CELL & GENE THERAPY INSIGHTS

LATEST DEVELOPMENTS IN VIRAL &
NON-VIRAL VECTOR MANUFACTURING

EXPERT INSIGHT

Challenges and progress in
lentiviral vector bioprocessing

Eugenio Macchiarulo, Phil Bassett
& Mark Dudley

Cell and gene therapies provide potential treatment alternatives to
conventional medicine, opening a new era of targeted medicine for pa-
tients with cancers and rare diseases. Chimeric antigen receptor (CAR)
T-cell therapies, some of which have been granted FDA approval, and
TCR T-cell therapy, amongst which specific peptide enhanced affinity re-
ceptor (SPEAR) T cells are in Phase 1-2 trials, are two immunotherapy
options that are shaping the future of medicine. In both CAR and TCR
T-cell therapies, a patient’s own T cells are engineered ex vivo to express
the therapeutic gene, often using lentiviral vectors. As a consequence,
both approaches face similar process challenges in getting treatment to
patients. Herein, we examine challenges and progress in lentiviral vector
bioprocessing.

Submitted for peer review: Sep 5 2018 P Published: Nov 30 2018

INTRODUCTION

quiescent cells and exhibit reduced

These

insertional  mutagenesis.

Retroviruses, including the lentivirus
subfamily, have two single-stranded
RNA (ssRNA) genomes of 7-11 ki-
lobases packaged in lipid-enveloped
viral particles of ~80-120 nm in di-
ameter [1-3]. Complex retroviruses,
such as lentiviruses, can transduce

properties have led to lentiviruses
becoming increasingly popular tools
in the gene therapy field [4,5]. Len-
tiviral vectors (LVs) have the ability
to stably integrate into the target cell
genome, allowing persistent expres-
sion of the gene of interest, and they

can also transduce post-mitotic cells
and accommodate larger transgenes
than y-retrovirus vectors [4,5].

The ability of LVs to transduce
quiescent and post-mitotic cells
makes them very useful for gene
therapy applications [6]. In addi-
tion, self-inactivating LVs appear to
have reduced genotoxicity and an
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improved safety profile compared
to other vector systems [5]. LVs also
have a safety advantage due to the
lack of innate and cellular respons-
es against vector-associated proteins
[7]. Historic safety concerns about
establishment of replication compe-
tent lentivirus (RCL) that required
a lengthy and expensive product
release assay have been substantially
mitigated by current LV designs and
substantial patient experience. The
US Food and Drug Administration
(FDA) issued a Guidance in July
2018 concerning RCL that includes
an approach for elimination of RCL
product release testing [8].

There is growing interest in the
use of LVs, particularly for cancer
immunotherapy and the treatment
of monogenic diseases. Manufac-
turing of LVs can be challenging,
primarily due to cytotoxic effects of
LV components resulting in lower
cell culture titers and LV instability
leading to low purification yields.
In addition, currently used process-
es are typically not easily scalable,
as they rely on adherently cultured
cells. LV manufacturing is associat-
ed with high cost of goods (COGs),
and clinical trials have highlighted
the elevated cost of LV production
as one of the main challenges in
gene therapy [9-11]. LV manufac-
turing mostly relies on the transient
transfection of the packaging plas-
mids and therapeutic gene plasmid
into a host cell to be able to package
LV particles. Transient transfection
offers significantly reduced devel-
opment times and increased flexi-
bility for LV manufacturing com-
pared to the generation of stable
packaging and producer cell lines,
but it increases batch-to-batch vari-
ability and cost of manufacturing
[12]. Moreover, the majority of re-
ported protocols rely on transient
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transfection of adherent cell lines
[13], whilst a more desirable ap-
proach is transient transfection of
suspension-adapted cell lines, due
to the ease of scale-up and the ad-
vantages associated with culture in
controllable bioreactors [12,14].

UPSTREAM CHALLENGES:
ADHERENT APPROACH

Adherent human embryonic kidney
293T (HEK293T) cells have been
widely used as a mammalian sys-
tem to rapidly supply LV to Phase 1
clinical trials. LV particles have been
generated by the co-transfection of
packaging and transgene plasmids
in HEK293T [15]. The common
method of separating constructs to
three or four plasmids is used to
reduce the possibility of recombina-
tion to replication-competent virus
[16].

