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VECTOR BIOPROCESSING

FOREWORD

Vector bioprocessing spotlight

FRANZ GERNER is Chief Technology Officer at Excision
BioTherapeutics, a clinical-stage CRISPR company using AAV as
transfer vehicle to treat persistent infectious diseases, where he
is responsible for CMC and related activities internally and at ex-
ternal contract organizations. Dr Gerner has over 25 years’ expe-
rience working in the gene therapy field, in process and analytical
development, manufacturing, Quality Control, Quality Assurance
and vector development. Prior to joining Excision, he was Vice
President of Technical Operations at Axovant/Sio Gene Therapies
where he oversaw the activities of CMC activities at contract
organizations. Previously, he was one of the early members of
Regenxbio, responsible for Process Development, including the
establishment and subsequent expansion of in-house capabilities.
In addition, he was responsible for new innovative approaches to produce recombinant AAVs.
Prior to Regenxbio, he has held increasing positions in the biotech industry. He holds a MS in
Chemistry and a PhD in Chemistry with focus on Gene Therapy by the Ludwig-Maximilians-
Universitat Miinchen.
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Since the early days of gene therapy in the
1970s, significant efforts have been made to
improve the manufacturing of viral vectors,
starting with the availability of efficient plas-
mids for generating recombinant adeno-as-
sociated viral (AAV) vectors by Samulski ez
al. in the early 1980s. Despite the challeng-
es in the gene therapy field over the last de-
cades, including the death of Jessie Gelsing-
er in 1999, and the pullback of investments
during the great recession at the start of the

www.insights.bio

21st century, several groups continued to ad-
vance gene therapy programs, leading to the
first commercially available products.

To support such advancements from a
CMC perspective, continued improvements
of gene therapy viral vector production were
performed by implementation of methods
to enhance the scalability of the viral vector
manufacturing. This includes improved plas-
mid constructs for adenoviral, AAV, and len-
tiviral-based vectors, alternate manufacturing
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methods using viruses to produce viral vec-
tors, scalable manufacturing methods leading
to larger scale production, and significant
improvements to analyze the produced viral
vectors. In particular, the use of bioreactors
for adherent and suspension cell cultures and
replacing centrifugation for chromatograph-
ic purification led to increased interest in the
use of gene therapy due to the improvements
of yield and quality of the manufactured vec-
tors. In addition, the advancements in the an-
alytical characterization of viral vectors gave
significant insights into the quality of vectors
produced, and feedback for manufacturing
improvements.

Optimizations for increasing the yield and
the purity of viral vectors are often primari-
ly focusing on the bioreactor conditions and
transfection, as well as the chromatograph-
ic purification. Rajeshwar Chinnawar and
Nicholas Marchand (Pall) discuss the import-
ant step between these upstream and down-
stream steps, with a focus on clarification of
the harvest material. By optimizing this step,
the clarified material used for subsequent pu-
rification steps can be significantly improved,
leading to an advanced performance of the
downstream process and therefore, enhanced
viral vector product. The use of depth filters
and membrane filters for use in AAV and len-
tiviral production for efficient separation of
particulates and soluble impurities while pre-
venting fouling are reviewed.

A critical step for improving the puri-
ty of the viral vector is the separation of
product-related impurities, such as empty
and partially filled capsids from full capsids
during AAV manufacturing. Since the goal
of the downstream process is to be scalable,
chromatographic purification methods have
been employed, but this makes the separa-
tion of the product-related impurities sig-
nificantly more challenging compared to
ultracentrifugation-based methods. Daniel
Martin (Precision Biosciences) shares an ap-
proach of optimizing the downstream process
to reduce process-related impurities. Mar-
tin demonstrates that by investigating dif-
ferent columns and the run conditions, the

DOI: 10.18609/cgti.2021.068

purification process can be improved, reduc-
ing the amount of empty and partially filled
capsids in the product.

For better targeting of viral vectors, sever-
al AAV serotype or capsid mutants are often
evaluated for specific organ or cell type tar-
geting. With the changes in the capsid, the
performance of the viral vector during pu-
rification on chromatographic columns can
change, leading to a suboptimal yield and/
or quality of the viral vector. Ashish Saksule
(Takeda) is discussing the challenges of pro-
cess development supporting the evaluation
of modified serotypes in pre-clinical settings
in order to use the most suitable vector in
clinical applications.

Developing efficient manufacturing pro-
cesses is a suitable goal through the clinical
stages all the way to commercial manufactur-
ing. This requires the upstream and down-
stream unit operations to not only be fit for
purpose to enable production of the projected
amount of material, but also controllable and
amenable to automation for improved perfor-
mance and robustness of the manufacturing
process. Hugo Rojas (uniQure) explores re-
quirements and approaches for establishing a
commercially viable manufacturing process.

Despite recent advances, significant chal-
lenges remain to be resolved for the future of
gene therapy, including the need to further
improve the yield to reduce cost as well as
enabling high-dose gene therapy approaches,
optimization of the purification of gene ther-
apy vectors to further reduce impurities, and
new analytical methods to enhance the under-
standing of the vector to support the knowl-
edge of, and potentially improve the consis-
tency of, the manufacturing of viral vectors.
In his Viewpoint article, Ramji Krishnasamy
(Rocket Pharmaceuticals) discusses some of
the approaches to address these challenges,
including the importance of comparability
due to process changes while going through
the different stages of development.

Most, if not all companies have started
with processes that were changed over the
course of the life of a program. This can be
caused by the scale not being sufficient to




include a broader patient population in late-
phase or commercial stages, the improvement
of the purity profile of the product, and more
advanced analytics giving feedback to pro-
cess development and manufacturing. Laura
Giersch (Lysogene) discusses the consider-
ations that should occur prior to developing
a new process, including the cost of goods,
regulatory implications, and the feasibility

FOREWORD

on comparability in Boston, is the retention
of enough samples for being able to perform
comparability.

I hope you find these articles about ad-
vances and challenges in the bioproduction
of gene therapy vectors as inspiring as I did,
and I would like to thank the experts who
contributed to this edition for their valuable
discussion points and insights.

of the anticipated new process. In addition,

comparability between the new and previous

processes needs to be planned, including the

T . . AFFILIATION
availability of relevant assays. Giersch points
Franz Gerner

Chief Technology Officer, Excision

BioTherapeutics

out that one of the most important consid-
erations for comparability, which was also
discussed during a recent 2-day conference
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EXPERT INSIGHT
Adeno-associated virus
process development:
optimization & development
of a scalable elution for
polishing chromatography

Daniel Martin

In vivo gene therapy utilizing adeno-associated virus (AAV) is a rapidly developing and highly
focused area of the biopharmaceutical industry. As the regulatory landscape is shaped there
is an increased expectation for companies to develop manufacturing processes generating
safe and efficacious AAV. A highly discussed and difficult aspect of AAV manufacturing is the
separation of empty capsids from full capsids. Undesirable capsids have unknown impact
on the patient’s immune system; consequently, it is desirable to remove them from the final
product altogether and de-risk the potential impact to patient safety. From a process devel-
opment perspective removal of undesirable capsids is challenging due to the similar quality
attributes that are shared with full capsids. Anion exchange chromatography is often used
as the final polishing step and is primarily used to separate empty capsids from full capsids.
In order to achieve this separation a shallow increasing salt gradient with fractionation is
used and these two modes of operation are not ideal for large scale manufacturing. Empty-
full separation chromatography for a promising AAV8 construct underwent initial develop-
ment and optimization for technology transfer to large-scale manufacturing at Precision
BioSciences. This was accomplished by modifying the platform downstream process and
screening both different elution conditions and resin modalities for improved resolution.
The eluting peak order for this AAV8 construct is the empty capsid peak first followed by
the full capsid peak and is then followed by a final impurity peak. Screening to improve
resolution between the peaks created an opportunity to include an additional wash step
that removes the empty capsid peak before elution occurs. This was accomplished without
negative impact to product recovery and empty-full content. With the removal of the empty
capsid peak the elution profile can be further optimized to not rely on a gradient fraction-
ation at the manufacturing scale.

Cell & Gene Therapy Insights 2022; 8(3), 421-429
DOI: 10.18609/cgti.2022.061
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Adeno-Associated  Virus (AAV) is a
non-pathogenic, replication-deficient virus
that can deliver DNA to different tissues in
the body. We can utilize our ARCUS™ tech-
nology to use different AAV serotypes to de-
liver many potential transgenes via in-vivo
and ex-vivo treatments. AAV Process Devel-
opment (PD) at Precision BioSciences have
developed a platform purification process to
evaluate different AAV serotypes combined
with different transgenes called constructs
(Figure 1). For promising candidates, the
platform process is modified specifically for
each construct. In the current AAV landscape
empty-full separation remains a difficult pol-
ishing step to optimize without the use of
gradients and fractionation. Both gradients
and fractionation can present challenges with
scaling to a large-scale manufacturing pro-
cess. Gradients are utilized often and can be

accommodated, but large-scale fractionation
is highly undesirable. The AAV downstream
process development team conducted exper-
iments that investigated developing a robust
isocratic elution operation. To do so differ-
ent salts were screened using Anion exchange
chromatography (AEX) chromatography and
the resolution between different capsids were
measured. Utilizing the salts with the highest
resolution, an isocratic elution was developed
by first washing off undesired capsids preced-
ing the full capsids. Additionally, the team
found that when utilizing a mixed mode chro-
matography system that exploits differences
in hydrogen bonding combined with tradi-
tional AEX that separation now depends on
differences in pH as opposed to conductivity.
Experiments with mixed mode chromatog-
raphy showed improved resolution with the
possibility to develop a robust isocratic elution

—» FIGURE 1

Downstream process flow diagram.

Concentration & diafiltration

Bulk drug substance fill
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TABLE 1.

operation scalable to manufacturing. This arti-
cle will provide insight into AAV PD activities
for a AAVS construct that underwent initial
empty-full separation optimization.

MATERIALS & METHODS
Samples & sample preparation

Sample and sample preparation were pro-
duced in-house at our AAV PD laboratory.
Lysate of Expi293F cells producing AAV8
were harvested using depth filtration and is
then further 0.2um filtered. Harvest filtrate is
loaded directly onto the affinity capture chro-
matography column.

The affinity chromatography capture step
utilizes POROS™ CaptureSelect™ AAVX
affinity resin from ThermoFisher Scientif-
ic. AAVX resin utilizes cross-linked poly-
styrene-divinylbenzene POROS beads with
a CaptureSelect AAVX affinity ligand that
have an average particle size of 50pm. AAVX
loading falls into the range of 5.6x10" to
9.1x10%vg/mL resin. The buffering system
can be seen in Table 1. A 5 CV step elution
is utilized, and the eluate is neutralized with
500 mM BTD, 200mM NaCl, pH 9.0. Typ-
ical neutralized AAVX eluate concentration
for this AAVS8 construct is 5x10' vg/mL.

The AEX chromatography step utilizes a
CIMultus™ (CIM) QA monolithic column
from BIA Separations. The CIM QA columns

Affinity chromatography system parameters.

Equilibration

Load

Wash 1

Wash 2

Elution

10mM BTP, 5 2
700mM NaCl, pH 6.8

0.2um Harvest

Filtrate

10mM BTP, 5
700mM NaCl, pH 6.8
10mM BTP, 5
200mM NaCl, pH 6.8
20mM NaCitrate, 5

200mM NaCl, pH 2.5

Cell & Gene Therapy Insights - ISSN: 2059-7800
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utilize a Polyglycidyl methacrylate-co-eth-
ylene dimethacrylate support matrix with a
strong quaternary amine for separating full
capsids from empty capsids in the neutral-
ized AAVX eluate. Neutralized affinity eluate
is prepared by performing a 1:10 total parts
dilution with the equilibration buffer. On a
ImL CIM QA column, 10mL of the prepared
load is used per run and for this construct this
equates to ~5x10'"" vg/mL resin. Constructs
are evaluated and purified using the plat-
form AEX process using the system param-
eters shown in Table 2. A 65 CV increasing
conductivity gradient elution is utilized for
this unit operation and is fractionated into
1 mL fractions. Fraction pooling is done on
a case-by-case basis using the resulting chro-
matogram. This platform process serves as
the foundation for further development and
optimization for scale up operations. Both
chromatography steps are preformed using
an AKTA Avant 150 from Cytiva.

CIM QA salt screening

When promising constructs are identified the
CIM QA B buffer is then modified with com-
monly used salts in place of 400mM NaCl
and then screened against the platform pro-
cess using the same elution strategy. In the
case of this AAV8 construct, development
first started with screening different salts to
compare against the platform process. The B
buffers used can be seen in Table 3.

Improved CIM QA elution
development

Based on the resulting chromatograms from
the different salt screening development runs,
the best candidates that show improved res-
olution compared the platform process are
then further developed improve the elution
profile. In the case of this AAV8 construct
the peak order that is generally observed is a
predominately empty capsid peak (A260/280
< 1) followed by a predominately full capsid
(A260/280 > 1) that is then followed by a
final peak that contains additional impuri-
ties (shown in Figure 2). For this construct a

423
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—» TABLE 3
CIM QA elution (B) screening buffer composition.

Elution buffer composition

20mM BTP, 1M Sodium Chloride (NaCl), pH 9.1

20mM BTP, 1M Tetramethylammonium Chloride (TMAC),
pH 9.1

20mM BTP, 0.5M Magnesium Chloride (MgCl ), pH 9.1

20mM BTP, 1M Sodium Acetate (NaAc), pH 9.1

—» TABLE 2

AEX chromatography system parameters.

Buffer cv Residence
time (min)

Equilibration 10mM BTP, pH 9.1 10 0.25
Load 1:10 Diluted Neutralized Affinity Eluate, pH 8.7
Wash 1 10mM BTP, pH 9.1 10
Elution A: 10mM BTP, pH 9.1 65
B: 20mM BTP, 400mM NaCl, pH 9.1 Gradient:
0-100% B

secondary wash step is developed to remove
the initial empty peak and further isolate the
full peak during elution. To do so there are
three conductivity conditions that are chosen
to evaluate. These conditions consist of the
conductivity observed at the beginning of the
empty peak (11.00 mS/cm), the conductivity
observed at the peak max of the empty peak
(12.25 mS/cm) and the last condition is cho-
sen at the end of the empty peak (12.85 mS/
cm) (shown in Figure 3). For this construct
sodium chloride, tetramethylammonium and
sodium acetate were chosen to develop a sec-
ondary wash step.

CIM Prima$S
platform implementation

As will be discussed later in the results section
of this article it was observed for this AAVS
construct the conductivity ranges established
for the secondary wash steps using CIM QA
were too tight to robustly scale up to man-
ufacturing. Consequently, CIM PrimaS was
also screened for this AAV8 construct.

CIM PrimaS$ utilizes a multimodal ligand
that introduces hydrogen bonding with an-
ion exchange to enhance selectivity. It uses
the same support matrix but with a weak
anion exchange ligand. CIM Prima$ load is

424
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prepared in the same manner as CIM QA, it
is diluted 1:10 total parts with equilibration
buffer. The elution strategy changes from an
increasing conductivity gradient to an in-
creasing pH gradient. The platform buffering
system used can be seen in Table 4. and was
implemented as per recommended by BIA
Separations with minor modification. Results
from platform implementation were screened
against platform CIM QA and salt screening
CIM QA experiments.

Improved CIM Prima$ elution
development

Similar to CIM QA the same peak order was
observed for CIM PrimaS. The same improved
elution strategy was used to wash the preceding
empty capsid peak off with a secondary wash.
Only the change to the buffer system was to
pH as opposed to conductivity. The elution or
B buffer was titrated to target pH values cho-
sen from the platform CIM Prima$ runs.

RESULTS & DISCUSSION
Analytical evaluation

Product fractions were pooled based on re-
sulting chromatograms and then submitted
for analytics. Digital Drop Polymerase Chain
Reaction (ddPCR) was used to quantify vi-
ral genome content of the product pools and
viral genome content for the load. Recover-
ies are calculated using results from ddPCR.
A260/A280 ratios were calculated by using
Unicorn™ v7.6 software to find the peak
max absorbance of both 280 nm and 260
nm wavelengths for the full capsid peaks and




EXPERT INSIGHT

—» FIGURE 2

AAVS platform CIM QA elution profile.

Empty Capsid
Peak

Debris/Partial
Capsid Peak

then dividing these numbers to determine
the ratio. This ratio is used as a rough guide-
line of empty-full ratio with A260/280 < 1
being considered a empty capsid peak and
A260/280 > 1 being considered a full capsid
peak. Additionally, resolution between peaks
is calculated using Unicorn™ v7.6 software
and the equation used can be seen in Figure

4. Lastly, a Stunner™ by Unchained Labs
was used to analyze total viral capsid con-
tent. Utilizing the viral genome content de-
termined by ddPCR and total viral capsid
content determined by Stunner analysis was
used to characterize empty-full capsid con-
tent. It is important to note that this meth-
od of determining empty-full capsid content

—» FIGURE 3

AAV8 NaAc wash conductivity selection.

CIM QA 1 ml CV SF2110-2 start after load 1M Na Acetate 001

maU

101

Conductivity

Condition 2

| Conductivity
Condition 3

Conductivity
Condition 1

50+

— UV 1_280

p e Corc B

— UV 2 260
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—» FIGURE 4

Resolution algorithm.

—» TABLE 4

CIM PrimaS chromatography system parameter.

Buffer cVv Residence
Time (min)

Equilibration 10mM Tris, 10mM BTP, 2mM MgCI,, pH 8.0 10

Load 1:10 Diluted neutralized affinity eluate, pH 8.7

Wash 1 10mM Tris, 10mM BTP, 2mM MgCl,, pH 8.0 10 0.25
A: 10mM Tris, 10mM BTP, 2mM MgCl,, pH 8.0

Elution B: 10mM Tris, 10mM BTP, 2mM MgCl,, 13mM NaAc, pH
10.0

is utilized only for preliminary development
since samples were close to the bottom LOQ
of the Stunner. Subsequent development uti-
lizes ddPCR and ELISA analysis to determine

empty-full content.

Empty-full chromatography
peak resolution

Results from the salt screening study on CIM
QA can be seen in Table 5. Compared to the
platform process, only Tetramethylammoni-
um Chloride and Sodium Acetate improved
resolution between full capsid and empty cap-
sid peaks for this AAV8 construct. Recoveries
(mass balance utilizing ddPCR) were seen to
improve with the use of Tetramethylammoni-
um Chloride and recovery was slightly reduced
with Sodium Acetate. As a result, these two
salts and Sodium Chloride were picked to fur-
ther develop a secondary wash step. It is inter-
esting to note that the presence of Magnesium
Chloride impacted the binding characteristics
of the empty and full capsids. Magnesium is
thought to have interactions with glutamic
acid residues on capsid protein borders which
might explain why there is an impact on bind-
ing. Consequently, the full capsid peak eluted
first followed by empty capsid peak and lastly
the final impurity peak. The results from CIM

QA were compared to the platform CIM Pri-
ma$ process and significantly more resolution
is observed between all the capsid species when
utilizing CIM PrimaS. In addition to much
improved resolution there is also significant im-
provement in the empty-full ratio while main-
taining similar recovery. Since empty-full was
calculated using ddPCR viral genome quanti-
fication with Stunner, total viral quantification
requires further investigation using ddPCR
and ELISA analysis is necessary.

Empty-full chromatography
improved elution development

Results from the CIM QA secondary wash
results can be seen in Table 6. below. Three
conductivity conditions were chosen using
the methodology previously mentioned for
Tetramethylammonium Chloride (1M), So-
dium Acetate (IM) and Sodium Chloride
(IM). It is important to note that during
this study one sample was compromised
for Sodium Acetate and was not analyzed.
Additionally, empty-full ratios via Stunner
analysis were not performed on these sam-
ples due to unavailability of the equipment
at the time of this study. Results from these
conditions show some negative impact to re-

coveries when compared to the CIM QA and

(2" peak retention - 1°t peak retention)

Resolution = [(2 * (2 peak width at half height + 1+ peak width at half height)) ]

2.354
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TABLE 5
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Screening study result.

Resolution Resolution (full
(full and and partial)
empty)

CIM QA Platform 0.97 1.01

CIM QA 1M NaCl 0.91 0.95

CIM QA 1M TMAC 1.33 0.84

CIM QA 0.5M MgCl2 0.34 1.37*

CIM QA 1M NaAc 1.01 0.88

CIM PrimaS Platform 1.89 1.98

Full Peak Empty-full (%) Viral genome
A260/280 recovery (%)
ratio

1.26 33 50

1.24 29 43

1.16 28 57

1.13 19 30

1.24 15 40

1.27 62 50

The presence of Magnesium changed the order of the peaks to full capsids followed by empty capsids and then partial capsids or debris. This

value is the resolution between empty and partial peaks.

CIM Prima$ processes. However, improved
A260/280 ratios were observed with Sodium
Acetate and Sodium Chloride conditions and
lower recoveries, so this suggests there is most
likely improved empty-full ratios. Results
from these experiments show that washing
off the empty peak with a second wash step is
a feasible approach. But when analyzing the
conductivity ranges established by these wash
conditions it presents challenges to scalabili-
ty to a manufacturing environment due to a
tight operating range. Such a tight operating
range does not allow for a robust normal op-
erating range (NOR) with an acceptable op-
erating range (AOR) the allows for adequate
empty-full ratio and acceptable recoveries.

It is because of the tight conductivity rang-
es found when implementing a second wash
step that CIM Prima$ was evaluated for this
AAV8 construct. With greatly improved reso-
lution along with improved empty-full ratios

—» TABLE 6

while maintaining equivalent recoveries,
CIM Prima$ is a more favorable candidate
to implement a secondary wash step (seen
in Table 7). A wide range of pH conditions
were evaluated as secondary wash steps. Most
conditions resulted in similar A260/280 ra-
tios when compared to platform processes.
Additionally, empty-full ratios remain im-
proved over CIM QA while maintaining
more comparable recoveries to the platform
process. Based on the results of the experi-
ments conditions 8.84, 8.78 and 8.73 show
a robust range where A260/280, empty-full,
and recovery is optimal. This provides a range
of 0.11 pH units between the high and low
condition. While this is still a tight range it
is feasible to control the pH in manufactur-
ing within this range. Thus, there exists more
scalability when using CIM PrimaS with
this AAVS8 construct to develop a secondary

CIM QA secondary wash results.
(mS/cm) ratio recovery (%)

CIM QA Platform 1.26 50
CIM Prima$S 1.27 50
TMAC 10.53 1.26 41
TMAC 10.92 1.21 38
TMAC 11.27 1.19 45
NaAc 9.98 1.33 49
NaAc 10.49 1.32 39
NaCl 9.93 1.30 40
NaCl 10.52 1.30 35
NaCl 10.86 1.28 33

Cell & Gene Therapy Insights - ISSN: 2059-7800
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—» TABLE 7

CIM Prima$ secondary wash results.

Full Peak A260/280 Empty-Full (%)
Ratio

Full Peak Recovery (%)

—» FIGURE 5

CIM PrimasS elution profile with second wash implementation.

CIM QA Platform 1.26 33 50
CIM PrimaS platform 1.27 62 50
pH 8.68 Wash 1.25 23 50
pH 8.73 Wash 1.26 53 55
pH 8.78 Wash 1.23 101 47
pH 8.84 Wash 1.32 58 49
pH 8.88 Wash 1.26 76 24
pH 9.07 Wash 1.17 75 12

wash step to help isolate the product peak in
elution.

TRANSLATION INSIGHT

Further optimization with CIM Prima$ has
not been performed at this time. These exper-
iments demonstrate a strong proof of concept
and potential to utilize this CIM Prima$S with
this AAVS8 construct to develop a scalable sec-
ondary wash step and further elution optimi-
zation. The advantage of utilizing a secondary
wash step to remove the empty capsid peak

before elution allows for further development
of the elution step. A step elution can be ex-
plored to further improve elution robustness.
Regardless the elution pH gradient now has a
large product peak with improved resolution
from the partial capsid peak (shown in Figure
5). This can allow for use of UV gates to cap-
ture the full peak and eliminate the need to
fractionate at scale.
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VECTOR BIOPROCESSING

RESEARCH ARTICLE

Clarification of recombinant
adeno-associated virus (rAAV) &
lentivirus from adherent culture

Rajeshwar Chinnawar & Nicholas Marchand

In recent years the cell and gene therapy industries have been rapidly expanding, with two
of the most utilized viral vector classes being adeno-associated virus (AAV) and lentivirus.
With clinical success comes the need to develop and scale-up efficient manufacturing pro-
cesses. As both of these vectors are produced in cells, the first step in their purification is to
clarify them from the cell culture. There are many technologies traditionally used for cell cul-
ture clarification but given the projected manufacturing scales and need for single-use con-
sumables a combination of depth and membrane filtration is a logical fit for batch processing
of viral vectors. This work focuses on developing filtration-based clarification processes for
both AAV and lentivirus. The data shows robust turbidity reduction and step yields across
batches, scales, and AAV serotypes. We discuss how capacity can be impacted by feed-
stream characteristics and how capacities translate to manufacturing footprints. Finally, we
discuss some process considerations that are unique to viral vector processing and critical
to successful vector harvest.

Cell & Gene Therapy Insights 2022; 8(3), 483-493
DOI: 10.18609/cgti.2022.070

In recent years, development in the gene ther-  viral vectors in development today are re-
apy industry has grown rapidly [1,2]. As of combinant adeno-associated virus (AAV) and
2022 there are over 20 gene and gene-mod-  lentivirus [3-5]. AAV is a non-enveloped vi-
ified cell therapies approved by regulatory rus -20 nm in diameter. The recombinant
bodies across the world with hundreds more  vector can package -4.7 kilobases of DNA
in clinical trials. The two largest classes of and shows relatively low immune response
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compared to retroviruses and adenoviruses
[6]. Furthermore, it is relatively stable un-
der standard bioprocessing conditions [7,8].
Lentiviral vectors are enveloped and are ~120
nm in diameter. They deliver an RNA pay-
load and are used in both gene therapy as well
as many chimeric antigen receptor (CAR) T
cell-based cell therapies [9].

Both vectors are expressed from host cells
which are often grown on substrates in adher-
ent cell culture bioreactors. In typical rAAV
production the product can be found both
intra- and extracellularly, and many processes
therefore include a cell lysis step to maximize
product recovery. In contrast, the majority of
lentiviral vectors are secreted from the host
cells and can therefore be harvested from the
bioreactor supernatant without cell detach-
ment or lysis. Similar to recombinant protein
processing, once the crude harvest is collected
from the bioreactor the next step is to clari-
fy the product from the complex mixture of
insoluble impurities which can include cell
debris and any precipitated host-cell protein
and DNA.

A typical

step will include a membrane filter with a

fileration-based  clarification
thin structure and tight pore rating down
to 0.2 um or in some cases 0.45 pwm. This
filter is responsible for bioburden removal
and some additional particulate removal to
protect subsequent purification technologies
from fouling. In many cases the membrane
filter is preceded by a prefilter with a thick-
er structure and wider pore range. These can
dramatically improve capacity on the mem-
brane filter translating to improved overall
process economics and footprint. Depth fil-
ters made of a mixture of cellulose, inorgan-
ic filter aids, and resins are commonly used
prefilters and in addition to the particulate
removal can provide some soluble impurity
removal through adsorption. Both depth and
membrane filters have a long history of use
in the biopharmaceutical industry and offer a
robust, cost-effective solution for clarification
over a wide range of scales [10-12]. However,
there are many filter options across the in-
dustry ranging in materials of construction,
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structure, pore size, and available formats
which must be considered against the feed-
stream and product characteristics. AAV and
lentivirus have been shown to carry a negative
surface charge [8,13], but there can be slight
differences based on serotype [14,15]. Depth
filters carry a mix of both positive and nega-
tively charged surfaces [16,17], and of course
any charge interaction will be dependent on
the ionic strength of the spent media and pro-
cess buffers. There is some evidence showing
lentivirus will bind to diatomaceous earth, a
filter aid used in many depth filters [18]. Find-
ing the optimal set of filters for clarification
remains a challenge for these emerging fields.
In this work we evaluate filtration-based
clarification options for recombinant AAV
and lentivirus coming from adherent cell
culture. The data demonstrates that depth
fileration combined with membrane filter
clarification can be an effective solution for
viral vector manufacturing and provides some
guidance in filter selection and screening. Fi-
nally, we discuss some subtle differences in fil-
ter options to consider during process devel-
opment to improve the chances of successful
scale-up, tech transfer, and production.

MATERIALS & METHODS

Crude harvest supply

All recombinant AAV5 used in this work
was supplied through transient transfection
of HEK293T cells using a PEIpro® trans-
fection reagent (Polyplus-transfection). For
transfection,  plasmids pCDAAV-Helper,
pCDAAV-CMV-eGFD, and pCDAAV5-R/C
(Creative Biolabs) were used in a 1:1:1 ra-
tio. A DNA:PEIpro ratio of 1:1 was used
for transfection. Adherent cultures were ei-
ther produced with Corning® CellSTACK®
chambers or in Pall’s iCELLis® Nano biore-
actors. Following transfection the cultures
were grown for 5 days at which point the cul-
ture supernatant was removed, the cells were
lysed using a detergent buffer (10 mM Tris
(pH 8.0), 160 mM NaCl, 2 mM MgCL, 1%




Tween 20), and the lysate collected from the
bioreactor. The supernatant and lysate were
treated with an endonuclease (25 U/mL) and
the total NaCl concentration was increased
to 500 mM prior to clarification. rAAV5
concentration in the crude harvest averaged
7.4 x 10° with a 95% confidence interval of
+2.0 x 10” gene copies per milliliter (gc/mL).
HEK293 cells producing AAV8 and AAV9
vectors encapsulating a green fluorescent pro-
tein (GFP) reporter gene were procured from
Vector BioLabs. The cells were grown in ad-
herent CellSTACK chambers and contained
the expressed vectors intracellularly upon
arrival. Treatment of the cells was designed
to mimic that of the AAV5 harvest from the
iCELLis Nano bioreactors. Cells were lysed
with the same detergent buffer as described
above, diluted into culture medium, and
endonuclease-treated prior to clarification.
Concentrations for AAV8 and AAV9 crude
harvests were 1.4 x 10® and 1.7 x 10® gc/mL,
respectively.

All lentivirus pools used in this study
were produced by transfection of adherent
HEK293T cells grown in CellSTACK cham-
bers or iCELLis Nano bioreactors. The Len-
tivirus produced was HIV-1 derived with a
VSV-G pseudotype carrying a gene for GFP.
Lentivirus plasmids were purchased from Al-
devron and used in a ratio of 2 pALD-VSV-
G-A:2.5 pALD-GagPol-A:1 pALD-Rev-A:2.5
pALD-LentiEGFP-A. A DNA:PElpro ratio
of 1:2.75 was used for transfection. Super-
natants were collected from the bioreactor
48-72 h after transfection, 2 mM MgCl2 was
added, and the pool was endonuclease treated
(25 U/mL). Lentivirus concentration in the
crude harvest averaged 7.1 x 107 with a 95%
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confidence interval of + 4.9 x 107 infectious
particle per milliliter (IP/mL).

Filtration

A description of the prefilters and membrane
filters used in this work is summarized in Ta-
ble 1. Pall’s PreFlow™ UB media is made of
resin-bonded glass fiber and provides a gam-
ma-stable option for protecting membrane
filters in bioprocessing. In this work 47 mm
discs were tested using stainless steel holders
(effective filter area (EFA) = 11.1 cm?). Seitz™
P-series depth filter sheets are made up of a
combination of cellulose, inorganic filter aids,
and a binding resin. The V100P is a sheet de-
signed specifically for processing viral vectors
that is low-charge and free of diatomaceous
earth. The PDK11 filter is a dual-layer filter
made up of the same V100P sheet on the bot-
tom and a K900OP sheet on top. The K900P
media is a standard grade in Pall’s Seitz P-series
depth filter line made of cellulose, filter aids,
and resin with a retention rating of 8-20 um.
For screening, the V100P and PDKI11 filters
were tested in Supracap™ 50 capsules (EFA =
22 cm?). For larger scale work PDK11 filters
were also evaluated in Supracap 100 capsule
format (EFA = 0.025 m? for 127 mm and
0.05 m? for 254 mm).

In select studies filtrate pools from a single
prefilter was run over Pall’s Supor® EKV ster-
ilizing grade or Supor EAV bioburden reduc-
tion filters. These were tested in Mini Kleen-
pak™ syringe filters (EFA = 2.8 cm?) and Mini
Kleenpak 20 capsule (EFA = 20 cm?) formats.
For larger scale work the Supor EKV filters
were also evaluated in Mini Kleenpak capsule
format (EFA = 220 cm?).

—» TABLE 1

Description of prefilters and membrane filters used in this work.

