tet-off systems, which are based on the addition or
removal, respectively, of the tetracycline/doxycycline antibiotic
in the culture medium to trigger gene transcription through the
tetracycline response element (TRE). When alternative nontoxic
envelopes were found suitable for LV pseudotyping, constitutive
packaging cells were later generated. This section will treat sepa-
rately inducible and constitutive packaging cells derived from
both HIV-1 and EIAV lentiviruses,*'° whose main features are sum-
marized in Table 2.

Inducible packaging cells

Tet-off inducible system. The well-defined and characterized
tetracycline-inducible expression system’™ was used in the first-
generation packaging cells in which the HIV gp120/gp41 envelope
was not substituted yet by the VSV-g envelope and the regulatory
and accessory genes were still maintained in the packaging
construct.”"”? The Hela-derived HtTA-1 (ie, Hela-derived cell
line having been stably transfected with a tetracycline-controlled
transactivator (tTA)) cells constitutively expressed tTA, the chimeric
protein created by fusing the Escherichia coli tetracycline repressor
(TetR) with the activation domain of the herpes simplex virus
HSV-VP16 transactivator. The tTA controlled either the expression
of the regulatory Rev protein, which in turn stimulated the
expression of gag and pol genes,”" or directly the expression of all
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Table2 Stable packaging cell lines

Packaging/cell line LV generation/virus Induction system Envelope Titer

Inducible
HtTA-1/HeLa” First/HIV Tet-off gp120/gp41 7.3x10° cfu/ml
B16 clone/HelLa™ First/HIV Tet-off gp120/gp41 2.9%10*1U/ml
SODk1CG1/293" Second/HIV Tet-off VSV-g 3.0x 10°TU/ml
LVG/293'% Second/HIV Tet-off VSV-g 3.5%x10°TU/ml
293G/293'* Second/HIV Tet-off VSV-g 5.0x10°TU/ml
SODK1c¢SCG/2937 Third/HIV Tet-off VSV-g 2.0x10°TU/ml
SODk3/2937 Third/HIV Tet-off VSV-g 1.0x 10’ TU/ml
17B-5/2937 Second/HIV Tet-off VSV-g 3.5x 107 TU/ml
GPRT-CL204i-EF 10-hyc-OPT/293T/17%6%¢  Third/HIV Tet-off VSV-g 5.0x 107 TU/ml
650MNDhWASp1/293T/177 Third/HIV Tet-off VSV-g >1.0x10°TU/ml
REr1.35/293T# Second/HIV Ecdysone VSV-g 1.2x10°TU/ml
293-Rev/Gag/pol /293% Second and third /HIV Ecdysone VSV-g 3.0x10°TU/ml
PS5.8 and P$S46.2/293T%08! Third/EIAV Tet-on VSV-g <1.0x10°TU/ml
293SF-PaclLV/293SF# Third/HIV Tet-on/Cum. VSV-g 3.4x10"TU/ml

Constitutive/continuous
STAR/293T7¢ Second/HIV NA RD114-PR, GALV, MLV 4070A 1.0x10°TU/ml
WinPac/293T# Third/HIV NA RD114-PR 1.0x10°TU/ml
RD2-MolPack-Chim3/293T Second/HIV NA RD114-TR 1.0x 10’ TU/ml
RD3-MolPack-GFP/293T 922 Third/HIV NA RD114-TR 1.0x 107 TU/ml

Cum., cumate; LV, lentiviral vectors.

vector packaging genes.’? Later, the Tet-off system was applied to
regulate the expression of the VSV-g envelope and first-generation
packaging construct in a human embryonic kidney (HEK) 293-based
stable packaging cell line, named SODk1, which could produce
virus particles at titers greater than 10° TU/ml for at least 3-4
days. A similar approach was then followed by two independent
groups to construct two second-generation stable cells based on
the doxycycline-repressible expression of HIV-1 Rev/Gag/Pol and
VSV-g envelope in 293G cells, whose LV titers were in the range
of 3.5-5x10° TU/ml. Yet, the Tet-off system was also exploited to
express the conditional SIN (cSIN) TV in SODk1 cells” and later in
the SODk3 third-generation packaging cell line which was devoid
of the HIV-1 Tat transactivator and the remaining accessory genes,
but Rev.”* In the cSIN TV, the U3 transcription regulatory element
is replaced with the Tet-responsive element TRE. This vector design
retains, therefore, the SIN properties and, at the same time, allows
LV production exclusively in cells expressing the synthetic Tet-
regulated trans-activator tTA. Contrary to the standard SIN TV,
which must be integrated into stable packaging cells by plasmid
transfection to avoid 5’LTR inactivation after reverse transcription,
the cSINTV can be introduced by transduction. In fact, after that the
reverse transcription process takes place, the TRE in the presence
of Dox guides the full-length vector proviral genome transcription
that contains the packaging signal (W) for encapsidation. Following
transduction of Tet-regulated SODk1 and SODk3 packaging cell
lines with the cSIN TV, high titers of cSIN recombinant vector (>10°
TU/ml)”® and (1 x 107 TU/ml),”* respectively, could be generated.
Another strategy for the development of second-generation
packaging cells, established by Virxsys in the context of anti-HIV