To date, LV material for clinical
application has largely been gener-
ated by adherent methods [9]. Bio-
reactor designs compatible with ad-
herent cell growth typically require
scale-out methods, in which a unit
operation is replicated to increase
volume, rather than scale-up strat-
egies for increased production, in
which a unit operation is simply in-
creased in size to augment produc-
tion volumes. This approach leads
to labor intensive processes that are
unsuitable for large-scale produc-
tion [17]. Most developers are using
adherent processes, as these are the
processes that have been established
in Good Manufacturing Practice
(GMP) facilities. Progressing a
clinical candidate that uses LV pro-
duced by adherent means is not im-
possible, but it creates a manufac-
turing capacity burden and drives

non-optimal COGs. This approach




is expensive and laborious; however,
it does not have the complexity of
a biologics process in bioreactors.
Therefore, the adherent approach
can be developed somewhat more
simply and rapidly and can serve
the needs of small, Phase 1 clinical
trials adequately. Although adher-
ent Cell Factory™ processes can be
set up easily, they are inherently less
robust and less controlled than pro-
cesses in bioreactors. This approach
carries a higher risk for deviations
and batch-to-batch variability. Ad-
herent processes may require a high
number of aseptic manipulations
during manufacturing, increasing
the opportunity for contamination
and operator error. Moreover, clean
room space requirements for such
processes is likely to be larger than
bioreactor processes, which contrib-
utes to an increased cost per batch.

Packed or fluidized bed bioreac-
tors and fixed bed bioreactors have
been described as systems for LV
production [18]. Hollow fiber bio-
reactors have also been investigated
for LV production but are associat-
ed with diffusion gradients among
other disadvantages. The use of a
hollow fiber bioreactor for LV pro-
duction was recently reported with
LV titer comparable to that from
Cell Factory™ systems [19].

A limitation of packed bed, fixed
bed and hollow fiber bioreactors
is their limited scalability [18]. An
exception is the iCELLis fixed bed
bioreactor, which can be used for
LV manufacturing in single-use
mode with a maximum culture
area of 500 m* [20]. These types of
bioreactors allow anchorage-depen-
dent cells to adhere to a fixed bed
core that is continuously fed with
fresh media using a perfusion ap-
proach, in this way replacing media
nutrients to maintain cell viability

during LV production. Fixed-bed
bioreactors, although interesting
for Phase 2/3 clinical trials, may
still present challenges in regards to
how the inoculum is generated and
the use of serum-containing medi-
um. Thus, careful considerations
should be made for the inoculum
strategy, perhaps inoculating the
fixed-bed reactor at low density to
minimize the Cell Factories™ need-
ed for the inoculum. Moreover, se-
rum remains an issue, not only for
its limited supply but also for its
batch-to-batch variability and the
risk of using animal sourced com-
ponents due to adventitious agents,
including transmissible spongiform

encephalopathies (TSE).

UPSTREAM CHALLENGES:
SUSPENSION APPROACH

Unlike adherent processes, suspen-
sion processes have the ability to
scale up in a single unit operation,
making it easier to produce larger
amounts of LV and reducing COGs
and labor costs in a clean room.
Moreover, concerns regarding TSE
due to the use of bovine products
have been removed by the use of se-
rum-free chemically defined media.
Suspension bioreactors grow sus-
pension-adapted cells using stirred
impellers to promote air mass trans-
fer, allowing greater numbers of cells
to grow in a 3D environment com-
pared to adherent formats, where
cells grow in a monolayer or on beads
and become rapidly confluent. Size
of reactors can scale up to thousands
of liters, making this option viable
for commercial applications.

Other  suspension  methods,
such as the rocking motion biore-
actor, have also been trialed for LV
production. The rocking motion
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bioreactor has a more gentle hy-
drodynamic environment and bub-
ble-free aeration, which are benefi-
cial for production of shear-sensitive
LVs [21,22]. However, scalability of
these types of reactors are limited to
few hundred liters of LV harvest.

Running bioreactors has its own
set of challenges. Bioreactors are
complex and require skilled oper-
ators. There have only been a few
reports of LV production from sus-
pension-growing cells, and as such,
there are still unanswered ques-
tions on the performance of these
processes for LV manufacturing
[12,14,21-25]. Although maximum
viral titers were in the order of 107
TU mL" or above, demonstrating
scalability in stirred tank reactors
(STRs) and the validity of using sus-
pension mammalian processes for
LV manufacturing, there is still lictle
experience using suspension-derived
GMP-manufactured LV in clinical
trials as opposed to the conventional
adherent format [26-28].