Role Filter media Materials of construction Layers Retention rating
PreFlow UB Resin-bonded glass fiber 1 0.45 pm

Prefiltration Seitz V100P Cellulose fibers, perlite, and resin 1 2-4 um
Seitz PDK11 Cellulose fibers, filter aids, and resin 2 8-20 um/2-4 pm

Bioburden reduction Supor EAV Single-layer polyethersulfone (PES) 1 0.2 um

Sterilizing grade Supor EKV Dual-layer PES 2 0.2 um

Cell & Gene Therapy Insights - ISSN: 2059-7800
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All filtration work described here was run
at constant flux on PendoTECH Filter Screen-
ing System (NFF) control systems with peri-
staltic pumps on the feed lines. Pressures and
filtrate volumes were recorded over time. In all
trials filters were equilibrated using a 1x phos-
phate buffered saline (PBS; pH 7.4) solution
at 250 L/m?. Prefilter capsules were drained
prior to loading process fluid. Experiments
used to determine filter capacity were run at
constant flux to a terminal pressure of 0.7 bar
(10 psi). AAV capacity trials were run at 200
liters/m*/hour (LMH) on the prefilters and
1000 LMH on the membrane filters. Len-
tivirus capacity trials were run at 200 LMH
on the prefilters and 500 LMH on the mem-
brane filters. A post-use buffer chase of 1.5x
hold-up volumes was also employed to max-
imize virus recovery. This flush was pooled
with the product filtrate and sampled for
virus titer to determine yields.

Analytics

Pool turbidities were measured offline on a
Hach® 2100Q portable turbidimeter. AAV
concentrations were measured by a digital
droplet polymerase chain reaction (ddPCR)
method using the BIORADQX200 AutoDG
Droplet Digital PCR System. Non-encap-
sidated DNA was digested at 37°C for 1 h
using an RNAse Free DNase I kit (Qiagen).
Once digested, the samples were diluted
1:100 in 1x TE solution (Integrated DNA
Technologies), supplemented with Pluronic
PF-68 to 0.01% and ddPCR was performed
using primers targeting an amplicon in the
gene of interest. Lentivirus concentrations
were quantified using a flow-cytometry based
transduction unit (TU) assay. HEK293 cells
were seeded into 24-well plates at 1 x 10°
cells/well and incubated overnight at 37°C
in 5.0% CO,. Serial two-fold dilutions of
samples were performed prior to addition to
cells. A spinoculation was then performed for
2 h at 1000 xg at 25°C. Post-spinoculation
additional media was added to the wells and
the plates were incubated for 48 h at 37°C
in 5.0% CO,. The wells were aspirated of
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media, washed with 1x PBS, aspirated again,
and then TrypLE (ThermoFisher) was added
to detach the cells for fluorescent cytometric
analysis on a CytoFLEX (Beckman Coulter).
Step yields were calculated using Equation 1
below where V, and V| refer to feed and fil-
trate pool volumes and C and C_ refer to feed
and filtrate pool concentrations respectively.

. RV o/ — (Vp*Cp)
Equation 1: Yield % e x 100
RESULTS
AAV screening

Initial AAV screening work was conducted on
the prefilter to identify an appropriate filter
train for clarification. The V100P was select-
ed as a single-layer depth filter option as it
was specifically designed for the processing
of viruses. This filter media contains no di-
atomaceous earth and a relatively low over-
all charge. A dual-layer PDK11 depth filter
was also evaluated which contains the same
V100P sheet with a more open K900P sheet
on top. Both filters were evaluated with an
adherent AAV5 crude harvest pool measured
at 36 Nephelometric Turbidity Unit (NTU)
and 9.0 x 10’ gc/mL. Capacity was defined
through constant flux (P, ) studies run at
200 LMH to a terminal pressure of 0.7 bar
(10 psi). As shown in Figure 1, both V100P
and PDK11 filters demonstrated high yields
(295%) and strong turbidity reduction (<3
NTU in the filtered pool). However, with
this feedstream there was a significant capac-
ity benefit from the dual-layer PDK11 (Fig-
ure 1a), reaching >500 L/m* at 0.7 bar (10
psi). Both depth-filtered pools were then tak-
en offline and used to measure capacity on
Supor EKV sterilizing-grade filters with both
showing capacities of >1700 L/m* and AAV5
yields of >99% (data not shown).

AAV process robustness
& scalability

Turbidity of the crude harvest is often used
as a rough measurement to encompass key
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—» FIGURE 1
Depth filter screening with AAVS5.
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feedstock characteristics including culture
cell density and viability prior to harvest,
particle concentration, and particle size dis-
tribution. Using AAV5 crude harvest pools
produced in iCELLis Nano bioreactors we
ran seven replicate trials with feedstocks rang-
ing from 29-133 NTU. As expected, we did
generally see higher feed turbidites translate
to lower prefilter capacities (consistent with
the lentiviral data shown below). However,
there was not a consistent trend and we saw
one example of a highly turbid feed leading
to low fouling on the prefilter and high foul-
ing on the membrane filter. We hypothesize
this was due to a difference in particle size
distribution and highlights that while tur-
bidity is a useful tool, it is not a comprehen-
sive measure of crude harvest characteristics.
Regardless of the crude harvest turbidity,
over the seven batches tested capacities were
all >250 L/m?* on a PDK11 depth filter and
>400 L/m?* on a subsequent Supor EKV fil-
ter. The key finding was that across the range
of feed turbidities we observed strong robust-
ness for turbidity reduction and yield with
pool turbidities at 3.0 + 1.3 NTU (Figure 2a)
and yields at 104% + 9.6% (Figure 2b).

Next, we evaluated two additional AAV
serotypes (AAV8 and AAV9) produced in

Cell & Gene Therapy Insights - ISSN: 2059-7800

adherent culture grown in CellSTACK
chambers. Here we saw no significant differ-
ence in pressure curves on the PDK11 (Fig-
ure 2¢) or Supor EKV filter (Figure 2d) when
run with an AAV8 or AAV9 feed compared
to an AAV5 feed with a similar turbidity. The
clarification train showed strong robustness
to serotype for turbidity reduction and yield
with all clarified pools at or below 10 NTU
(Figure 2a) and yields >93% (Figure 2b).
Assessing scalability is another critical step
in the development of a clarification process.
Using the adherent AAV5 material, perfor-
mance of the PDK11 + Supor EKV filter
train was evaluated across process develop-
ment and pilot-scale capsules. Throughputs
ranged from 180 to 550 L/m* on the depth
filters and 300 to 1900 L/m? on the sterile fil-
ters. Note that in most cases the entire batch
was processed before reaching capacity on
either filter and that the different scales were
tested with independent feedstocks making
it difficult to comment on scalability of fil-
ter capacity. Pool turbidities and AAV yields
are shown in Figure 3 between the develop-
ment-scale PDK11 in Supracap 50 capsules
+ Supor EKV membrane in Mini Kleenpak
syringe filters or Mini Kleenpak 20 capsules
and the pilot-scale PDK11 in Supracap 100
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—» FIGURE 2

Clarification process robustness against AAV serotype.
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capsules + Supor EKV filters in Mini Kleen-
pak capsules. Critically, there was no statisti-
cally significant difference observed between
scales for pool turbidity or AAV yield (p >
0.05 from two-sample T-tests).
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Lentivirus screening

Lentiviral work started with prefilter screen-
ing using an adherent crude harvest pool
taken from an iCELLis Nano bioreactor
with a turbidity of 38.5 NTU and lenti-
virus concentration of 3.7 x 107 IP/mL.
Previous data has demonstrated successful
clarification of lentivirus from adherent cul-
tures using various combinations of glass fi-
ber prefilters and PES or PVDF membrane
filters [19,20]. Using crude harvest pools
with turbidities of approximately 10 NTU
these synthetic filter options provided ca-
pacities of >1500 L/m* and infectious par-
ticle recoveries of >75%. The PreFlow UB
resin-bonded glass fiber filter was therefore
included in this screening. Due to a signifi-
cantly higher crude harvest turbidity in this
work the V100P and PDK11 depth filters
were also included. Lentivirus crude harvest
was loaded onto all prefilters at a constant
flux of 200 LMH to a terminal pressure of
0.7 bar (10 psi). The data revealed similar
capacities for the PreFlow UB and V100P
prefilters at approximately 250 L/m? where-
as the PDK11 provided an approximately
four-fold higher capacity, achieving 1000 L/
m? (Figure 4a).

While all three prefilters reduced the tur-
bidity below 5 NTU, the cellulose-based fil-
ters did show slightly lower turbidity levels
than the PreFlow UB prefilter (Figure 4b).
This turbidity difference correlated to ca-
pacity differences on the downstream mem-
brane filters. Pools from each prefilter were
run over Supor EKV and Supor EAV filters
in parallel. The capacities for those loaded
with PreFlow UB filtrate were 34 and 32 L/

m2

respectively. In contrast, the cellulose
depth filtered pools led to membrane filter
capacities between 390 and 480 L/m”.

The cellulose depth filter + membrane fil-
ter combinations were evaluated for lentivi-
ral step yields (Figure 4C). The V100P com-
binations appeared to have slightly higher
yields than the PDK11 combinations. This
could be expected as the dual-layer PDK11
does carth

contain some diatomaceous




—» FIGURE 3

AAV clarification scalability.
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for 254 mm). Error bars represent a 95% confidence interval.

which has been previously shown to reduce
filtrate lentivirus levels [18], however more
replicates will need to be run to determine
if the difference is real and reproducible.
Regarding the membrane filters, we did not
observe a clear benefit for capacity or yield
between the two tested here.

Lentivirus process robustness

Based on the balance between yield and ca-
pacity the V100P prefilter was selected for
additional testing. The Supor EKV filter was
selected as the membrane filter as it pro-
vides a sterile filtrate stream and showed no
drop-off in capacity or yield. Two additional
batches of adherent lentivirus crude harvest
from CellSTACK chambers were processed
over the V100P + Supor EKV filters. Over
the three runs feed turbidity ranged from
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Depth filter and sterile filter screening with lentivirus.
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20.2-72.9 NTU, feed concentration ranged
from 3.7 x 107—1.2 x 10% IP/mL, and the
step yield over the depth and membrane fil-
ters averaged 74%. Note we did not observe
any clear trend between feed turbidity and
yield. Prefilter pressure vs. loading curves
are presented in Figure 5 and reveal how feed
turbidity can impact depth filter capacity.
However, despite the range in crude harvest
turbidities, the clarified pools showed con-

sistently low turbidity averaging 2.7 + 0.6
NTU.
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Depth filter capacity across lentivirus batches.
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DISCUSSION

The work described here provides a case study
for clarification process development of ad-
herent lentivirus and AAV cultures. For both
viral vector classes we found filter combina-
tions that could provide consistently low fil-
trate turbidities (<10 NTU) despite relatively
large variance in feedstream turbidities. The
feedstream turbidity range observed here is
likely an extreme case as the cell culture pro-
cess was being developed in parallel with this
clarification work. However, even in tightly
controlled processes there is some variability
in crude harvest characteristics known to im-
pact clarification such as cell density, viability,
particle concentration, and particle size dis-
tribution. Therefore, the crude harvest vari-
ability tested here provided a nice challenge
for assessing process robustness. Step yields
also showed strong consistency, particularly
for AAV which averaged 103 * 7.7% across
all batches, serotypes, and scales. This consis-
tency could make a depth + membrane filter
harvest process fit into a platform to be used
across an AAV product portfolio.

While the data shared here should provide
some guidance for process development, the
optimal filter train will depend on many factors
including product quality, process economics,
and facility footprint constraints. The lentivi-
rus data presented previously [19] and here pro-
vides a nice case study of the trade-offs. Take
for example, an iCELLis 500+ bioreactor with
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a 10 cm bed that produces ~570 L of crude
harvest. If the feed turbidity is <15 NTU it
could be possible to get >1000 L/ m?* through
a Preflow UB + Fluorodyne® II DBL filters.
This would translate to a single 254 mm (10
in.) PreFlow UB filter capsule and a single
254mm (10 in.) Fluorodyne II DBL filter cap-
sule with the important benefit of both being
available in closed and presterilized assemblies.
However, with feed turbidites tested in this
work, a similar filter train would need to run
six 762 mm (30 in.) membrane filters in paral-
lel which would be logistically challenging. In
this case the cellulose depth filter options may
be needed to simplify the process and reduce
the footprint down to a single Stax™ capsule
and one 508 mm (20 in.) membrane capsule.
Note that these estimates do not include a safe-
ty factor which should be included [21], but
nonetheless illustrate how capsule formats and
manufacturing-scale can help define the opti-
mal process.

Another interesting example of process
trade-offs was seen in the lentiviral membrane
filter comparison. While we did not observe
a significant difference between the Supor
EKV and Supor EAV filters in terms of capac-
ity, pool turbidity, or yield, they each carry
unique process benefits. The Supor EKV filter
is a sterilizing-grade filter which may allow for
more flexibility in pool hold time. However,
because the Supor EAV bioburden-reduction
filter incorporates a single-layer membrane
it can hold more filter area per capsule, and
therefore can have some footprint bene-
fit over the Supor EKV filter in some situ-
ations, whilst still providing a high level of
bioburden reduction assurance.

The long history of success for these depth
and membrane filters in the biopharmaceuti-
cal industry combined with the data present-
ed here makes them a low risk for successful
implementation in viral vector manufactur-
ing. Future work could include additional
development of lentivirus clarification to fur-
ther improve yield. Work could include frac-
tionating the filtrate from various filter chem-
istries and pore sizes to investigate how yield
loss may be split between adsorption and size
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Thinking big: the need for innovation in the
production of lentivirus-based cell and gene
therapies

In a recent Expert Roundtable discussion, we spoke to five experts about strategies for scale up of lentivirus-based cell and
gene therapies. Here, we sum up some of their key thoughts.

Cell & Gene Therapy Insights 2022; 8(3), 481 DOI: 10.18609/cgti.2022.072

EVOLUTION OF LV-BASED CELL AND GENE
THERAPY MANUFACTURING:

Iz

field has made good progress in the last few years, moving

mand. There has been a lot of focus on what technologies
alable, and how to make sure we can meet the demand of a
mercial product. CAR T programs and ex vivo uses of lentiviral
vectors (LVs) to make cellular therapies have come to the forefront,
and with this great progress people are now excited about the com-
mercial possibilities of these products.”

John Moscariello, Bristol Myers Squibb

PROCESS DEVELOPMENT CONSIDERATIONS FOR
ENSURING A COMPARABLE TITER AND DRUG
PRODUCT:

“Looeking at process development, the most important aspect is
lity by design — quite early during process development ranges
erent process elements such as pH, cell density and so on
be statistically defined. With biological processes there is
ys some variation in productivity and impurity levels. It’s important to bear in mind that
LV titer is dependent on cell line, and titers cannot be directly compared between labs, for
example. Reference standards should be available quite soon, and we will solve this issue.
But without reliable analytical tools, comparability of titers and drug products cannot be
ensured.”

Hanna Leinonen, Kuopio Center for Gene and Cell Therapy

“We are in a relatively new part of the biotech industry, and robust, established and even
pendial analytical methods are still a long way away. Measurement is a problem.
ing at titer and genome copy is important. The dialogue we’ve had with agencies in
risdictional scope are always about patient safety — what is it that makes the vectors
acious? Reproducible and consistent transduction results in T cells. This is the biggest
analytical space that we’re dealing with. Out of every lot of vector generated, how is it com-
paring to the ones that came before, and how are things changing? In the end, what is going
to sell everything you do is demonstrating safety.”

Will Junker, Kite Pharma

@ CELL & G EN E TH ERAPY INSIGHTS Copyright © 2022 Oxford BioMedica. Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0. with:
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an idea of clinical demand to things that will enable commer- ‘ ¢

Read the full roundtable interview,
or watch the discussion here.

ROUNDTABLE
ROUND-UP

THE BEST TIME TO BEGIN BUILDING YOUR ANALYTICAL ASSAYS:

“Start developing your analytical strategy as soon as possible. You will need the analytical titer and infectious
titer during your development — this will help you ensure the constructs you are making are producing enough
titer. You also need to make sure the titer is functional on your target cells — we always recommend doing this
before you get too far into the process. You also need assays for residuals: your host cell DNA, plasmid DNA,
host cell protein, everything you want to clear through your purification process. Overall, this will h
characterize and understand your manufacturing as you move through the process.”

Scott Cross, Dark Horse Consulting

“When considering cost, primarily what we’re looking to do is increase the yield of the process, both at large and smaller scale. It fundamentally comes down to cost per dose
for the patient. | don’t see one huge improvement to the current transient transfection process that will solve our problems. It will be lots of small increases across the whole
process that add up to make a significant difference. One area that hasn’t received a lot of attention in the past is the vector constructs themselves. We're largely still using
vector plasmids and genome constructs that are10-15 years old and haven’t changed much. Something we’re doing is taking a deeper dive into these sequences to see if we
can improve the overall efficiency of the process.”

In partnership

OxfordBioMedica
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Adeno-associated viral
vector process development
challenges in early research
& preclinical study

Ashish Saksule

Significant advances have been made in gene therapy using recombinant adeno-associat-
ed virus (FAAV) in recent years. Given the interest in and success of rAAV as a novel thera-
peutic modality, there has been an increase in preclinical proof of concept studies and clin-
ical trials. However, with the momentum and competition in gene therapy, many research
groups are coming up with novel AAV variants, new combinations of rAAV constructs,
combined with targeted genes of interest to outperform traditional and competitor thera-
pies. Also, screening and generation of rAAV libraries have helped identify novel rAAV se-
rotypes and variants. The preclinical research studies require the production of highly pure
rAAV particles with multiple serotypes and different gene of interest, thus creating a major
challenge for the production and purification of rAAV. It is worth mentioning that the pre-
clinical phase often overlooks the process development aspect and manufacturability of
targeted rAAV and thus undermines the challenges that may arise as the rAAV-based gene
therapy program progresses. This article outlines some of the major challenges, quality and
qguantity requirements, and scalability considerations during process development in the
research preclinical phase. The process development and research scale production can
be challenging considering volume, serotypes, and ever-changing GOI whilst maintaining
the high-speed delivery of vectors. Thus, there is an urgent need to create a platform for
the production and purification systems that can generate a high quantity of pure rAAV.

Cell & Gene Therapy Insights 2022; 8(3), 411-420
DOI: 10.18609/cgti.2022.060
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Process development for high yield rAAV
vectors is focused on building robust and
reproducible processes that can meet man-
ufacturing design considerations. Typically
process development involves scale-up and
scale-out in the mid to late-stage of devel-
opment to meet quality, quantity, and reg-
ulatory aspects of manufacturing. But it is
critical to start thinking about process devel-
opment in the early stages while working on
the discovery and preclinical phase.

Typically, pre-IND studies include mul-
tiple preclinical studies including safety,
efficacy, bio-distribution assessment. For
early preclinical studies, the rAAV vector
quantity requirements are lower so typically
we would need to set up multiple, smaller
rAAV production batches. But as the study
progresses to multiple animals and large
animals (non-human primates), the dos-
age requirements are higher often reaching
the 1x10" to 1x10' vector genome range.
While still operating in the research phase
the timelines and flexibility are demanding
and we cannot necessarily perform process
development on each of the targeted vectors
with a combination of GOI & rAAV sero-
types or variants.

Currently, there are more than 100 rAAV
serotypes, hybrid constructs, or variants that
are reported in the literature [1,2,3]. Every
year we see the literature and publications
on the discovery of new rAAV serotypes or
variants. Each rAAV type can be different
from the other based on capsid compo-
nents, the combination of Rep, Cap with
complimentary ITR from another serotype.
Preclinical research studies often start with
multiple rAAV serotypes based on close sim-
ilarities of some serotypes for cellular tro-
pism, targeted interactions and biodistribu-
tion, and transduction efficiency. Each rAAV
serotype comes with its unique advantages,
disadvantages, and challenges in upstream
production and downstream purification.
[lustrative Figure 1 shows examples of the
most commonly used rAAV serotypes that
are used for research and preclinical as well
as clinical studies. Based on the number of

DOI: 10.18609/cgti.2022.060

serotypes used for early screening, can in-
crease considerations for early production
and process development [1]. The produc-
tion platforms for rAAV particles are often
complex and challenging due to the lack of
platform technologies and the lack of under-
standing of different rAAV serotypes.

This review article provides an overview
and challenges of small-scale and large-scale
production of rAAV for preclinical studies.
It is noteworthy that preclinical studies are
often focused on the efficacy and safety of
rAAV and do not provide full details on the
production and purification methods used
for rAAV. The rAAV upstream production is
dependent on the cell lines used, the trans-
fection methods, and plasmid systems. Up-
stream cell culture can be used in adherent
and suspension systems, while many studies
start with the adherent system due to ease
of operating and the short time required for
establishing a process. For preclinical stud-
ies, considering the quantity requirements,
an adherent system can be a good start for
proof of concept [4]. On the other hand, the
suspension system can take a longer devel-
opment time while it is truly scalable from
lab-scale to large-scale stirred tank bioreac-
tors [5]. The suspension system provides ease
of collection of supernatants and cells &
simple in-line sample collection cell culture
analysis. There are currently 3 major types
of production platforms commonly used
for rAAV production which are listed in
Table 1. Each platform comes with its
unique advantages and disadvantages and
can provide different performance for vector
quality, quantity, and scalability.

In the long run, the choice of upstream
production platform and downstream pro-
cessing used in preclinical applications
should be used for clinical and commer-
cial considerations for an easier transition.
Henceforth, appropriate investment in pro-
cess development and pre-capital investment
is vital for optimization and validation of
process ahead of time for timely FDA com-

pliance with current good manufacturing
practices (cGMP).
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—» FIGURE 1

Most widely used AAV types that are commonly tested for screening and process development for preclinical studies.

Bio-processing platform

SOME OF THE MAJOR
CHALLENGES IN THE PROCESS
DEVELOPMENT IN THE EARLY
RESEARCH, PRECLINICAL PHASE

Scale-up is not linear & simple

The logical interpretation of scaling up a pro-
cess is critical when developing a process at a
small scale and transferring it to a large scale.
But viral vector-based processes are often sus-
ceptible to batch-to-batch variation and scal-
ability variations. In early research process de-
velopment, individual methods are developed
for each rAAV type product, creating a large
portfolio of methods. Small-scale processes

Cell & Gene Therapy Insights - ISSN: 2059-7800

for research utilize non-scalable, benchtop
processes such as adherent flasks for cell cul-
ture, centrifugation for clarification, syringe
filter-based sterile filtration, and ultracen-
trifugation for separation of empty and full
rAAV particles. While the large-scale produc-
tion process often looks different utilizing
more scalable unit operations including clari-
fication by depth filtration, multiple chroma-
tography unit operations, and concentration
using tangential flow filtration [5,6,10]. Figure
2 showcases the outline for small-scale pro-
duction and purification processes compared
to large-scale processes. As we can see the
number of unit operation at each scale are dif-
ferent that can contribute towards balancing
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—» TABLE 1

Overview of the common upstream production platform for rAAV.

Production platform
Transient transfection using HEK293 or similar cells

Baculovirus infection/ rHSV Infection

Producer cell lines (PCL)

Preclinical considerations (Reference)
Transfection complex scalability and high manufacturing cost [6].

Precursor baculovirus or rHSV is required and can add extra

development time [7, 8].

PCL additional development time & stability of PCL cells [9].

Small scale

Large scale

—» FIGURE 2

Outline and comparison of downstream purification of rAAV for small scale and large-scale production.

production

production

Upstream Process

purity over yield (higher number of unit op-
eration can result in increased purity but the
rAAV yield can be lower).

Often scalability is not considered while
creating individual methods, e.g., separation
of empty capsids is performed using cumber-
some density ultracentrifugation methods
using cesium chloride or iodixanol, the for-
mulation buffer exchange is performed using
bench-top dialysis methods [10,11].

Table 2 shows an overview of common
downstream unit operations and linear scal-
ability challenges. Linear scalability can be

defined differently for each unit operation,
but a process without any scalable challenges
and easy transfer & application of a small-
scale study into a large-scale study can be
considered a linear scalable process.

Thus, downstream processes developed
in early research for rAAV preclinical stud-
ies are not always linearly scalable. Scientists
often conduct optimization at a smaller vol-
ume and consider that it will be proportion-
ally linear when scaling up, but due to dif-
ferences in scale-down and scale-up devices
processes often are not linearly scalable.

Centrifugation

Clarification

Clarification by
depth filtration

I

Lo

Formulation
and fill

2 step

Clarification Concentration e sy

Upstream
process
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—» TABLE 2

Centrifugation (primary
clarification)

Clarification by depth
filtration (primary and
secondary clarification)
Tangential flow
filtration (concentration
and diafiltration)

Dialysis (buffer exchange)

Ultracentrifugation
(separation of empty and
full rAAV)

Chromatography
(purification)

No*

No

Yes*

No
No

Yes

Outline for downstream unit operations and linear scalability for commonly used processes in rAAV purification.

Unit operation Linear scalability Linear scalability challenges

Limited scalability due to processing volume, often conducted in batch
mode
* Continuous centrifugation devices available

Scale-down models are not equivalent/ comparable with large-scale
models

Linear scale-up can be challenging

Scale-down and scale-up models are available and linearly scalable
*Based on TFF device format

(Flat sheet cassette TFF - limited scale-down models are available, good
for very large-scale models.

Hollow fiber TFF - small and medium scale models are available and
linear, lacks large-scale models)

Benchtop dialysis is not scalable

Discontinuous CsCl or iodixanol ultracentrifugation is not scalable be-
yond small scales

Linearly scalable

Challenging for newer formats such as membrane adsorbers, mono-
lith-based chromatography columns due to the lack of each scale model
availability

Quality & quantity for
preclinical studies

Dosage requirements for preclinical studies
with in-vitro, in-vive animal models with
mouse and non-human primate (NHP)
studies vary hugely in terms of total vector
genome (VG) per study. Dose levels that are
safe, non-toxic, and biologically plausible are
key considerations while designing preclinical
studies. Typically, we need less than 1x10' to
1x10" Total VG (considering small animals
and pl dosage allowed) of rAAV for in-vitro,
small animal studies. This rAAV vector ma-
terial is typically produced at small scales
(100 to 1000 ml) with traditional purifica-
tion methods. While the dosage requirements
for the NHP study are very high and often
required large-scale production (>50-200 L
scales) based on the initial titer for specific
rAAV types [12,13].

Often NHP studies include multiple
NHPs and can require total vector require-
ments higher than 1x10" or 1x10'® VG.
Manufacturing such higher amounts of rAAV
is often difficult with the same specifications
as small scale. In such cases, many research
groups need to outsource manufacturing

Cell & Gene Therapy Insights - ISSN: 2059-7800

externally to CDMO, which can introduce
multiple variations from previous preclinical
studies thus increasing complexity in com-
parability and study conclusions (Figure 3).

The purification method for large-scale
production is different than small-scale pro-
duction. Thus, the quality and purity of
vectors change significantly with changes in
small animal study vs NHP and can affect
study comparison. Examples of some of the
critical quality attributes (CQA) and quality
control (QC) test to support preclinical test-
ing are listed in Table 3 [14,15]. (Note: release
testing or GMP specifications are not always
considered during preclinical assessments).
Lack of standardized characterization (due
to differences and compatibility of various
vector capsid variants) can also be a major
challenge in controlling process development
for multiple serotypes. Thus, quality control
and purity comparison are critical when tran-
sitioning from small to large production scale
and purification methods.

While FDA typically requires CQA con-
siderations for clinical manufacturing, it is
advised to start defining CQA for the overall
process as early as possible during the pre-
clinical studies to avoid profile changes as
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—» FIGURE 3

rAAV vector dosage and production scale comparison between early in-vitro, in-vivo studies

Small scale adherent or Large scale adherent or
suspension production suspension production

~100 - 500 ml ~50-100L

Target ~1x10%° 1x10%* VG AAV Target ~1x10% 1x10* VG AAV

Process
development gaps

TABLE 3

Examples of CQA and QC test with expected variability in characterization due to difference in operating scale.

Test/purpose Expected variability
between small-scale
vs large-scale

Identity: vector capsid Capsid ELISA: total vector copies based on capsid specif-
ic ELISA
Identity: vector genome PCR: genome containing particles/ sequencing-based
Purity: aggregation SEC/ DLS: size exclusion chromatography or light scatter- X
ing to identify particle size distribution and aggregation
Purity: residual DNA/ host cell ELISA/ PCR X
proteins/ benzonase/ other impurities
Purity: Empty capsids AUC/ CryoTEM: analytical ultracentrifugation or trans- X
mission electron microscopy for determining % full and %
empty rAAV
Potency: VG concentration PCR (gPCR/ ddPCR)
Potency: infectivity/expression activity In-vitro potency assay X
Safety: standard (sterility/ mycoplasma, Standard 21CFR safety tests
bioburden, etc.)
CQA: critical quality attributes, QC: quality control.

416 DOI: 10.18609/cgti.2022.060



we transition from small-scale to large scale.
Investing time and resources early in de-
fining CQA can be helpful for a faster and
smooth transition into the late phase and
commercialization.

Following are the non-exhaustive and few
examples to find regulatory guidelines doc-
uments related to CMC, analytical develop-
ment of Gene Therapy products.

FDA: https://www.fda.gov/vac-
cines-blood-biologics/biologics-guidances/
cellular-gene-therapy-guidances

» Human Gene Therapy Products
Incorporating Human Genome Editing
3/2022

» Chemistry, Manufacturing, and Control
(CMC) Information for Human Gene
Therapy Investigational New Drug
Applications (INDs); Guidance for Industry
1/2020

» Design and Analysis of Shedding Studies
for Virus or Bacteria-Based Gene Therapy
and Oncolytic Products; Guidance for
Industry 8/2015

» Considerations for the Design of Early-
Phase Clinical Trials of Cellular and Gene
Therapy Products; Guidance for Industry
6/2015

» Guidance for Industry: Preclinical
Assessment of Investigational Cellular and
Gene Therapy Products

EMA: https://www.ema.europa.eu/en/
human-regulatory/research-development/
scientific-guidelines/multidisciplinary/
multidisciplinary-gene-therapy

» Guideline on quality, non-clinical and
clinical requirements for investigational
advanced therapy medicinal products in
clinical trials

» Quality, preclinical and clinical aspects of
gene therapy medicinal products

» Quality, non-clinical and clinical aspects of
medicinal products containing genetically
modified cells

Cell & Gene Therapy Insights - ISSN: 2059-7800
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Non-clinical studies are required before the
first clinical use of gene therapy medicinal
products

» Non-clinical testing for inadvertent
germline transmission of gene transfer
vectors

» Reflection paper on quality, preclinical, and
clinical issues related to the development
of recombinant adeno-associated viral
vectors

Proof of concept &
research-grade production
using scale-down models

Scale-up and scale-down modeling to design
any production process are critical for process
development. While working with multiple
target rAAV serotypes and GOI, scale-down
models are often required for initial proof of
concept which can be used with less volume
and low vector concentrations. But the real
challenge can arise when we need to produce
preclinical research-grade material in small-
er quantities for several different constructs.
Scale-down models are often too small to
produce and purify enough viral vector quan-
tity, while the regular size and scale-up mod-
els can be too large. Chromatography tools
are relatively easy for scale-down modeling
with loose resin, 96- well plate formats. Also,
there is an option for packing custom-sized
columns at a small scale. While filtration
operations such as depth filtration, tangen-
tial flow filtration, sterile filtration are more
challenging due to the lack of single-use scale-
down models. The product gap between the
smallest format filter and the next available
size filter is a challenge for research-grade pro-
duction. While working with multiple rAAV
serotypes, downstream purifications have
some challenges:

» Platform technology doesn’t exist or
limited scale-down models available to
cover a wide range of rAAV types, so each
purification step must be tailored to a
specific rAAV capsid variant
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» Batch-to-batch variability in rAAV titer and
impurity levels can cause overloading or
underloading on scale-down models and
create challenges to scale-up

» Variations in packaging efficiency of each
rAAV type changes the production of
empty capsids and full rAAV particles;
thus, the same separation-purification
process is not applicable every time with
the changing ratio of empty capsids to full
rAAV particles.

Therefore, equal consideration towards devel-
opment of scalable and miniature models for
proof-of-concept studies and small-scale bio-
processing is critical for faster preclinical stud-
ies and smooth transition into clinical phase.

Resources: generalist vs specialist

While we have seen impressive investment
and growth in the cell and gene therapy
space, there is a significant shortage of skilled
and experienced personnel for handling viral
vector production and process development.
This is a critical topic that has been brought
out at multiple forums and we will need to
work together to develop and train more
skilled scientists to thrive in the competitive
CGT landscape [16].

In disciplines of small molecules and bio-
logics, where manufacturing is a well-known
commodity highly skilled personnel are easily
available.

We often have to hire new talent from
small molecules and biologics industries and
provide essential training required to handle
and process viral vectors. A recent survey re-
port from the UK Cell and Gene Therapy
Catapult shows that about 63% of the can-
didates being hired in the CGT space do not
have CGT relevant experience (31% from
new graduates/postgraduates, 23% from out-
side the CGT industry and 9% apprentice)
(Figure 4).

The big challenge we see while finding
and allocating resources for research scale
process development is whether we seek
a generalist or specialist. A small team of

DOI: 10.18609/cgti.2022.060

cross-functional generalist scientists (exam-
ple: vector designing, upstream processing,
downstream processing, and analysis) is
often required to meet the demand of con-
stantly producing research-grade vectors. At
the same time, constant process improve-
ment is required which may need a special-
ist for process optimization. The batch sizes
are often so small that sometimes it doesn’t
make sense to bring highly specialized scien-
tists who can handle one specific aspect of
the production.