Molecular Therapy — Methods & Clinical Development (2016) 16017

gene therapy, was based on 293 cells operated by a three-level
cascade gene regulation system to avoid the toxicity and the
leaky expression of the packaging and envelope regulated
genes, and the toxicity of the constitutive expression of the
tTA itself. Furthermore, codon optimization of the Tat, Rev, and
Gag-Pol genes were attained to reduce the risk of homologous
recombination. This new approach reduced the overall poison-
ing effect of the packaging and VSV-g genes, but it was still
unable to constrain the leakiness of p24Gag expression. The pro-
duction of LV carrying the anti-HIV envelope antisense payload
VRX496 was allowed for over a period greater than 11 days with
the highest titer corresponding to 3.5x 10”7 TU/ml and p24Gag
300 ng/ml. No RCL was detected, but long-term analysis demon-
strated that partial gene silencing occurred after 2-3 months in
culture.”” The short-term stability can be explained by the fact
that the Virxsys’ as well as the other packaging cells described
so far, were built using plasmids which are frequently silenced
over time. To overcome this problem lkeda et al.”® in 2003 at
UCL, London (see below) and later Throm et al.*® in 2009 at St.
Jude Children’s Research Hospital, Memphis described the use
of integrating MLV vectors as delivery vehicles for integrating
the vector genes. The St. Jude's approach for the treatment of
severe combined immunodeficiency X-linked grounded on the
construction of inducible third-generation 293T-derived GPR
(gag-pol-rev) and second-generation GPRT (gag-pol-rev and tat)
packaging cells, in which Rev and Tat expression was tightly reg-
ulated by a Tet-off system. High level of Rev induced, in turn, the
expression of the remaining packaging genes, the VSV-g gene
and the SIN TV, CL204i-EF 1a-hyc-OPT, expressing human IL-2Ryc
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codon-optimized cDNA, and flanked at both extremities by the
400-bp version of the chicken B-globin HS4 insulator. In contrast
to the original method described by lkeda et al.’é, in which LTR-
driven MLVs were used, Throm and collaborators used SIN-MLV
vectors to avoid crossencapsidation of the LTR-MLV packaging
genome into the LV particles. Another innovative aspect intro-
duced in this approach was a novel concatemeric array trans-
fection technique for the integration of SIN vector genomes
linked to the antibiotic resistance gene. Producer cells express-
ing either GFP or IL2RG transgene generated supernatants with
titers greater than 5x 10”7 TU/ml.?® As previously mentioned, the
CL204i-EF10-hyc-OPT vector was produced at scale supporting
clinical trial for severe combined immunodeficiency X-linked of
~280 | in two productions obtaining after concentration final
titers of 4.5 and 7.2x 108 TU/ml.*¢

The St. Jude Children’s Research Hospital took advantage of
the GPRGT packaging cells to generate also the 650MNDhWASp1
producer cells expressing the Wiskott-Aldrich syndrome pro-
tein for clinical grade production of Wiskott-Aldrich syndrome
LV-pseudotyped VSV-g.”” To obtain producer cells, the TV, con-
taining HS4 chromatin insulator in the deleted U3 region, was
introduced by a further improvement of the method used by
Throm and collaborators.?® The hWASp TV monomers ligated to
the bleomycin resistance cassette, instead of the longer concate-
meric array, were stably transfected in GPRGT cells. The clone pro-
duced unconcentrated vector titers >1 x 10’ TU/ml and remained
stable for up to 8 weeks of continued passaging in culture.”

To the best of our knowledge, up to now, only the GPRG-
EF10-hycOPT packaging cells have already been used, whereas
the 650MNDhWASp1 cells are planned to be used shortly in
clinical trials conducted at the St. Jude Children’s Research
Hospital.>¢7778

Very recently, the first stable packaging cell line for the produc-
tion of integration defective lentiviral vectors has been devel-
oped by Tal Kafri's group.®?® The packaging cells were obtained
by transfecting the tetracycline-regulated packaging construct
pTK1574, carrying a D64E integrase mutant, and the VSV-g enve-
lope into PVG3 cells that constitutively express the trans-activator
tTA. Producer cells were then established by either the transduc-
tion of cSIN-TV (titer: 107 TU/ml) or stable transfection of a novel
polypurine tract-deleted TV (titer: 108 TU/ml). Both types of inte-
gration defective lentiviral vectors were suitable for transducing
in vivo neurons of rat striatum.

