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Obstacles for rAAV clinical trials:
a question of vector supply and

demand or know-how

David J Dismuke & Robert M Kotin

Recent, positive, gene therapy clinical studies, using recombinant ade-
no-associated virus (rAAV) vectors, indicate the potential of this thera-
peutic platform for treating monogenic and acquired diseases. Although
these studies are auspicious, realizing the full potential of rAAV gene
therapy will require improved access to economical and scalable sources
of vector. The complexities of the virus vector system and the limitations
of transient production platforms have driven up cost-of-goods and ex-
tended the turn-around time for process development and manufactur-
ing of clinical grade rAAV. This manufacturing bottleneck is likely to wors-
en due to the recent growth of the field, putting pressure on companies
to address their clinical production strategies. The production platforms
currently in use for clinical rAAV are discussed and we propose that di-
rect experience is critically important for vector production campaigns to
succeed in a timely manner.
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Over the years, producing large-
scale quantities of recombinant ad-
eno-associated virus (rAAV) vectors
to support large animal non-clinical
studies and early-phase clinical tri-
als have been an ongoing challenge

for academic researchers and small
biotechnology companies. The dif-
ficulty in producing high titers of
rAAV can be attributed to a number
of contributing factors, including
the complexity of AAV vectorology

and vector analytics, limitations of
existing production systems, and the
need for specialized manufacturing
facilities. Recently reported positive
clinical study results (AveXis pivot-
al Phase 2 or 3 for spinal muscular
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atrophy type 1 [1]; Spark Therapeu-
tics Phase 3 study for Leber’s con-
genital amaurosis type 2 [2]; Biom-
arin Phase 1/2 study for hemophilia
A [3]; Voyager Therapeutics Phase 1b
study for Parkinson’s disease [4]) and
the rapidly expanding popularity of
rAAV vectors has exacerbated the
bottleneck of clinical-grade vector
despite an increase in the number
of contract development and man-
ufacturing organizations (CDMOs)
who offer cGMP for AAV vectors
production services. While the man-
ufacturing of rAAV production will
likely follow a trajectory similar to
other biologics like monoclonal
antibodies, where technology im-
provements and the distribution of
know-how eventually enabled lower
cost of goods and easier drug com-
mercialization, it is still early days
for gene therapy. Therefore, rAAV
gene therapy companies are cur-
rently under inordinate pressure to
meet the demands for rAAV vectors
to support their research and clinical
development programs and remain
competitive. These biotechnolo-
gy companies have limited choic-
es where either they must develop
internal capabilities or commit a
substantial portion of their finan-
cial resources toward out-sourced
vector production, or heavily priori-
tize their development programs. In
either case, the assumed risk is that
the rAAV manufacturing process
technology is acquirable.

COMPLEXITY OF
rAAV VECTOR
MANUFACTURING

Recombinant virus vectors are
complex biological reagents where
subtle changes in conditions, for
example molecular reagent batch
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differences or variable producer
cell characteristics, may have pro-
found effects on both the vector
quality and yield. Much of what is
known about the molecular biolo-
gy involved in rAAV vector gener-
ation is extrapolated from decades
of research on wild-type (wt) AAV,
which are non-pathogenic depen-
doparvoviruses that require a help-
er virus usually from the mastad-
enovirus (e.g., human adenovirus
C) or simplexvirus (e.g., human
alphaherpesvirus 1) genera for rep-
lication [5-8]. Replication of AAV
requires a number of genes to be
expressed in a coordinated man-
ner, including AAV non-structural
(Rep proteins [9-11] and assembly
activating protein (AAP) [12-14]),
structural capsid (VP) proteins, as
well as a set of helper virus genes, in
a cell capable of supporting infec-
tion. The adenovirus and herpesvi-
rus genes that are necessary for ef-
ficient rAAV production have been
identified [5-8]. Despite the exten-
sive study of these helper genes,
however, the function that these
gene products provided in an AAV
infection has not been fully deter-
mined. In addition, the cytostatic
and cytopathic effects of Rep and
the helper virus proteins preclude
the establishment of cell cultures
that continuously produce rAAV.
Thus, vector production is both a
transient and terminal process that
requires an efficient method of in-
troducing the necessary virus genes
into the cells that is reliable, scal-
able and cGMP compliant. While
a variety of strategies have been de-
veloped to introduce the AAV and
helper genes into mammalian and
insect cells, no rAAV production
platform has been fully optimized
or standardized and each requires
substantial expertise.