While specialists are critical for PD, at a
research scale PD, generalists who can han-
dle all aspects of the end-to-end process can
be more valuable. Thus there is a significant
need for cross-functional training for lab
scientists and associates specifically focused
on preclinical production labs and Vector
core labs.

CONCLUSION

Key challenges and limitations for the pro-
duction and purification of multiple rAAV
serotypes, combined with the different gene
of interest have been highlighted in the

—» FIGURE 4

Forecasted source of employees hiring in CGT space.

. Apprentice

. New graduate/postgraduate

. Within the cell and gene therapy industry and with experience
. Outside the cell and gene industry and with experience

Adapted from [43]
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VECTOR BIOPROCESSING

INNOVATOR INSIGHT

Flexible & scalable solutions
for AAV viral vector production
using a templated platform

Eva Fong

Adeno-associated virus (AAV) has become an increasingly popular viral vector for gene
therapy. Currently, there are two approved AAV-based gene therapies, and the number of
clinical trials is steadily increasing. As with most viral vector-based therapies, production is
labor-intensive and expensive due to the use of adherent cell culture production processes.
Consequently, for process intensification, the industry has begun to utilize bioreactors. This
article explores the development of a suspension-based AAV upstream process to provide
a more efficient and cost-effective bioprocessing solution for large-scale production. The
use of template tools for upstream process development will be examined, as will develop-
ment of the clarification and tangential flow filtration unit operations immediately following
harvest.

Cell & Gene Therapy Insights 2022; 8(3), 499-512
DOI: 10.18609/cgti.2022.074
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AAV UPSTREAM PROCESS
DEVELOPMENT USING
TEMPLATE TOOLS

The VirusExpress® 293 AAV  Production
Platform consists of a HEK293 host cell line
and a chemically defined media that was de-
veloped to be compatible with polycation
polyethylenimine (PEI)-based transfection

www.insights.bio

methods. The cell line is a HEK293 deriv-
ative that was selected for enhanced virus
production and suspension cell growth. Both
master cell bank and the working cell bank
have been manufactured and characterized
according to cGMP regulations.

The objective was to develop a suspen-
sion-based production process at bench-scale
using the Mobius® 3-L Bioreactor. A model
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virus for multiple AAV serotypes was used, all
of which packaged the gene for green fluores-
cent protein (GFP). A shake flask production
process for AAV2 was developed to benchmark
the bioreactor and scale-up process develop-
ment. A triple plasmid transfection protocol
using PEI as a transfection reagent was fol-
lowed. Figure 1 summarizes the AAV produc-
tion process flow. The target seeding density in
the shake flask at day zero was 1.1 million via-
ble cells/mL. Transfection was performed 24 h
post-seeding. At 72 h post-transfection (on
day four of the process) harvest activities were
performed, which entailed detergent cell lysis
and a concurrent DNA digestion. Following
the specified lysis time, a salt spike was added
to the cell lysate. Analytical samples were clari-
fied via centrifugation or filtration.

Figure 2 demonstrates the genome titers ob-
tained from the baseline production process.
The transfection process was performed over
multiple passages. Overall, the cell line shows
consistent productivity over increasing passage
number, demonstrating process robustness
with the shake flask production conditions. (It
is suspected that the data point for passage 31
is an experimental outlier). Additionally, cap-
sid titers were measured but are not discussed
here.

Prior to scaling up the virus production
process, it was necessary to develop the bio-
reactor parameters for cell growth in bench-
scale bioreactors. Agitation and pH set points
were selected as the parameters for study.
Figure 3 lists the set points tested and the
summaries of the cell growth profiles from
these optimization studies. The cells were

inoculated at 0.6 million viable cells/mL in
Mobius® 3-L Bioreactors and cultured in
batch mode. The first graph shows data for
the pH study. The pH set point/range of 7.1
+ 0.1 led to the highest viable cell density
(VCD) of 12 million viable cells/mL. The
graph bellow summarizes the data for the ag-
itation study. It was found that agitation rates
corresponding to 20, 30, and 40 watts/m? led
to similar peak VCDs of roughly 12 million
cells/mL. These data supported the premise
that the bioreactor settings used were suffi-
cient for virus production, and these parame-
ters will now be utilized for scale-up develop-
ment in the Mobius® 50-L Bioreactor.

With the baseline parameter settings estab-
lished, AAV2 production in the bench-scale
bioreactors commenced. A transfection pro-
tocol and process flow similar to what was
followed for shake flask production was used.
Figure 4 summarizes genome titer for multiple
AAV2 production runs in the Mobius® 3-L
Bioreactors; the orange and blue bars repre-
sent the titers from the shake flask controls
and bioreactor vessels, respectively. Utilizing
the baseline transfection protocol, it was pos-
sible to obtain 3-8x10° genome copies/mL
(ge/mL) for AAV2 production. We also tested
an alternative transfection reagent, a cationic
polymer, for AAV2 production and the data
is shown in the “Trial 5” column. The genome
titer obtained using the alternative transfection
reagent resulted in over 1x10" gc/mL in the
3-L bioreactor. A consistent trend observed
was higher genome titers obtained from bio-
reactor production when compared to shake
flask production.

—» FIGURE 1

AAV production process flow.

Growth (24 hours) AAV?2 Production (72 hours)
Triple
Plasmid Monitor Harvest &
Inoculate Transfection and sample Det.ergent
with PEI Lysis
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—» FIGURE 2
Genome titers for AAV2 obtained from baseline production process.
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After demonstrating the robustness of the
baseline process for AAV2 upstream produc-
tion using the VirusExpress® 293 AAV Plat-
form, the capability for producing other AAV
serotypes was tested - specifically AAV5 and
AAVG. For these experiments, a transfection
protocol and process flow like that used for
AAV?2 production was utilized, but with the
introduction of the serotype-specific Rep/
Cap plasmid in each case. Figure 5 summa-
rizes the genome titers obtained in shake flask
production for AAV5 and AAVG serotypes.
For AAVS, we observed genome titers that
were a log higher than for AAV2. For AAVG,
the genome titer was more than twice that of
AAV2. Furthermore, capsid titers for these
AAV production processes were measured to
be able to estimate the percent full capsid at
time of harvest. For both the AAV5 and AAV6
serotypes, a considerably higher percentage of
full capsids was observed compared to AAV2
(data not shown).

To further demonstrate scalability of the
VirusExpress® AAV  Production Platform,
AAVS5 production was performed in 3-L bio-
reactors. Figure 6 summarizes the genome ti-
ter obtained in Mobius® 3-L Bioreactors and
for the shake flask controls. The genome titers
achieved in the 3-L bioreactors were approxi-
mately twice those achieved in the shake flask
process — a similar trend to what was observed
for AAV2 production in the bioreactors.

Cell & Gene Therapy Insights - ISSN: 2059-7800

Figure 7 summarizes the genome titers ob-
tained for three different transfection reagents
tested for AAV2 production: PEI, a cationic
polymer, and a lipid polymer. This study was
conducted in shake flask production using
the baseline protocol. Higher genome titers,
approximately 1x10'" gc/mL, were observed
using the alternative transfection reagents. We
anticipate even higher genome titers could be
achieved with additional process optimiza-
tion. However, it is important to consider the
impact of the alternative reagents on other
product quality attributes and downstream
unit operations.

A scale-up strategy utilizing equivalent
power per unit volume, for agitation, and vol-
ume of gas per unit of liquid volume (vvm),
for gas flow, was employed for a cell growth
run in the Mobius® 50-L Bioreactor. The pur-
pose of performing this study was to mimic
the process flow that will be used for the pro-
duction scale. Specifically, the Mobius® 50-L
Bioreactor will be used for cell expansion (N-1
stage) prior to the virus production (N-stage).
Additionally, this study provided an oppor-
tunity to conduct any required bioreactor
control tuning for the specified process flow.
Figure 8 shows the cell growth profile for the
scale-up run in the 50-L bioreactor. Includ-
ed for comparison is the cell growth perfor-
mance of the shake flask controls. In summa-
ry, this was a successful scale-up cell growth
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—» FIGURE 3
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run with the VirusExpress® 293 AAV cells.
The cell growth for the cell expansion stage
was comparable to the shake flask controls
and the target viable cell density for transfec-
tion was achieved. Further optimization may
be required to improve cell growth at the vi-
rus production stage.

DOI: 10.18609/cgti.2022.074

Overall, robust process performance for
AAV2 production was demonstrated in the
Mobius® 3-L bioreactors, as was the plat-
form’s capability for production of multiple
AAV serotypes. Furthermore, the compati-
bility of the platform for use with multiple
transfection agents was shown, and scalability
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—» FIGURE 4
Genome titer for multiple AAV2 production runs in the Mobius® 3-L Bioreactors.
Genome Titer (ddPCR)
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with good cell growth in the Mobius® 50-L  production. These improved processes will be
Bioreactor was demonstrated. scaled up in Mobius® 50-L and 200-L Biore-

Activities aimed at further improving the  actors. Additionally, plans are in place for con-
platform are ongoing. These include a De-  tinuous improvement of the VirusExpress®
sign of Experiments (DOE)-based approach ~ AAV upstream production platform. One
for transfection optimization and bioreactor  of the key observations from the upstream
parameter development, specifically for virus  development activities described above was

—» FIGURE 5
Genome titers obtained in shake flask production for AAV5 and AAVé6 serotypes.
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—» FIGURE 6

Genome titer for AAV5 obtained in Mobius® 3-L Bioreac-

tors and for the shake flask controls.
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consistently higher genome titers from bio-
reactor production compared to shake flask
production. We have plans to implement the
Ambr® 15 bioreactor for future development
work to mimic the bioreactor environment
and for more efficient process development.
Focusing on transfection, there are many
parameters to consider. A major advantage of
using a DOE approach is efficiency; by using
statistical software for experimental design

and data modelling, it is possible to study
multiple parameters simultaneously and their
potential interactions. This minimizes the
number of experiments and time required
when comparing it to a one-parameter-at-a-
time approach.

Following some preliminary experiments
to help narrow down the parameter list and
ranges for transfection optimization, an ex-
periment was conducted to study the effect
of a lower DNA concentration with two dif-
ferent transfection agents; reagent A, which
was PEI, and reagent B, which was the cat-
ionic polymer. In Figure 9, the graph on the
left summarizes the genome titers obtained.
It was found that for a PEI-based transfec-
tion, lowering the DNA concentration in
the transfection led to a 1.8x increase in ge-
nome titer. The highest genome titer was ob-
served with the use of the cationic polymer
and the higher DNA concentration. These
constitute some promising results for pro-
cess improvements.

Leveraging the feed material obtained
from the upstream development activities,
downstream process development (DSP)
could proceed.

—» FIGURE 7

production.
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—» FIGURE 8

Cell growth profile for the scale-up run in the 50-L bioreactor.
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DEVELOPMENT OF as the transfection reagent. All other steps of
CLARIFICATION & the harvest were similar. The objective of these
TFF UNIT OPERATIONS studies was to identify the clarification train
and develop the TFF unit operation for feed A
As previously discussed, alternative transfec- and B. More specifically, would the upstream
tion reagents were tested in the upstream de- ~ process change of using a different transfection
velopment. Figure 10 shows the process flows — reagent impact the performance and recovery
for two different AAV?2 feeds. Feed stream A of these downstream process steps?
is the control feed, which was generated using Including a TFF step post-clarification
a PEL-based transfection. Feed stream B is the addresses the following: reducing the load-
process flow where a cationic polymer was used ~ ing time for affinity chromatography and
—» FIGURE 9
Transfection optimization for AAV2 production in shake flasks.
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—» FIGURE 10
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The process flows for two different AAV2 feeds.
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Feed stream B
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Clarification

Clarification

Objective

Develop the clarification and TFF1
unit operations

process flexibility by reducing the volume
of the clarified harvest for a hold step prior
to further downstream processing. To illus-
trate the point for the affinity chromatog-
raphy loading time, for an unconcentrated
clarified harvest from a 200-L batch size, an
estimated affinity column size of 1 L and a
column loading flow rate of 0.5 column vol-
umes per minute (equivalent to a two-min-
ute residence time), the estimated loading

time would be 8 hours. By incorporating a
TFF step, loading time could be reduced by
a factor 10-20x.

Figure 11 summarizes the measured differ-
ences between feed streams A and B. The table
on the right shows the average values for the
experimental duplicates. In summary, feed B
had a 2x higher viable cell density at the time
of harvest, as summarized in the graph to the
left in Figure 11. Additionally, a 2x higher

—» FIGURE 11

The measured differences between feed streams A and B.
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post-lysis turbidity and approximately 3.5x
higher virus particle titer were observed for
feed B. Feed B had a 2x higher genome titer
than feed A (data not shown).

Selecting filters to screen can be overwhelm-
ing, as there are many from which to choose.
Leveraging the AAV clarification experience of
our Process Development Sciences team, the
parameters for consideration are the following:
depth filter loading, bioburden filter capacity
post-depth filter, and product yield. The fil-
ters chosen for the depth filtration screening
were the Millistak+* COSP and DOSP based on
their performance for the parameters previous-
ly mentioned for filtration of AAV containing
cell lysates.

Once the depth filters were identified, the
filter screening experiments were conducted
using the P constant flow rate test using
with a constant flux of 300 L/m?/h. From
these studies, the throughput (or the volume
of feed process per surface area of filtration
membrane) for each filter type was deter-
mined for feeds A and B. It was decided to
report the filtration throughput at a specific
pressure of 10 psi so that the filters could be
sized appropriately for safe operation. The
filter throughputs for feed A were 800 and
300 L/m? for the DOSP and COSP filters re-
spectively, while for feed B, the throughputs

INNOVATOR INSIGHT

were 450 and 300 L/m? respectively. An
additional attribute of the filtrates was the
turbidity measurement. For feed A, both
filerates had turbidity values between 5-7
NTU (nephelometric turbidity units) while
for feed B, both filtrates had turbidity values
between 17 and 23 NTU. The graph in Fig-
ure 12 shows the calculated recoveries for the
primary depth filtration screening. The data
values for feed A and B are reported as the
red and blue bars, respectively. The reported
recoveries were based on viral particle titer.
Recoveries of > 80% were obtained for both
feeds across both depth filters, factoring in
assay variability.

As part of the clarification train, we want-
ed to include a bioburden reduction filter.
Two filters were identified for this study: the
Millipore Express® SHC 0.5/0.2 wm and the
Milligard® PES 1.2/0.2 wm. Both devices are
dual-layer PES membranes with a2 0.2 um fi-
nal layer, but the Milligard PES final layer
is a 0.2 um nominal pore size whereas the
Express SHC is a 0.2 um absolute pore size
or sterilizing grade membrane. Although the
Milligard PES is a 0.2 um nominal pore size,
it has demonstrated greater than six log re-
moval of challenge bacteria. For the biobur-
den filter screening, the primary clarifica-
tion filtrates for feeds A and B were the load

—» FIGURE 12

Calculated recoveries for the primary depth filtration screening.
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material. The study was performed using the
Vmax constant pressure method to measure
the decrease in flow as a function of volu-
metric throughput. The pressure used for the
study was 15 psi. Figure 13 shows the filter
performances based on the predicted mini-
mum filtration area required per 50 L of feed,
with no safety factor applied. The data values
for feed A and B are reported as the red and
blue bars, respectively. As expected, feed B
primary clarification filtrates required a larg-
er surface area as these filtrates were more
turbid. For perspective, the sizes of several
Opticap® Millipore Express SHC filters are
shown below the predicted minimum area
graph. The thick line displayed at 0.25 m?
surface area corresponds to the area of an
Opticap® XL5 capsule. From the data in the
predicted minimum surface area graph, the
COSP and DOSP clarified lysates for feeds A
and B do not require a large filtration area for
a 50-L batch size.

Figure 14 summarizes the recoveries for the
0.2 um bioburden filtration study. All trials
resulted in high recoveries.

To summarize the clarification studies,
good recoveries and filter throughputs were
observed for the for feeds A and B. We chose
to move forward with DOSP for scale-up ac-
tivities. For the bioburden filter, both filters
tested had good recoveries and reasonable
predicted surface areas for a 50-L batch size.
The Millipore Express® SHC filter has been
chosen for scale-up activities because it is a
sterilizing-grade membrane filter.

As previously mentioned, a post-clarifi-
cation TFF step was incorporated to offer
process flexibility; reducing the volume of
the clarified harvest would shorten the load-
ing time for affinity chromatography. For the
TFF experiments, Pellicon® cassettes with the
Ultracel® membrane, C-screen configuration
and a nominal molecular weight cut-off of
100 kDa were selected. We targeted a loading
factor of 50 L/m?, a processing time of four h,
utilized a three-stage process flow (4x initial
concentration, 5DV buffer exchange, 5x con-
centration to reach a target 20x concentration
factor) and operated in constant permeate flux
mode. Critical flux excursion studies were per-
formed for the Feeds A and B to determine
the operational fluxes for each stage of the
TFF process prior to performing the process
simulation run. Recoveries for the simulation
run were determined using viral particle titer.
Figure 15 summarizes the process parameters
and recoveries for the process simulation runs.
Different final concentration factors were
achieved for Feeds A and B. In summary, high
recoveries were achieved for the process simu-
lation runs and we have parameters that can
be used for our scale-up activities.

Utilizing the feeds produced from the Vi-
rusExpress® AAV Production Platform, we
developed the clarification and TFF unit op-
erations for our AAV2 model virus. Our next
steps are to demonstrate the scalability of the
platform with a virus production run in the
Mobius® 50 and 200-L bioreactors and devel-
oping additional downstream unit operations.

—» FIGURE 13

The filter performances based on the predicted minimum filtration area required per 50 L of feed.
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—» FIGURE 14
The recoveries for the 0.2 mm bioburden filtration study.
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—» FIGURE 15
The process parameters and recoveries for the process simulation runs.
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Q&A with Eva Fong
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David McCall, Editor, Cell & Gene Therapy Insights,
speaks to Eva Fong, Principle Scientist, Virus and Gene
Therapy Bioprocessing

EVA FONG received her BS in Chemistry and Biological Sciences from the
University of California, Irvine. Since graduating, she has held roles in multiple
organizations conducting pre-clinical, process development, engineering, and
manufacturing activities for monoclonal antibody and viral vector therapeutics.
At MilliporeSigma, she leads a team responsible for all upstream and down-
stream scale-up R&D to develop best-in-class lentiviral and AAV manufacturing
products and templates.

What transfection efficiency did you achieve, and is it indicative of
titer performance?

EF: We are observing 50% transfection efficiency at 24 h and 60% at 48 h
post-transfection. Because we are basing the transfection efficiency on expression of the
reporter gene that’s contained in the transfer plasmid only, a high transfection efficiency may

not be indicative of high titer.

How did you select the filters that you used? What would be
required for a 50-L batch?

E F: We took advantage of our process development team’s AAV filtration expe-
rience to help with selecting which filters we would test. From our studies, we did test
two different feeds, and the filter sizing was different for the two feeds, but for a 50-L batch
of the higher cell density feed stream, we would need approximately 0.5 m? of the primary
clarification filter (DOSP) and about the same surface area of the bioburden reduction filter

(Millipore Express® SHC sterilizing-grade filter).
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Detecting residual host cell DNA with Droplet Digital PCR technology

Mark White, Associate Director of Biopharma Product Marketing, Bio-Rad Laboratories

Ensuring the removal of residual host cell DNA from cell and gene therapy products is crucial for keeping patients safe and avoiding costly consequences. Droplet digital PCR (ddPCR) technology is a sensitive,
specific, accurate and easy-to-use technology that delivers reproducible results and analysis for detecting, sizing, and quantifying residual host cell DNA.

RESIDUAL HOST CELL
DNATESTING

Testing for residual DNA content is a key step in the viral manufactur-
ing process for cell and gene therapy products. Traces of host cell DNA
must be removed from cell and gene therapies to avoid oncogenic risks,
as well as loss of raw materials and batch products. Regulatory guidelines
state that host cell impurities in cell and gene therapies must be limited to
<10ng/dose and <200bp/fragment, but common methods, such as gPCR
and BioAnalyzer technologies, have low accuracy at those levels.

Detecting residual DNA with ddPCR involves compartmentalizing host
cell DNA into droplets. One advantage of this is that samples in complex
matrices require no DNA extraction and are directly used in ddPCR after
sufficient dilution. This allows close to 100% recovery to be achieved at
a 1:75 dilution, saving time and money. These ddPCR assays also show
resistance to inhibitors.

HEK293 RESIDUAL DNA TESTING

Bio-Rad offers a variety of kits and a GMP Supermix for detection of resid-
ual host cell DNA. This includes residual HEK293 kits for both sizing and
quantification. The commonly used method of qPCR for HEK293 residual
DNA detection has a cumbersome workflow and low accuracy with high
false positive rates. Laboratory developed ddPCR for HEK293 residual
DNA detection is usually done on purified samples, increasing workflow
burden.

@ CELL & GENE THERAPY INSIGHTS
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The ddPCR HEK293 residual DNA testing kit from Bio-Rad is the first
digital PCR based sizing kit validated to meet regulatory guidance require-
ments. It provides specific and reproducible sizing solutions, with a sen-
sitivity to quantify HEK293 DNA with LOD of 0.1pg/3 wells. It is easy to
use and analyze, as it is an extraction free method. The quant and sizing
kits are compatible with AAV and CAR-T workflows. The performance of
the quant and size kits is described in Table 1. The sizing kit is able to dis-
tinguish genomic DNA fragment size of </>200bp. Both kits are validated
on AutoDG and QX ONE with a capacity to run 100 reactions.

Table 1. HEK293 kits performance.

Characteristics Performance metric

Vericheck ddPCR HEK293 Residual DNA Quant Kit
0.1 pg /uL (3 wells)
99.99% with 4 closely related DNA species
CV% < 10%
Dynamic range 1pg-80ng at R? = 0.998
Vericheck ddPCR HEK293 Residual DNA Size Kit
2pg/well (3 well)
>99.99% specificity
CV% < 10%
2pg-300ng at R? = 0.996/0.997

Sensitivity
Specificity
Reproducibility

Sensitivity
Specificity
Reproducibility

Dynamic range

Copyright © 2022 Bio-Rad Laboratories. Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0.

Bio-Rad offers a whole range of ddPCR contaminant testing kits, including
a CHO kit, an E. coli kit, and a mycoplasma kit, as shown in Figure 1.

Figure 1. Manual steps required to perform Ella and ELISA immunoassays.
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VECTOR BIOPROCESSING

INTERVIEW

David McCall, Editor, Cell and Gene Therapy Insights speaks to Hugo Rojas,
Upstream Process Lead Scientist at uniQure

Exploring commercial upstream
processing of AAV

HUGO ROJAS’s home-country is Mexico, where he did his
BSc in Biotechnology Engineering at the National Polytechnic
Institute, with a thesis on characterization of cyanobacteria grow-
ing in bioreactor. After finalizing his studies, he worked for a year
at the local biopharmaceutical Probiomed as technician in analyt-
ical development. Then he pursued a MSc in Life Sciences and
Technology and PhD in the group of Cell Systems Engineering at
Delft University of Technology focusing on metabolic engineering
of yeast. After his studies, he started his career as Fermentation
Scientists at INVISTA UK, working on development of gas fermen-
tation and valorization of waste streams. Then moved on to a role
in Janssen (Johnson & Johnson) as USP Development Scientists
in the department of Bacterial Vaccines Development. Currently,
he works at uniQure as USP Lead Scientist, relentlessly pursuing a next-generation AAV pro-
duction process with insect cells, which has taken his scientific interests towards investigating
scale-down models in high-throughput platforms, cell line development, process modeling and
rational process intensification leveraging information obtained through PAT. His hobbies are
videogaming, animals, playing guitar and acting.
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Q What are you working on right now?

H R: I am a subject matter expert on bioreactors and the whole upstream pro-
cess (USP) within uniQure. Everything from the thaw of the cryovials, whether it’s the bac-
ulovirus or insect cells that we use, all the way to cell lysis and clarification, is considered to be
USP. From that point onwards, we start doing the purification through chromatography and
the cleaning processes.

My position as such has two different purposes. On the one hand, I service the clinical
products by means of helping advance development of Phase 1, Phase 2 and Phase 3 processes,
and supporting our knowledge generation for our current commercial process. On the other
hand, there is also technology development. This means staying up to date with the new ad-
vancements in USP processing, where we are going in the future as a company, and what we
want to implement in our USP.

These days, my time is dedicated 60% to the technology development and 40% to the sup-

port of protocols.

How would you frame the key challenges relating to scalability
facing the viral vector manufacturing field at the moment? Where
are the most pressing issues?

H R: Firstly, | want to mention bioreactor control. Typically, in other USP pro-
cesses, you have a much more direct way to measure your product. When it comes to ade-
no-associated virus (AAV) gene therapies using insect cells, the human embryonic kidney
(HEK) platform, and other platforms, the only way to do it right now is using quantitative
PCR (qPCR). However, that does not tell you much about the product itself. Determining
times of harvest and the optimal bioreactor operation can sometimes be challenging. It
becomes an interesting challenge in the clinic when it comes to figuring out how to get the
optimal amount of AAV and how to get proper growth of your cells after transfection or
after infection.

Another thing is the DSP (downstream process). Although for many AAV companies this is
somewhat straightforward, there is still work to be done to establish how to properly complete
viral clearance, and to ensure that you have a concentrated product that is as pure as possible.

The chatter in the field cites things like how to start separating empty from full capsids, which

K

\—

[\ is an interesting challenge.
~ The final thing to mention is clarification

and cell lysis. Once you start moving up to

“‘Determining times of harvest 2,000 L bioreactors, it becomes interesting to
g g

3 nd the 0 ph ma | b|O reactor see how you are going to implement clarifica-

operation can sometimes be

tion and cell separation techniques, and how

this is going to impact the processing, because

Cha”englng” / in some cases, things like sedimentation or
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fileration are acceptable. But will it still be acceptable at a certain volume or for certain cell

densities? That is yet to be shown.

What can you tell us about the ongoing development of the
baculovirus platform? How has it evolved and with what impact on
scalability, productivity, and quality?

H R: uniQure has been in the business for 20 years. Since I joined, we have been do-
ing a lot of the groundwork. There are a couple of advancements that we already have a patent
for surrounding technologies to try to improve the baculovirus constructs.

There is work around how to package the AAV essential feeds within the baculovirus ge-
nome. We are working on this to try and generate better genetic circuits to be able to increase
the yield and decrease empty-full ratio (meaning an increase in the amount of full particles).

When it comes to processing itself, there are ongoing efforts to deepen understanding of
our process. As we have been doing this process for quite a while, we have generated some
interesting data. We are trying to leverage all the knowledge we have to increase how rigorous
we are with our quality.

Another thing we are currently working on, which we also have intellectual property (IP)
around, is cell line development. We are trying to develop our own cell line which we believe
will be the next evolutionary leap in the race towards better scalability, higher productivity, and

safer product.

With more and more vector manufacturing facilities designed for
>2,000 L production capacities in the planning or coming online,
whatarethe chieftechnological solutions that enable such genuinely
industrial scales? And where are further technology improvements
required in this regard?

H R: The keyword in our case for all platforms, not only insect but also HEK, is
process intensification.

We should start to go for much more concentrated product. Right now, the trend is to go up
in volume, but eventually, we are going to hit a wall. The largest single-use bioreactor I know is
about 10,000 L, meaning we could not go higher than that, even if we are searching for AAV
gene therapies that require 20,000 L bioreactors. Either the bioreactor manufacturers will go
for much larger single-use bioreactors, or we (the companies developing processes) will go for
more intensified processes. Either way, both are very interesting challenges that come with big
hurdles.

On the one hand, for the HEK platform, we need to ensure proper transfection. To gener-
ate transfection reagents, you either have plasmids or DNA that you need in huge scales. The
more you propagate in a flask method, the more errors you will have in the structure, which

also creates a problem.
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The same goes for the baculoviruses. How are you going to ensure there will be consistency
in your batches? At much larger scales, the bioreactors will not have sufhicient power to supply
the correct amount of oxygen, for instance. It will be much harder to control.

That is the future that we see ahead in this endeavor, which is quite exciting yet a lot of work.

What are the pros and cons of automation in viral vector processing
at the moment, and where is it having the greatest impact on your
work?

H R: I am a big, big supporter of process automation. However, I am against automa-
tion for the sake of just for the sake of ‘wow’ factor. Automation requires in-depth knowledge
of your process and understanding of which steps you urgently need to control and remove
human intervention.

The benefits include having much greater consistency and reproducibility, because a robot
does not get tired. For example, if I repeat an experiment, my variability is ~10% coeflicient
variation. If I use a liquid handling robot, this variability drops to 1-5%. That tells you that
even if you have experienced people, if you have a robot that decreases the variability of the
process, it is really valuable because your results are more trustworthy and the data is much
more relevant. You remove operator variability from the equation. This also comes with in-
creased safety: the less human operation or handling, the less chance of contamination of the
product or the bioreactor, and this also means reduced exposure of the operators to the AAV
itself.

The disadvantages include flexibility. If you are stuck automating a process that is far from
optimized, then improving that process will be much harder. That is why you must choose
carefully where you apply automation. I am all in favor of starting the automation of certain
steps in process development. Together with the original equipment (OE) approaches, it has
shown itself to be quite empowering for everyone.

When it comes to the actual process and where to start, I suggest automated sampling.
This means automation of sample handling from the moment it is taken from the biore-
actor to when it is in position to be measured. In addition, we should to try to leverage
inline probes as much as we possibly can. That information will allow better control of your
bioreactor.

When it comes to automating other process steps, I struggle to see how to compromise in

that trade-off of between retaining flexibility and implementing automation at the moment.

Where doyou seeviral vector USPheadingin future years as demand
for increased capacity continues to grow? What technological and
strategic trends are you expecting to see unfold?

H R: This ties back to the previous question about 2,000 L production. There

is a clear need for contract manufacturing organizations (CMOs) to produce preclinical and
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clinical material. Often, small companies 4

have a brilliant idea for a gene therapy that “Oﬂce there is a new

in the initial experiments and concepts works technol 0ogy Or a dvancement
In terms of processing,

cial, or even to large-scale manufacturing, it’s we imm ed late |y want to

beautifully. But when it comes to start gener-

ating the material and taking it to commer-

quite difficult. They struggle to find a reliable im D lement it )
partner, or a reliable way to go about the \

manufacturing process. V

How do we ensure that scale-up delivers consistent material to be
able to meet future demand?

H R: | hope in the future we see things such as more online parameters. My as-
sessment right now is that the gene therapy world is where we used to be around 20 or 30 years
ago with monoclonal antibodies. In the monoclonal antibody world, we have leading com-
petitors right now who have implemented things such as online monitoring, semi-continuous
processing, and things like perfusion.

There was a huge learning curve in that space that could potentially be applied in our world
in gene therapy. There are brighter minds than mine working hard on that not only in uniQure
but within many other companies. I see that those examples of process intensification will be
coming in the next few years.

It goes without saying that there are scientific challenges in achieving this — for example, in
achieving the semi-continuous processing of a transfected cell when that cell dies in the making
of your product. In that sense, the people in the monoclonal antibody world had it a bit easier
because the cells making monoclonal antibodies are still alive. It will be quite a challenge to
implement the process intensification, and to be able to deliver consistent product in much

larger volumes.

What are your key goals and priorities both for yourself in your
own role and for uniQure as a whole over the next 12-24 months?

H R: | will be supporting the partnership with CSL Behring, which requires tech
transfer. When it comes to our clinical pipeline, we are going to start a Phase 3 trial. We need
to supply material. I am not directly involved, but I am acting as a subject matter expert and
trying to help the team advance in the process development.

The focus for the next 6 months to a year is technology development, and how to implement
those new technologies for new programs coming up.

Our main commercial programs right now are for Huntington’s disease, refractory temporal
lobe epilepsy and Fabry disease. We have other new potential gene therapy that we are cur-

rently working on, assessing whether they work at the preclinical stage at least. Once there is a
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new technology or advancement in terms of processing, we immediately want to implement it
in, or at least see if it strategically makes sense to add it to, our platform — this will help us to

advance any of these programs.
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Manufacturing of RCA-free adenoviral vectors

Nico Scheer, Senior Consultant Business Development, CEVEC Pharmaceuticals

Adenoviral vectors are frequently used as delivery tools for vaccine and gene therapy applications. Once such vectors have infected a target cell, it is of
utmost importance that they do not spread further in a patient‘s body. Therefore, avoiding the occurrence and further propagation of replication-competent
adenovirus (RCA) during production is crucial. Since the risk of RCA occurrence depends on the adenoviral vector and the cell line used for virus stock

generation and manufacturing, selecting an appropriate cell line and production platform is critical.

Cell & Gene Therapy Insights 2022; 8(3), 351;
DOI: 10.18609/cgti.2022.052

ADVANTAGES OF ADENOVIRAL VECTORS FOR
MEDICAL APPLICATIONS

Adenovirus is an intensively studied vector offering sim-
ple vector construction, efficient transduction and high
stability, which enables simple handling and long-term
storage. Adenoviral vectors are increasingly being de-
veloped for both gene therapy and vaccine applications.
Focusing on vaccines in particular, adenoviral vectors
offer a number of advantages including the stimulation
of a robust immune response, and the fact that the use
of a strong promoter can result in more persistent dura-
tion of antigen expression when compared to vaccines
based on recombinant protein or inactivated viruses.
In addition, recently-approved adenoviral vaccines for
COVID-19 represent a strong precedent for the high
suitability of these vectors.