Tet-on inducible system. Oxford BioMedica (Oxford) developed a
stable packaging cells based on EIAV lentivirus expressed in 293T
cells and a Tet-on inducible system in which the Tet repressor
(TetR) tightly regulates the expression of VSV-g and Gag/Pol genes
after addition of Dox to the culture medium. This system showed
reduced leakiness as compared with the Tet-off system. The EIAV
TV encoded “ProSavin’, a therapeutic gene therapy product for
Parkinson’s disease.?” Two ProSavin producer cell lines, PS5.8 and
PS46.2, were characterized in details showing culture stability for at
least 49 days, even in the absence of selective pressure. Although
the titers were comparable to the established transient production
system, they were on average <10 TU/ml.#'

Tet-on/cumate inducible system. As the Tet-off inducible system
could not abolish completely some leakiness for the expression of
VSV-g leading to toxicity and poor stability of the packaging cells?
a double switch system was developed to obtain the 293SFPacLV,
a cell line derived from 293SF cells that produced LVs in serum-free
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suspension cultures. The 293SFPacLV cells expressed the repressor
(CymR) of the cumate switch system and the reverse transactivator
(rtTA2S-M2) of the tetracycline (Tet) switch system. Gene induction
was promoted by the addition of the dox and cumate inducers to
the growth medium. The producer cells were able to generate up
to 3.4x 107 TU/ml after transducing the packaging cells with a cSIN-
LV expressing GFP transgene.®? Nevertheless, although the very
encouraging results obtained with the GFP marker gene, these cells
never reached the clinical study stage.

Ecdysone-inducible system. The ecdysone-inducible system, based
on the insect hormone ecdysone analog ponasterone A, was
employed in alternative to the tetracycline-regulated technology.®*
A ponasterone A-responsive 293T-based cell line was generated in
which the expression of gag, pol, rev and VSV-g genes was placed
under control of an inducible ecdysone promoter. This cell line
consistently produced second-generation pseudotyped lentiviral
vector stocks that after concentration gave titers up to 108 TU/ml.%

Similarly, the 293-Rev/Gag/Pol, cell line was obtained by introduc-
ing HIV rev and gag/pol genes, each under the control of separate
ecdysone inducible promoters, into 293 cells in the continuous
presence, during selection, of the specific HIV protease inhibitor,
Saquinavir, to further control the cytotoxic effect of HIV protease.
The 293-Rev/Gag/Pol, cells released within 48 hours post-induction,
high amounts of HIV Gag/Pol particles (about 10 pg p24/ml) that
could package and transduce third-generation HIV vectors to high
titers.®

Constitutive packaging cells

Constitutive (or continuous, as also referred) packaging cells with
high productivity rate are no doubts more difficult than inducible
cells to be obtained. In fact, the toxicity of the vector genes renders
unfeasible either the use of the pantropic VSV-g envelope or the
selection of p24Gag highly expressing cells. Therefore, this category
includes packaging cells carrying only envelopes different from
VSV-g and usually producing lower amount of p24Gag as compared
with inducible cells.