BRIEF DESCRIPTIONS
OF rAAV PRODUCTION
PLATFORMS

HEK 293 cells & transient
transfection

The conventional rAAV production
process utilizes human embryonic
kidney (HEK)293 cell and tran-
sient transfection (HEK/TT) is the
most common strategy for produc-
ing rAAV for research purposes,
pre-clinical and early clinical studies
[15-19]. The widespread use of the
HEK/TT platform is largely due to
the ease of designing the molecular
constructs and introducing the plas-
mid DNA into HEK293 cells with
common chemical transfection re-
agents (organic media, e.g., poly-
ethyleneimine (PEI) or inorganic
media , e.g., calcium phosphate)
[20]. While the system is relatively
efficient in terms of vector particles
produced per cell, it has a higher
cost of goods due to the expense of
producing plasmid DNA (pDNA)
as a GMP starting material. Also,
overall productivity is restricted by
the plasmid transfection efficiency,
since there is no cell-to-cell spread
of pDNA. Only transfected cells are
competent to produce rAAV limit-
ing vector production to primary
transfected cells. The recent devel-
opment of HEK293 cell lines opti-
mized for transfection in suspension
culture has improved the scale of
production [17,21], but the scalabil-
ity is still currently limited because
of the low ratio of filled (transgene
containing) particles that are typi-
cally removed to reduce the immu-
nogenicity and particle aggregation,
as well as to increase the potency of
the drug product [25,26]. When the
percentage of empty particles is low,
generally <50% of the total parti-
cles, ion-exchange chromatographic

methods may be used to ‘enrich’ for
filled particles (albeit with apprecia-
ble recovery losses). The HEK/TT
system, however, generates a large
proportion of empty capsids, typ-
ically >80% of the total particles,
which necessitates separation based
on physical properties, such as
buoyant density in cesium chloride
or iodixanol ultracentrifugation
gradients. Thus, the logistical and
technical limitations are generally
incompatible for commercial scale
production volume or quantities,
for example, single batch yields ex-
ceeding 4x10'® vector particles.

Spodoptera frugiperda cells
& baculovirus expression
vectors

A process using recombinant bac-
ulovirus expression vectors (BEVs)
and invertebrate cell line derived
from  Spodoptera frugiperda (S£9),
referred to as Bac/Sf9, meets the
definition for scalable production
in serum-free culture medium [27].
Generally, a two or three BEV sys-
tem is employed to deliver the AAV
rep and cap genes along with the
ITR-flanked transgene into suspen-
sion adapted Sf9 cells. Relatively
small volume inocula, or low mul-
tiplicity of infection (MOI) of the
BEVs are needed, since both the
BEVs and rAAV are produced in
the same cell line. The resulting cell-
to-cell spread of the BEVs results
in Sf9 cells simultaneously infected
with the BEVs required to produce
rAAV [28-31]. When the system is
properly ‘tuned’, mostly full parti-
cles are produced (typically 270% of
the total particles) and the biological
activity of vectors generated in Sf9
is equivalent to HEK293 cell pro-
duced rAAV. However, non-opti-
mized Sf9-based production systems
can generate vector with decreased
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expression and incorporation of
VP1 into the capsid relative to VP2,
resulting in diminished biological
activity. However, despite reports
previously attributing the low activi-
ty of vectors to the platform, the ac-
tivity improved with optimized Cap
protein expression [32].