IMPORTANCE OF AVOIDING RCA IN THE
MANUFACTURING PROCESS

The formation of RCA is highly undesirable during vac-
cine and biotherapeutic development, as it can trigger
adverse immune responses and spread in the human
body. Consequently, regulators such as FDA and EMA
have issued guidance on maximum levels of RCA. Prepa-
rations must be tested for RCA and discarded if they ex-
ceed the allowed threshold, which can lead to significant
additional cost and delays in clinical development and
supply to the market.

ACHIEVING RCA-FREE PRODUCTION BY
DESIGN WITH THE CAP® AD PLATFORM

Usually the early region 1 (E1) in the viral genome,
which is necessary for replication, has been deleted in
adenoviral vectors, resulting in so-called AdAE1 vec-
tors. In order to produce a vector that lacks an essen-
tial component for its own replication, a complemen-
tary cell line that carries a stable insertion of the E1
region is needed. However, common cell lines such as
HEK 293 carry the risk of spontaneous RCA formation
due to the presence of two large homology regions and
the resulting probability of homologous recombination
(Figure 1).

The CAP Ad platform has been specifically designed to
address this as CAP cells contain only one very short
and additionally inverted homology region, thereby
minimizing risk of RCA formation (Figure 1).

INDUSTRIAL SCALE MANUFACTURE WITH THE
CAP AD PLATFORM

CAP cells are an ideal producer cell line for the devel-
opment of biotherapeutics. The cell line is derived from
human amniocytes, fully documented and available as a
GMP bank. A Biologics Master File has been deposited
with the FDA and can be referenced.

CAP cells can be cultivated in all common forms and
scales of bioreactors using serum-free, chemically

defined media and cell den-
sities reach up to 15-20
million cells/mL in fed-
batch, with high viabilities
and productivities.

In summary, the CAP Ad
platform provides a unique
solution for industrial scale
manufacture of adenoviral
vectors at high titers, while
minimizing the risk of RCA
formation and therefore
complying with recent reg-
ulatory standards (Figure 2).

Figure 2. CAP Ad platform: Industrial scale manufacturing with minimized risk for RCA formation throughout the entire
manufacturing process, from primary Ad stock to large scale GMP-production.

Viral Vector Amplification & Seed Stock Production

Primary Ad stock

AdAE1 Vector

Figure 1. RCA-free production by design in CAP cells. CAP cells contain only one very
short and inverted region of homology to the AdAE1 vector. No RCAs were detected in

CAP cell derived material.
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VECTOR BIOPROCESSING

INNOVATOR INSIGHT

Accelerating cell & gene
therapy workflows with
next-generation analytical tools

Chris Heger

Modern medicines call for modern technologies. Revolutionary cell and gene therapies offer
significant promise to treat life-threatening diseases. However, getting therapies to market
quickly and efficiently requires accurate testing of critical quality attributes, including ac-
curate viral vector analysis and cell characterization. This article discusses how a variety of
innovative analytical tools can aid in the automation and scalability needed on the cell and
gene therapy road to discovery, including rapid and accurate analysis of cells, molecules,
and contaminants, along with consistent, high-quality data across project phases. These
next-generation analytical solutions are also assessed for the ease with which they fit into
current workflows and their adaptability to changing needs.
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NEXT-GENERATION
ANALYTICAL TOOLS

Bio-Techne has a broad portfolio of manufac-
turing and analytical solutions for biophar-
maceutical and cell and gene therapy (CGT)
applications. These include a wide variety of
good manufacturing practice (GMP)-grade

www.insights.bio

reagents including cytokines, growth factors,
small molecules, media, and supplements. A
wide variety of critical research reagents in-
cluding industry-leading immunoassays, an-
tibodies, proteins, and iz situ hybridization
(ISH) technologies are also available. Addi-
tionally, Bio-Techne provides various auto-
mated analytical instruments through the
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Protein Simple brand. There are four analyt-
ical platforms in the context of these work-

flows: Simple Plex, Simple Western, Maurice,
and Micro Flow Imaging (MFI).

SIMPLE PLEX

Simple Plex assays run on the Ella platform
can provide an automated alternative to
ELISA within C&GT analytics. Ella runs
ELISA assays in 1.5 hours and requires only
25 pL of sample volume per well. The car-
tridges come in a variety of formats to pro-
vide sample, input, and analyte flexibility,
and are supported by a broad assay menu.
These cartridges come with built-in stan-
dard curves for analytes, saving assay space
for important samples and imparting a high
level of standardization. The platform has
high sensitivity and a wide dynamic range,
with excellent lot-to-lot consistency. Simple
Plex assays are also easily transferrable to
other sites.

US Pharmacopeia (USP) 1047 for gene
therapy products states that “When the bi-
ological function of the expressed transgene
exhibits a broad range of activities or only
generates semiquantitative results the ELI-
SA or other immunological or biochemical
readouts can be used as a surrogate potency
assay.” There are currently two Simple Plex
viral titer assays to address this part of the
workflow, for both AAV2 and p24, a human
immunodeficiency viral (HIV) protein found
in lentivirus.

Specificity and robustness to matrix efforts
are major advantages of ELISA, although it
has long turnaround time, moderate through-
out, and labor-intensive sample preparation.

Bio-Techne has partnered with Progen to
use their antibodies in the Simple Plex assay
cartridges to produce an AAV2 assay. It can
run up to 72 samples per cartridge, with a
built-in standard curve to allow the addition
of any extra samples that may be required.
This assay has good correlation with the Pro-
gen ELISA, providing confidence in the Sim-
ple Plex to measure viral titer.

DOI: 10.18609/cgti.2022.066

Figure 1 shows the standard curve with a de-
tection range between 3x10° capsids/mL and
1.3x10'" capsids/mL and a dynamic range of
3.6 logs. The assay also performs well on pre-
cision assays and can accurately measure AAV
as a complex sample. This can be performed
over a range of dilutional linearities for sev-
eral commonly encountered sample matrices
including clarified lysate, column eluates, and
bulk product.

Similarly, a Simple Plex assay is available
for measuring p24. Quantification of p24
can be used to estimate lentivirus titer. There
is a built-in calibration curve with limit of
detection of 0.67pg/mL, and the assay has
strong performance with inter-assay coeffi-
cients of variability (CVs) under 10%, and
intra-assay CVs under 7.1%, while also
showing good linear recovery in several
sample types.

Characterization of cultured immune cells
following activation, gene transfer, and ex-
pansion is complex and leverages both cell
surface markers and soluble secreted bio-
markers. Simple Plex’s multi-analyte cartridg-
es run on the Ella instrument provide an ideal
platform for fast and accurate quantification
of secreted markers and cell culture superna-
tants. Customizable assay patterns eliminate
the need to run multiple ELISAs, and assays
with up to 4 logs of dynamic range allow
markers of varying abundance to be measured
from a common sample dilution. These pan-
els include a T cell and natural killer (NK)
cell activation panel, a cell cytokine secretion
panel, as well as a chemokine secretion panel.

To examine T cell activation with Simple
Plex, an experiment was conducted using the
TcBuster™ transposase non-viral gene edit-
ing technology to introduce a CD19 CAR
into T cells. These T cells were then used in a
luciferase-based assay against two cell lines —
K562 myelogenous leukemia cells that do not
express CD19, and Nalm-6 acute lympho-
blastic leukemia cells that do. T cells that can
recognize the CD19-positive cells become
activated and release granzyme B, TNF-a,
IFN-y, and IL-2, as measured on Ella (Figure
2).
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SIMPLE PLEX HEK293 HCP
3G ASSAY

Bio-Techne has also partnered with Cygnus to
bring an HEK293 host cell protein (HCP) as-
say to Simple Plex. The Simple Plex HEK293
HCP 3G assay features a 3-log dynamic range
with a lower limit of quantitation (LLOQ) of
1.64 ng/mL. The assay has excellent correla-
tion to the Cygnus ELISA but is much faster,
with better reproducibility. The assay exhib-
its excellent spike and recovery across a wide
variety of process samples. Importantly, the
assay performs well with different sample ma-
trices and has good dilutional linearity across
the five most encountered samples.

SIMPLE WESTERN: GEL-FREE,
BLOT-FREE, HANDS-FREE
WESTERN ANALYSIS

Simple Western is a fully automated capil-
lary-based immunoassay that requires as lictle
as 3 pL of sample to perform highly repro-
ducible and quantitative Western analysis. As
an open platform, conventional Western blot
antibodies may be used in multiple detection

Cell & Gene Therapy Insights - ISSN: 2059-7800

modes, including chemiluminescence, 2-col-
or NIR/IR fluorescence, and total protein
detection. Simple Western is highly sensitive,
generating assays with a wide dynamic range
of detection. In addition, Simple Western
features RePlex™ on Jess™ and Abby™ instru-
ments, which performs two sequential im-
munoassays in the same capillary to double
the amount of data per run. Because Simple
Western is fully automated, it is reproducible
and can easily be transferred to other sites.

In CGT applications, Simple Western is
a multi-attribute platform for monitoring
the critical quality attributes (CQAs) of vi-
ral vectors like AAVs, providing six assays on
one platform: purity, identity, capsid protein
ratio, empty-full status, physical viral titer,
and protein expression potency. Many of
these attributes can be measured in a single
run with multiplex, RePlex, and total protein
detection.

Figure 3 shows an example of a quantitative
AAV assay on Simple Western that simulta-
neously provides identity and purity mea-
surements. The first probing cycle of RePlex
looks at the identity of 4 AAV samples with
an anti-VP1/2/3 antibody. These results show
that AAV1 and AAV4 are not recognized by
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—» FIGURE 2

Significant increase in T cell activation markers in conditioned media as measured with Simple Plex.
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the antibody, but AAV7 and AAV9 are de-
tected. Additionally, AAV7 and AAV9 ap-
pear to have VP capsid proteins of different
sizes. From these data, it is possible to mea-
sure VP1:VP2:VP3 stoichiometry, which was
1:2:8 and 1:1:11 for AAV7 and AAVY, re-
spectively. In the second cycle of RePlex, total
protein can be detected on the same sample,
which reveals the presence of non-AAV pro-
tein. These data are quantified automatically
by Compass for Simple Western software for
protein expression normalization or purity
estimation.

DOI: 10.18609/cgti.2022.066

Recently, a Simple Western assay was de-
veloped to quantify the content ratio, or the
ratio of full to total AAV particles in a sample.
In the Simple Western assay, denatured AAV
vectors are run on Jess using RePlex and in-
terrogated with an anti-DNA antibody in the
first probing cycle and an anti-VP1/2/3 anti-
body in the second probing cycle. This anal-
ysis shows the detection of VP1/2/3 at the
expected molecular weight range, and DNA
in the upper MW region that increased with
increasing % full AAV sample (Figure 4). The
signals from these two antibodies are used




—» FIGURE 3
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Purity, identity, and capsid protein ratio measured on one run of the Simple Western platform, leveraging RePlex.
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to calculate VP1:VP2:VP3 stoichiometry
and content ratio simultaneously. Because
Simple Western uses only 3 pL of starting
material and provides rapid, sensitive, and
reproducible analysis on crude and purified
samples alike, it is anticipated that Simple
Western can provide multi-attribute anal-
ysis that scales with AAV manufacturing
workflows.

MAURICE: THE NEXT-
GENERATION CAPILLARY
ELECTROPHORESIS PLATFORM

Maurice provides the gold standard im-
age capillary isoelectric focusing (icIEF) for
charge heterogeneity analysis of proteins with
absorbance and native fluorescence detection.
In addition, Maurice has capillary electropho-
resis sodium dodecyl sulfate (CE-SDS) for di-
rect detection and purity analysis of proteins,
which is useful for AAV capsid ratio and pu-
rity. Maurice can provide data within 10-15
minutes per sample, thus enabling faster de-
cisions and rapid method development. The
instrument is easy to use and has cartridges
that dictate the mode run. The software is 21

Cell & Gene Therapy Insights - ISSN: 2059-7800

CFR part 11 compliant with optional Em-
power™ control, and methods on Maurice
are easily transferred to other sites. Maurice
is an ideal late-stage viral vector characteriza-
tion tool, best suited to support viral vector
characterization and CQA monitoring with
purity, identity, capsid protein ratio, empty/
full, and stability assays.

AAV product purity is a particularly im-
portant CQA to monitor, and Maurice CE-
SDS is a direct SDS-PAGE replacement in
this context. Four pre-clinical AAVs from two
masked serotypes from an industry collabora-
tor, named “M” and “S”, were studied. There
are several peaks observed in addition to the
core capsid viral proteins (VPs) VP3, 2, and
1, shown in Figure 5. These peaks, down to a
0.1% impurity, can be quantified and used to
assess overall product purity. For these four
samples, purity was greater than 91.9%. The
average capsid ratio was 6:1:1, which was
the expected result. In addition to the purity
assessment and capsid protein ratio, a nov-
el peak was identified in Sample S2, named
peak 5, at a 0.8% total peak area level. These
data show an example of how Maurice can
support identity in addition to purity and VP

ratio, all in the same run.
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—» FIGURE 4

The Simple Western assay for quantifying AAV content ratio using anti-VP1/2/3 and anti-DNA antibodies in sequential
probing cycles with RePlex. A series of AAV9 samples normalized by VP/mL with a range of % full DNA capsid content were
analyzed by Simple Western.
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Imaged cIEE also known as icIEE is a
powerful identity tool. Bio-Techne has de-
veloped two methods to look at AAVs. The
first is a capsid protein icIEF method, which
can be used for identity and stability indica-
tion, and the second one is an intact protein
method that can be used as an identity assay.
An evaluation of a panel of AAV serotypes us-
ing the capsid protein icIEF assay is shown in
Figure 6. These samples were denatured and
diluted to 4x10" GC/mL for analysis. For
all 8 serotypes, a minimum of 3 peaks can be
seen, and in several samples, up to 5 peaks
are readily quantifiable. Each serotype has
not only its own series of peaks, but its own
set of pl values and peak ratios, showing that
the method can be used as an identity assay.
While most of the AAVs exhibit a similar
profile, AAV5 is shown to be the most acidic
in this method, and AAVG6 is the most basic.
AAVG6 and AAV1 are 99% identical, differ-
ing by only 6 amino acids. Yet, they differ
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significantly by icIEE. The pI of each 6-mer
was calculated to show how much more
basic the AAV6 peptide is, which explains
the data and shows the power of isoelectric
focusing.

Maurice icIEF features dual wavelength
detection, which means the method’s utility
may extend beyond identity. Maurice pro-
vides absorbance detection at 280 nm, and
these profiles are often influenced by DNA,
which can significantly absorb energy at that
wavelength. Maurice also has a native fluo-
rescence (NF) filter which is centered closer
to 350 nm, where the signal is exclusively
from protein. If we compare the absorbance
and NF signals together, we can de-convolute
the DNA and protein signals coming from an
AAV and our intact method. These NF sig-
nals can be quantified in addition to the ab-
sorbance signals, as the former can be used to
normalize any differences in loading between
the samples.
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—» FIGURE 5

AAV analysis with Maurice CE-SDS Plus.
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MICRO FLOW IMAGING (MFI)

MFTI is a next-generation particle imaging plat-
form to support CGTs. MFI can support the
United States Pharmacopeia (USP) and the
US Food and Drug Administration (FDA)
mandated particle counting for biopharma-
ceuticals, namely the USP 787/788, and is

—» FIGURE 6

commonly used for counting biopharmaceu-
tical product aggregates. The MFI features
direct, dynamic sample imaging of particles
between 1 and 300 pm, with high-powered
CFR 21-part 11 compliant analytical software.
Particle data is available in 6 minutes per sam-
ple, and this MFI platform and method can be
easily transferred to other sites.

Imaged clEF as an AAV capsid protein characterization tool.
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Cell therapy product purity assessment with MFI.

“+ microspheres for NK Expansion

Cloudz Dissolve with Release Buffer

MFI can support CGT by monitoring par-
ticles within workflows. In addition to being
an ideal subvisible particle aggregation tool,
MEFI has been shown to indicate stability, as
well as being useful for monitoring impurities
in cell therapy workflows.

Cloudz™ are dissolvable microparticles
that can be used for cell activation and expan-
sion. Figure 7 shows data from a study of the
human NK cell expansion kit. The Cloudz
feature CD2/NKp46 microspheres and read-
ily dissolve in the presence of the 1x Release

buffer.

When it is time to dissolve the Cloudz, one
can look at both before and after the addition
of release buffer. Because MFI can easily dis-
tinguish the two particle populations in the
same sample, the amount of residual Cloudz
can be monitored as part of the expansion
process.

CONCLUSION

In summary, Bio-Techne provides a range of
innovative solutions to meet CGT research
and manufacturing needs. Premium analyt-
ical instrumentation from the Protein Sim-
ple brand can analyze multiple attributes for
CGT products. Simple Plex supports viral
particle titer, residual host cell impurity anal-
ysis, and measures cell activation and cell ex-
pansion. Simple Western supports six assays
on one platform: identity, purity, capsid ratio,
empty/full and viral titer, and protein expres-
sion potency. The Maurice CE platform is a
dual-mode instrument ideal for formulation
and late-stage characterization, with CE-SDS
and image cIEF for capsid ratio and purity,
and for identity, empty/full, and potency re-
spectively. Lastly, the MFI particle counter is
an ideal imaged subvisible aggregate tool for
CGT formulation development.
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Q&A with Dr Chris Heger

—F"’W David McCall, Editor, Cell and Gene Therapy Insights

speaks to Dr Chris Heger, Director of Applications
Science Analytical Solutions Division Bio-Techne.

L~

How does your empty/full assay work with novel developed capsids
outside of the parental panel you have?

CH: With Simple Western, we have so far looked at one pharmaceutical AAV
that is non-wild type variant and have shown that it also works well with the emp-
ty/full method. We are encouraged by those data, and we look forward to other researchers

testing the assay with their own AAVs soon.

Q Are Simple Plex assay panels fixed or can users design their own
panels?

CH: The Simple Plex assay menu can be customized to what you need. With the
cell therapy panel, you can choose individual cytokines, and we will build cartridges with the

analytes you need all on the same cartridge.

Q s there a list of antibodies suitable for Simple Western applications?
What resources are available to guide assay development on the
Simple Western platform?

CH: We have an antibody database on our website that has nearly 3,000 an-
tibodies verified to work on Simple Western. The AAV viral protein antibodies from
Progen are listed on our website with the working dilutions, and the anti-DNA antibody in-
formation will also be available on the website.

For assay development, there are many great resources available through our learning
academy, which is geared towards helping customers teach themselves. We also have a fan-

tastic field application science team to help with your assay development as needed.
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Q Can you tell us more about Simple Western's RePlex technology?

CH: RePlex is an elegant and automated, strip and re-probe - using the same
concept as done with traditional Western blotting. In this case, it is part of our automated
capillary Western block workflow, and it works by adding only one additional row of reagents to
the assay plate. The instrument will automatically strip the capillaries of the first immunoassay

and allow for a second probing of the same capillary, giving you double the data per sample.

Q Which instrument is preferred for empty/full analysis?

CH: The isoelectric focusing method on Maurice and the size-based separation
on our Simple Western platform are both suitable for empty/full analysis.

Both have solid strengths and are powerful tools. The Maurice method leverages direct
detection and will be more amenable to downstream use, but it is isoelectric focusing, so you
may have to develop a more specific method for your AAVs.

The size assay is more universal in that respect, although it does rely on immuno-detec-
tion. If your DNA-packaged material does not react with the antibodies, or the VP antibody
does not detect one of your VPs, these could be considerations on why you would choose

one or the other.
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‘..t is important to try to stockpile material
during different virus productions in order to

ensure that if a comparability study is required
one day, the requisite material will be available!
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Lysogene is a gene therapy company work-
ing on AAV-based projects for diseases of the
CNS. We have a pipeline targeting neurode-
generative diseases, including mucopolysac-
charidosis type IITA (Sanfilippo syndrome A),
GM1 gangliosidosis, Fragile X syndrome, and
a therapy for both Gaucher and Parkinson’s
diseases. These projects range from the pre-
clinical stage up to pivotal trial stage.

We are a virtual company, so we exclu-
sively rely on contract development and
manufacturing organizations (CDMOs) and
contract research organizations (CROs) for
our research and production projects. Thus,
we need to be properly skilled in managing
CDMOs, and the process development, ana-
lytical work, and clinical production required
for both early and late-stage clinical trials. We
have internal experience using various adher-
ent processes and are working on building our
suspension-based process at Lysogene.

I have worked at Lysogene for the past
7 years in AAV process development, GMP
production, analytical development, vali-
dation, and quality control. Prior to joining
Lysogene, I worked at Avalanche Biotechnol-
ogies on AAV-based process development.

KEY TRENDS IN A MATURING
GENE THERAPY FIELD

The gene therapy field is currently evolving
towards treating a broader range of indica-
tions through new ways of treating disease,
such as new routes of administration. This in-
cludes diseases that are not rare or orphan, for
which a greater amount of vector material is
required. Production is key to ensure this can
be achieved. Much optimization of processes
has been performed by industry over the past
few years, allowing us to try to reach these
new disease targets.

This is something we are seeing at Ly-
sogene, with the recent launch of a Fragile X
syndrome development program and an in-
vestigational therapy that is applicable to Par-
kinson’s disease, for which there are obviously
many eligible patients. Furthermore, it is a
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trend that stretches beyond localized adminis-
tration and treatment of diseases (e.g., retinal
diseases) which is not so highly demanding in
terms of material. Now we are seeing more
projects targeting the central nervous system
(CNS) or other organs, which brings with it
an additional need to increase the amount of
vector produced.

We are also seeing internalization of vector
manufacturing by those companies that can
afford it, in order to better control the supply
chain.

CHALLENGES IN SCALING UP AAV
PROCESS

Over the past few years, the industry has ma-
tured significantly, particularly with the use
of HEK293 cells for AAV production. The
use of HEK293 in the adherent cell culture
setting brings up the issue of scale-out, as op-
posed to scale-up with suspension culture.

Most CDMOs and biotechnology com-
panies are now switching to a HEK293 cell-
based suspension process. Suspension is possi-
ble with baculovirus, too, but that comes with
its own challenges. Generating a 200 L batch
was a notable achievement a few years ago,
but this is now routine in the industry. Most
of the industry is now equipped with 1,000 L
bioreactors in anticipation of future increases
in demand and in preparation for commercial
production.

Although this is now a much more devel-
oped process, it still comes with challenges.
For example, there is a need for a producer
cell line adapted to suspension. Most of the
CDMOs are currently generating the propri-
etary clones, which brings forth issues of in-
tellectual properties.

There also is an emerging trend of moving
to a platform model. This model allows faster
development by adapting a proven process to
the sponsor’s specific AAV serotype and trans-
gene. Some CDMOs are now proposing their
own platform process only, without any room

for optimization or alteration of steps. While
this does allow the CDMO or the biotech to




master its process and thereby increase the ro-
bustness, it comes with new intellectual prop-
erty (IP) challenges for those processes and the
cell lines used. It can also increase the level of
complexity in terms of compatibility, if one
is going to bring the platform process in for
late-stage development phases. Finally, it in-
troduces a lot of constraints and/or challenges
regarding the supply of plasmid, which needs
to be anticipated and comes with increased
cost. The field of plasmid production needs to
adapt to those increased demands in time to
allow the processes to deliver. Of course, scale-
up requires increased volumes of other raw
materials such as culture media, which also
needs to be anticipated and closely monitored
to ensure production is not delayed.

When switching to a suspension process,
one must ensure that the downstream process
is also properly scaled up. This is less of a chal-
lenge, but still something to pay attention to
— if the downstream process is not stream-
lined, future process changes may result.

KEY CONSIDERATIONS

WHEN TRANSITIONING TO A
SUSPENSION CULTURE-BASED
AAV PRODUCTION

When transitioning to a suspension cul-
ture-based AAV process, one key consider-
ation is selection of the correct cell line. Selec-
tion criteria include productivity, robustness,
IP, and the needs of the company in gener-
al. For example, there are many companies
working on proposing suspension cell lines,
but these come with IP restrictions. The best
strategy for each company needs to be estab-
lished, whether it is developing its own cell
line or using an existing one. Many compa-
nies have already developed highly productive
packaging cell lines, and the next generation
of packaging cell lines are already coming to
the market. Soon, there will no longer be a
need for plasmids, which will reduce cost of
goods (COG).

When selecting a cell line, it is important
to look at its history, including the clonality
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status, to ensure it is properly characterized.
The regulatory authorities will scrutinize the
cell line closely and a sub-optimal cell line
could be rejected for use in clinical trials, or
down the line in commercialization.

The scale of the process should also be
properly designed to encompass potential
future scale requirements for later stages of
development, which could trigger the need
for new comparability studies. If one is pro-
ducing vector at a smaller scale during Phase
1, it is important to ensure the downstream
process is designed to be scaled up easily for
the future stages of the project. It is also im-
portant to have a proper development plan in
place for the entire process.

When shifting to suspension, one must re-
evaluate all of the transfection parameters. If
possible, it is important to design the process
with a design of experiments (DoE) approach
described in ICH Q8.

The stage of transition to a suspension base
is also important and should be evaluated well
in advance. It is better to start with the sus-
pension process from the beginning, but the
industry has evolved very quickly, and many
current processes did not have the option to
wait for a suitable suspension process to be-
come available. It is an important decision for
a company, and it should be taken using a risk
assessment approach to understand all impli-
cations of the changes to the process. This will
help with the identification of risks and how to
mitigate them, and also assist in subsequent-
ly defending the process change to one’s own
company and Board of Directors, if necessary.

Of course, these changes will require a
major comparability exercise that should be
planned as early as possible.

APPROACHING COMPATIBILITY
COMPONENTS IN AAV
PROCESSING

It is important to understand the chang-
es that are implemented between the initial
process and the modified process, and poten-
tially, changes to the product critical quality
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attributes (CQAs). The CQAs should be de-
fined before one begins to consider compara-
bility exercises.

Firstly, it is important to know if the
changes are process-related or analytics-relat-
ed. We are seeing an evolution in the analyt-
ical methods employed for product release,
with a shift to newly developed and less vari-
able methods. Changes to those analytical
methods should also be evaluated and taken
into consideration in the comparability exer-
cise. Risk assessments should be performed
involving both the internal process develop-
ment department and external expertise in
order to review potential preclinical, clinical,
and regulatory impacts.

Following the risk assessment, it is import-
ant to establish a comparability plan. The
comparability plan should include the com-
parability study design (e.g., whether side-
by-side analysis or head-to-head analysis is
required, and the potential need for toxicolo-
gy studies or even clinical studies). It should
not be limited to drug product but should
also include as much in-process control as ap-
propriate. Analytical methods employed and
their qualification/validation statutes should
be laid out in the plan. It is also important to
understand if any method changes occurred
between the two processes and to evaluate
them. Process performance evaluation can
also be included in the comparison between
the initial and modified processes.

Additional product characterization may be
advised to ensure a complete understanding of
the product and various orthogonal methods,
up to and including the release testing. To cite
one key current example, the industry and reg-
ulators are paying greater and greater attention
to the empty-full ratio of AAV capsids, and
various methods may be employed to measure
this ratio. The stability of the product should
also be demonstrated, and the results should
be compared to ensure equivalent stability be-
tween the two products and processes.

The acceptance criteria for concluding on
the comparability of the product should be
set out in the plan using appropriate statis-
tical methods. Many biotechs will not have
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this capability in-house, making it necessary
to seek the help of a biostatistician to select
the appropriate statistical tools and set the ac-
ceptance criteria.

One of the challenges in conducting com-
parability studies is the material availabili-
ty. The industry is currently very limited in
terms of material availability from production
batches, especially for adherent processes.
Head-to-head studies may be limited based
on this challenge. Therefore, it is important to
try to stockpile material during different virus
productions in order to ensure that if a com-
parability study is required one day, the req-
uisite material will be available. A further pa-
rameter to consider here is the stability of the
product: if the product was produced a long
time ago, the stability is not always demon-
strated — another challenge in conducting ro-
bust comparability studies. It is important to
anticipate this need and if possible, to qualify
a primary reference standard that can be used
for comparability testing purposes.

It is key to communicate with the regula-
tory agencies about comparability. There are
various ways to interact with the regulators,
and it is important to present a company’s in-
tentions regarding comparability demonstra-
tion upfront. The agencies can help to assess
if what is proposed is satisfactory, or if the
company needs to take further action.

Finally, it is valuable to look for available
workshops and congresses regarding compa-
rability. This is a topic that is emerging in the
industry and consequently, there are a num-
ber of knowledge exchange opportunities out
there. Everyone is facing the same challenges
at the various stages of development.
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Future trends in viral vector
process & product development
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‘As the program portfolios of companies mature,

there is a need for appropriate scale-up or scale-
out of viral vector manufacturing strategies.”

- J
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THE ‘NEW NORMAL IN GMP strategies. Currently, there is a significant
VECTOR MANUFACTURING supply crunch with respect to key raw ma-

terials, access to robust manufacturing plat-
As the program portfolios of companies ma-  forms, and scalability to commercial require-
ture, there is a need for appropriate scale-up  ments. The initial approval of therapies in this
or scale-out of viral vector manufacturing space focused on rare and ultra-rare diseases.
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Companies are now expanding from that
space and focusing on unmet needs across
a wide variety of disease indications. To ad-
dress these needs and the potential supply
challenges, many manufacturing unit oper-
ations are being optimized.

From an upstream perspective, companies
are looking to move away from transient
transfection and adherent expression plat-
forms to alternate expression platforms such
as stable cell lines and suspension cells re-
spectively. Based on the current cost of goods
structure for large-scale transient transfec-
tion, the cost of raw materials is prohibitive,
especially for high doses and larger numbers
of patients. From a downstream perspective,
companies are focusing on yield improve-
ment and removal of potential process-relat-
ed impurities (e.g., empty/full ratios). These
are areas where one can anticipate some level
of improvement.

From a facility standpoint, there is a
crunch in available manufacturing space.
Most products are currently in early-stage
exploration or Phase 1 trials, and will ap-
propriately transition to a regulatory pack-
age for pivotal studies and approval. Cor-
respondingly, manufacturing platforms will
transition from current 50-200L to com-
mercial scale. Sponsors will need to plan for
commercial requirements through either a
scale-out or a scale-up approach to accom-
modate this need.

Additionally, Adeno-Associated Virus
(AAV)-driven gene therapy companies have
a pipeline of products that include multi-
ple serotypes. This means there are multi-
ple programs moving forward through the
sponsor’s facility. Manufacturing units need
to figure out how to optimize the through-
put and the operational aspects of upstream
manufacturing with respect to downstream
processing to support program requirements
and corporate desires. Facilities will need a
more modular approach to scaling all units
— upstream processing, harvest, clarification,
and purification through to final filling.

Another area of development in the viral
vector space is the adaprability to disposable
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manufacturing components. From the

downstream perspective, companies are
actively exploring affinity and/or ion ex-
change purification strategies to replace ul-
tra-centrifugation. There is much learning
to be leveraged in this space. Many of these
unit operations have been optimized in the
monoclonal antibody (mAb) space; how
soon that knowledge can be leveraged for vi-
ral vector manufacturing remains to be seen.

There is also a trend where larger compa-
nies are leveraging their facilities to address
vector manufacturing supply challenges.
There is active collaboration between small-
er start-up biotech entities and established
pharmaceutical facilities to ensure optimal
utilization of resources.

PROGRESS IN ENABLING
VIRALVECTOR PROCESS
INTENSIFICATION &
STREAMLINING PRODUCTION

Companies need both a short-term strat-
egy and a long-term strategy. Smaller gene
therapy biotechs, in particular, should eval-
uate supply chain challenges especially when
capacity could be a limiting factor. They
should consider how to initiate Phase 1
studies in the appropriate platform as well as
develop a long-term strategy for the amount
of viral vector genomes needed for pivotal
and commercial success. The desire to scale-
up and increase vector titer and yield needs
to be balanced with understanding the reg-
ulatory landscape and aligned to agency
requirements.

When moving from Phase 1 to pivotal
studies, even a minor change can have an
impact on the safety and efficacy (potency)
of the viral product being generated, necessi-
tating a demonstration of comparability.

For example, to support yield through
increasing cell density, figuring out when
it is most appropriate to infect the cells to
generate the amount of virus one wants is
key. This can have an impact on product and
process impurities. Similarly, any change to




downstream buffers to optimize capsid con-
tent can have an impact on product quali-
ty. Such steps to enrich for full capsids can
result in co-packaging non-specific plasmid
material or host-cell DNA. In all such in-
stances of change, however, comparability
is necessary to demonstrate equivalency of
final material. Companies must consider
clearance of non-product related material
and characterize process and product impu-
rities. In other words, it must be a detailed
characterization of product quality.

Additionally, it is important to bear in
mind that the analytical methods employed
will be needed for identification, character-
ization, and for batch-to-batch consistency
and control.