The first continuous packaging cell line, named STAR cells,
were developed by lkeda et al’®, in 2003. Several innovative
aspects were introduced in the STAR’s approach: (i) testing three
gamma retroviral envelopes: a derivative of the feline endog-
enous gamma retrovirus RD114 envelope with an HIV protease
site introduced at the R-peptide cleavage site (RD114-Pro), the
gibbon ape leukemia virus with an MLV cytoplasmic tail (GALV+)
and the MLV 4070A (Ampho) envelopes; (ii) the introduction of
the packaging genes not by stable plasmid transfection, but
by the use of MLV integrating vector; and (iii) testing HeLa and
HT1080, in addition to 293T cells as starting cells. Gag-pol genes
were under the transcriptional control of the MLV LTR, whereas
the remaining vector genes were expressed by standard plas-
mids. The STAR technology was suitable for the production of
both second- and third-generation LV with a continuous pro-
duction of up to 850ng/ml p24 for 3 months in culture with a
titer of 10’7 TU/ml. However, no STAR-derived producer cells
reached clinic application for the possibility of crosspackaging
the MLV genome encoding Gag-Pol and Rev within LV particles.
This risk was later reduced by the use of SIN-MLV vector com-
bined to the recombinase-mediated cassette exchange (RMCE)
technology in the development of the WinPac cells.?> The RMCE
was first described as a useful technology to exchange different
transgenes using the integrated TV in stable gamma retroviral
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packaging cells,2-% whereas in the WinPac cells, the RMCE tech-
nology was applied to the integration of the packaging genes.
A “tagging” SIN-MLV vector expressing GFP was utilized for the
screening of the best expressing locus in traced 293FT cells and
a “targeting” vector for the exchange of the GFP cassette with a
cassette expressing the codon-optimized HIV-1 Gag-Pol genes.
Although the RMCE is a very elegant and useful technology for
screening transcriptionally open genomic loci, in this case its
use seems superfluous because cells selected to support high
level of GFP could not support continuous high levels of cyto-
toxic Gag-Pol gene products and, more importantly, regardless
the method of delivery, the best Gag-Pol expressing locus can be
easily and directly screened by p24Gag ELISA test of the packag-
ing cell supernatant. The nontoxic RD114-PR envelope, the rev
gene, and the vector genome plasmids were serially transfected
and producer cells were screened by antibiotic selection. Vector
titers in excess of 10 TU/ml, which could be increased to a con-
centration of 108 TU/ml were obtained. Scale up and reduction of
FCS concentration down to 1% achieved a continued production
of >5x 10°TU/ml up to the sixth harvest in HYPERFlask.®
Another model of constitutive packaging technology is rep-
resented by the RD-MolPack cells that have been developed
by MolMed S.p.A, Milan. The RD-MolPack system is based on
traced HEK-293T cells that, similarly to the STAR and WinPac cells,
express a derivative of the RD114 envelope. Unlike the WinPac
pseudotyped with the RD114-PR, RD-MolPack cells carry the
RD114-TR envelope that contains the extracellular and trans-
membrane domain of RD114 fused to the cytoplasmic tail (TR)
of MLV-Ampho 4070 envelope that facilitates its incorpora-
tion into the lentiviral vector particles. A unique feature of the
RD-MolPack cells is that the HIV-1 gag, pol, rev and hygro-resis-
tance genes were introduced by infecting 293T cells with a chi-
meric baculo-AAV vector. The cells were first transfected with a
plasmid expressing the AAV Rep78 to guide genome integration
of the baculo-AAV vector. The resulting intermediate PK-7 clone,
expressing two copies of gag-pol-rev genes, showed an extremely
high genetic stability for a year of continuous culture either in
the absence or presence of hygromycin selection by producing,
on average, p24Gag level of 6.7+3.5 and 15.3£8.4ng/10° cells/
day, respectively.®* From PK-7 cells, the RD2-MolPack and RD3-
MolPack were then independently derived for the production of
second and third-generation LV. Similarly to the approach of the
St. Jude Children’s Research Hospital also in MolMed’s strategy,
the envelope and, only for RD2-MolPack cells, the Tat gene, were
delivered by VSV-g-pseudotyped SIN-LV rather than SIN-MLV
integrating vectors. A major safety concern for using either MLV
or HIV SIN vectors in the construction of packaging cells is the
remote, but real possibility of mobilization of the vector genes
(i.e., env or gag-pol) in the newly produced LV particles. It was
shown, in fact, either 0.1-0.03% mobilization frequency of true
vector integrations for SIN-LV or some residual 3’LTR promoter
activity for SIN-MLV.?>" This safety concern together with that
related to RCL formation were ruled out in both packaging cells
by specific tests.®**2 The producer RD2-MolPack-Chim3 cells,
expressing the anti-HIV chim3 therapeutic gene, a dominant
negative HIV Vif%** generated LVs that outperformed VSV-g
pseudo-typed transiently derived LVs in transducing human
cord blood-derived hematopoietic stem cells.”> While the SIN-LV
expressing the GFP marker from RD3-MolPack-GFP producer cells
transduced human peripheral blood T lymphocytes at 90% with
MOI = 3 and at level comparable to that of VSV-g-pseudotyped
transiently derived LV.*2 Of interest, the titer of both RD2- and
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RD3-MolPack cells (10° TU/ml and after concentration 108 TU/ml)
was higher than that obtained by transient transfection using
the RD114-TR envelope.®**”

The different systems presented here are not easily compa-
rable because in most cases cellular productivity, measured as
TU or ng p24/cell/day is not reported or nonstandardized assays
have been used wherefore reported titers are not comparable.
For stable packaging cells, cellular productivity must be consid-
ered, with no doubts, one of the most important parameters that
makes worth or not further development of a stable system. Low
cellular productivity can however be compensated by high infec-
tivity of the LV (TU/ng p24) that generally correlates with high
transduction efficiency.

LENTIVIRAL VECTOR PURIFICATION

A downstream recovery process should provide a product with the
desired concentration, purity, and the other quality attributes at
minimal costs.®® This statement is true for all large-scale manufac-
turing processes, but often not for small-scale purification protocols
destined for research purposes.

Small-scale purification

Most of the research grade LV vector batches have been used as
concentrated but rather crude preparations essentially generated
via two step centrifugation methods. After concentration of LV par-
ticles by ultracentrifugation at about 70,0009 (pelleting) the vectors
are purified through a sucrose cushion (50,000g) and taken up in
a formulation buffer®. An improvement, in particular, with respect
to purity represents the combined centrifugation/chromatography-
based purification method. For instance, Kutner et al.*° assessed the
combination of both purification/concentration methods. The com-
bination of ultracentrifugation through a sucrose cushion followed
by an anion exchange chromatography (e.g., Mustang Q mem-
brane cartridge) led to a yield of (TU) 88.2%, whereas the inverted
combination yielding 77.6%. In both cases, concentration factors
beyond 100x and vector titers >10'° TU/mL were obtained (VSV-g-
pseudotyped LV vectors).