Another area that requires care-
ful consideration when scaling up
and characterizing suspension bio-
reactor processes is the engineer-
ing fundamentals. Considerations
will include whether to scale the
bioreactor impeller agitation by
power per unit volume (P/V) or tip
speed and identifying bubble size,
KLa coefficient of gas mass transfer
and a suitable and scalable gassing
strategy that can replicate condi-
tions across bioreactor scales. LV
stability is dependent upon a num-
ber of physicochemical conditions.
Therefore, critical physicochemical
parameters need to be established
in the bioreactor system, such as
temperature, pH, dissolved oxygen
and media and supplements to be
added during growth and produc-
tion phases in the bioreactor. Both
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engineering fundamentals and
physicochemical parameters play an
intricate and in some cases interac-
tive role in building a scalable and
robust process. Thus, application of
design of experiment modalities can
aid in identifying Critical Process
Parameters (CPPs) and how they af-
fect LV’s Critical Quality Attributes
(CQAs). CQAs for a LV, when used
as a starting material for ex vivo cell
therapy application, typically re-
fer to the biological infectivity of
the LV, its potency in transducing
T cells and the particle to infectiv-
ity ratio that highlight the quality
of the LV preparation used in the
T-cell process.

DOWNSTREAM
CHALLENGES

The most significant challenge for
upstream processing is the low
product titers, whereas the chal-
lenge for downstream processing is
maintaining biological infectivity
and maximizing the recovery of the
physical particles. There are a num-
ber of reports that indicated how
LV bioprocessing is influenced by
LV characteristics [17]. For exam-
ple, components present in the cell
culture media reduced functional
titer [29], host cell-derived impuri-
ties inhibited cell transduction [3],
or temperature affected LV infectiv-
ity [30]. The mechanisms of LV in-
activation are poorly characterized,
and, as a result, technical solutions
are largely unknown and require
further investigation and may need
to be empirically understood during
process development activities.
Other considerations  include
the level of impurities generated
by a suspension system in biore-
actors, their effect on clarification




and purification of LV, and their
impact on overall yield. There are
uncharacterized impurities, such
as chromatin impurities, that need
attention [31]. There are host cell,
DNA and other cell-membrane im-
purities that could interfere with LV
purification.

Technology solutions are primar-
ily aimed at production and purifi-
cation of recombinant proteins; as a
result, total downstream recoveries
are typically low and variable in the
setting of LV bioprocessing [11,32].
Another contributing factor to
downstream recoveries being lower
than in conventional protein purifi-
cation is the absence of targeted af-
finity purification methods aimed to
increase LV purification recoveries.
Chromatography-based  methods
have been explored as a large-scale
purification option. There is grow-
ing interest in the use of monolithic
resins and membrane adsorbers for
virus bioprocessing [33]. Monolithic
adsorbents are highly porous, allow-
ing mass transfer to occur predomi-
nantly by convection, which results
in retention of dynamic binding
capacity and resolution at high flow
rates [33-35]. Most viruses carry a
net negative charge at neutral pH
[36], which makes purification of
LVs by anion exchange chromatog-
raphy a suitable option. Both strong
and weak anion exchange ligands
have been used with similar recov-
eries and purification factors [37].
Heparin affinity chromatography
has also been employed for LV pu-
rification, achieving high yields and
low impurity profiles [14,38].

Another downstream challenge
is streamlining the concentration
of LV without loss of function-
ality. Loss in functional virus has
been ascribed to hydrodynamic
shear forces, long processing times

and co-concentration of virus with
inhibitors of transduction. Con-
centration of the feed-stream at an
early stage during downstream pro-
cessing is beneficial, as it reduces the
feed volume for subsequent steps
[3]. Moreover, ultrafiltration (UF)
allows for the use of gentle process-
ing conditions in contrast to cen-
trifugation and precipitation, and it
does not require a change of phase
[3]. UF is scalable with a potentially
high purification factor, and it can
be used for diafiltration for buffer
exchange or formulation [39].