Finally, in-line analytics have advanced
significantly in the mAb field. Although still
in its infancy in viral vector manufacturing,
one can expect these tools to assist in manu-
facturing decisions.

THE PATH TO COMMERCIAL &
REGULATORY SUCCESS

Understanding both the process and the
product is very important. Given the na-
scent nature of manufacturing in the cell
and gene therapy space, companies are op-
timizing many unit operations. As a result
of limited long-term safety data and the risk
due to process changes on product quality, it
is key to align with regulatory expectations
early and develop a manufacturing process
with a commercial strategy in mind. Along
with process development, detailed analyt-
ical methodologies to understand process
and product is a must. For example, potency
assays take a significant amount of time to
develop and implement. Viral vector poten-
cy assays are inherently complex due to the
nature of cell lines used and difficulties in
linking their output to the mechanism of
action. However, a robust potency assay is
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key to establishing comparability for any
process-related changes

There is going to be an explosion in an-
alytical tools and technologies similar to
that which occurred in the mAb space. In
addition to the above, characterization of
raw materials is critical to boost confidence
in the CMC data, especially as one moves
towards pivotal studies. Everything begins
with the raw materials. Any change in the
plasmids or the cell line is going to have an
impact on comparability. Standardization of
apheresis from pre-clinical to clinical is an
area for development.

Understanding all these interrelated ele-
ments will significantly expedite any process
development activity and ensure alignment
with agency expectations.
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Process development
iInnovations to improve gene
therapy manufacturing

Jessica Hillmoe & Michael Shen

As viral vector-based gene therapies move toward indications with larger patient popula-
tions, the pressure to improve manufacturing efficiency is rising. To support efficient manu-
facturing, therapeutic developers must begin by putting a robust process development (PD)
plan in place. The industry has been working towards a robust PD plan using innovations
such as templated processes to improve yield whilst reducing costs of goods sold (COGS)
and time-to-clinic. Templates will help, but there will always be a need for PD to optimize
the upstream/transfection, as well as downstream due to differences in the gene of interest
(GOI). In this article, we will discuss the PD innovations that Merck’s teams have worked on
to improve manufacturability, robustness of analytical testing, and scale-down models, all
with a view to meeting the needs of large-scale viral vector manufacturing.

Cell & Gene Therapy Insights 2022; 8(3), 541-548
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CURRENT STATE OF THE GENE pharma industry and spinout biotech compa-
THERAPY INDUSTRY nies alike. Despite the COVID-19 pandemic,
The gene therapy field has entered what might 2021 was a record-breaking year for invest-
be termed a modern-day ‘gold rush’ era, with  ment in the space, with US$23 billion invest-
high levels of interest and activity from the ed (a 16% increase on 2020).
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—» FIGURE 1

Movement toward more prevalent diseases and systemic delivery: higher dosages of viral vectors such as AAV are required.
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The majority of clinical trials and invest-
ments occur in the USA — however, both are
increasing around the world, especially in the
Asia Pacific region. The industry is projected
to reach a valuation of approximately US$40
billion by 2024.

The most popular vehicles for gene deliv-
ery today are adeno-associated viral (AAV)
vectors (particularly serotypes 2, 8, and 9)
and lentivirus.

Much of the growing confidence in the
field stems from several US FDA approvals of
cell and gene therapy products in recent years.
With more than 1,000 investigational drugs
currently in the gene therapy R&D pipeline,
the FDA itself recently forecast that by 2025,
there will be 10-20 product approvals per year
(although the FDA has indicated it will most
likely be at the lower end of that range).

The increasing development and invest-
ment in the field, alongside the desire to
use gene therapy to serve larger indications,
means that more companies will be looking
to manufacture at large-scale to allow com-
mercialization. A comparison between he-
mophilia and Duchenne muscular dystrophy
(DMD), two key target indications for the
industry at present, illustrates the increase
in demand for large-scale production. This is

both to meet the requirements of indications
with larger patient populations, and to enable
the ongoing migration towards systems of de-
livery that require greater quantities of viral
vector (Figure 1).

In order to fully realize the potential of
gene therapy to address more prevalent dis-
eases such as DMD, it is imperative to in-
dustrialize technology for both upstream and
downstream manufacturing. Doing so will
ultimately drive the reduction of timelines,
operational risks, COGs, and enhance pa-
tient safety.

IMPROVING & STREAMLINING
MANUFACTURING FOR RAPID
PROCESS DEVELOPMENT

The sheer number of ongoing gene therapy
clinical trials means it is likely that in some
cases, multiple sponsors will be pursuing the
same therapeutic targets. Additionally, the
curative nature of AAV vector-driven treat-
ments, and the rarity of the target indications
in many cases, contributes to an increas-
ingly competitive scenario for the industry.
The onus is on gene therapy developers to
accelerate clinical material generation and

Gene Therapy Patient Populations

300,000 -
250,000 -
AAV
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Source: Cambridge Biostrategy Associates analysis (2020).
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—» FIGURE 2

LV and AAV viral vector manufacturing templates in development.

Bioreactor

A — ol — B — - S —
VirusExpress® Clarification Benzonase® AEX Chrom TFF Sterile Filtration
LV Upstream

Platform

—— @ - ———— - ——
B/ Y \
d o o o
I — VirusExpress® AAV Il — Harvest/ 11 - Concentration/ IV - Affinity V - Polishing VI-TFF VII - Sterile Filtration

in 50L Mobius® Lysis/Clarification Diafiltration Chrom Step

advancement through the various phases of
clinical development, and to try to be the first
to market.

A platform technology approach similar
to those commonly used in the tradition-
al monoclonal antibody space can expe-
dite development, providing a pathway to
high-quality clinical materials whilst address-
ing the pressing requirement for speed to
market. For example, our VirusExpress® Pro-
duction Platform includes clonal GMP cell
banks of HEK293 cells and HEK293 T cells,
both of which have been fully adapted to Ex-
Cell® CD chemically defined media. A set of
plasmids for the transient expression of viral
vector products (currently the predominant
mode of expression in the industry) has also
been created.

In addition to these physical products,
standard template processes for both lenti-
viral (LV) and AAV vector production have
been designed (Figure 2). This enables the rap-
id development of processes from cell bank
thaw through transient cell culture produc-
tion, to clarification of the cell culture har-
vest with stepped filtration and Benzonase®
endonuclease treatment. This is generally fol-
lowed by purification steps, including either a
polishing step or both affinity and polishing
chromatography, to further enrich the viral
vector product. Finally, concentration and
buffer exchange precede final fill-finish.

This templated platform approach offers
a ‘plug-and-play’ option, whereby the given
gene of interest (GOI) may be introduced
into the plasmid system and GMP-compliant

—» FIGURE 3

By using a templated process, activities including cell banking,

tech transfer, much of process development, engineering runs,

and Custom Bill of Material and Batch Record creation can all be avoided.
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clinical materials quickly generated. Advan-
tages to gene therapy developers include the
fact that they will not need to generate their
own GMP cell banks. Tech transfer and doc-
umentation for GMP material production are
also streamlined and made consistent. This
combination of speed to clinical materials
with improved quality through standardiza-
tion may in certain scenarios result in po-
tential time savings in the delivery of GMP
clinical materials of 14—18 months (Figure 3).

It is important to note that this type of plat-
form approach, whilst it provides speed to clin-
ic, may not be optimal for every application.
Therefore, it is important to conduct what we
call a manufacturing gap analysis (MGA) at
the outset of any new project. The MGA is es-
sentially a collaborative paper exercise designed
to identify a gene therapy company’s specific
development and manufacturing needs. Based
on this exercise, the optimal path forward may
be agreed upon with the developer for their
specific project, whether it be simply introduc-
ing a GOI to the templated platform process,
or tech transferring a fully developed process
for manufacturing. Equally, a more custom-
ized approach may be preferred over the tem-
plated platform process for some projects — for
example, where improvements in productivity
and yield are sought. It is critical to maintain
a degree of flexibility in order to accommodate
all of these different scenarios.

TAKING A CUSTOMIZED
APPROACH TO PROCESS
DEVELOPMENT

An example of a customized approach would
be utilizing high-throughput technology,
such as the Ambr® bioreactor system, to ef-
fectively screen for process parameters and
optimize process performance.

In this instance, a Design of Experiments
(DoE) approach would typically be employed
to statistically generate a design, with the ac-
tual experiment being conducted in the Ambr
high-throughput bioreactor system. Changes
in transfection parameters may be studied,
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as well as various media formulations. Based
on the statistical DoE outcome, the process
investigation would then be transitioned
into 3 L bench-scale Mobius® bioreactors
where process performance may be further
confirmed at that scale. This serves as a good
scale-down model to inform further scale-up
work into production-scale vessels.

This approach delivers an understanding of
the full process performance, whilst also sub-
scribing closely to Quality by Design (QbD)
principles. QbD is favored by regulatory bod-
ies including the US FDA because they require
sponsors to have a good understanding of their
processes and in particular, to understand the
overall design space of the process capability.

LEVERAGING COMMERCIAL
PRODUCTION SCALE-UP
KNOWHOW

As discussed previously, with the viral vec-
tor-driven gene therapy field taking on larger
indications by patient population, there can be
a projected need for tens of thousands of liters
of cell culture material to produce a sufficient
quantity of final vector product. The CDMO
community is responding: for example, our
viral vector CDMO facility in Carlsbad, CA
recently went through an expansion whereby
an additional 10,000 sq. ft. of manufacturing
space, fully equipped with bioreactors up to
1,000 L in scale, is being brought online.

In the past, considerable experience has
been gained in scaling viral vector manufac-
ture from 50 L to 200 L production scale. As
work continues towards scaling up to 1,000 L
Single Use Bioreactors (SUBs), it is a great
benefit to be able to rely on our overall, syner-
gistic technical capabilities and bioprocessing
expertise. For example, the company’s mono-
clonal antibody CDMO arm has historically
been able to scale its processes directly from
the 3 L bench-scale bioreactor to 2,000 L
SUB production. This expertise is invaluable
for viral vector production.

In addition to this scaling knowledge, le-
veraging technological know-how from other




areas of the organization can support the tran-
sition to large-scale production and the im-
provement of process performance. For ex-
ample, the biopharma process solutions group
recently tested the use of Pellicon® technology
for tangential flow filtration (TFF) operation,
which has been shown to offer good perfor-
mance and provide a viable alternative to the
traditional hollow fiber TFF filters. In a fur-
ther example, the viral gene technology team
works on expression technology — a task that
involves testing a wide variety of different
transfection reagents and modes to try to im-
prove overall expression levels.

ADDRESSING THE NEED FOR
CUTTING-EDGE ANALYTICS

Successtul process development must be com-
plemented by robust analytical methodologies

INNOVATOR INSIGHT

that can inform on the quality of the process
development work.

As part of the aforementioned Carlsbad
site expansion, a broad spectrum of modern
analytical technology is being introduced
into the viral vector process development
arena. Powerful tools including capillary elec-
trophoresis and ddPCR will allow us to take
viral vector analytical development into the
future, and if one looks at the direction in
which analytical methodology is evolving in
the industry, high-performance liquid chro-
matography (HPLC) is likely to play an in-
creasingly prominent role in process develop-
ment, informing on product quality as well as
impurity levels.

In addition, the Carlsbad facility will be
equipped with a new pilot lab, in which up
to 1,000 L single-use bioreactors (SUBs) will
allow proof of concept process testing prior to
transfer into large-scale manufacturing.

Q&A with Michael Shen

David McCall, Editor, Cell and Gene Therapy Insights
speaks to Michael Shen, Associate Director, Process

Development, Merck

Q What is your typical yield for a process using a template?

MS: For the LV VirusExpress® template process, we have previously used a
model virus (GFP) to produce some initial titer results. We have seen levels of produc-

tivity around the high 10”/low 10® transduction unit (TU)/mL level. However, based on our

experience and observations, we know that the yield tends to be variable depending on the

specific GOI, so it is relatively product dependent.
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For the AAV template process, we have tested several different serotypes ranging from AAV2
to AAV6. Using the GFP model virus, we have seen titers in the range of low 107 to mid-10®
TU/mL. Again, there is variability depending on the specific GOI.

How will process development and analytical technology evolve in
the next 5-10 years?

MS: | think the consensus of opinion across the leading minds in the field is that
speed is currently king. Moving forward, speed will continue to be important, but there will
also be a growing focus on innovation that can impact Cost of Goods (COGs). Cost will be a
major driver, especially for rare disease indications. But for the larger patient population indi-
cations, too: process economies are only realized after a certain scale, and past a certain point,
there will be diminishing returns.

Sponsors will always be looking to increase titer/productivity, of course, and there is a lot of
discussion around the current transient transfection methods versus using producer cell lines
— what happens there will impact process economics in the future. And from a process design
point of view, we will also want to leverage automation more and more in order to increase
throughput - again, primarily with a view to reducing COGs.

Looking to further ahead, 10 years from now, I think the two things that are of paramount
importance to regulators — efficacy and safety — will continue to drive process and analytical
innovation. For example, full-empty capsid ratio is a hot topic at the moment, but moving
forward, I would expect that the quality of the capsid itself will be of growing concern to
regulators, as will the quality of the product within the capsid. It will be necessary for process
technologies to be able to deliver the requisite quality on a consistent basis, and for the analyt-

ical side to support with tools of sufficient sensitivity and robustness.

What full-empty capsid ratio can you achieve with the template
process?

MS: Using the current transient transfection methods mentioned earlier, we
generally obtain a full-empty ratio in the low teens percentage range. I don’t be-
lieve we are unique in this — the whole industry is currently looking for ways to improve the

full-empty capsid ratio.
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Reducing processing risks & operational challenges for low volume fluid transfer

Troy Ostreng and Jayanthi Grebin, Colder Products Company (CPC)

Users looking to making sterile small flow path connections typically will use one of two methods for joining their tubing: either making open connections under a laminar flow hood, or using traditional tube
welding that cuts and uses thermal heat to connect two ends together. Each option is viable but comes with inherent disadvantages that can be addressed by converting to sterile connectors.

CHALLENGES & RISKS IN LOW
VOLUME FLUID TRANSFER

Potential issues with traditional con-
nections include:

e Efficiency/complexity: tube weld-
ing can be a complicated process
involving a dozen steps

e Size/footprint: whether you are
using a laminar flow hood or a tube
welder, both are relatively big and
bulky equipment pieces, which can
take up valuable cleanroom space.

e Speed/time: depending on the
specific process application, tube
welding or laminar flow hood con-
nections can take several minutes
to complete

e Cost: in addition to the extra tub-
ing and space involved with weld-
ing methods, there are also costs
associated with training, equip-
ment, validation, maintenance,
and downtime.

e Risk/reliability: The risk of opera-
tor error brings related repeatabili-
ty and reproducibility issues.

@ CELL & GENE THERAPY INSIGHTS

Sterile connectors help streamline
your process and reduce cost, while
protecting the process from the ex-
ternal environment.

We surveyed 50+ end users from
across the cell therapy, gene thera-
py and biopharma fields. These are
some of the key needs they high-
lighted relating to connector tech-
nology (Figure 1).

Figure 1. Single-use connector needs
for cell and gene therapy applications.
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BENEFITS OF STERILE
CONNECTORS FOR SMALL
FLOW APPLICATIONS

MicroCNX® sterile connectors rep-
resent a compelling alternative to
tube welding for cell therapy and
gene therapy process applications -
an option that is already well validat-
ed in the biopharma space (Table 1).

APPLICATIONS

MicroCNX connectors are being
applied today across the advanced
therapies space (Figure 2).

With cell and gene therapies, the
materials used are precious. Every
drop counts when working with pa-
tient cells, and loss of genetic mate-
rial can be extremely costly in both
human and financial terms. Sterile
connectors offer advantages over
traditional connection methods in-
cluding gresater speed, ease of use,
and sterility - all of which combine
to reduce risk for low volume fluid
transfer applications across the cell
therapy and gene therapy fields.

Table 1. MicroCNX connectors: features and benefits.

Features

Pinch-Click-Pull: a simple, three-step sterile
connection process requiring minimal operator

training and no additional equipment
Easy-to-use

Genderless

CPC audible click

1/16", 3/32" & 1/18” ID tubing
Compact size

Minimal weight

Gamma & autoclave-able

Benefits
Three-step connection process,
reduces risk of operator error
Consistent, reliable
connections
Audible confirmation of
assembly with no additional
hardware required
Fits well with current Good

Manufacturing

Process trends

Copyright © 2022 Colder Products Company. Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0.

Figure 2. Applications for MicroCNX series connector products in advanced
therapies.
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WHAT TYPE OF PLATFORM CAN HELP
ACCELERATE TIME TO MARKET AT REDUCED
COGS?

Scale-down models are low-volume systems that mimic clin-
ical-scale manufacturing. They're an essential tool in process
development — you can use them to build high-throughput,
multiparallel experiments that reduce variability and to de-
sign workflows that are more robust and consistent.

Ambr® 15 and Ambr® 250 bioreactors are instrumental for
scale-down models for cell therapy process development.
Combining process parameter control with cell analysis and
advanced analytics, these tools help you rapidly identify
and correlate CPPs and CQAs.

$ CELL & GENE THERAPY INSIGI TS
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Laying the foundations for success with scale-down models

Rohit Saklecha & Andres Castillo

Cell & Gene Therapy Insights 2022; 8(3), 431; DOI: 10.18609/cgti.2022.062
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WHY WOULD THIS TYPE OF PLATFORM BENEFIT MY
PROCESS DEVELOPMENT?

Identifying parameters that impact quality attributes is complex,
labor-intensive, and a cost driver in cell therapy development.
Scale-down models can help you save time and reduce raw ma-
terials consumption by supporting parallel evaluation of parame-
ters like DO, stirring speed, pH, and temperature.

Compared to static flasks, automated scale-down models reduce
variability and support rapid optimization of culture conditions.
With greater efficiency, you can use scale-down models to im-
prove your timelines in process development and to set the foun-
dation for clinically transferrable protocols.

Copyright © 2022 Sartorius. Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0.

Identify Analyze the data
CPP & CQAs

HOW DOES AUTOMATION FACILITATE PROCESS
KNOWLEDGE DEVELOPMENT?

A successful scalable process leverages process knowledge
related to the mechanisms driving CQAs. Ambr® 15 and
Ambr® 250 bioreactor systems support DoE studies, so
you can explore CPPs and gain insights into clinically rele-
vant systems to determine how changes in process param-
eters affect corresponding quality attributes.

Once your parameters are set, you can establish optima
and maxima for each parameter before clinical-scale manu-
facturing by setting design space, ensuring successful scale
up of your cell therapies.

¢

Design space to
to understand the minimize the risk
correlation between CPP of failure once you
and CQAs scale up
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The digital revolution:
technological innovations
to enable automation in cell
therapy manufacturing

Sean Chang, Bruce Greenwald & Krish Roy

Cell therapy manufacturing workflows typically involve multiple complex steps, requiring
extensive hands-on and labor-intensive interventions. They also typically involve several
open processes, spanning a multitude of different products. As emerging therapeutics move
through the clinical pipeline, scale and regulatory compliance have come to the forefront of
the discussion. Closed, modular systems can help overcome some of the current cell therapy
manufacturing challenges associated with lack of flexibility, maintenance of sterility, and a
lack of standardization. A key to addressing these challenges and facilitate scalability lies in
both process automation and digital automation. In this article, experts discuss how a fully
automated cell therapy manufacturing process, which addresses digital connectivity and
instrument-to-instrument compatibility, can increase quality of the final product and reduce
manufacturing failure rates.

Cell & Gene Therapy Insights 2022; 8(3), 355-369
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—» FIGURE 1

Instrument solutions for every step of the T cell therapy workflow.

- Leukapherasis

SECTION 1: Sean Chang discusses
Thermo Fisher’s solutions for CAR T
manufacturing & introduces DeltaV

Considerations & benefits of
a closed, modular cell therapy
workflow

The key issues in cell therapy manufacturing
today can be illustrated within the field of
autologous T cell therapy. The manufactur-
ing process is complex, labor-intensive, and
requires many open manipulations. It is also
difficult to synchronize different instruments
and products to make the workflow traceable
and compliant with regulatory requirements.

To solve these issues, we propose three main
solutions. Firstly, a closed system will minimize
contamination. Secondly, a modular system
will maintain flexibility. Third and most im-
portantly, automating the process will reduce

labor and human error. It is in this third aspect
that digitalization plays a particularly vital role.

To support cell therapy manufacturing,
Thermo Fisher Scientific is building closed,
modular and automated instruments, which
can be incorporated into a cell processing plat-
form and controlled by the DeltaV™ distribut-
ed control system (Figure 1). Digital integration
will allow fully automated process management
and maintain data integrity. Consequently, de-
livering a software solution that provides direct
connection to the DeltaV is a key step in the
platform’s ongoing development.

Thermo Fisher solutions for
CAR T manufacturing

Instrumentation for each part of the work-
flow has been developed to address challenges
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across the entire end-to-end process, begin-
ning with cell processing (wash, concentrate,
buffer exchange) using the CTS Rotea™ sys-
tem followed by isolation and activation us-
ing the Invitrogen Dynabeads magnetic sep-
aration products, which include the CTS™
DynaMag™ magnet. For the cell engineering
step, the newly launched CTS™ Xenon sys-
tem™ for large-scale electroporation can be
used, followed by cell expansion, employing a
high-throughput mode rocker and controller
for dynamic culture. At the end of the process,
cells can be harvested and processed for fill and
finish using the Rotea, and cryopreservation
can be performed using the CryoMed® control
rate freezer. Throughout the manufacturing
processes, incubators designed and certified
for cleanroom use for static culture are avail-
able for use. All of these instruments are being
adapted and designed to have the capability of
connecting to DeltaV systems directly, allow-
ing them to be controlled and managed in the
same network within the same interface.

Proof of principle studies performed us-
ing this platform demonstrate the high ef-
ficiency of peripheral blood mononuclear
cells (PBMC) and T cell isolation using the
Rotea and DynaMag at the beginning of the
process, and show high quality and poten-
cy of the manufactured CAR-T cells after
cryopreservation.

Digital strategy: off-the-shelf
connection between instruments
and DeltaV controller

The end goal of a mature manufacturing en-
vironment is to manage the instrument layer
through a distributed control system (DCS),
enabling the integration and management of
workflows, and ensuring traceable, repeatable,
and secure data connectivity through manu-
facturing execution systems (MES) up to en-
terprise level (ERP). The DeltaV DCS con-
troller is one of the most reliable and widely
used DCS controllers in the biopharmaceu-
tical industry. However, there is no current
‘off-the-shelf” software solution between the

Cell & Gene Therapy Insights - ISSN: 2059-7800
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instrument and the DCS layer. This connec-
tion requires coding, engineering, and config-
uration to allow the DCS layer to talk to the
instruments directly. Furthermore, custom-
ized software development projects provided
by tools providers or DCS vendors are usually
costly and time consuming,.

Thermo Fisher Scientific’s new ‘off-the-
shelf” software product will allow customers
to operate all of the modular instruments in
the same DeltaV network, using the same op-
erator interface (Figure 2). Utilizing DeltaV’s
capabilities, this software product allows the
user to create batch recipes to control differ-
ent workflows across various unit operations,
and to collect and store historical data in
compliance with regulations. The user will
also be able to retrieve data to produce batch
reports through third-party batch reporting
packages.

The software includes an OPC-unified ar-
chitecture (UA) interface module, an equip-
ment module, and phases (the building blocks
of batch recipes) which run in the DeltaV
controller. The interface module maps the
data between DeltaV and the instruments,
whilst the equipment module executes com-
mands to the instruments. The equipment

—» FIGURE 2

CryoMed™, and incubator modules.

Off-the-shelf

software solution

The five software modules included in Thermo Fisher’s
software product, providing DeltaV connectivity to Rotea™,
the next-generation magnetic separation system, Xenon™,
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module can be controlled by higher level
batch recipes using phases. The DeltaV Batch
Executive is used to create batch recipes for
different workflows and collect data from all
instruments. The software interface includes
batch banners that can be used for messag-
es and prompts from both equipment mod-
ules and workflow phases, and an equipment
module faceplate that can be used for man-
ual control — for example, to start or stop a
protocol.

SECTION 2: Bruce Greenwald
disscusses DeltaV architecture &
system start-up costs

Building your digital plant
with DeltaV

The BioPhorum Operations Group has creat-
ed the Digital Plant Maturity Model (Figure
3) to define the stages of maturity from pa-
per-based plants to fully automated and adap-
tive plants. DeltaV and the Emerson product
line can support customers all the way from
the pre-digital plant level to the adaptive plant
level, without replacing system components.

System start-up costs: integrating
islands of automation

There is a hidden cost of integrating at an indi-
vidual level. Using individual unit operations
to piece together a solution to reach the histor-
ical data level requires engineering and valida-
tion at each touchpoint. This can be very costly
and can severely impact the time to market.
Often, layers get skipped, causing intermediate
gaps that lead to paper-on-glass solutions that
can impact time and cost, and make the actual
day-to-day operations more complex.

DeltaV architecture

Since its release in the late 1990s, DeltaV
has established the concept of ‘Easy’, due
to its inclusion of ‘off-the-shelf’-type tech-
nologies. It is designed to be easy to use
for the engineers who develop the system,
as well as for the operators to control and
maintain the system, and it is easy to get the
information out of the system. DeltaV was
deployed on Microsoft operating systems
and off-the-shelf PCs, because in the long-
term, being able to use the ‘off-the-shelf’

—» FIGURE 3

The digital plant maturity model.
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embedded

would make things easier for automa-

technologies’ functionalities
tion engineers and production personnel.
DeltaV has embedded advance process con-
trol and a built-in ISA-S88 batch process
control infrastructure.

The overall DeltaV architecture is easy,
flat, and simple (Figure 4). Peer-to-peer ar-
chitecture with DeltaV is used, which is not
dependent on client server architecture. This
allows embedded nodes to publish informa-
tion, which can either be consumed by other
embedded nodes or consumed at the work-
station level, making system configuration
easy. DeltaV provides a single, integrated,
automated solution for immuno-oncology
subsystems, controllers, user management,
operations experience, advanced process con-
trol, and recipe management. DeltaV’s use
of a single database architecture means you
only have to go to a single application when
additions or modifications to your system are
required.

Data contextualization at the runtime level
is a large part of the DeltaV solution. The sys-
tem allows real-time alarm, event, and batch
data to be contextualized, making it easy to
share and store data in standardized databases
and use industry standard tools to move data

INNOVATOR INSIGHT

to higher levels within the system from an
MES and ERP perspective.

DeltaV’s integrated capability for meeting
electronic records management (ERM) and
data integrity requirements in process auto-
mation applications is described in a white
paper published in April 2017 [1]. This pa-
per explains the configuration requirements,
the real-time runtime environment, and the
historization requirements, and how DeltaV
complies to both US FDA 21 CFR Part 11
and EU Annex 11.

OPC-UA enables digital transformation
and allows embedded nodes to function as
OPC-UA servers that feed their data directly
into DeltaV. DeltaV can then feed that infor-
mation to third-party historians, cloud appli-
cations, reliability applications, and other an-
alytical tools to evaluate the data that has been
collected and harmonized at the DeltaV level.

Within the overall workflow, the DeltaV
system sits at Level 2 (Figure 5). At Level 3,
there is the laboratory information manage-
ment system (LIMS), and an MES such as
Emerson’s Syncade. At level 4, there is the
business network where the ERP systems re-
side, and advanced analytics and scheduling
can be performed and passed down in re-
al-time to the DeltaV system.

—» FIGURE 4

DeltaV architecture.
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SECTION 3: Krish Roy discusses
the quality control in automation in
cell therapy manufacturing, & cell
manufacturing of the future

Quality-by-design-driven scalable
manufacturing of therapeutic
cells

From the discovery-centric perspective, cell
therapy is thought of as an interaction be-
tween multiscale dynamic complex systems.
The starting material is highly variable and
highly dependent on prior therapies, as well
as the age, sex, lifestyle, and environment of
the patient (and the donor, in the case of allo-
geneic cell therapy). The material is used in a
complex manufacturing process in which any
manipulation impacts the properties and po-
tentially the function of the cells. The prod-
uct is hugely complex compared to anything
the biopharmaceutical industry has ever
manufactured before. Furthermore, once the
engineered cells are delivered to the patient,

the patient’s own microenvironment shapes
their properties, behavior, and function.

The complexity from the basic donor side
to the patient side poses a tremendous data
challenge. How to create models to predict
whether particular cells are going to be func-
tional in a specific patient with a specific dis-
ease remains a mystery. This is where digitiza-
tion, data integration, and data processing are
of tremendous value.

There are two key areas where large data
processing and integration, and thus digi-
tization, are needed. Firstly, in the identifi-
cation of critical process parameters (CPPs)
and monitoring of early quality attributes of
the manufacturing process to ensure a con-
sistent, reproducible product within specific
parameters. Secondly, in the identification of
the multivariate parameters of a product that
are the most predictive of patient outcome.
Both require an understanding of data ma-
nipulation, analytics, data sciences, and data
collection for very large data sets.

—» FIGURE 5

Purdue model for process suites to business systems integration.
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In-line or at-line process & product
analytical technologies

In- and at-line process analytical measure-
ment testing and product quality control
(QC) will be the future of the cell manufac-
turing industry. Right now, processes are very
fixed and recipes are repeated, despite the
starting material being so varied. (Even for
allogeneic therapies, the starting material will
differ from donor to donor).

In-line or at-line process analytical technol-
ogies during R&D and process development
allow discovery of early product critical qual-
ity attributes (CQAs) to predict end-product
quality, and discovery of CPPs that control
end-product CQAs. During manufacturing,
process analytical technology (PAT) allows
the early identification of batch failure, moni-
toring of microbial contamination, and mon-
itoring of CQAs and CPPs to ensure optimal
CMC compliance. Feedback controls, data
management, data integration, and digitiza-
tion become critical.

Cell manufacturing of the future:
product is the product

In this vision of the next generation of cell
manufacturing, the product is the product,

INNOVATOR INSIGHT

rather than process being the product. Within
the next decade, bioreactors should have mul-
tiple sensors and measurement tools, and dig-
italization and data input will become critical
in supply chain management and logistics.

The field will see digital models of both a
centralized and a distributed cell manufactur-
ing network, and capacity planning tools that
select the optimal locations and manufactur-
ing capacities. Impacts of reagent supply dis-
ruptions and labor shortages on patient access
and capacity utilization must be considered.
A hybrid cost model including activity-based
costing and parametric costing will be need-
ed. This will be used to assess cost implica-
tions and return-on-investment of technolog-
ical innovations. Data-driven manufacturing,
PAT, supply chain management, artificial in-
telligence (AI), machine learning (ML), and
automation will all be critical elements to be
integrated within the digitalization and digi-
tal infrastructure process.

Data infrastructure needs to be layered
into both the physical and the human infra-
structure, alongside the need for an integrat-
ed conduit between the three that includes
sensor-controlled automation, a collabora-
tive environment between industry and ac-
ademia, preclinical data, pilot manufactur-
ing, predictive analytics, and supply chain
understanding,.

REFERENCE
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Ask the experts

Elisa Manzotti speaks to (from left to right) Sean Chang, Bruce Greenwald and Krish Roy,
who answer your questions about how a fully automated cell therapy manufacturing
process that addresses digital connectivity and instrument-to-instrument compatibility can
increase quality of the final product and reduce manufacturing failure rates.

How does DeltaV provide data integrity for
configuration data?

BG: DeltaV contains a tool known as version control audit trail (VCAT). VCAT
allows us to version every object in the configuration database. Every time someone needs to
make a change, that object is checked out, the change is made, the object is checked back in,
and a new version is automatically created. From a management perspective, you can see each
of the different versions and who made the change. You can also compare the versions both
visually and textually automatically using the VCAT tool for validation and management of

change requirements.

How would digitization and end-to-end data integration help
accelerate development of cell and gene therapy (CGT) products?

KR: It would help in multiple ways. In the scientific lens, it starts at the discovery
and process development stage, where you can look at large datasets and create decision pro-
cesses about quality attributes and clinical process parameters. This leads to interfacing with
clinical trials and understanding mechanisms of action and the critical quality attributes that
are predictive of patient outcomes. Integrating process analytics, supply chain data, and cost
modelling components would greatly improve the process and the product quality and repro-
ducibility, reduce batch failures, and drive down cost.

I remember listening to a talk by the former president of Intel, whose processes are incredible.
They have been making microchips for decades now. They have a process model, and data for every
manufacturing run is fed back into the process model to further improve it. We do not do that in

the biopharmaceutical industry anywhere. We need to make that move towards full digitization.
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Can Thermo Fisher’s instruments connect to other non-DeltaV
DCS systems?

SC: Yes. At Thermo Fisher, we make sure all our cell therapy instruments will be equipped
with the OPC-UA which is the standard interface to allow this instrument to exchange data
with other platforms or control systems. With OPC-UA, the Thermo Fisher instrument has
the capability to connect to other systems.

However, the ‘off-the-shelf” product I introduced only provides the codes to directly connect
to DeltaV. If the customer wants to connect to other DCS systems from other vendors, there
is some software engineering that the customer will need to figure out with those vendors.
Themo Fisher can provide support by providing the OPC-UA document manual or related

information from the instrument support teams.