The main drawbacks of these methods are the lack of scalability
and the fact that the purity of the final vector preparation is often
insufficient for an in vivo application due to the presence of resid-
ual cell and culture medium/process-derived contaminants. They
are coconcentrated potentially leading to adverse effects and/or
reduced transduction efficiency when used in vivo." Thus, purifi-
cation methods based on chromatographic and membrane-based
separation methods have been developed. The advantages are that
such purification schemes can be developed in a way that they are
scalable and can be implemented for the industrial-scale purifica-
tion of LV vectors. In this context, several groups have shown that
purification protocols based on chromatographic and membrane-
based separation methods not only ensure vector safety but signifi-
cantly improve vector efficacy.®2100-102

General overviews on downstream processing principles for the
purification of y-retroviral vectors and LV at small scale have been
published by Segura et al.'®® and Rodrigues et al.'*

Large-scale downstream processing

In view of industrial application, downstream processing protocols
have been developed using process steps traditionally used in the
biotech industry. These are membrane (filtration/clarification, con-
centration/diafiltration using tangential flow filtration (TFF), mem-
brane-based chromatography) and chromatography (ion-exchange
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chromatography (IEX), affinity chromatography, and size exclusion
chromatography-based process steps. The combination of these
different process steps is variable and in some cases, different puri-
fication principles can be used for the same purpose. Furthermore,
a benzonase/DNase treatment for the degradation of contaminat-
ing DNA is either part of the downstream protocol or is already per-
formed during vector production.

In principle, three general phases can be distinguished: (i)
Capture is the initial purification of the target molecule from
either crude or clarified cell culture and leads to elimination of
major contaminants. (ii) Intermediate purification consists of
steps performed on clarified feed between capture and polish-
ing stages which results in removing specific impurities (pro-
teins, DNA, and endotoxins). (iii) Polishing is the final step aiming
at removing trace contaminants and impurities leaving an active
and safe product in a form suitable for formulation or packaging.
Contaminants at this stage are often «conformers» to the target
molecule, trace amounts of other impurities or suspected leak-
age products. Practically any type of chromatography and ultra-
filtration is used for the intermediate purification and the final
polishing step(s).

The technologies that have been described for downstream pro-
cessing LV are summarized in Table 3. The step that significantly dif-
fers from one team to the other is the capture step. Scherr et al.’®,
Yamada et al.'?, Slepushkin et al.>?, Bellintani et al.'®, Merten et al.*?
and Greene et al*® showed that VSV-g-pseudotyped LV vectors
could be purified using anion-exchange chromatography, whereby
large-scale purification protocols are based on the use of low-
pressure column chromatography*'® or membrane-based ion
exchange chromatography.®*>% Such membrane cartridges allow
the purification of up to 1,500 I/day**? when used as first concentra-
tion step in a protocol. Scale-up is straightforward leading to pure
vector preparations (e.g., removal of >98% of contaminating pro-
teins and DNAs*); however, vector recovery is not as efficient as for
ultracentrifugation. The low recovery from chromatography matrix
is attributed to the restrictive process conditions that are imposed
by LV fragility. As a matter of fact, LVs are very sensitive to pH varia-
tions and to high salt concentrations which are the two parameters

Table3 Standard downstream process technologies applica-
ble to LV purification and recovery

Purpose of
downstream process steps

Technologies used for LV downstream
processing

Removal of cellsand debris  Frontal filtration 0.45um*?

Centrifugation®

Capture chromatography Anion-exchange chromatography

(Mustang Q*»%100102105 or DEAE
Sepharose®*556)

Affinity chromatography (heparin)'%

Size-exclusion
chromatography?252105110

Polishing

Concentration and buffer Tangential flow filtration*

exchange . .

9 Ultracentrifugation®
DNA reduction Benzonase#*52545561.105
Sterilization 0.2-pum filter'

LV, lentiviral vectors.
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that are normally altered to optimize binding and elution in ion-
exchange chromatography.

Alternatively, Segura et al.’® developed an affinity chromatogra-
phy based on heparin column. Using this approach, up to 94% of
proteins impurities and 56% of residual DNA were eliminated while
53% of LV was recovered. Despite these promising data, this kind
of chromatography media is not a suitable option for the indus-
try where components of animal origin such as heparin should be
precluded.