Mammalian cells &
recombinant herpes
simplex virus

The herpes simplex virus (HSV) pro-
duction platform uses recombinant
herpes simplex virus type 1 (rHSV)
based shuttle vectors to deliver the
AAV rep and cap genes along with
the ITR-flanked transgene into cells
[33-38]. The rHSV system has been
shown to have high specific produc-
tivity and can generate high quality
rAAV vectors [36]. A benefit of the
platform is that the rHSV shuttle
vectors provide helper virus func-
tions for rAAV production, thus
alleviating an independent source
of helper virus functions. In addi-
tion, rHSV shuttle vectors tolerate
AAV Rep proteins that typically
inhibit heterologous virus gene ex-
pression and replication [39-41].
Despite the theoretical elegance of
the process, the major deficiency of
the HSV platform is that the rHSV
shuttle vectors and rAAV vectors are
produced in different cell lines: the
replication defective rHSV shuttle
vectors are produced in comple-
mentary cell lines, usually V27 cells
(Vero cells stably transformed with
the HSV-1 UL54 gene encoding
ICP27), whereas rAAV is produced
in non-complementary cells, which
do not support cell-to-cell spread
of the rHSV vector. However, de-
spite the complexities involved in
the process, the resulting rAAV has
been reported to have higher poten-
cy than vectors produced by TT/
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HEK. The enhanced activity par-
tially compensates for the addition-
al cost-of-goods of the starting ma-
terials [35]. Assuming that 21 pfu or
rHSV per cell is optimal, each liter
of culture would require >1x10’
pfu. Therefore, a 100L rAAV pro-
duction run involves producing
>1 x10" of high quality, replica-
tion-incompetent rHSV as a GMP
starting material involving substan-
tial effort, time, expertise and at
a high cost. Several cell lines have
been used for production of rAAV
with tHSV vectors, including baby
hamster kidney cells (BHK21) and
HEK293 cells [38]. The system has
been demonstrated to be amenable
to both adherent and suspension
cultures. Recently, a suspension
adapted HEK293 cell line has been
shown to generate vectors with very
high titers using modified media
and infection conditions, but pro-
duction process scalability has not
been reported using large-volume
bioreactors [35-37].

Mammalian producer cell
lines & recombinant
adenovirus infection

Producer cell lines have also been
developed for rAAV production,
usually by stably integrating the
AAV rep and cap gene with the
ITR-flanked transgene within a
single cassette into Hela, A549, or
even HEK293 cells [42,43]. Once
the producer cell lines have been
generated and screened, the up-
stream process is relatively straight-
forward and production at 2000
liter has been demonstrated [44].
The process utilizes recombinant,
replication competent, adenovirus
(Ad) to stimulate rAAV production.
Since adenovirus is capable of cell-
to-cell spread and each cell bears the
transgene and AAV rep/cap gene, all




infectible cells potentially contrib-
ute to rAAV production. Stringent
evaluation of the drug product is re-
quired to ensure removal of residual
adenovirus contaminants. The pro-
cess has not been widely employed,
possibly due to the expertise and
time required to establish, and op-
timize each packaging cell lines and
then generating and characterizing
the master cell bank for each new
product.

Brief description of
downstream manufacturing
processes

Traditional downstream processing
schemes for rAAV vectors have most-
ly relied on recovering intracellular
particles by cell disruption using ei-
ther freeze-thaw cycles, mechanical
processes, for example sonication
and homogenization, or chemical
treatment, for example surfactants
and non-ionic detergents. AAV vec-
tor particles are physically distinct
from cellular constituent macromo-
lecular assemblage, which enables
separation using capsid-generic pro-
cesses based on density ultracentrif-
ugation through gradients of CsCl
or iodixanol, or sedimentation rates
through sucrose gradients [45-47].

Polyethylene glycol (PEG) can
also be added to the cell superna-
tant or clarified cell lysate to selec-
tively precipitate the vector with
low-speed centrifugation, although
this method does not discriminate
between empty and full particles.
This process, which substantially
reduces the feedstream biomass, is
better suited for rAAV vector sero-
types that are predominantly in the
supernatant, rather than recovered
from cell lysate [48-50].

Aflinity chromatography media
based on heparin [51-53] or Cellu-
fine™ sulfate [54] have proven useful

for AAV serotypes that bind hepa-
rin, but have little utility for other
serotypes. lon exchange, either cat-
ion [55] or anion [56-60] has been
used to capture rAAV particles from
the crude cell lysates, but optimiz-
ing conditions are challenging re-
sulting in a trade-off between recov-
ery and purity. Thus, ion exchange
chromatography is better suited as
an orthogonal polish rather than
initial capture step.