With the connections to other levels within my organization, how
does DeltaV manage cyber security?

BG: DeltaV can provide a bubble around your entire control system. We are com-
pliant and allow end users to achieve ISASecure SSA Level 1 certification for their control sys-
tem from a cyber security perspective. The up and out communications go through our secure
Emerson smart firewall. Using industry standards like OPC-UA, we also have web services

tools that will be used for connecting to the ERP or MES layers.

What areas do developers and vendors working on digitization
need to pay attention to?

KR: When | see folks working on digitization, a lot of focus is on the manufac-
turing and GMP end. That is great, but we need to bring this concept down to the discovery
and product development sides. Digitization needs to start much earlier if we are to understand
CQAs and how product behaves under different manufacturing scales.

We are an academic consortium of eight or nine universities, and one of the things we are
trying to do is create digitization in each laboratory. This feeds into a cloud platform and allows
us to do analytics, bringing the power of many experiments together to make decisions and
understand the data and manufacturing variabilities better. Vendors are not there yet, but that
is where the biggest long-term impact in the cell and gene therapy field will be.

By the time we have the process transferred to our manufacturing, we are too late. It takes
many years for the company to then identify quality attributes, critical process parameters and
MOAEs. If we can bring that process up, even to the graduate student level, we will be much

better off.

Does Thermo Fisher Scientific have other 21 CFR Part 11 compliant
software solutions without a DCS system?
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SC: All of our cell therapy instruments have another standalone software prod-
uct to support 21 CFR Part 11, or any regulatory requirements in terms of the digital
integration. We call it the Security, Audit and Electronic signature (SAE) solution. We use
the same interface and functions of the existing REO software, but further support the security
settings, audit trails, and e-signature functions. It is a great start-up solution for a customer

who does not have a DCS system.

Why connect to DCS and not to MES?

SC: At Thermo Fisher Scientific, we believe in providing comprehensive digital
integration to customers. We believe in the DCS layers supporting, managing, and operat-
ing instrument layers, and supporting data integrity. We want to follow the architecture of this
digital integration, so right now, we are mainly focused on connecting the DCS to instrument

layers.

BG: As previously mentioned, having a harmonized layer between the MES and
the field instruments in the unit operations provides a common interface. It can also
automate a lot of the tasks built into their implementation with DeltaV, as opposed to having

MES and unelectronic workflow instructions that are only partially automated.

Within the DeltaV, what is the feedback loop timeframe?

BG: From a closed loop control, it is as fast as 25 milliseconds from a modular
execution perspective. With the interface to unit operations at the Thermo Fisher Scientific
level we were performing supervisory control, which typically would execute in the one-second
timeframe. DeltaV is acting as supervisory control, passing down commands, and then the

Rotea and other devices are doing the heavy lifting.

How soon will the Thermo Fisher digital platform be available for
cell and gene therapy manufacturing operations?

SC: The first module to connect Rotea to DeltaV will launch in early Q2 of 2022.
We have five different modules to connect to DeltaV that will be launched at different times.
However, once you purchase one, you get access to the connectivity of all five different software

modules. The newer modules will be released as an update of the whole software solution.

Do you see the field moving to in-line testing, and will technology
make this possible?
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KR: We need to bring in in-line or at least at-line process testing - it is unreal-
istic to have all in-line, but we should have rapid at-line process testing at least. As
we move into more complex products, especially induced pluripotent stem cell (iPSC)-derived
products where the manufacturing timeline is four to eight weeks, you cannot just rely on end
of process testing. It does not make business sense, let alone scientific sense.

We should start with the existing technologies for pH, glucose, and lactate. But most of the
sensors on the market today were developed for other purposes and do not fit our purpose for
cell and gene therapy — here needs to be significant innovation in this space. I think optical
sensors have a lot of potential here. Most of the work we are doing at the moment involves
multiplex measurements with wireless data transmission capabilities, with those two elements
combining for a process control capability.

Especially in the autologous setting, our input — the raw materials, the cells — is different
every time we manufacture something. Each time we manufacture something, if we put it in
the current fixed and uncontrolled process, we will inevitably end up with a different product.
In-line testing is a way to be able to understand what a product is going through, where it is
going in terms of its differentiation and expansion process, and to allow tweaking to get con-
sistent product parameters. In that sense, PAT is one of the most critical things that we can

pursue as a field.

What is the data historian used by the DeltaV platform?

BG: There are three different types of data and data historian. For continuous
data, we have our DeltaV continuous historian. For any alarms and operator events, we have
a sequel based, which is an OPC-alarm and events (A&E)-based database. A third separate
database is the batch historian, which is sequel-based for all batch information automatically
collected within DeltaV. Those three databases comprise the historians within DeltaV, and
then provide views, OPC-historical data access (HDA), and OPC-UA to remotely query

information.

Most cell and gene therapy innovation occurs in small organizations
that will not have access to these tools for a decade or two. How
should we effectively manage innovation and product process
development in this context?

KR: This is why | advocate heavily towards collaboration with academia and
government laboratories, that are also focusing on this mission. There are a number of
existing consortia. Many of our industry partners want to collaborate and extend their capa-
bilities and reach because not everything can be done in-house, especially for small companies
and businesses. We just signed a contract with NIH to become an in-depth cell characteriza-

tion hub for their medicine innovation program trials. This kind of consortium partnership
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is critical, especially for small and medium businesses, where they do not want to build these

capabilities in-house.
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Rapid translation of a cellular therapeutic from research to clinic

Ashish Patel, PhD Clinical Senior Lecturer & Consultant Vascular & Endovascular Surgeon, The National Institute for Health Research (NIHR) Guy’s & St Thomas’ Biomedical Re-

Cell therapies face regulatory and manufactur-
ing challenges long before they are accessible to
patients. Even as therapies prove effective and safe,
raw material and manufacturing decisions made
during early development can either stall progres-
sion or rapidly accelerate it.

Utilizing scalable manufacturing processes and
translation friendly raw materials during product
development of MSCs and extracellular vesicle
(EV) therapies will enable cell therapy developers
to accelerate leading candidates into clinical trials,
ultimately enabling more curative treatments to
reach patients.

CELL-BASED THERAPY
MANUFACTURING
PROCESS DEVELOPMENT

Developing a cell-based therapy manufacturing
process requires varying focus and expertise, as
demonstrated in Figure 1. The critical quality,
scale and expertise needs change as developers
move from research and development (R&D) to
product development, to clinical implementation.
There are key development requirements that
can accelerate programs through this journey are
described in Figure 2.

RoosterBio Cell and Media Systems are
engineered to make mesenchymal stem cells
(MSCs) and extracellular vesicles (EVs) easy to
establish within new programs, and easy to scale
for product and process development (Figure 3).
The overall goal is to make MSCs and EVs easy

search Centre (BRC) and Joseph Candiello, PhD, Senior Product Manager, RoosterBio Inc.
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to translate into the clinic. Strategically choosing ~ Development grade materials with cGMP analogs  Fjgure 2. Key requirements in rapid translation of a product

the right supply chain partner can remove years backed by regulatory packages support a seamless
of time and millions of dollars from standard transition from pharmaceutical product develop-
product development timelines. ment (PPD) to the clinic.

INDUSTRIALIZED SUPPLY CHAINS &
RAPID TRANSLATION

An industrialized supply chain can enable rapid

THE MONACO CELL THERAPY TRIAL:
A CASE STUDY

translation of a cellular therapeutic in a number Initial results from the MONACO study

of ways. Where possible, leveraging ‘off-the-shelf”  (Momnocytes as an Anti-fibrotic therapy after

products with built-in processes will reduce COVID-19), which uses RoosterBio Cell and Biggest
development timelines. This is because reducing ~ Media Systems in MSC production, have challenges
internal resources in cell manufacturing allows a been encouraging and signal towards efficacy.
more targeted focus on your IP. Building manu- RoosterBio’s “off-the-shelf” solutions enabled
facturing scalability into process development is of  regulatory compliance as well as rapid translation,
great importance, as process development is cycli- ~ which were critical in meeting the escalated need
cal. Scalability will enable a smooth transition to ~ for COVID -19 treatments. With encouraging
larger lot sizes, thus rapidly accelerating therapeu-  clinical data and a robust, scalable manufacturing
tic program development. High-quality fit-for- process, Dr Ashish Patel is now working towards a
purpose materials can reduce regulatory hurdles.  large Phase 1b/2a trial.

Therapeutics and

\ Products

1. Large quantities of well characterized, consistent starting materials

2. RUO raw materials with GMP analogs and regulatory support
packages for seamless transition to 1t in human testing

3. Raw materials with built- in scalable manufacturing processes to meet
pre-clinical through clinical yield requirements

PAOA O
( Clinical Trials

Figure 1. Industry standards in the cell-based therapy manufacturing process Figure 3. Typical timeline vs. timeline with RoosterBio Cell and Media Systems
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Supply chain efficiency and sourcing for scaling your gene
therapy operation

Celine Martin and Don Young

Scale-up for clinical and commercial gene therapy manufacturing impacts both process and operations. In the wake of SARS-CoV-2, supply chains have been
significantly challenged and raw materials are in short supply. As the potential of gene therapies is being realized, long-term sustainable manufacture needs

to be considered.
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Manufacturers of viral vector-based
gene therapies implemented a sin-
gle-use strategy early when setting
up new manufacturing facilities.
However, format, packaging, ship-
ment, and storage are all key ele-
ments to ensure efficient operations
and mitigate supply chain disruption
risk moving forward. Moving from
standard media and single-use tech-
nologies to configurable solutions
will help future sourcing and increase
operations performance.

Thermo Fisher Scientific offers a
number of configurable packaging
and mixing technologies, alongside
various cell culture media formats.
These configurable solutions solve
many problems in manufacture scale-
up, such as logistical space manage-
ment challenges.

CONFIGURABLE PACKAGING
There are many BPC design options
including varied tubing, connectors,
and clamps. BPC totes (Figure 1) are
important for ease-of-use and han-
dling. Reusable outer support con-
tainers hold liquid-filled BPCs.
Thermo Fisher Scientific has the
largest and only truly networked sin-
gle-use manufacturing organization
in the world. The network approach
consists of 5 networked sites, 7 re-
gional assembly centers for manufac-
turing redundancy, and 3 Centers of

Figure 1. BPC totes.
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Excellence. We work closely with our
customers to troubleshoot or inno-
vate to find a way to meet even the
most unique requirements.

CELL CULTURE MEDIA

When it comes to media, choice of
format is key to both increasing ef-
ficiency and de-risking the supply

Figure 2. Media format pros and cons.
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chain. Pre-made liquids, Advanced
Granulation Technology (AGT), and
dry powder media each have their
own pros and cons (Figure 2). How-
ever, dry formats are generally pre-
ferred for large-scale manufacture
due to their smaller footprint. Gib-
co’'s AGT format offers the advan-
tage over standard dry powder of a
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simplified, one-part media formula-
tion, as well as flexibility and stability
benefits.

MIXING TECHNOLOGIES

Choice of mixer should be dependent
on current and future process needs.
Thermo Fisher caters to a variety of
mixing needs (Figure 3). Consider-
ations include BioProcess Container
(BPC) deployment, room dimension,
temperature control, cost-benefit,
and scale-up volumes.

Your mission is our mission. As your
supplier, we strive to exceed expec-
tations and provide stability during
disruption so you can keep pace with
evolving market needs. This includes
offering end-to-end supply chain re-
siliency by investing in capacity, ca-
pabilities, and quality systems.
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What if we cannot increase our
storage space?

Celine Martin: When it comes to me-
dia, it depends on how your facility
has been designed. If a buffer or me-
dia preparation area has been built-
in, then going for dry format can save
space. If it has not been built-in, we
offer a GMP storage service that can
help you increase your storage space
while you develop other facilities.

Don Young: There is a program in
place known as Forward PO, which
is another way to maximize storage
space on site. We do not build or de-
liver until right before it is needed.
We work closely with the customer
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to plan a delivery date. We build 30
days beforehand, and the product
arrives 48 hours before it is needed
in the production area cleanroom,
ready for use.

How do you manage the
shortage of single-use plastic for
biopharmaceutical use?

Don Young: This challenge is
COVID-related. The choice of ma-
terials and suppliers is critical - we
encourage multiple sourcing. We en-
courage sourcing materials on a ma-
terial construction basis rather than
a specific part number. Rather than
supplying a specific filter, we would
encourage you to look at mem-
brane-based options to give longer
term flexibility in suppliers.
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POROS CaptureSelect AAVX Wash Optimization Study for Optimized Recovery

Jenny England, Thermo Fisher Scientific

and Purity of AAV6 Capsids

The growing use of AAV in the field of gene therapy has emphasized the need for an effective downstream process to generate high titer, purity, and recovery of AAV capsids. Affinity purification shows great
promise to overcome downstream processing challenges due to its high platformability, productivity and scalability, and low complexity. This poster describes a wash optimization study for the POROS™
CaptureSelect™ AAVX affinity resin to identify optimized recovery and purity of AAV6 capsids from HEK293 cell culture.

A series of studies were carried out
to determine optimum AAVX wash
conditions. After loading onto the
AAVX resin, the impact of different
wash buffers on recovery and puri-
ty was tested. The conditions tested
included variations in pH, additions
of high and low salt, and the addition
of arginine.
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Figure 1. Manual steps required to perform Ella and ELISA immunoassays.
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Table 2. Experimental summary for combination wash study. Box shows additional steps.

Flow
direction

Column Residence
volumes time (min)

50 mM Tris pH 7.5+0.1 M NaCl 5 1
100

Step Buffer

Equilibration Downflow
Load

EQ Wash 1
Wash 2
Wash 3

EQ Wash 4

Elution

Clarified lysate Downflow
50 mM Tris pH 7.5+0.1 M NaCl
50 mM Tris pH 9.0+1.5 M NaCl
Variable

50 mM Tris pH 7.5+0.1 M NaCl

50 mM citrate pH 2.5 Upflow

0.00x10% 100 mM phosphoric acid

6 M Guanidine HCI
20% ethanol

Regeneration Upflow

Run 3: Run 5: Run 6: Run 7: Run 8:
50 mM Tris 50 mM Tris| 50 mM Tris| 50 mM Tris| 50 mM Tris 50 mM Tris| 50 mM Tris |50 mM Tris
pH 7.5 pH 7.5 pH 9.0 pH 9.0 pH 9.0

+0.1 M +0.25 M +1.5M +0.25 M
NaCl (D) Arginine NaCl Arginine

Run 9:
50 mM
citrate
pH 5.5

Run 10:
50 mM
citrate
pH 5.5

+15M

Run 11:
50 mM
citrate
pH 5.5

+0.25M

OPTIMIZING WASH
CONDITIONS

Cleaning upflow

R, W W R, R R R

Storage Downflow

The samples were first clarified with

diatomaceous earth (DE) and filtered
with a 0.22 um PES vacuum filter.

After clarification, samples were
loaded onto the POROS™ GoPure™
AAVX pre-packed 1 mL column. The
experimental steps are summarized
in Table 1.

Table 1. Experimental summary.

B Column load 2.42x10* | 1.70x10%* | 4.31x10% | 2.52x10%* | 4.03x10*®
1.80x10% | 1.48x10% | 3.41x10% | 2.27x10%" | 2.76x10%3

H Elution

A total capsid ELISA was used to
examine column load and elution
and determine the total % recovery,

Step Buffer

Equilibration
Load

Wash

Elution
Regeneration

Clarified lysate

Variable

50 mM citrate pH 2.5
100 mM phosphoric acid
6 M Guanidine HCI

20% ethanol

Cleaning
Storage

@ CELL & GENE THERAPY INSIGITS

50 mM Tris pH 7.5+100 mM NaCl 5 1

Flow
direction

Residence
time (min)

Column
volumes

Downflow
Downflow
Upflow
Upflow
Upflow
Upflow
Downflow

3.21x10%
2.06x10%

1.35x10*
1.35x10*

shown in Figure 1. Tris at pH 7.5 or
9.0 with 1.5 M NaCl resulted in the
greatest recoveries. The addition of
arginine and the flow direction had
limited impact on recovery. Citrate
washes resulted in lower recoveries
than Tris, but recovery could be im-
proved by 25-50% with the addition
of 0.250 M Arginine.

Host cell protein removal was
achieved at an average log10 re-
duction value (LRV) of 4.5, indepen-
dent of wash buffer. Host cell DNA

Arginine
1.73x10%*
1.26x10%*

NaCl
4.70x10" 5.61x101 3.38x10%

241x10" 1.54x10™ 1.91x10%

removal showed a similar trend, with
an average LRV of 3.2 achieved in-
dependent of wash buffer.

COMBINATION WASH STUDY

The wash conditions with the best %
recoveries in the initial experiments
were selected for additional com-
bination wash purifications, with
three extra wash steps as outlined in
Table 2. AAV was eluted in a smaller
elution pool (1 column volume [CV])
with combination wash purification.

Approximately 80% recovery was
achieved, independent of the wash
buffer used. A ten-fold increase in
host cell protein was observed in the

KEY FINDINGS

elution for citrate versus Tris wash,
while similar levels of host cell DNA
removal were achieved for all wash
buffers.

e Tris at pH 7.5 or 9.0 with 1.5 M NaCl followed by a low salt wash re-
sulted in the greatest % recovery and host cell protein removal

e Citrate wash buffer resulted in the lowest recovery, but the addition
of 0.250 M Arginine improved the recovery by 25-50%.

e The combination of four washes results in a smaller elution pool vol-
ume (1 CV vs 2-3 CVs) compared with a single wash.

e An average LRV of 4.5 and 3.2 was achieved for residual host cell pro-

tein and host cell DNA removal.

For Research Use or further manufacturing, not for diagnostic use or direct administration in humans or

animals.
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VECTOR BIOPROCESSING

INNOVATOR INSIGHT

From cells to purified capsids:
How to develop a scalable
rAAV process

Asa Hagner McWhirter

Adeno-associated viral (AAV) vectors are widely used for gene therapy, with multiple sero-
types and several different synthetic capsid variants targeting different tissues. The number
of AAVs in clinical trials has increased over recent years and the serotypes primarily used
have changed, from AAV1 and AAV?2 initially to AAV8 and AAV9 today.

Cell & Gene Therapy Insights 2022; 8(3), 611-620
DOI: 10.18609/cgti.2022.094
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Within our AAV process at Cytiva, on the
upstream side, we use triple plasmid trans-
fection and HEK293 cells in suspension and
AAV expressing green fluorescent protein
(GFP) as a model system. We use scalable,
single-use bioreactors. In the downstream
process, steps include cell lysis and DNA
fragmentation, clarification, concentration
and buffer exchange, capture, polishing, for-
mulation and finally, sterile filtration. We

www.insights.bio

have a large analytical package including
various assays for infectious virus titer, total
virus titer, and viral genome (VG) titer. We
also utilize different assays to measure full/
empty ratio of samples and host cell impuri-
ties, and for vector characterization.

This article describes the production and
purification process of several AAV sero-
types and the optimization of each process
step, with a particular focus on ensuring
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high overall yields of full capsids, emp-
ty capsid reduction, and efficient impu-
rity removal. We will explore common
pitfalls for rAAV processing and ways to
overcome the challenges presented. We
will also discuss how full/empty AAV cap-
sid separation for AAV2, AAV5, AAVS,
and AAV9 serotypes can be significantly
improved with a single chromatography res-
in and one protocol.

UPSTREAM CELL CULTURE &
VIRUS PRODUCTION

Transient transfection optimization

We used a design of experiment (DoE) ap-
proach to optimize and develop a new trans-
fection protocol for production of recom-
binant AAV5 (rAAV5). We confirmed that
DNA concentration affects vector genome
(VG) titer and percentage full capsids. As
DNA concentration increases, the VG ti-
ter also increases, whilst the percentage full
capsids decreases. This poses some difficul-
ty, because it is desirable to have both high
VG titer and high percentage full capsids.
In order to balance these variables, we used
0.75% pg/mL of DNA. We also discovered

that a short incubation time of the transfec-
tion mix prior to application to the suspen-
sion cell culture significantly increased the
% full capsids.

Based on our DoE results, we developed a
workflow for rAAV5 production. The trans-
fection parameters we selected included a
viable cell density of 1x10° cells/mL, a poly-
ethylenimine (PEI) transfection reagent in a
2:1 ratio with DNA, a transfection volume
of 5% of total volume, and an incubation of
15 min at room temperature with a DNA
plasmid ratio of 1:1:2 (rep/cap:helper:trans-
gene GFP).

AAV production in a single-use
bioreactor

We performed three 10 L rAAVS production
runs in a stirred tank bioreactor, which were
reproducible both with VG and viral particle
(VD) titers. The percentage full capsids were
all above 10%.

As can be seen in Figure 1, this AAV pro-
duction process is scalable from 20 mL to
25 L and is consistent across various AAV
serotypes. We reached approximately 10'
VP/L and 10" VG/L. The range of percent-
age full capsids was 10-40%.

—» FIGURE 1

Scalable process for rAAV production.

1%10%
1x10™ -
1% 10 —
1x 10 -
1% 108 -
1% 10° -
1% 10* -

Viral particles (VP/L)

1% 107 1
0 -

Shake flask

The same transfection protocol was used for AAV2, AAV5, AAV8 and AAV9. Similar titers were obtained in
Shakeflasks (20 mL-2 L) and single use bioreactors (3-25 L).

m AAV2
m AAV5
m AAV8

AAV9

WAVE™ 25/XDR-10 bioreactor
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DOWNSTREAM PURIFICATION
PROCESS

Harvest & filtration

To develop the purification process for recom-
binant AAV5, we firstly considered the harvest
and filtration steps. The harvest was completed
by cell lysis, DNA fragmentation and clarifica-
tion, using Tween™ 20, followed by nuclease
treatment directly in the bioreactor. Filtration
was performed with three different filter cap-
sules. We achieved recovery of up to 80% over
the harvest and clarification steps. Concentra-
tion and buffer exchange was completed by
tangential flow filtration using hollow fibers.
We achieved efficient impurity removal with
low loss of virus using 300 KDa molecular
weight cut-off (MWCO).

We performed affinity capture chromatog-
raphy with the Capto™ AVB, HiTrap™ col-
umn. The elution was different for AAV2 and
AAVS5, with AAV5S recovery being negatively
affected by salt in the elution buffer, and we
used a lower elution pH compared to AAV2.
However, using the respectively optimized
protocols the performance was similar, with
a recovery of up to 90%. The binding ca-
pacity was 2-5x10" VP/mL with a 100-fold
or higher concentration. Even without salt
in the eluate, we confirmed with analytical
sequencing that aggregation was below 1%.

Full/empty capsid separation

The resultant highly concentrated, pure AAV
sample, containing both full and empty cap-
sids, required a polishing step using jon ex-
change chromatography to reduce the emp-
ty capsids. Full capsids have a lower pl than
empty capsids (5.9 versus 6.3 on average), and
this charge difference can be used in anion or
cation exchange with salt elution to separate
the capsids. In our experience, anion exchange
is preferable for this process. At higher pH,
the net charge is negative, and the less-charged
empty capsids will elute first in a salt gradient.

During anion exchange to reduce emp-
ty capsids for AAV5, we discovered that the
MgCl, concentration was critical for the

Cell & Gene Therapy Insights - ISSN: 2059-7800

separation. We used bis-tris propane buffer at
pH 9 to compare the separation results using
0, 5, 17, or 20 mM MgCl2 at a constant con-
centration, and then applied a linear NaCl gra-
dient. We identified that high concentrations
of 15-20 mM of MgCl, were optimal to max-
imize separation.

The final protocol we used for scaling up the
AAV5 polishing step with Capto Q ImpRes
resin to 51 mL HiScale™ column is shown
in Figure 2. We used 20 mM tris pH 9 with a
constant 18 mM MgCl, concentration and a
linear NaCl gradient up to 200 mM.

The empty capsids eluted in an elution hold
step with 18 mM MgCl, before the linear
NaCl gradient, in which the full capsids elut-
ed.. VG recovery was measured using quanti-
tative PCR (qPCR). The capacity was approx-
imately 1-3x10" VP/mL resin.

We achieved approximately 60-70% VG
recovery and 40-65% full capsids. The re-
sult varies depending on the fractions that are
pooled, as there is a tradeoff between VG re-
covery and percentage full capsids.

From our three repeated 10 L AAV'5 process
runs, we saw virus titer results of approximate-
ly 10" VP/L in the final samples. Percentage
full capsids was determined in three different
ways: qPCR/ELISA, qPCR/surface plasmon
resonance (SPR), and anion exchange chro-
matography (AIEX) high-performance liquid
chromatography (HPLC). The result varied
depending on the method used, ranging from
42-71%. Regulatory purity targets were met,
as the host cell protein (ELISA), host cell DNA
(qPCR) were below 100 ng and 10 ng per dose
(10"'-10" VG) respectively, and residuals lev-
els (nuclease and Tween 20) were below the
limit of detection.

IMPROVING THE AAV
POLISHING STEP

Dextran extenders and MgCl,

We further explored the AAV polishing step
to attempt to improve the percentage full
capsids and VG recovery.
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We found that dextran extenders enhance
full/empty capsid separation (Figure 3a).
Without dextran extenders, the peaks over-
lapped. When present on the resin, the dex-
tran extenders enhanced the separation of the
peaks. We also found that higher constant
concentration of MgCl, also enhanced the
separation and resulted in earlier elution and
base line separation (Figure 3b).

Next, we wanted to investigate isocratic
step elution with NaCl at high constant con-
centration of MgCl2 (Figure 4).

MULTI-SEROTYPE PROTOCOL
FOR POLISHING WITH CAPTO Q

Capto Q (with dextran extenders) equilibrat-
ed with 20 mM Na-acetate, pH 9 containing
2 mM MgCI2 (buffer A) and after sample
application (up to approx. 10”VP/ml res-
in and conductivity 1-3 mS/cm) a buffer B
containing 250 mM Na-acetate was used to
elute empty and full capsids respectively. To
identify the optimal elution conditions for
all serotypes studied (AAV2, AAV5, AAVS,
and AAVY), a pre-screening procedure with

5% B buffer incremental steps was performed

DOI: 10.18609/cgti.2022.094

(Figure 5). This enabled the selection of the
%B for the first elution step in the final 2 step
protocol. The % B buffer at which the first
empty peak eluted was selected for elution
step 1, eluting the empty capsids, followed by
the second elution step with up to 100% B
buffer to elute the full capsids.

The final protocol that was selected for all
serotypes is shown in Figure 6. Between all four
serotypes, we saw variation of the optimal %B
buffer for step one. The data show the binding
strength to the anion exchange resin as follows:
AAV2 > AAV5 > AAVS > AAV9. AAV9 bind-
ing was the weakest, seen by the decreasing %
B buffer required to elute the empty capsids.
40% B buffer was required for eluting AAV2
empty capsids and only 5% B buffer was need-
ed to elute AAV9 empty capsids.

Step one is prolonged over 20 column
volumes, to maximize the elution of emp-
ty capsids before the elution of full capsids.
This protocol can be used for most capsid
types including engineered variants, if the
pre-screening procedure is firstly used to de-
termine the exact %B buffer needed for the
step 1 eluting the empty capsids. The UV
ratios indicating the full to empty capsid




—» FIGURE 3

Full/empty capsid separation with Capto Q using isocratic step elution.
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a) Full/empty capsid separation, without (Capto Q ImpRes) and with (Capto Q) dextran extenders at 2mM MgCl,. b) Full/empty capsid separation

with Capto Q, with dextran extenders, at 2 or 18 mM MgCl,.

ratio have also been confirmed with qPCR
and ELISA. The results are summarized
in Table 1.

ANALYTICS

Analytics are critical for a successful AAV
process development and manufacturing
but time consuming. Knowledge about the
detection range is needed to know the com-
patibilities with samples of different concen-
tration. Assay variation, including inter- and

Cell & Gene Therapy Insights - ISSN: 2059-7800

intra-assay reproducibility, is required in or-
der to know if and how small differences in
the result may be significant and/or reliable.
Controls and references should be included
in every analysis run to determine accuracy,
and any assay inhibiting or enhancing effect
from the process buffers must be checked to
minimize matrix or sample buffer interfer-
ence. Orthogonal methods for full and empty
capsid analysis are also critical, as qPCR and
ELISA ratios can be variable. Finally, any sim-
plification and/or automation where possible
will reduce throughput time. We recommend
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—» FIGURE 4

Full/empty capsid separation with Capto Q using isocratic step elution.
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Capto™ Q, Tricorn™ 5/100 column, 2 mL
A: 20 mM BTP pH 9.5 and 18 mM MgCl,
B: Buffer A + 400m M NaCl

Isocratic elution steps (6CV) : 2.5%, 5%, 7.5% (10 mM NaCl increments)
Additives in buffer A and B: 1% sucrose and 0.1 % poloxamer 188

Using a step gradient, we achieved a UV ratio 260:280 of 1.25 in the second full capsid peak, indicating a high
purity of full capsids.

—» FIGURE 5

Capto Q pre-screening to select two elution step conditions. 100% B buffer contained 250 mM sodium acetate as elution salt.
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—» FIGURE 6

The final two-step protocol with baseline separation of full and empty for four different AAV serotypes.
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spending time for assay validation as it will fa-
cilitate process optimization and bring confi-
dence in the process quality and productivity.
We have developed antibody-based Biacore
SPR assays for AAV2 and AAV5, which are
compatible for AAV samples from cell culture
to final product. The assays are simple and easy
to use, with improved precision and a higher
degree of automation compared to ELISA.

SUMMARY

We have a scalable HEK293 suspension
cell culture AAV production process, with

animal-derived component-free medium in
single-use bioreactors. Our triple plasmid
transfection protocol shows high productiv-
ity of viral genomes and high percentage full
capsids, and is suitable for use with AAV2,
AAVS5, AAVS and AAV9 serotypes. We have
a scalable, start-to-finish AAV5 production
process and a polishing protocol with anion
exchange using Capto Q. Orthogonal meth-
ods determining percentage full capsids are
needed and we have developed reproduc-
ible, easy-to-use Biacore assays for AAV2
and AAV5. This start-to-finish AAV pro-
cess is suitable for large-scale, clinical-grade
production.

TABLE 1

Summary of final two-step protocol results with each AAV serotype.

sample
gPCR:ELISA | UV 260:280 \'/¢ qPCR:ELISA uv \/¢ qPCR:ELISA

(% full (peak area) recovery(%) (% full 260:280 recovery (%) (% full

capsids) capsids) (peak area) capsids)
AAV2 7-10% 0.75 NA NA 1.14 NA NA
AAV5 47% 0.65 7 5 1.20 80 100
AAV8 11-35% 0.60 3 1 1.24 80 95
AAV9 40% 0.63 0.3 1 1.25 91 100

Cell & Gene Therapy Insights - ISSN: 2059-7800
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Q&A with
Asa Hagner McWhirter

David McCall, Editor, Cell & Gene Therapy Insights, talks to Asa
Hagner McWhirter, Principal Scientist, Cytiva

ASAHAGNER MCWHIRTER holds a PhD in Medical Biochemistry
from Uppsala University in 1999. Asa has been with the compa-
ny since 2003, working as a Downstream SME, with a broad and
deep understanding biopharmaceutical application challenges in
the area of viral vectors and vaccines as well as general protein
purification and analysis.

How closely do the empty/full ratios via gPCR or capsid ELISA
correlate with the area under the curve (AUC), and other analytical
methods for determining empty/full ratios?

AH M: It is important to use more than one assay, because qPCR and ELISA
assays can vary. A ratio between them can give uncertain values, but you cannot use analyt-
ical ultracentrifugation or cryo TEM on all your samples during process development due to
high cost and long time to results. You need to do some selection of samples for those high-end
analysis. There are many different methods you can use to more quickly confirm those qPCR
and ELISA results, such as analytical anion exchange or size exclusion combined with UV

260:280 detection for example.
How do you determine infectious titer by flow cytometry?

AH M: This can be done using a cell-based assay that measures transduction.
The insert here is GFP. When the cells are transduced, GFP will be expressed. You incu-

bate different dilutions of your virus sample with the cells, detach the cells, and then run

them in flow cytometry. This allows you to quantify the GFP expression as a measurement

of the activity of the virus and give you a functional titer.
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Q Was the Capto Q protocol tested with any other AAV serotype?

AH M: Yes - we have collaborated with customers to try out this protocol, and
it looks promising. We definitely think that it will be possible for other serotypes, including

AAVG6 and engineered capsids. However, right now, the data is preliminary and has not yet
been published.
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Precisely for CGT: automating
aseptic filling for lowest volumes

‘...do not be afraid of digital
transformation. Follow the

opportunities that pharma 4.0 offer for
your process and facility.”

Roisin McGuigan, Editor, Bioinsights, speaks to
Barbara Fischer, Process Consultant, Single Use Support

Cell & Gene Therapy Insights 2022; 8(3), 403-408
DOI: 10.18609/cgti.2022.059

Q The number of approved cell and gene therapies is increasing.
However, prices remain incredibly high - from several hundred
thousand to millions of US dollars. What are the most important
factors to consider when looking to make significant cost savings?