In order to concentrate the bulk product (supernatant or an
intermediate product), TFF systems are employed allowing also
diafiltration for buffer exchange and formulation. At small scale or
at later stages of an industrial downstream processing protocol cen-
trifuge-based disposable devices*?46100102105 and at a larger scale
hollow fibre*?2%51%7 or flat membrane cartridges®®'%1% are used.
TFF devices have also been applied for the concentration and diafil-
tration of LV vectors pseudotyped with other than VSV-g envelope
proteins.>*%*1% Depending on the therapeutic indication (i.e., in vivo
administration or ex vivo application), the concentration factor will
vary significantly. For instance, in the case of intracerebral admin-
istration of LV, as exemplified by the Parkinson’s disease treatment
ProSavin from Oxford Biomedica,' the vector has to be highly con-
centrated as the injectable volume in brain is extremely small. In this
specific case, a double TFF has been implemented to achieve titers
above 108 TU/mL.®" As a consequence, the TFF was the ultimate step
of the purification process since any additional procedure like pol-
ishing or 0.2-um filtration would have resulted in significant loss or
dilution of the final product.

Finally, size exclusion chromatography can be employed as pol-
ishing step because it efficiently removes all contaminants smaller
than the pore size of the chromatographic matrix and thus to a
further and efficient purification. 750kDa (with an equivalence of
50nm) is the maximal pore size which can be employed to pre-
clude any potential retention of vector particles (size: 80-120 nm).
However, the main drawback is the dilution of the vector prepara-
tion by at least three times. Many large-scale purification protocols
have adopted size exclusion chromatography as a final polishing
Step.42'52’1 05,110

Figure 3 presents some large-scale purification protocols for
which some details are available. It is possible to distinguish
between protocols which are more or less transpositions from small
scale and very probably research protocols without any chromato-
graphic steps to a larger scale (those used by Beckman Research
Institute) and protocols characterized by an assembly of differ-
ent separation principles (including at least one chromatography
step) as used in the biotech industry: protocols used by Virxsys,*
Généthon/MolMed,**1%1"1112 Oxford BioMedica/Henogen,* and St.
Jude Children’s Research Hospital.>

The usual capture steps, applied to the large-scale purification
of LV vectors, consist of clarification using membrane filtration
(all protocols shown in Figure 3) followed by a concentration step
either based on TFF/ultrafiltration (Beckman Research Institute) or
ion-exchange chromatography (Virxsys, Généthon/MolMed, Oxford
BioMedica/Henogen, St. Jude Children’s Research Hospital). All pro-
tocols, except one using stable cell lines for vector production,®®
make use of a benzonase step for reducing the size of residual cellu-
larand, in particular, plasmid-derived DNA contaminants.*252545561.105
However, this step is either part of the capture step as in the pro-
tocols used by Beckman Research Institute, Généthon/MolMed or
Oxford BioMedica/Henogen or is placed after the capture step as in
the protocol developed by Virxsys. Both have their advantages and
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disadvantages: the early use of the benzonase step has the advan-
tage that large DNA pieces are reduced in their size and that there
are downstream steps for getting rid of residual benzonase; how-
ever, to being efficient, large quantities of benzonase have to be
used. On the other side, the late positioning of the benzonase step
in a protocol has the advantage that much lower quantities of ben-
zonase have to be applied (thus leading to cost reductions); how-
ever, the residual steps of the protocol must have the capacity to
remove residual benzonase to nondetectable levels. In addition, the
late (downstream) application of the benzonase step has the disad-
vantage that large size nucleic acid contaminants might lead to the
formation of aggregates capturing vector particles thus potentially
leading to vector loss during the preceding steps.

The purification protocol developed by Beckman Research
Institute is characterized by only one supplementary purification
step (intermediate purification = polishing step) which is an ultra-
centrifugation step. All other protocols make use of a concentration/
diafiltration step (as intermediate purification step) and finally of a
diafiltration (Virxsys, Oxford BioMedica/Henogen) or size exclusion
chromatography (Généthon/MolMed) step for polishing purposes.

For most of the protocols, the final vector preparation is finally
sterile filtered with 0.2-um membranes. This is a standard regula-
tory requirement to mitigate the risk of microbial contamination

of the final product in GMP conditions. Although sterile filtration
is strongly recommended, it is possible to skip it provided that the
process can be certified as being fully aseptic. This requires the vali-
dation of aseptic processing, which is achieved by media process
test, and manipulations have to be performed in a clean room with
Class 100 (United States) or Grade A (European Union)-controlled
environment (less than 3,500 particles of >0.5-um diameter per m?
of air).

Whereas filtration is the most convenient method to guarantee
product sterility before filling, the downstream processing protocol
developed by Oxford BioMedica has placed this step after the first
TFF-based concentration step and before the second (final) TFF step
to reduce vector losses due to adsorption to membrane material at
very high vector concentrations.'"