Scalable downstream purifica-
tion of rAAV vectors has dramat-
ically improved over the last few
years with the development of
recombinant immune affinity li-
gands derived from single-domain
antibodies (sdAb) that are a natu-
ral component of the camelidae for
example llama, immune repertoire.
The epitope recognition domain or
‘paratope’ is within the heavy chain
variable region (VHH) region that
when expressed in microbial sys-
tem, for example yeast or Esch-
erichia coli, as an approximately
12kDa VHH ‘nanobody’ that can
be covalently conjugated to acti-
vated chromatography media, for
example NHS-Sepaharose (GE
LifeSciences) for scalable axial flow
(column) chromatography. AVB
Sepharose (GE LifeSciences) is a
commercially available immune
affinity chromatography medium
that was developed by screening a
naive llama phage display library
for interactions with AAV1 cap-
sids, but also interacts efliciently
with several other natural AAV se-
rotypes, including AAV2, AAV3,
AAVS5, AAVG6, AAVrh10 and to a
lesser degree AAVS8 [61,62]. The
POROS  CaptureSelect afhnity
media (ThermoFisher) have also
been developed to specifically bind
AAVS- and AAV9-based vectors,
providing a scalable capture step
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for these broadly used serotypes. A
high degree of purity and recovery
is achieved by the new afhnity li-
gand columns, due to the specific
affinity for the AAV capsids and
good dynamic binding capacity, or
avidity, such that host cell protein,
host cell DNA and other process
impurities are effectively eliminat-
ed with a single chromatographic
process [63]. Ideally, an affinity
resin can be developed that is truly
pan-tropic; the new AAVX (Ther-
moFisher) has sought to achieve
this and is reported to bind AAV
serotypes 1-9 and other recombi-
nants [64], but it has not been fully
vetted at this point. An alternative
approach would be to develop the
recently identified AAV common
receptor (AAVR) for use as a uni-
versal ligand [65].

The percentage of full rAAV vec-
tors produced by transient trans-
fection of HEK 293 cells ranges
between 10 and 20% [26] requiring
additional steps to enrich for full par-
ticles. This physical separation pro-
cess, typically based on either buoy-
ant density using isopycnic gradients
or sedimentation rates using velocity
centrifugation, limits the scalability
and GMP-suitability of rAAV pro-
duction [66]. Although several stud-
ies have demonstrated the feasibility
of ion exchange chromatography to
separate empty and full rAAV vector
particles based on the slight differ-
ences of the exposed surface charges
of the particles [67-69], these studies
are more reliable on analytical scales
using high resolution, small diame-
ter HPLC columns.

ANALYTICAL CHALLENGES
Assessing the quality of rAAV par-

ticles involve both physicochemical
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and biological assays. The vector
is non-replicating and non-lytic,
which increase the complexity of
the biological activity assays. In
addition, the physical properties
of the particle limits the available
techniques for characterizing rAAV.
All serotypes of AAV are approxi-
mately 24 nm in diameter and are
among the smallest viruses, yet rel-
ative to other biologics, for example
monoclonal antibodies or subunit
vaccines, the vector particle are
large and complex macromolecular
assemblies of protein and nucleic
acid. The small size of AAV pre-
cludes the use of analytical proce-
dures that are appropriate for inac-
tivated virus vaccines or larger viral
vectors, such as nanoparticle track-
ing analysis (direct observation and
measurement of diffusion events
using dynamic light scattering and
Brownian motion) or by measuring
changes in electrical resistance in a
Coulter-type counter. AAV parti-
cles are also considerably larger than
most other biologics, so techniques
such as aggregation analysis by size
exclusion chromatography are not
practical and non-informative.
rAAV can be formulated at rela-
tively high titers, for example >10'*
vg (vector genome or full) particles
per ml, which corresponds to >1
mg per ml of protein. However, di-
rect analysis of the packaged DNA
is often impractical because there
is a single vector genome per par-
ticle and most direct nucleic acid
assays utilize destructive process
that consume large quantities of
vector. Therefore, vector genome
characterization rely primarily on
PCR amplification to increase the
detection sensitivity and reduce
the consumption of vector. Quan-
titative PCR (qPCR) or digital
droplet PCR (ddPCR) [70,71] are




commonly employed to determine
the vector genome concentration
and to detect the presence and
relative encapsidation of known
DNA elements, for example plas-
mid-derived DNA. It has also been
demonstrated, however, that the ti-
ters of DNase-resistant particles can
vary dramatically from lab to lab,
as was revealed in the evaluation of
the AAV2 and AAV8 reference stan-
dards [72,73]. The use of different
instruments and slight protocol or
reagent changes possibly have a role,
but much of the variability is like-
ly due to inconsistencies in sample
handling. Small errors or variations
in sampling technique, or dispens-
ing the reagents, etc., are amplified
during PCR, thus, it is imperative
that titering by qPCR or ddPCR s
performed in a laboratory with ex-
perience in using these methods for
quantifying viral vectors and quali-
fying the assays for measuring mate-
rials for clinical use.