B F: There are two major factors that could substantially contribute to lowering
the costs of producing regenerative medicines and gene therapies: automation and

e
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standardization. On one hand, standardization is essential. In cell therapies, for example,
scalable and reproduceable culture conditions are required to maintain cellular function during
ex vivo culture. Furthermore, large capacity automated bioreactor systems have the potential to
reduce costs effectively, particularly for allogeneic therapies.

Autologous cell therapies are by their nature currently mainly produced manually, in very
small-scale and in dedicated suites. Reimagining this process with clear regulatory framework
in the background could be an option to continue culturing the cells for other patients to reuse
them if they are suitable. In any case, CGTs require skilled and expansive personnel. Unfortu-
nately, manual intervention is amongst the leading causes for deviations, resulting in significant
delays of production, product release, or even batch losses. These points should be addressed by
the automation of processes, and I would also stress the importance of pharma 4.0 and digital

transformation. Standardized, replicable, and automated processes with high output lower costs.

What are the biggest hurdles that need to be overcome to address
the issues of standardization and scale-up, and speed up this
process?

BF: Currently, most processes are carried out literally as manufacturing, mean-
ing many steps are done manually. Standardization of process control and monitoring is
a key factor, and it starts with the effective monitoring of cells. Microscopic examination for
assessing morphological and functional properties of cell cultures is the routine method used
for the evaluation of cell cultures. I see a need for automation with the prerequisite of develop-
ing machine learning algorithms and artificial intelligence. In general, the higher the degree of
automation and digitalization, the higher the potential to own a standardized and controllable
process for all steps from cell bank to filling.

One hurdle may be the investment. As a manufacturer, you need to ensure the systems
you are using are scalable and flexible enough to meet rising demands and changing process
requirements when switching from one product or process to another. You must not only con-
sider the process flow and variable volumes involved, but also different monitoring points and
critical process parameters. It is a choice between investing time to find a suitable solution or
embracing the possibility of making additional significant investments.

For cell therapy products, it is essential to have robust cell lines that can undergo as many
divisions as is needed for large scale manufacturing. This must be addressed and tested during
development to avoid a rude awakening during scale-up or commercialization.

Another hurdle is time; finding the time to make a detailed plan as part of the development
process. This plan should include the potential of the product with respect to volumes and
batches per year, and the highest possible degree of automation. This does not only include
the process and equipment used but also primary packaging, considering all potential options
from vials to single-use bags. The question is: which of these primary packages are suitable for
all process steps and unit operations, and flexible enough to be used from early development to
scale-up? I see it as a bit like planning a kitchen or the configuration of a new car. You should

consider all the nice-to-haves from the beginning and then rate them with respect to criticality
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What specific trends are you
seeing currently in the selection

for all process steps and
unit operations, and flexible

of primary packaging? enough to be used from early

development to scale-up?” )

B F: Common container types used in l/

this sector include cryovials with screw

caps, plastic or glass vials, and single-use bags. Primary packaging needs to provide the
robustness and physical properties to ensure product quality and safety during multiple han-
dlings across visual inspection, labelling, packaging, cooling, freezing, and thawing. Containers
for drug product solutions in particular have to withstand a lot.

Each solution comes with its own advantages and disadvantages. For example, cryovials have
a long history, especially in master working cell banks, and are well known and convenient
when it comes to handling. Additionally, they are cost-effective, which may be linked to their
broad and year-long usage, that facilitates optimized production processes and a decrease in
prices. On the other hand, there are clear disadvantages. In most cases, operating with vials
means operating with open systems and increased potential for product contamination. Con-
sequently, they need to be filled in an isolator or a filling line situated in a conventional clean
room. Both are very costly with additional risks of deviations. Also, the vials have quite limited
volumes per dose.

On the other hand, we also see a constant increase in the usage of single-use bags in this area.
They also have clear advantages, such as their ability to operate in closed systems, customized
options, and the ease of adaptability to changing requirements of system setups. Usually, the
systems are designed to minimize manual interventions, thus preventing human errors which
can result in quarantined or even rejected batches. Unlike vials, there is no need to operate in
a clean room or isolator, minimizing tasks with respect to room requalification, specific mon-
itoring, and extensive cleaning and decontamination procedures. This in total leads to higher
throughput. Single-use systems are also more versatile, allowing scale-up and scale-out without
total redesign of the equipment — or even the facility.

On the other hand filling and draining of single-use containers requires specific equip-
ment, a one-time CapEx investment that should be considered. There is a clear trend towards
the usage of single-use bags in the biopharmaceutical industry. Manufacturers find this tech-
nology to be both agile and cost effective. Many newly-established facilities are designed
to be used with single-use technologies, and more and more are being reconfigured. This
technology has proven to be reliable, especially in the relatively new field of commercial pro-
duction of regenerative medicine and gene therapies, with high personalization and individ-
ualization. We are only at the beginning of a new era of therapeutic possibilities, and there
is an opportunity to implement these innovative processes using state of the art technologies

from the beginning.
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What are the key challenges and limitations when using single-use
bags in small volume manufacturing?

BF: Single-use bags that are filled with small volumes of 100 ml, 50 ml, or even
below 10 ml are available and easy to use. They are already in use, but mostly in 100%
manual handling. A challenge for manufacturers could be finding the right filling unit which
also provides the required accuracy.

So, what are the general requirements that a filling unit ideally needs to satisfy for filling
single-use bags? The system should be fully automated to provide a ‘plug and play experience’
for the operator. This includes not only the filling of multiple bags but also the sampling and
the sealing. Sealing especially can be tricky and time consuming when working with small vol-
umes. If the whole process is done by the system, then the operator only needs to push the start
button and come back when the filling is done to collect the bags. Automation comes with
standardization, repeatability, and traceability, substantially reducing variabilities.

Another requirement is to have a completely closed system. This is the best prevention
against contamination, and it also addresses costs. When a filling operation does not require a
conventional Grade A clean room but can be done in a Grade C or D clean room, it saves a lot
of resources for continual environmental monitoring and requalification. This also forces the
line to be idle from time to time, so throughput is increased with a closed single-use assembly
system that fills single-use bags while decreasing manufacturing overheads.

Last but not least, there is the issue of accuracy. CGTs are highly potent and filling volumes
are extremely low, and manufacturers need to be aware of the nominal filling values and accepted
ranges. When talking to a supplier, this should be addressed and stated in the user requirement
specification from the beginning, with state-of-the-art scales that communicate with a control

unit. Each single-use bag should be individually weighed in a controlled manner during the filling.

What are your top recommendations for manufacturers who are
transferring a process from manual to automized production?

B F: Start to make a realistic plan for scale-up, scale-out and varying demands as
early as possible. Engage the quality control teams, the operators, and the validation teams
early in the planning as they may be able to provide valuable input from their first-hand expe-
rience. Consider full automation from the beginning, including sampling, in-line monitoring
of process parameters or, for example, reaction to pre-alarms. Stay flexible by choosing modular

/\ yet scalable solutions that support your pro-

cesses with high accuracy at all stages.

/

My recommendation: do not be afraid of

““WNe are Oﬂ|y at the beginning digital transformation. Follow the opportuni-
of a new era of therapeutic

ties that pharma 4.0 offer for your process and

o § facility. Try to make your processes and facil-
POSSI bilities... ities fit for the present, and fit for the future.
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Precisely for CGT

Automating aseptic filling for lowest volumes

Manual handling for dispensing volumes less than T00mL into single-use bags has
never been the gold standard. There is now a reasonable way to turn your back from
manual operations and to enter a new filling experience for small volumes:
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Key factors in cell cryopreservation and impact on manufacturability of cell and
gene therapies

Robert Newman PhD, Chief Scientific Officer, FUJIFILM Irvine Scientific

There are three key factors in cell cryopreservation: the cryoprotectant, the buffered media, and protection from osmotic stress. Slow freezing of cryopreservation reagents and protocols
is of great importance to cell and gene therapies.

SLOW FREEZING PROCESSES

Most cell therapies utilize a slow
freezing process. Immune cell ther-
apies, such as use of mesenchymal
stem cells (MSCs), hematopoietic
stem cells (HSCs), T cells or natural
killer (NK) cells, require delivery of
100 million to a few billion cells per
dose. Somatic cell therapies such as
these require much larger volumes
of cells than embryonic or germ cell
therapies, which commonly under-
go flash freezing to avoid ice crystal
formation. With larger volumes of
cells, rate of heat transfer becomes a
challenge, and slow, controlled rates
of cooling (~10C/min) must be used.
Low levels of cryoprotectant are
used to minimize toxicity.

Cells dehydrate during the slow
freezing process, as illustrated in
Figure 1. Water flows out of cells,
and ice crystals form extracellularly.
Intracellular ice crystal formation is
detrimental to the viability of cells,
as the ice crystals can puncture the
cell membrane. Extracellular ice

@ CELL & GENE THERAPY INSIGI TS

crystals are less harmful to cell via-
bility. Dehydration during the slow
freezing process leads to a higher
concentration of salts on the inside
of cells which can be problematic.
Thus, cryoprotectant selection is
important.

CRYOPROTECTANT
FORMULATION SELECTION

There are two types of cryopro-
tectants: penetrating and non-pen-
etrating, as shown in Figure 2.

Figure 1. Cells undergoing the
slow freezing process.

!
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Water flows out

~-135°c

Extracellular ice
crystal formation
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Penetrating cryoprotectants, such
as dimethylsulfoxide (DSMO), enter
the cell through the lipid bilayer to
take effect. DMSO forms hydrogen
bonds with water and can take the
place of water to reduce the over-
all water content within the cell.
This reduces the freezing point of
the cells to help avoid ice crystal
formation. Non-penetrating cryo-
protectants are often low molecular

Figure 2. Cryoprotectant selection.
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Another major part of formulation
selection is the buffer, which pro-
tect against changes in pH caused
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nents that protect against osmotic
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stress are also included in the media
formulation.

TOTAL CELL COUNT

In addition to viable cell density,
total cell count is also important.
In Figure 3, the small-scale R se-
ries bioreactor shows 100 million
cells at day 13. The large-scale M
series bioreactor can scale-up to a
few billion cells. n:both examples,
no significant difference was seen

between DMSO-free and DM-
SO-containing media with respect
to cell expansion.

Having a DMSO-free solution is
a huge advantage to cell therapy
companies looking to move away
from some of the cytotoxic and
epigenetic effects that have been
reported in literature, including
changes in methylation patterns,
acetylation patterns, and chromo-
some structure.

Figure 3. Clinical-grade DSMO-free cryopreservation media for T cells.
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INTERVIEW :
A collaborative approach to cell
& gene therapy supply

chain management

David McCall, Commissioning Editor of Cell & Gene Therapy Insights, talks to
Anthony Johnson, Head of Supply Chain & Warehouse, Cell and Gene
Therapy Catapult

ANTHONY JOHNSON is an Operations leader with experience in
manufacturing, facilities, and supply chain management, with over
15 years experience in the pharmaceutical sector. Since 2021 Tony
has worked for Catapult Cell & Gene Therapy as Head of Supply
Chain & Warehouse. Prior to this he worked in Operations and
Manufacturing leadership roles, for GSK, Bio Product laboratories
and Catalent. He was responsible for leading teams in manufac-
turing of micronised respiratory and ODS API’s, IGG and CF blood
products and modified release technologies.

Cell & Gene Therapy Insights 2022; 8(3), 435-441
DOI: 10.18609/cgti.2022.064

Q What are you working on right now?

AJ: We have a little bit of a different setup at Cell and Gene Therapy Catapult,
in that we don’t actually manufacture any products ourselves. Instead, companies are
able to lease a module from us that allows them to start their clinical manufacture, and then get
themselves through to the point of commercial manufacture, where they have a product that

can go to market. The fundamental idea behind the Catapult is to enable these smaller biotechs
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to be able to grow in a more cost-effective manner, rather than having to establish their own
manufacturing facility.

When it comes to the supply chain side, apart from those goods that we have to purchase in for
our own use, our biotech collaborators will purchase all of their own materials and have their own
approved suppliers. Our role is to look after those materials for them within our own warehouse.

That in itself presents a number of problems, because the space we have is at a premium.
Our collaborators dont necessarily have a large amount of space allocated within our warehouse,
which means we have to operate on a ‘just-in-time’ basis. Consequently, a lot of our partners need
to have collaboration agreements with third-party logistics (3PL) companies — other warehouses
where they can store their items locally in much larger quantities, then call them off when they
are required. One of the things I'm working on at the moment is helping collaborators identify
the arrangements and 3PLs that would work best for them, talking their specific requirements
into consideration.

When materials are moved into the grade C cleanroom area, they have to go through various
cleaning steps. From a small biotech company’s point of view, you want your operators actually
manufacturing products, which is the value-add part, rather than spending their time cleaning
materials. Consequently, we are also engaged in working with a couple of local 3PL companies
on the preparation of cleanroom kits for our biotech collaborators.

The idea is these 3PLs will hold all of the materials for the collaborator. The collaborator will
then receive kits at the appropriate time based on their process requirements, which will contain
all of the materials they need for that particular stage of the process. These kits will have been put
together in a grade C environment and then hermetically sealed, so that upon receipt, rather than
having to clean each material down individually, the operators only need to clean the outside of
the bag before opening it and transferring the materials into the process. This means that a task
that usually takes around an hour to complete becomes one that takes about five minutes. We
are currently working with a couple of sample kits that have been provided to us by collaborators
with the specific materials they need. We are at the stage of getting those kits made so that we
can trial the process, and do some sampling regimes to make sure they are fit for purpose from
a cleanliness/contamination perspective. If they pass this test, we will aim to have these kits in

place for a couple of our collaborators in April

of this year. ]\

K

Your career path took you to “The fundamental idea
behind the Catapult is to

a number of different sectors
before you joined Cell and Gene

Therapy Catapult - what drew enable these smaller biotechs

you to the cell and gene therapy to be able to grow in a more
cost-effective manner, rather
than having to establish their
2006, and | kind of fell into it by chance. own manufacturing facility.”

space’?

AJ: | started in pharmaceuticals

However, I found that I enjoyed the challenges \_

_/
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it brings — the difficulties you have to overcome around regulations, for instance. I've worked
in several different subsets of the pharmaceuticals space — modified release technologies in the
form of lyophilized tablets, blood products (which has some similarities to cell and gene thera-
py), micronization of respiratory products, and natural API manufacturing.

There were a few things that really stood out to me when the opportunity to work in cell
and gene therapy arose. Firstly, the thing I like about working in pharmaceuticals generally
is that the products you are making actually matter to someone — that what you're doing ac-
tually makes a difference to someone at the end of the supply chain. I had mainly worked in
manufacturing of products that you could say were ‘nice to have’: they do make differences in
people’s lives, but you can live without them or find an alternative elsewhere. Here, we enable
our collaborators to make patient-named batches that will truly change someone’s life, or save
it, in many cases. That in itself is quite a draw to this field.

I also love the science around pharmaceuticals, and cell and gene therapy is right at the cut-
ting-edge of medical innovation. And thirdly, I had always mainly worked in manufacturing
and operations background roles, and this was my first role that really focused on supply chain
and specifically looked at working with collaborators, which is quite a different model in itself.
There is a lot of relationship building and influencing you need to do in order to achieve your

end goal, which is not necessarily the case in other sectors.

What is your take on the key challenges that cell and gene therapy
specifically presents to supply chain management?

AJ: | think there are several special challenges this sector and this role bring with
them. One is that our collaborators tend to be very highly risk averse. For example, when you are
running a supply chain for a normal grade C cleanroom environment, there wouldn’t necessarily
be as many sterile items required in the way of gowning, gloves, etc. Most people would go for the
option that meet requirements and is most cost effective, which is generally a non-sterile option.
However, from my experience in cell and gene therapy, our collaborators want to treat the clean-
room areas almost like aseptic filling suites. It’s perhaps not quite to the same extent, but certainly,
they want to have sterilized and irradiated gowns and gloves. They want to keep the areas as clean
as possible, so that there’s no chance of any potential contamination. Also, because we have differ-
ent collaborators working in the building with different products, there is much greater concern
over the risk of cross-contamination. In most cleanroom environments, you would typically re-use
gowns for a full day, but in cell and gene therapy, the strategy we have around cross-contamination
dictates that gowns are discarded to be either re-cleaned or disposed of after every single use. So the
sheer volume of waste we generate because of this cautiousness is a challenge.

Another issue, which stems from the fact that this is still a relatively nascent sector, is that
there are not necessarily a lot of manufactures out there that make the materials and consum-
ables you need. This makes your portfolio of potential suppliers much smaller and less diverse.
And because this is a rapidly growing sector, you have a lot of other companies going to those
same suppliers as well. The suppliers are trying to build their capabilities and capacity to be able

to meet demand, but you do find the lead times for a lot of items are very long. In the UK, that
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“...the fact we use the same PPE consumables as hospitals and
other stakeholders battling the pandemic is one of the biggest
issues we have faced through the COVID era”

/

particular issue has been exacerbated by Brexit, so obtaining things like plastic consumables
has become more difficult.

The extended lead time for items is probably the biggest thing, for me. It makes it really
important to have a good forecast and identify what you need as far in advance as you possibly

can. You also need to try to keep waste to a minimum.

Q Where specifically are the greatest pressure points in cell/gene
therapy materials supply at the moment, from your own experience?

AJ: It's mostly fairly basic items like pipette tips, sterile gloves, sterile disposable
gowns. We have actually switched recently to laundered gowns because of the difficulty in
sourcing disposables. That seems to be more of a COVID-related issue. And as I mentioned,
plastic consumables — tubing kits, for instance — are the items that are probably the most dif-
ficult for our collaborator cohort to source currently. We are working together to try to enable
multiple collaborators to pool their buying power — this will make the contracts more mean-

ingful to suppliers and therefore, more likely to be fulfilled in a timely fashion.

Q Are there any other particular issues that the COVID-19 pandemic
has presented, and can you tell us more about how you have gone
addressing those issues?

AJ: Obviously, the fact we use the same PPE consumables as hospitals and oth-
er stakeholders battling the pandemic is one of the biggest issues we have faced
through the COVID era. That does seem to be a problem that is now dissipating now.
However, there are still problems for supply chain — for example, you might be reliant on a
particular item coming from another country, but if that country’s pandemic response dictates
that they require that same item themselves at any point, they will basically stop exporting it.
Our approach to addressing that particular challenge has been to look at all of our processes,
and take a more pragmatic approach to what is required and where. For example, if we see
that we don't really need sterile items for a given application, we will put a non-sterile version
in. I mentioned the shift to laundered gowns earlier, which is another example of this sort of
approach. (Laundered gowns bring other benefits, including being generally better for the
environment, costing less, and also increasing the robustness of the supply chain because you

have a contract with a provider that they have to fulfil on a weekly basis).
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You have mentioned Brexit already - can you expand on its
repercussions as you have experienced them?

AJ: To be perfectly honest, Brexit is becoming less and less of a problem as peo-
ple get their heads around what to do. It was a strange situation from the outset because
COVID-19 and Brexit hit at more or less the same time, which meant that it wasn’t necessarily
clear which one was causing the bigger problem. You just had to firefight. Building any robust-
ness into the supply chain and trying to do some meaningful forecasting has been tremendously
difficult over this period, because there just hasn’t been a stable foundation from which to work.

I would say that it’s probably only from the beginning of this year that we have started to
see stability returning to the sector, and it's coming slowly, but it is definitely getting back to
normal now. This is enabling us to do more forward planning and providing the opportunity

to really build relationships rather than having to hop between different suppliers.

What would you pick out as the key considerations for your role
regarding scalability?

AJ: At Catapult, we aim to not just work as a business entity that looks inward-
ly all the time at what we need to do ourselves - we try to look at the sector as a
whole and to reach out to other stakeholders such as the 3PL companies, clean-
room kitting providers, or plastic consumables suppliers we've discussed previously.
We actively reach out to other players within the broad pharmaceutical sector, and sometimes
even outside of it, and ask them if cell and gene therapy is an area they have considered, We
have forward-looking conversations with them and try to entice them into the space, which we
see as a key part of building a much stronger foundation for the industry as a whole.

The scalability part of it for us really starts with working with the partners we have to build
those relationships. A lot of our biotech collaborators are new to industry, so with them it’s
about helping to develop an understanding of how to build a robust supply chain, how to build
a good S&OP (Sales and Operations Planning) model, etc. And because all of these companies
are in the clinical phase, they are running with very high cost but no profits — helping them to
realize the importance of sticking to timelines for their regulatory submissions, or keeping their

total waste down to a minimum, will benefit them in the long-term.

Do you have any general advice or best practice you can share with
the cell and gene therapy sector and developers seeking to scale
their supply chains robustly and cost effectively?

AJ: When it comes to materials supply, where it makes sense to do so, use sin-
gle-use items by all means, but if you can build in reusable options, they do tend to
be more cost effective.
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Regarding low-cost general consumables, seek to build a good relationship with one of the
larger suppliers like VWR, Fisher or SLS. You know with those companies that if they don’t
have the exact item you are looking for, they will likely have another version of it that will do.
And having such a big presence in the market means they are generally able to supply you in a
repeatable pattern. For your high-ticket items, you are best off going direct to the manufacturer
(you can generally get a better cost), and then try to identify a secondary source to mitigate
risk.

But the thing that brings everything together is building a really good S&OP forecasting
model that will give you the information you need to be able to go to these suppliers and nego-
tiate from a position of strength. You can then say to the supplier, ‘this is our forecasting model
and this is how well we do with adhering to it. What this means is we can supply you with the
information looking out to 18-24 months ahead, and we'll then review it on a quarterly or
half-yearly basis to give you an update of where we are at.” Having that sort of open discussion

with your suppliers will help ensure they buy-in more to what you are doing.

Finally, can you sum up some key goals and priorities for your work
over the next 12-24 months?

AJ: For me, the key thing over the next year will be getting back into more of
a day-to-day drumbeat in terms of how the supply chain should run. Really drilling
down into what our normal usage should look like.

Looking a bit further ahead, it’s about putting together good relationships with common
suppliers, so that I can help take our biotech collaborators through the process of onboarding
with the surety that these suppliers have a genuine interest in what our collaborators are doing,

and will always do their utmost to supply them with what they require as a consequence.
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Current global S -

regulatory landscape for
biodistribution & shedding
assessment of rAAV gene
therapies & recommendations
of the IM|I ARDAT consortium
on future directions

Natalie Anne Schmidt, Jon Giblin, Timothy K MacLachlan,
Shera Dandapat, Gabor Veres, Tatiana Anna Reimer,

Martin Schulz, Eva Hatzmann, Andeleeb Dahy, Gregory LaRosa,
Mimoun Azzouz, & Christopher J Mann

An understanding of the biodistribution and shedding profile of a gene therapy product
following in vivo administration is an important element of the development program.
Recommendations for biodistribution studies have been issued by various regulatory au-
thorities with the most recent draft International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use guideline S12 ‘Nonclinical biodistribution
considerations for gene therapy products’ released for public comment on 3 June 2021. In
this paper the Innovative Medicines Initiative, Accelerating Research & Development for
Advanced Therapies consortium provides an overview of the current regulatory landscape
for conducting shedding and biodistribution studies and makes a call for harmonization
across regions. In addition, over the last three decades, a significant body of literature on
biodistribution and shedding of AAV-based gene therapies has amassed, and we describe
herein the initial stages of construction of a formal database of published biodistribution
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and shedding data. The outputs from the database could be leveraged by Sponsors of AAV
programs in regulatory submissions. This would reduce the need for unnecessary duplica-
tive studies, streamline nonclinical development and expedite the arrival of this important

class of novel medicines into clinic.

Cell & Gene Therapy Insights 2022; 8(3), 377-394
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Advanced therapies represent an important
class of medicinal products where recent
clinical successes have translated into large
increases in the number of clinical trials, and
investments in the field. In recent years there
has been an increasing call to action for a
more harmonized approach to requirements
for developing gene therapies both among
EU member states and between global reg-
ulatory agencies [1,2]. One such example of
a move toward harmonization is the 2021
release of the draft International Council for
Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH)
Guideline S12 “Nonclinical biodistribution
considerations for gene therapy products” [3].
This draft guideline provides recommenda-
tions for the overall design of nonclinical
biodistribution assessments, while also of-
fering considerations for the interpretation
and application of biodistribution data to
support a nonclinical development pro-
gram and clinical trial design. Whilst this
is a welcome step toward harmonization, it
is recognized that there are further oppor-
tunities to leverage existing data to reduce
animal usage [4]. In general, scientific prac-
tice has shown that a lack of agreement on
concepts, practices, standardized terms and
definitions can hamper collaboration and
alignment [5]. The Innovative Medicines
Initiative (IMI; imi-europe.org), ARDAT
(Accelerating Research & Development for
Advanced Therapies) consortia was formed
in early 2020 to fund five years of intensive
research into AAV biology in the hopes that
lessons learned will facilitate the develop-
ment of AAV therapies. Over the last three
decades, a significant body of research has

DOI: 10.18609/cgti.2022.056

been generated as developers of AAV gene
therapies and academic researchers publish
data from biodistribution and shedding
studies. ARDAT proposes that, for AAV se-
rotypes where biodistribution and shedding
data is publicly available, regulatory applica-
tions could utilize the plethora of published
literature instead of duplicating nonclinical
studies. However, leveraging published data
should also take into consideration the bio-
logical relevance of the animal species used
to investigate biodistribution and/or shed-
ding to the investigational product (e.g.,
virus-host interaction and tropism). In ad-
dition, assessments of transgene expression
should consider the nature of the promoter,
including tissue-specificity.

Our ongoing work to build the first formal-
ly constructed database of published biodis-
tribution and shedding data on AAVs has re-
vealed inconsistencies across the field in many
aspects regarding the reporting of data (e.g.,
terminologies used, units of measurement),
experimental design (analysis timepoints and
tissue types analysed) and analytical methods
used (e.g., lack of detailed information on
method protocols, validation and detection
limits). These inconsistencies could potential-
ly limit the extrapolation of the data obtained
from such studies to support regulatory sub-
missions of vectors based on the same, or sim-
ilar, serotype. The identification of these in-
consistencies in reporting biodistribution and
shedding data during database construction
will facilitate future proposals for minimum
data standards (including minimum analyti-
cal method validation) in this area.

The creation of a publicly available database
of AAV biodistribution and shedding data




aims to enhance regulatory convergence and
facilitate nonclinical development of AAV-
based therapies. By allowing developers of
such therapies to focus nonclinical studies to
only product-specific issues, animal use with
the associated time and investment costs will
be reduced. In this way, it is hoped that the
ARDAT biodistribution and shedding data-
base will accelerate the development of these
important therapies so that they become avail-
able as soon as possible to those patients who
are waiting for the potentially life-changing
benefits they offer.

REGULATORY AGENCY
EXPECTATIONS
FOR BIODISTRIBUTION

Biodistribution, as defined in the draft ICH
Guideline S12, is the in vivo distribution,
persistence, and clearance of a gene thera-
py product at the site of administration and
in target and non-target tissues (including
blood, cerebrospinal fluid and vitreous flu-
id), in biologically relevant animal species [3].
Data on biodistribution for a gene therapy
medicinal product (GTMP) collected during
nonclinical development will contribute to
the design of nonclinical safety studies and
can also inform dose decision, dosing sched-
ules and monitoring plan for subsequent
early-phase clinical trials.

The current regulatory guidelines discussing
biodistribution requirements are summarized
in Table 1. These clearly state that the biodis-
tribution profile should be determined for a
gene therapy product that has not previously
been administered to humans and is proposed
for a first-in-human (FIH) clinical trial. Under
certain circumstances, biodistribution studies
may also be conducted during later-phase clin-
ical trials. For biodistribution studies, as well
as nonclinical studies in general, incorporation
of the 3Rs principles (reduce/refine/replace)
regarding animal use [6] are recommended to
eliminate the conduct of redundant studies.

In 2015, regulators from the International
Pharmaceutical Regulators Programme (IPRP)
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Gene Therapy Working Group presented the
expectations of various international regulato-
ry authorities for nonclinical biodistribution
studies [1]. Briefly, the importance of collect-
ing biodistribution information early in prod-
uct development to guide design of nonclini-
cal toxicology studies and inform decisions on
the need for additional nonclinical studies was
emphasized. Specific requirements for biodis-
tribution study design were discussed, includ-
ing the use of a dosing protocol that mimics
the proposed clinical protocol with appropri-
ate safety margins (usually highest dose), as-
sessment of all relevant organs, and extension
of the analysis interval until the gene therapy
product is not detected or a plateau phase is
reached. Further considerations were made on
inclusion of a relevant animal species and the
use of different detection methodologies, in-
cluding quantitative polymerase chain reac-
tion (qQPCR), immunohistochemistry, in situ
hybridization, fluorescent protein expres-
sion, or in vive imaging. The importance of
collecting biodistribution data for new gene
therapy vectors was discussed.

It was also acknowledged that nonclinical
biodistribution studies have some limitations,
such as the inherent differences between an-
imals and humans (e.g., differences in organ
size, receptor distribution, and physiology/
pathophysiology) and that appropriate justifi-
cations for the choice of animal species/model
would be required on a product-specific basis.

Importantly, there was also a recognition
by some regulators that the use of shared or
existing biodistribution data could facilitate
development of gene therapy products of the
same vector class by reducing or eliminating
redundant nonclinical studies. However, the
relevance of existing data should be justified
on a case-by-case basis taking into consider-
ation vector design, manufacturing process,
dose, route of administration and disease.
Furthermore, in the context of integration
and germline transmission, a need for regu-
latory harmonization in approaches to study
design and assessment was suggested.

A summary of biodistribution data sub-
mitted to support EMA and FDA marketing

379



Health
Authority
European

Medicines
Agency (EMA)

US Food and
Drug
Administration
(FDA)

PMDA

IPRP2

—» TABLE 1

Summary of global biodistribution guidelines?.

Guideline

Summary of recommendations on biodistribution

Guideline on quality, nonclinical and clinical require- » Data should be available to provide information on the persistence, duration of effect, and target organs to support the design and duration of safety study(ies).
mer;ts for[i7rivestigati0na| advanced therapy medicinal » Extrapolation might be possible case by case with exemption to replication competent viral vectors where nonclinical biodistribution studies are expected prior first clinical trial.
products
Guideline on the nonclinical studies required before » Studies should provide data on all organs, whether target or not.
first clinical use of gene therapy medicinal products » Observation time should cover persistence of signal (i.e., duration of transgene expression and activity) and include time-points for which there is no signal detection, if applicable.
(8] » The dosing should mimic the clinical use with appropriate safety margins.
Guideline on nonclinical testing for inadvertent germ- » The biodistribution studies should be performed using the final vector construct with the gene of interest, with two dose levels at minimum, in at least two species, one of which should be a non-
line transmission of gene transfer vectors [9] rodent species. The study should be conducted using both sexes. If no positive and persistent signal in gonads is detected in biodistribution studies, this might exclude the need for further nonclinical
germline transmission studies.
» As a worst-case scenario, biodistribution studies should also be carried out using the intravenous route of administration with a dose per kg body weight at least 10-fold higher than the one to be
administered to subjects/patients.
Guideline on the risk-based approach according to » Biodistribution data is identified as important for the identification/evaluation of risk factor-risk relationships translated later into support for MAA.
annex |, part IV of Directive 2001/83/EC applied to
Advanced Therapy Medicinal Products [10]
Guideline on scientific requirements for the environ- » Nonclinical biodistribution and shedding data can be used to define which tissue samples are to be taken and the timing of sampling pre- and post-administration. For example, urine, faeces or mucosal
mental risk assessment of gene therapy medicinal nasal swabs, could be analysed as a part of a biodistribution study for the presence of the GMO.
products [11]
Reflection paper on quality, nonclinical and clinical » The guidance states that non-clinical biodistribution data of a human serotype-derived vector in animal models may not correlate with human biodistribution and there may be a scientific justification
issues related to the development of recombinant in some cases for the use of serotypes specific to the animal model used.
adeno-associated viral vectors [12] » Transgene expression should also be investigated.
» Study design should include where possible assays for the detection of co-packaged plasmid DNA to assess distribution and persistence.
» Impact of concomitant treatments (e.g., immuno-suppression) on biodistribution should also be considered.
» Germline transmission studies should be conducted before first administration to humans.
Guidance for Industry Pre-clinical Assessment of In- » The characterization of vector presence, persistence, and clearance profile can inform the selection of the GT product dosing schedule, the monitoring schedule for various activity/safety parameters,
vestigational Cellular and Gene Therapy Products [13] and the animal sacrifice time points in the definitive pre-clinical studies.
» Biodistribution data, coupled with other pre-clinical safety endpoints such as clinical pathology and histopathology, help determine whether vector presence or gene expression correlates with any
tissue-specific detrimental effects in the animals.
Guidance for Industry Long Term Follow-Up After » Nonclinical studies to assess persistence are recommended to inform the potential risk of delayed adverse events and to aid in planning for long-term follow up in clinical studies
Administration of Human Gene Therapy Products [14] > To determine vector persistence, PCR assay is recommended - persistence is indicated by the presence of detectable levels of vector sequences above a threshold level (> 50 copies/ug genomic DNA)
and the absence of a downward trend over several timepoints.
» Nonclinical data from similar gene therapy products may be used to support conclusions with regard to persistence (e.g., a vector with identical route of administration and final formulation that only
differs in the coding sequence for the proposed therapeutic gene product)
» Biodistribution studies can be conducted as ‘stand-alone’ or as part of pharmacology or toxicology studies.
» Detailed recommendations for animal study design are provided, which include considerations regarding the use of final product formulation, number of animals required of each sex per timepoint,
use of intended clinical route of administration, dose levels, characterization of product distribution and clearance kinetics.
» A minimum panel of tissues to be sampled in biodistribution studies is recommended along with general considerations for tissue collection.
» Recommendations for gPCR assays are made including demonstrated limit of quantitation and use of spike controls to determine assay sensitivity.
Quality and Safety Assurance for Gene Therapy Prod- » Biodistribution of the gene therapy product or human cell-based product in suitable animals should be presented as basic data for evaluating the safety and efficacy of the product. Analysis of
ucts and Human Cell-based Products, 9 July, 2019 [15] biodistribution can clarify distribution not only to the intended tissues but also to non-target tissues and germ cells, making it possible to identify which organs to focus on when evaluating safety and
the risk of inadvertent integration in humans.
» Clarifying aspects of vector persistence such as distribution and elimination will yield information on suitable timing for analysis in humans.
» Biodistribution data may be useful when considering the toxicological significance of abnormal findings specific to certain tissues in toxicity studies.
» If biodistribution studies are not performed before starting clinical trials of a new gene therapy product or human cell-based product, the reason for this must be explained.
» When analysing biodistribution, tissue, blood and other materials should be collected at defined intervals after administration of the gene therapy product or human cell-based product, and the vector
copy number should be measured using gPCR or similar methods. In addition, measuring changes in the vector copy number over time will yield information on the fate of the vector.
» If expression constructs are found in specific tissues, bodily fluids, etc., expression of the target gene from these expression constructs should be analysed.
Reflection paper - “Expectations for Biodistribution » Overarching focus on the need, design, conduct and analysis of gene therapy biodistribution studies. Details are provided for study design. Suggestions on implementation of data into design of FIH

(BD) Assessments for Gene Therapy (GT) Products”
[16]

clinical trials. Considerations on when additional biodistribution studies are needed.