Finally, there is one large-scale protocol which is devoid of a final
sterile filtration step because the production protocol is based on a
semiclosed system. In this case, every sub-batch is tested for steril-
ity and pooling is only performed after sterility has been proven.®

The performances of the downstream processing protocols are
the following: the concentration factor is ranging between 10 and
80-fold for all protocols, except for that developed by the Beckman
Research Institute,’’ which published 150 to 200-fold concentra-
tion, which is related to the ultracentrifugation step (Table 4). The

Company/institution Process steps in chronological order

Beckman ) Clarification Benzonase Ultrafiltration High-speed Finishing

Research Institute, | | (0.45 um) (500 kDa) centrifugation

City of Hope**

Virxsys* Clarification QIEX Concentration Benzonase | | Diafiltration | Sterilization
(?) chromatography /diafiltration

(Capsule)
- Clarification Benzonase DEAE IEX Concentration Formulation T

Généthon/MolMed Sterilization
(0.45 um) chromtography /diafiltration (SEC) fizat

Oxford Clarification Benzonase Anion EX Concentration Aseptic vialing

BioMedica (?) chromatography [diafiltration

/Henogen /sterilization

Figure3 Principle process steps of large-scale downstream processing protocols for the purification of VSV-g-pseudotyped LV vectors (for clinical
purposes). The company/institution name indicated in red informs that their downstream processing protocol makes use of ion-exchange (IEX)
chromatography. (?)—no details are available on the process step (e.g., with respect to the filtration step, the pore size/exclusion size was not
communicated). Sterilization—sterile filtration (0.2 um). *A similar purification process however, devoid of the benzonase and the following diafiltration
step was used by Greene et al.*¢ for the purification of clinical material produced with stable producer cell lines. **The protocol published by Ausubel et
al. ** does not use a final sterile filtration step, thus each batch/sub-batch requires separate testing for sterility before final processing and further use.
LV, lentiviral vectors; SEC, size exclusion chromatography; TFF, tangential flow filtration; VSV-g (glycoprotein of the vesicular stomatitis virus).

Table4 Results of large-scale downstream processing of VSV-g-pseudotyped LV vectors

Overall
Company/institution Concentration factor (x) yield (%) Final titer
Beckman Research Institute® 150-200 (use of ultracentrifugation) 40 2.6-3.8x108TU/ml
Virxsys*? 20 30 2.17x108TU/ml
Généthon**/MolMed'®® 50/100 20 1-2x10°1G/ml
Oxford Biomedica/Henogen (Mitrophanous, personal communication) 2,000 (use of two succeeding TFF steps) 30-40 0.1-2x10°TU/ml
St. Jude Children’s Hospital*® 65-80 29-33  4.5-7.2x108TU/ml

LV, lentiviral vectors; VSV-g, glycoprotein of the vesicular stomatitis virus.
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protocol developed by Oxford BioMedica (Mitrophanous, personal
communication) is characterized by a concentration factor of 2,000
due to the use of two succeeding concentration/diafiltration (TFF)
steps. The overall process yields range between 20 and 40%. All
purification protocols lead to comparable vector concentrations
ranging from 1x 108 to 2x10° ip/ml. These large differences are
mainly due to the prepurification vector titers, but also to nonstan-
dardized titration methods as well as to the vector construct (pro-
moter, transgene), etc.

Besides the obtained vector titers/vector yield further character-
ization of vector batches concerns, in particular, the removal of vari-
ous contaminants. Percent removal of total DNA and total protein
contamination ranged from 99.1'% to 99.84%* and from 99.85* to
99.9%,>? respectively. Regarding the removal of host cell DNA and
host cell protein, removals of 99.8 and of 99.4%, respectively, have
been reported.’® Since it is not only the residual DNA which might
be a problem but also the size of the DNA and thus the possibil-
ity of transferring an entire functional open reading frame, regula-
tory agencies are more and more demanding on the maximal size
of residual contaminating DNA. As an example, in the FDA guid-
ance for “Characterization and Qualification of Cell Substrates and
Other Biological Materials Used in the Production of Viral Vaccines
for Infectious Disease Indications’, it is stated that the residual host
cell DNA fragments should not exceed the size of a functional gene,
estimated at 200 base pairs. In this context, Ausubel et al.** reported
on a size distribution of <500 bp.

In addition to the quality control requirements, as for all biotech
products produced with continuous cell lines, LV vector batches
as well as the producer cells at the end of vector production have
to be analyzed for the absence of RCLs which might be generated
via homologous recombination. Despite the fact that for the cur-
rent protocol of the LV production, that uses split genome packag-
ing constructs with little or no sequence overlap between the vec-
tor components, the unlikely generation of RCLs has never been
observed, the absence of RCLs in every batch intended for clinical
use has to be indeed proven using very sensitive methods."*'"® In
this context, the availability of stable producer cell lines will provide
an increased safety level since production can be performed start-
ing from well-defined quality controlled cell banks and end of pro-
duction cell lines could be tested much easier for absence of RCLs.