Currently, the most convinc-
ing technique for determining the
empty to full capsid ratio is based
on analytical ultracentrifugation.
Another popular method uses two
tools: qPCR quantification of vec-
tor genomes (full particles) and
ELISA quantification of total cap-
sid (full plus empty particles). The
standard error obtained with one
tool may exceed the value obtained
with the other tool, for example
qPCR genome concentration =
2.3 x 10" per ml + 1 x 10", ELI-
SA measurement of total capsids =
3 x 10" + 0.5E x 10". Full-parti-
cles obtained by isopycnic gradient
is a useful reagent to calibrate the
qPCR and ELISA results. Another
approach to evaluate the empty:-
full ratio based on negative-staining
transmission electron microscopy is
unreliable due to idiosyncrasies of

heavy metal uptake into particles
leading to inaccurate full and empty
particle determination.

The biological assays are crit-
ically important and are also the
most difficult to establish, qualify
as a reliable analytical assay. The
vector potency is typically deter-
mined in a cell culture — based as-
say that relates gene expression to
vector ‘dose’ based on quantitative
readouts, for example ELISA or
gqPCR. Since rAAV vectors may be
considered as a pro-drug or trans-
gene delivery reagent, the potency
of the vector must be determined
through in wvive studies or cell-
based assays in which the rAAV
vector transduces the cell and the
activity of the resulting protein, or
RNA, or knockdown of a target
protein, is measured. If the deliv-
ered gene expresses an enzyme or
an siRNA, then the activity may be
measured directly. However, rAAV
vectors are being utilized to treat
a variety of diseases in which the
function of the expressed protein is
structural or not well understood;
in these cases it is especially chal-
lenging to measure the effective
strength of the vector for example
Serca2a [74,75] or dystrophin [76-
81] where protein expression levels
may be surrogates for potency.

rAAV vectors, like all biologic
medicines, must be evaluated to
insure that the residual impurities
from the host cell are at acceptably
safe levels. In addition, it is imper-
ative to identify and quantify pro-
cess impurities resulting from the
introduction of the AAV and helper
genes into the producer cells. These
concerns are amplified for produc-
tion platforms that utilize viruses,
especially when the viruses are po-
tentially pathogenic. In these cas-
es, it is critical that highly sensitive
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assays are developed to detect and
measure any replication-competent
viruses as well as their nucleic and
protein components in the final
product.

MARKET ANALYSIS

As gene therapy has started to show
more clinical success over the past de-
cade, there has been a clear shift from
academic to industry-sponsored pro-
grams and clinical trials. The number
of companies developing therapies
based on rAAV vectors has dramat-
ically increased in the past few years
from a handful to more than 40, en-
compassing more than 130 programs.
While about a quarter of these pro-
grams are being developed for treat-
ments of the eye and will presumably
use small doses of rAAV vector that
are relatively easy to produce, the ma-
jority likely require high titers of the
vector. A review of the available in-
formation on the number of clinical
trials using rAAV vectors from 2010
through 2016 shows a sharp rise in
the number of new trials from about
8 per year about 18, with a large per-
centage being for non-ocular disor-
ders (Figure 1) [82]. Indeed, the dose of
vector required for systemic adminis-
tration to treat lysosomal storage dis-
eases and the muscular dystrophies is
approaching 1 x 10" vg per patient.
To produce these large quantities of
vector, companies are faced with the
question of build versus buy, invest in
the process development, cGMP, and
quality infrastructure or outsource the
manufacturing to a CDMO.