SUPPLY CHAIN
CHALLENGES & A
FULLY INTEGRATED
CMC STRATEGY

The complexity of LV GMP manu-
facturing starts from plasmid man-
ufacturing and ends in the release of
a GMP LV lot. This complexity can
be reduced by employing the right
expertise and support functions, es-
pecially in relation to supply chain
and stock control. It requires a fully
integrated CMC team with func-
tions such as Quality, Manufac-
turing and Regulatory to execute a
CMC strategy that drives a thera-
peutic candidate from discovery to
market.

Plasmid manufacturing is likely
to be outsourced to contract man-
ufacturing organizations (CMOs),
and the management of those can
be costly and time consuming. Plas-
mid manufacture can take up to
three months to fully release for use
in LV production. Plasmid man-
ufacturing slots need to be agreed
upfront and need to be linked with
both internal and external plasmid
forecasting for both developmental
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and GMP work. This in itself can be
very challenging, as flexibility must
be maintained as direction of work
can change in medium-sized organi-
zations and therapeutic candidates’
priority can change dependent on
clinical results. Formulating a risk-
based approach to bioprocessing
allows medium-sized biotech com-
panies to be savvy in their approach
through clinical stages, informing
how to best position the workforce
and their expertise.

CMOs can offer supply of com-
pliant LV for clinical trials. Howev-
er, facilities that provide the correct
grade of clean rooms to manufac-
ture cell and gene therapy products
are scarce, and when available, they
come with high costs. Building
HVAC clean rooms with all the
auxiliary QC, warehouse and mi-
crobiology infrastructures is a large
capital expenditure for small to me-
dium-sized biotech companies. For
LV GMP manufacturing, in-house
capabilities allow a more stream-
lined CMC approach to ‘marry’ se-
curity of LV supply to the needs of
the clinical trials without relying on
external organizations.

A CMO removes the risk of
capital investment early in the de-
velopment lifecycle, when nov-
el therapeutic products are being
developed. Additionally, if only a
limited number of lots per year are
required, a CMO option may be
more cost effective than running an
in-house manufacturing facility not
at full capacity. The advantage of
having an in-house manufacturing
capability is that it allows more flex-
ibility and control of manufacturing
slots solely dedicated to the product
pipeline without having to rely and
align with a third party’s manufac-
turing slots. When LV production
is performed internally, the process
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of controlling capacity to meet the
needs of the company are more
straightforward, technology transfer
activities are more streamlined and
protection of the process know-how
is easier. Moreover, having in-house
capabilities will likely be more cost
effective if the facility is used at full
capacity.

There are initiatives that offer
a ‘hybrid’ approach in which it is
possible to lease out a clean room
module. This model reduces capital
risk upfront, controlling both the
capacity and technology transfer
internally and retaining know-how.
However, fixed costs are still a com-
mitment that needs consideration.

Another important mechanism
for success is the choice of tech-
nology. Therefore, the equipment
purchased must match the efforts
performed at small scale as well as
what will be required for GMP scale
manufacturing. Before starting the
process of installation qualification,
operational qualification and per-
formance qualification, if acquiring
a new piece of equipment, design
specifications will be required. The
logistics for bioreactor purchase,
delivery, commissioning and reg-
ular maintenance in GMP clean
rooms can be cumbersome, with
long lead-times. Another aspect to
consider is the long lead times for
consumables, especially for single
use bioreactors. All of these steps
must be considered, as they can im-
pact clinical timelines.

CONCLUDING REMARKS

LV bioprocessing is likely to move
towards less transient and more sta-
ble suspension approaches of man-
ufacture [40-43], reducing COGs
and batch-to-batch variation and




improving the DSP challenge by
producing more consistent feed
streams. Continuous harvest of LVs
should be achievable in both fixed
bed and suspension bioreactors, as
already shown by employment of
bioreactors operated in perfusion
mode [26,44,45]. Moreover, VSV-g
specific afhinity chromatography for
LV purification are gaining traction
and should become available in the
future [46,47]. This will not only
enhance downstream recoveries but
also have an impact on COGs, low-
ering the cost per dose and making
cell therapy products more accessi-
ble to patients. The use of low shear
methods, chilled product steps and
the product stabilizers will inevi-
tably increase LV yields. Continu-
ous processing, both upstream and
downstream, will not only reduce
processing times but also intensify
LV productivity in future. In-house
LV manufacturing is likely to take
precedence over CMO LV manu-
facturing as cell and gene therapy
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