CONCLUSION AND PERSPECTIVES

As LV gene therapy will be soon a routine treatment not only for rare
genetic, but also for acquired diseases, i.e., haematological malig-
nancies and infectious diseases as HIV infection, for which large
number of patients are expected to be treated, the implementation
of scalable vector production protocols is becoming urgent to sat-
isfy the demand not only of academic and hospital institutions, but
also of the industry, which is moving very rapidly towards this type
of medicinal products.

Obviously the standard transfection including the suspension
culture-based transfection protocols is insufficient for providing the
LV vector quantities required for the future routine use of LV vec-
tors, and can only be considered as intermediate solution. The final
solution for the production of large vector lots will be the imple-
mentation of stable producer cell lines cultured under suspension
conditions allowing in principle unlimited scalability.

Several advances have been achieved in the last years in the
stable packaging field: (i) the use of integrating vectors rather than
plasmids to deliver vector genes; (ii) the codon optimization of the
packaging genes to destroy homologous regions to reduce the
probability of RCL formation and y-gag recombination; it is worth
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mentioning, however, that RCL formation has never been reported,
at the best of our knowledge, even with noncodon optimized
genes; (iii) the development of constitutive packaging cells which
are simpler and safer than inducible cells both in the upstream and
downstream process; (iv) the development of the cSIN-LV to sim-
plify the integration of the TV even though it is only applicable with
an inducible system; (v) the application of RMCE approach to the
LV system. Major contribution of the RMCE technology is expected
though in the integration of the TV to allow the switch of different
transgenes in the same selected locus.

Several issues still remain to be addressed: the majority of stable
systems were developed using the GFP marker and only a few have
used therapeutic genes. It is necessary to collect more data on a
larger number of therapeutic genes to understand how the expres-
sion of the transgene can influence cell productivity. Furthermore,
are there alternatives to HEK293T cells as starting material? Is auto-
transduction a safety concern during LV manufacturing? Would the
removal of the LV envelope receptor by the plasma membrane of
the producer cells prevent either autotransduction or vector aggre-
gation without affecting the performance of the producer cells?

Although VSV-g is endowed with the indisputable quality of
entering any type of cells either in resting or stimulated condi-
tions,"'¢ its application is highly preferable in ex vivo rather in vivo
gene therapy to avoid the risk of possible toxicity in transduced
nontarget cells. In fact, even if specific promoters or specific miRNA
target sequences''’ can be included in the TV to control transgene
expression, the risk of possible genotoxicity derived by LV integra-
tion in nontarget cells cannot be prevented by these strategies.
Furthermore, if directly administrated to the blood stream (intra-
venous administration) VSV-g pseudotyped vectors are sensible to
degradation by human complement; however, this fact does not
preclude the administration of VSV-g pseudotyped LV vectors and
efficient transduction of target cells in the case of localized delivery
(such as treatment of disorders of the central nervous system? or of
the liver, i.e., for the treatment of haemophilia).'’®

To alleviate most of the drawbacks associated with the use of
VSV-g pseudotyped LV vectors, alternative envelopes complement-
resistant, such as the RD114-TR and RD114-PR, have already been
tested in stable systems,392197119 whereas other excellent candi-
dates studied only in transient systems are awaiting to be validated
alsoin stable packaging cell lines. Among these, the most promising
include the baboon endogenous retrovirus glycoprotein, belonging
to the same beta-retroviruses family of RD114. Baboon endogenous
retrovirus has recently been shown to transduce at high efficiency
resting HSCs.'® Yet, a scFv derived from a specific monoclonal anti-
body against the CD133 molecule has been developed as LV pseu-
dotyping agent to preferentially transduce a population of human
hematopoietic stem cells with high proliferative potential in vitro
and multilineage engraftment in vivo.?' Finally, mutants of the mea-
sles virus hemagglutinin (H) and fusion (F) glycoproteins H/F have
been shown to efficiently transduce quiescent T and B lymphocytes
in the presence of high concentrations of measles virus antibody
positive human serum.’??> Although alternative envelopes have
much higher target specificity than VSV-g, it has to be kept in mind
that they are not entirely specific because all cells expressing the
specific receptor recognized by the env protein can be transduced,
signifying the requirement for their careful evaluation for direct in
vivo administration.

Despite these advances there is still an important hurdle to be
taken which concerns the development of scalable purification
methods of these LV vector pseudotypes before they can be rou-
tinely used in preclinical and clinical research. First achievements
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in view of the purification of GaLV-TR-pseudotyped LV vectors have
been reported by Boudeffa et al.,'® recently.

In conclusion, recent successes in the clinical trials using LV for the
treatment of rare and acquired diseases as well as advances in vec-
tor and manufacturing technologies will bring this promising vector
system to routine application for benefit of human mankind.
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