cGMP INFRASTRUCTURE

Independent of the production
platform employed, producing
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clinical-grade rAAV requires a
facility that meets the regulatory
requirements for containment,
airflow and room air exchange,
utilities including power, water,
and lighting, accessibility, tem-
perature, environmental moni-
toring, etc., as specified in the US
Code of Federal Regulations (21
CFR§210,211,610). Cleanroom
facilities are generally constructed
with cascades of pressure and air
cleanliness, where the most im-
portant manufacturing steps (e.g.,
vial filling) are performed in the
spaces with the highest air quality.
Viral vector manufacturing clean-
rooms are typically built with ex-
tra airflow controls to limit the
risk of cross-contamination. In
addition, a number of supporting
mechanical systems are needed,
such as clean water and steam gen-
erators, back-up power, tempera-
ture regulated drug substance/
product storage, as well as facility
and equipment monitoring sys-
tems. Other controlled spaces are
needed for the storage of quaran-
tined and released raw materials
used in the manufacturing and
testing of the cGMP vectors. An
analytical laboratory adjacent to
the clean rooms is convenient for
assessing in-process and drug sub-
stance quality, as well as the test-
ing of environmental monitoring
samples to verify that the facility
is meeting cleanliness standards.
Also, access to a process develop-
ment (PD) laboratory capable of
generating rAAV vectors using a
process and scale that is represen-
tative of the clinical-grade man-
ufacturing platform, provides an
economical alternative to using
cleanrooms for non-cGMP activ-
ities and reduces the pressure for
cleanroom scheduling.
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In addition, sufficient quality
oversight is required from a quality
assurance (QA) unit that is inde-
pendent of the production group.
The QA group is responsible for en-
suring that the manufacturing and
testing of the vectors is performed in
accordance with the regulations and
in compliance with the FDA and
International Council for Harmo-
nization of Technical Requirements
for Pharmaceuticals for Human Use
(ICH) guidelines through establish-
ing and maintaining a robust quali-
ty system. The quality system estab-
lishes clear processes for the review,
approval and control of operation
procedures, material control, inter-
nal and external quality audits, val-
idation and calibration of udilities
and process equipment; training
and qualification of personnel, as
well as managing and investigating
any deviations and related events.

FILLING THE
PRODUCTION GAP
AT CDMOS

Very few companies with gene ther-
apy programs have elected to invest
in their own, internal manufacturing
capabilities, further increasing the
queue for CDMO services to pro-
duce cGMP-grade rAAV vectors. As
a result, anticipating an increased
demand for clinical trial material
and large-scale commercial manu-
facturing, several CDMOs have re-
cently either entered the market or
expanded their operations. Due to
this increase in cleanroom space as
well as pre-existing space built over
the last several decades for biologics,
for example monoclonal antibodies
or recombinant protein production,
the bottleneck for cGMP-grade
rAAV vector is not likely due to
physical limitations of cleanrooms
or bioreactors. Much less common
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are CDMOs who have success-
fully completed multiple produc-
tion campaigns for cGMP vector.
During the past 20+ years, many
publications and presentations from
academic researchers and biotech-
nology companies have reported ad-
vances and breakthroughs in rAAV
vector production, yet with the ex-
ception of the processes described
above, few of these methods have
been developed into a robust, man-
ufacturing platform consistent with
c¢GMP best practices [33,73,83-91].
It is unlikely that CDMOs are ex-
perienced with each of these pro-
cesses, and each client may have a
preferred production platform and
downstream process that has not
been previously employed by the
CDMO.

KNOW-HOW
It is unsurprising that establishing
a de novo rAAV vector manufactur-
ing strategy and qualifying analyti-
cal methods present challenges for
CDMGOs, especially for contractors
lacking familiarity or expertise with
tAAV vectors. As such, inexperi-
enced CDMOs, unaccustomed
with the nuances of the proto-
cols, are more likely to encounter
production inconsistencies result-
ing from process deviations than
more knowledgeable CDMOs.
Since there are few CDMOs who
have a track record of successfully
completing multiple, large-scale
production campaigns for cGMP
rAAV vector, these providers tend
to capitalize a greater market share
and are able to command a premi-
um for their know-how.

The inevitable spread of knowl-
edge and increased experience with
rAAV vector manufacturing at less
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utilized CDMOs will eventually
level the playing field, lower costs
through competition, and increase
the availability of large-scale, cG-
MP-grade rAAV vectors. Until
then companies are faced with the
difficult decision of how to invest
in manufacturing in order to stay
competitive.
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