1 Note: ICH guideline S12 “Nonclinical biodistribution considerations for gene therapy products” was released for public comment on 3 June 2021, but has not been included in the table as the recommendations may change in the final document.

2The International Pharmaceutical Regulators Programme (IPRP) is a consortium of international regulators from Australia, Brazil, Canada, China, European Union, India, Japan, Singapore, South Korea, Switzerland, Thailand and United States

EMA: European Medicines Agency; FDA: Food and Drug Administration (United States); GMO: Genetically modified organism; GT: Gene therapy; IPRP: International Pharmaceutical Regulators Programme; MAA: Marketing Authorization Application; PMDA: Pharmaceuticals and Medical Device Agency (Japan);
gPCR: Quantitative polymerase chain reaction.

DOI: 10.18609/cgti.2022.056

Cell & Gene Therapy Insights - ISSN: 2059-7800

380



authorizations of AAV-based GTMPs is
provided in Table 2.

REGULATORY AGENCY
EXPECTATIONS FOR SHEDDING

From the regulatory perspective, shedding is
defined as the dissemination of virus/vector
through secreta (e.g., urine, saliva, nasopha-
ryngeal fluids), excreta (faeces) or through
the skin (pustules, sores and wounds) of the
patient [22,23]. The selection of sample types
to be collected for shedding assessment are de-
pendent on a variety of factors such as route of
administration, virus tropism, and the natural
route of transmission of the parental virus.

General regulatory expectations with re-
gard to shedding data to support clinical
trial applications (CTAs) and applications
for marketing authorization in the EU, and
investigational new drug applications (INDs)
and biologics license applications (BLAs) in
the US, are described in Table 3. Consider-
ations for environment risk assessments are
summarized in Table 4, highlighting relevant
differences between the EU and US.

In the European Union, the EMA guide-
line “Nonclinical Studies Required Prior to
Clinical Use of Gene Therapy Medicinal Prod-
ucts” states that an investigation of GTMP
shedding is a component of the minimum re-
quirements for nonclinical studies before first
use in human subjects [8]. Furthermore, the
incorporation of shedding studies in an an-
imal model during nonclinical development
is also recommended in the EMA guidance
on “Environmental Risk Assessment of Gene
Therapy Medicinal Products” [11] to support
the environmental risk assessment (ERA)
required for marketing authorization. Com-
plying with GMO requirements at the time
of CTA is complex, varies significantly across
EU Member States and is leading to delays to
clinical trials with ATMPs [2].

In the United States, an environmental as-
sessment is not required at the start of clinical
trials for investigational new drugs, except un-
der special conditions. A full report of clinical
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shedding in the target patient population(s) is
expected in the Biologics License Application
(BLA) for a GTMP in order to address the
potential for transmission to untreated indi-
viduals [23]. Clinical shedding reports should
include a summary of nonclinical findings (if
conducted), rationale for study design and
assay development, details of the data collec-
tion/sampling plan, procedures for sample
handling, collection and storage, description
of assays, an analysis of shedding data, and an
estimate of the potential for transmission to
untreated individuals [23].

Of note, a process of regulatory harmoni-
zation with respect to shedding was initiated
in 2009, as the topic “Virus and Gene Thera-
py Vector Shedding and Transmission” was the
subject of an ICH concept paper [30] and an
ICH Considerations document [24], which
addressed the general principles to be consid-
ered when designing nonclinical and clinical
shedding studies, including analytical meth-
ods, sampling profiles and schedules. The
ICH Considerations document emphasized
that data obtained from nonclinical studies
of shedding can aid the design of clinical
shedding studies by providing an estimation
of the likelihood and extent of shedding in
humans. ‘Stand-alone’ nonclinical studies of
shedding are not required and shedding anal-
yses can be incorporated into toxicity and/
or biodistribution studies, for example by
the analysis of urine, faeces or mucosal na-
sal swabs for the presence of GTMP [11,24].
However, two years later, the ICH steering
committee concluded that harmonization on
this topic could not be supported due to “the
current state of the science and related resource
allocation”.

The extent of shedding data required by
regulatory authorities to assess the potential
risk to third persons or the environment is
dependent on the biological properties of the
viral vector. As summarized in Table 5, the
biological properties of AAV vectors support
the conclusion that they represent a very low
shedding risk.

As summarized in Table 6, according
to publicly available information, clinical
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TABLE 2

Summary of biodistribution data submitted to support EMA marketing authorization of AAV-based GTMPs.

Product / Reference Vector subtype (transgene)

documents

Posology / Route of
administration

Therapeutic indication

Biodistribution data to support marketing authorization

AAV2 (hRPE2)
1.5 x 10 vg/eye
Subretinal injection

Luxturna® (voretigene nepar-
vovec) [17,18]

scAAV9 (SMN1)
1.1 x 10*vg/kg
Intravenous infusion

Zolgensma® (onasemnogene
abeparvovec) [19,20]

AAV1 (human lipoprotein

lipase gene)

Intramuscular injections in
the legs, 1.5 x 102 vg per
injection site

Glybera (alipogene tipar-
vovec) [21]

Treatment of adult and paedi-
atric patients with vision loss
due to inherited retinal dys-
trophy caused by confirmed
biallelic RPE65 mutations and
who have sufficient viable
retinal cells.

Treatment of patients with 5q
SMA with a bi-allelic muta-
tion in the SMN1 gene and

a clinical diagnosis of SMA
Type 1 or patients with 5q
SMA with a bi-allelic muta-
tion in the SMN1 gene and
up to 3 copies of the SMN2
gene lymph nodes.

Familial lipoprotein lipase
deficiency

Biodistribution of Luxturna was evaluated at three months following subretinal administration in non-human primates. The highest levels of vector DNA sequences were
detected in intraocular fluids (anterior chamber fluid and vitreous) of vector-injected eyes. Low levels of vector DNA sequences were detected in the optic nerve of the
vector-injected eye, optic chiasm, spleen and liver, and sporadically in the stomach and lymph nodes. In one animal administered with Luxturna at 7.5 x 10** vg (five-times
the recommended per eye dose), vector DNA sequences were detected in colon, duodenum and trachea. Vector DNA sequences were not detected in gonads.

The biodistribution and SMN transgene expression profile of ZOLGENSMA were evaluated in neonatal FVB mice through 12 and 24 weeks. Following intravenous ad-
ministration of 1.5 x 104 vg/kg Zolgensma, the highest vector DNA concentration was detected in the heart, followed by the lung, liver, lumbar spinal cord, quadriceps
muscle, brain, ovary, spleen, and testis. The human SMN mRNA transcripts had a similar tissue expression profile with highest levels in the heart, followed by quadriceps
muscle, liver, lung, brain, and lumbar spinal cord. Low levels of SMN mRNA were detected in the spleen and gonadal tissues.

Additionally, biodistribution was evaluated in two patients who died 5.7 months and 1.7 months after infusion of Zolgensma at the dose of 1.1 x 10%** vg/kg. Both cas-
es showed that the highest levels of vector DNA were found in the liver, followed by the spleen, inguinal lymph node and heart. Vector DNA was also detected in the
muscles, peripheral nerves, kidney, pancreas, lung, spinal cord, brain, and thymus. Immunostaining for SMN protein showed generalized SMN expression in spinal motor
neurons, neuronal and glial cells of the brain, skeletal muscles, heart, liver, kidney, lung, pancreas, spleen, thymus, stomach, large intestines, small intestines, and inguinal

Following intramuscular administration of Glybera to mice, vector DNA was transiently detected in the circulation. Eight days after administration, high levels of vector
DNA sequence were detected in injected muscle and the draining lymph nodes. Except for the site of injection, the highest vector DNA copy numbers were found in the
liver and blood. The lowest number of copies was found in the brain, lung, heart and non-injected groups of muscle. In gonads and reproductive organs, vector DNA cop-
ies were found at low levels. After time, residual vector DNA levels remained high in the injected muscle and inguinal lymph nodes while decreasing steadily in the other
organs. The levels of Glybera vector DNA found in gonads were measurable but lower than in other non-target organs. Immunosuppressant co-treatment did not influence
the biodistribution pattern neither at low dose nor at high dose in mice. The biodistribution pattern was very similar in the other tested species (cats and rabbits).

AAV: Adeno-associated viruses; SMA: spinal muscular atrophy

Note: * The marketing authorization for Glybera expired in 2017, following the decision of the marketing authorization holder not to apply for a renewal due to a lack of demand for the product.

shedding data was presented to support marketing au-
thorization of both AAV-based GTMPs currently on the
market; Zolgensma and Luxturna, as well as for the with-
drawn product Glybera. It is noteworthy that nonclinical
shedding data did not appear to be presented for any of the
aforementioned products.

In the case of Zolgensma, the possible expression of trans-
gene (or partial/nonvector related sequences arising as viral
packaging impurities from the manufacturing process), in-
duction of immune responses against capsid proteins, and
vector mobilization were identified in the ERA as the po-
tential hazards related to shedding and third party transmis-
sion. The likelihood of shedding was considered to be high,
considering clinical trial data that showed that vector shed-
ding occurred in urine, saliva and faeces. Due to the repli-
cation-deficient nature of the vector, no infectious particles
were expected to be shed (although this was not formally
shown in clinical studies), and therefore the environmental
consequences of transmission to non-target individuals to
occur were expected to be limited [20].
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The presence of replication-competent AAV (rcAAV),
arising due to either impurities in the manufacturing pro-
cess or complementation by co-infection with wild-type
AAYV, was considered to pose a negligible risk. In particu-
lar, the limitations on packaging capacity for AAVs do not
permit the therapeutic transgene (SMN1) and the genes
required for helper virus-mediated replication (Rep and
Cap) to exist in the same viral particle.

Shedding of vector particles was not specifically identi-
fied as a potential hazard in the ERA for Luxturna, due to
the transient and low level of shedding reported in clinical
studies [17].

The ERA for Glybera contained an assessment of the
potential risks associated with third-party transmission to
healthy persons due to the reported shedding of viral vec-
tor from patients through urine, faeces, saliva, and seminal
fluid [21]. Several aspects were considered including; i) the
effect of transgene over-expression, ii) possible non-site spe-
cific AAV integration and insertional mutagenesis, iii) pos-
sible adverse effects associated with certain vector elements

(e.g., tumorigenicity risks associated with the Woodchuck
hepatitis virus post-transcriptional  regulatory element
[WPRE] present in the viral genome), iv) presence of rep-
lication-competent AAV by recombination events occurring
during manufacturing or after administration to patients, v)
Incorporation of shed DNA by other animal or plant species;
vi) Germline transmission. EMA and the national competent
authorities responsible for GMO regulation agreed with the
Applicant’s conclusion that Glybera was a negligible risk to
human health (of third parties) and the environment.

Given that the biological properties of AAVs suggest that
the potential risk to third parties via shedding is generally
low, ARDAT proposes that for serotypes where biodistribu-
tion data is publicly available, regulatory applications utilize
the plethora of published literature instead of duplicating
nonclinical AAV biodistribution studies. This is consistent
with the observation that nonclinical shedding data did not
appear to be presented at the time of Marketing Authoriza-
tion Application for AAV-based medicinal products current-
ly approved in the EU.

REGULATORY AGENCY EXPECTATIONS FOR
BIOANALYTICAL METHODS

The current ‘gold standard’ for the measurement of specific
DNA or RNA corresponding to vector genome or trans-
gene expression products in tissues and biofluids is gPCR
for DNA and quantitative reverse-transcriptase PCR (qRT-
PCR) for RNA. These assays are used to assess both biodis-
tribution and shedding. As stated in ICH S12, qPCR-based
assays have the advantage that they are sensitive, reproduc-
ible, and rapid [3].

In (non)clinical biodistribution studies other techniques
that can be used to quantitatively assess vector or expression
product biodistribution include enzyme-linked immuno-
sorbent assay (ELISA), digital droplet PCR, flow cytometry
and other iz vivo and ex vivo imaging techniques. Other
techniques such as immunohistochemistry (IHC), Western
blot, in situ hybridization (ISH) can be used for a quali-
tative assessment of transgene expression. A comprehensive
description of the methodology and a justification for the
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technique used should also include the per-
formance parameters of the method [3].
There is also a recognition that the stan-

dardized bioanalytical

method development and validation may be

requirements  for

difficult to apply for these types of assays and
in the absence of specific regulatory recom-
mendations for gPCR / qRT-PCR method
validation it remains a challenge for the field
to develop standardized methods for the anal-
ysis of biodistribution and shedding [31]. A
recently published article provides some ori-
entation with regard to those aspects of qP-
CR-based method development and valida-
tion which should be considered; extraction
efficiency of the AAV-based product in each
matrix, inhibitory effects of the matrix on
PCR components (e.g., DNA polymerase),
and primer design and selection (e.g., includ-
ing at least a portion of the inserted trans-
gene to avoid false positives arising from the
presence of wild-type AAV) [32].

While the guidance documents on bioan-
alytical method validation released by EMA,
FDA and ICH are comprehensive, their focus
is on the detection of small molecule drugs
and therapeutic proteins by chromatograph-
ic and ligand-binding assays in a limited set
of biological matrices such as serum, blood,
plasma, and saliva [33-35]. There is no specif-
ic mention of nucleic acid amplification tech-
niques such as qPCR in those documents.

The FDA draft Guidance for Industry on
the Preclinical Assessment of Investigational
Cellular and Gene Therapy Products states
that qPCR assays should be used to determine
the number of vector copies per microgram
of genomic DNA in tissues/biological fluids,
but there is no mention on whether valida-
tion is required [13]. Likewise, FDA does
not require validation of qPCR assays used
to assess shedding, only that the assay should
be qualified to meet minimal performance
capabilities (specificity, sensitivity, reproduc-
ibility, and accuracy) and be suitable for the
intended purpose [23].

In contrast, EMA guidance states that the
methods of analysis used in nonclinical stud-
ies should be validated with the test article
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in the appropriate matrix [36]. It is notewor-
thy that during the review of the MAA for
Luxturna, the lack of validation of the assays
used to detect the AAV-based viral vector to
an acceptable standard meant that the non-
clinical biodistribution data obtained was
not considered definitive by the Agency [17].
This was not believed to be an issue in the
FDA’s Pharmacology-Toxicology Review for
Luxturna, which stated that the report of the
qPCR analysis for the evaluation of biodis-
tribution and shedding in AAV2-hRPEG5
studies was reviewed and deemed adequate
by CMC reviewers.

While method validation is not explicitly
mentioned in the newly released draft ICH
guidance on nonclinical biodistribution stud-
ies, the establishment and documentation
of the sensitivity and reproducibility of the
quantification method is recommended [3].
The draft guidance also states that spike and
recovery experiments are required to demon-
strate the ability to detect target. Further-
more, the Gene Therapy Working Group of
the International Pharmaceutical Regulators
Programme also stated that method valida-
tion should be considered in the 2018 reflec-
tion paper “Expectations for Biodistribution
Assessments for Gene Therapy Products” [16].

It should be noted that, to some extent,
cross-validation of qPCR-based methods
used for release characterization (e.g., viral
particle quantification) may also be applica-
ble in the context of bioanalytical methods
used to detect viral genomes in biodistribu-
tion and shedding studies.

According to the ICH Considerations
document on virus and vector shedding,
PCR and infectivity are the two assays typ-
ically used for the detection of shed virus/
vector. QPCR-based assays to detect viral ge-
netic material are recommended. However,
assays based on nucleic acid detection do not
differentiate between intact (and potentially
infectious) viral vector and non-infectious
degraded or fragmented virus. Therefore, in-
fectivity assays may be required for adequate
assessment of the potential risk for transmis-
sion to third persons [24].
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Summary of general regulatory considerations for shedding.

Authority

issuing

Name / reference of
guidance document

Summary of key considerations

guideline
ICH

General Principles to Address
Virus and Vector Shedding [24]

Quality

» For replication-incompetent GTMPs, potential replication-competent recombinants that may arise during manufacturing should be characterized.

Nonclinical

» Although shedding profiles obtained from nonclinical studies may not directly correlate with the human situation, the data obtained can be used to estimate the likelihood and extent of shedding in humans.

» Animal disease models may be most appropriate to assess shedding.

» ‘Stand-alone’ nonclinical shedding studies are not necessary, shedding endpoints can be incorporated in biodistribution and/or toxicology studies.

» Arange of excreta and secreta samples can be collected, most commonly urine and faeces. To obtain sufficient sample size/volume, the pooling of samples collected from several animals receiving the same dose is suggested.
Clinical

» The design of clinical shedding studies should consider the biological properties of the parental virus/vector, replication-competence of the product, dose, route of administration and patient population.

» The sampling schedule is usually more frequent in the initial period post-administration and should continue until multiple negative samples are obtained.

» The potential for a second round of shedding in the case of replication-competent vectors and the possible impact of immunosuppressive regimens should be taken into consideration when designing the study.
» The potential for transmission to third parties (e.g., family members and healthcare workers) should be evaluated if clinical shedding is observed.

Analytical methods

» The use of qPCR to detect viral genetic material in shed samples is recommended and the use of an infectivity assay is considered important to accurately assess the potential for transmission of shed material.
» Assay interference from the biological matrix is an important consideration and sample dilution may be necessary.

EMA

Guideline on nonclinical studies
required before first clinical

use of gene therapy medicinal
products

[8]

Biodistribution studies should include an investigation of shedding as one of the minimal requirements for nonclinical studies on GTMPs before first use in human subjects.

Guideline on Scientific Require-
ments for the Environmental
Risk Assessment of Gene Thera-
py Medicinal Products [11]

» Shedding data from both nonclinical and clinical development (data from one or more clinical trials) may contribute to the ERA.

Analysis of urine, faeces and mucosal swabs for the presence of the GMO are suggested, using sensitive and state-of-the-art methods.

» The presence of vector genome in shed samples is assumed to represent a potential for transmission into the environment. Assays to demonstrate non-infectivity of shed material should be as sensitive or more sensitive than
the assay used to detect vector genome.

» Shedding of a GTMP in itself is not considered an adverse effect for the environment, but is rather a factor which is used in the evaluation of the likelihood of a particular environmental adverse effect - i.e., increased shedding
resulting in higher environmental exposure only leads to a high risk if significant consequences have been identified (e.g., potential of transmission to third persons and/or other species).

v

Guideline on Safety and Efficacy
Follow-up - Risk Management
of Advanced Therapy Medicinal
Products [25]

Shedding data can be used to inform the preparation of the risk management plan and measures to mitigate the potential risk to close contacts of treated patients

Guideline on Environmental
Risk Assessments for Medicinal
Products containing, or con-
sisting of Genetically Modified
Organisms [26]

The extent of shedding by target patients should be considered in the evaluation of the likelihood of an identified adverse environmental effect.

Guideline on the Risk-based
Approach According to Annex
I, part IV of Directive 2001/83/
EC applied to Advanced Thera-
py Medicinal Products [10]

Although shedding is not specifically mentioned, a stated risk associated with the clinical use of ATMPs was disease transmission (presumably to third parties) - as such, shedding data may be useful for determination of the rele-
vance of a particular risk during risk identification. Risk identification can also be supported by reference to relevant literature data.

Reflection paper on quality,
nonclinical and clinical issues
related to the development of
recombinant AAV [12]

» Analysis of the shedding of co-packaged plasmid DNA sequences arising from the manufacturing process should be considered in nonclinical studies

» If vector DNA is detected in shed material (e.g., saliva, serum, urine and semen), ideally samples should be followed up for infectious virus quantification; data derived from nonclinical and early clinical studies can be used to
assess the likelihood of transmission and to justify the extent of viral shedding evaluation in later clinical studies.

» All available data on viral shedding should be used in the ERA.

» In clinical studies, samples to be collected and timing of collection for shedding analysis should be justified on the basis of nonclinical data and/or the profile of the parental virus, practical feasibility and ethical justification of
sampling. Examples of samples that could be collected include blood/serum, tears, urine, serum, buccal swabs/sputum, lung lavage and faeces.

AAV: Adeno-associated viruses; EMA: European Medicines Agency; ERA: Environment Risk Assessment; FDA: Food and Drug Administration (United States); GMO: Genetically Modified Organism; GTMP: Gene Therapy Medicinal Product; ICH: International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use; LOD: Limit of Detection; PMDA: Pharmaceuticals and Medical Devices Agency (Japan); gPCR: Quantitative Polymerase Chain Reaction.
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Summary of general regulatory considerations for shedding.

Authority Name / reference of

issuing guidance document
guideline

Summary of key considerations

FDA Guidance for Industry - design Nonclinical
and analysis of shedding studies
for virus and bacteria-based
gene therapy and oncolytic

products [23]
Clinical

v

vvywvyy

faeces).
PMDA Quality and Safety Assurance
for Gene Therapy Products and
Human Cell-based Products
[15]

» Nonclinical data cannot substitute for human shedding studies on the basis that animals may not adequately predict the shedding profile in humans, particularly with respect to patient-specific factors such as differences in
immune status at the time of product administration.

» Nonclinical shedding data may possibly be requested for replication-competent GTMPs in certain cases (e.g., no previous human exposure to product, changes in route of administration).

» Shedding data can be collected from nonclinical studies designed to assess safety or biodistribution. Such shedding data may inform the types of samples to be collected during clinical shedding studies.

» Recommendations for the timing of shedding data collection during different phases of clinical development are given; for replication-competent products shedding data should be collected from Phase | onwards, while for
replication-incompetent or deficient products shedding data should be collected during Phases Il and Il of clinical development, after a dose and regimen have been determined.
» Modifications of the administration route, dose regimen and indication may cause alterations in shedding profile - shedding data from pivotal studies should be collected.
» Comprehensive advice on shedding study design and reporting is provided:
» Frequency of sample collection - sampling of shed material should begin immediately after product administration, irrespective of replication competence. Frequent sampling during the initial weeks post-administration is advised
to ensure the shedding pattern is accurately captured.
» Duration of sample collection - Sampling should continue until three consecutive data points are obtained at or below the LOD of the shedding assay or if a decreasing trend reaches a plateau for at least three consecutive data
points. Monitoring periods may need to be longer for patients who are immune-compromised or are receiving immunosuppressive regimens.
Type(s) of samples collected - types of clinical samples collected to assess shedding are dependent on a range of factors including administration route, vector tropism, natural route of transmission and data obtained from
nonclinical biodistribution/shedding studies.
Sample storage - to minimize degradation of product-specific nucleic acids and to ensure no loss of product-specific infectivity appropriate storage conditions for different types of samples need to be established.
Overall analysis of shedding data should address the potential for transmission to untreated individuals due to shedding (i.e., the nature of the shed material and the extent of shedding).
Analytical Methods
A quantitative assessment of shedding is recommended (e.g., number of genome copies or infectious units). gPCR is commonly used due to high sensitivity and practicality (e.g., ease of assay standardization). If product is
replication-competent detection of nucleic acids should be followed up with infectivity or growth-based assays.
» The effect of different biological matrices on assay performance (including selectivity, specificity and sensitivity) should be well understood, particular in the case of shed samples rich in complex organic matter (e.g., urine and

The risk of human transmission to of GTMPs should be evaluated, including the risk of a vector administered to a patient being transmitted to a third party other than the patient with specific reference to the “ICH Consideration
Document: General Principles to Address Virus and Vector Shedding” [24]

AAV: Adeno-associated viruses; EMA: European Medicines Agency; ERA: Environment Risk Assessment; FDA: Food and Drug Administration (United States); GMO: Genetically Modified Organism; GTMP: Gene Therapy Medicinal Product; ICH:
Pharmaceuticals for Human Use; LOD: Limit of Detection; PMDA: Pharmaceuticals and Medical Devices Agency (Japan); gPCR: Quantitative Polymerase Chain Reaction.

International Council for Harmonization of Technical Requirements for

The general recommendation is for a ‘step-wise’ or
‘tiered’ approach, whereby the presence of viral genome
is detected by qPCR in the first instance, followed by a
suitable infectivity assay if viral DNA is detected above a
certain threshold [23]. The ICH Considerations document
suggests that an assessment of infectivity would be neces-
sary if vector DNA in shed samples is detected at a level
greater than the detection threshold of the infectivity assay
[24]. Of note, nuclease treatment of clinical shedding sam-
ples followed by PCR amplification or amplification of the
full-length viral genome from the intact virus particles has
also been suggested by FDA as an alternative method for
detection of infectious virus [23].

There is relatively little regulatory guidance with regard
to infectivity assays. The ICH Considerations document
includes an acknowledgement that assays to measure
the extent of shedding have the additional complication
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that detection of infectious virus should be optimized
in several different matrices, some of which are rich in
complex organic matter (e.g., urine and faeces) and/or
genomic material from organisms forming part of the
body’s natural flora (e.g., saliva and nasal swabs). These
matrix effects can affect assay performance, possibili-
ty resulting in an underestimation of shedding or a false
negative result [24]. For the detection of infectious vi-
rus, the FDA recommend assays that measure infectivity
in terms of Tissue Culture Infectious Dose 50 (TCID, ),
plaque-forming units (PFU) or focus-forming units (FFU)
[23].

In the AAV-specific context, if the presence of replica-
tion-competent recombinants or intact virus particles are
suspected in shed material an infectivity assay should be
developed. These assays can be problematic as AAVs do
not induce a cytopathic effect in cell culture and may not

be infectious despite internalization [32]. A suggested ap-
proach is to treat a susceptible cell line with shed material
in the presence or absence of helper virus followed by as-
sessment of viral internalization by qPCR [32].

Storage conditions for samples obtained for shedding
and biodistribution analysis also need to be taken into
consideration, especially given that requirements may vary
due to differences in product stability in different matri-
ces. Multiple aliquots may also be required for different
tests (e.g., qQPCR for nucleic acid detection and infectiv-
ity assays) [23]. FDA guidance suggests that degradation
of viral or bacterial nucleic acids in enzyme-rich clinical
samples can be accounted for by spiking of mock/donor
samples with a reference standard shortly after collection
in order to determine the percentage recovery — such sam-
ples should be collected, stored, shipped, and extracted in
the same way as the ‘test’ samples.

APPROACHES FOR A HARMONIZED
APPROACH FOR THE ASSESSMENT &
REPORTING OF BIODISTRIBUTION

& SHEDDING

Since 2008, the US National Institutes for Health have
supported the National Gene Vector Biorepository (www.
NGVBCC.org) as a means to collect data from pharmacol-
ogy/toxicology studies, archive reagents and samples from
nonclinical studies, and in some cases, offer core analytical
tests typically employed in nonclinical and clinical studies
for gene therapies [37]. The organization has distributed
over 1,000 reagents and collected over 36,000 specimens
from nonclinical viral gene therapy studies. Furthermore,
it maintains a searchable database of gene therapy phar-
macology/toxicology studies ultimately resulting in 114
publications since 2018. As of 2020, the pharmacolo-
gy/toxicology database contained information from 52
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—» TABLE 4

Legislation

Relevant guidance
document(s)

CTA / IND expectations

MAA / BLA
expectations

Summary of expectations for shedding in the context of environmental risk assessment (EMA)/environmental assessment (US).

Pharmaceutical legislation

>

Directive 2001/83/EC (as amended by Directive 2009/120/EC)

Environmental legislation

>

vVvyYywyy

v

Directive 2001/18/EC “Deliberate Release”

Directive 2009/41/EC “Controlled Release”

Directive 2000/54/EC - protection of workers from risks related to exposure to biological agents at work

Environmental Risk Assessment for Medicinal Products containing, or consisting of, Genetically Modified Organisms (GMOs) (Module 1.6.2) [26]
Good Practice on the assessment of GMO related aspects in the context of clinical trials with AAV clinical vectors [27]

In accordance with the environmental legislation, an environmental assessment is required for GMOs such as investigational GTMPs to ensure compliance with
GMO legislation (either “Deliberate Release” or “Contained Release” Directives, depending on Member State).

Authorization is granted on the basis of the submitted environmental assessment (“GMO application”) by the relevant environmental authority before a clinical
trial can begin in each Member State?!

Good Practice documents and Common Application Forms, adapted to the specific characteristics of AAVs are available, and have been endorsed by a majority of
Member States. In the context of AAVs, specific requirements with regard to shedding data are not detailed. However, potential environmental hazards, including
to human and animal health, are identified, which could arise from unintended transmission of clinical vectors

The common application form for AAVs contains a section where detailed data on clinical vector shedding should be included to ensure an appropriate evaluation
of environmental risk

In the context of GMO applications for AAVs, if there is no prior clinical experience with the vector, a discussion of the potential for shedding based on nonclinical
data should be provided according to the common application form for investigational medicinal products for human use that contain or consist of AAV vectors
[28]. In addition, clinical experience from related clinical vectors can be included to support the environmental risk assessment - the relevance should be justified
based on dose and route of administration in particular.

An Environmental Risk Assessment (ERA) must be included in a MAA for all medicinal products and the legislation (Directive 2001/83/EC, as amended by Directive
2009/120/EC) contains specific requirements for information on the shedding of GTMPs due to their potential for transmissibility / infectivity.

The ERA should include an assessment of the potential for transmission to third persons and clinical studies should include an analysis of shedding to address
product excretion.

In addition to a potential adverse effect on human health through transmission to third persons, shedding is also considered a factor that could produce an adverse
effect on the environment through transfer to other species or possible interference with other prophylactic or therapeutic medical treatments (e.g., transfer of
antibiotic resistance genes), and data on shedding is therefore required to appropriately evaluate environmental risk and mitigate it if necessary [26].

ERA submitted with a MAA is evaluated in consultation with the national bodies responsible for the release of GMOs into the environment

The FDA must comply with the National Environment Policy Act of 1969 when
considering both IND and BLAs

FDA Guidance for Industry - Determining the Need for and Content of Envi-
ronmental Assessments for Gene Therapies, Vectored Vaccines, and Related
Recombinant Viral or Microbial Products [29]

A “categorical exclusion” can be claimed for IND submissions for GTMPs, based
on the assumption that any potential effect on the quality of the environment
would not be significant due to close monitoring and a limited number of treat-
ed patients. Therefore, no environmental assessment is generally required to
support an IND submission.

» For BLAs, any GTMP which is not considered to occur naturally in the
environment (i.e., any GTMP expressing one or more protein coding sequences
from a genus different from the organism expressing the sequence) should
include an Environmental Assessment (EA) in the BLA.

» FDA recommends that an analysis of shedding demonstrating the release of
vector DNA and / or infectious virus should be included in the EA - based
on these data the potential effects on the environment are then considered.
For example, if no infectious virus is detected in shed material, a justification
can be made that only the environmental effects of vector DNA should be
considered.

» The shedding of potential variants, which may pose greater environmental
risk, should also be considered in the EA (e.g., in the context of AAV, the
presence of replication-competent virus due to recombination events during

the manufacturing process).

Note: 1 For further information and discussion regarding the variability in the timelines and application of the GMO legislation between EU Member States, which can result in delays in clinical development, particularly in multi-centre studies, please refer to a recent review by EFPIA [2].
AAV: Adenoassociated Virus; BLA: Biologics License Application; CTA: Clinical Trial Application; EA: Environmental Assessment; EU: European Union; FDA: Food and Drug Administration (US); GMO: Genetically Modified Organism; IND: Investigational New Drug; MAA: Marketing Authorization Application.

anonymized nonclinical studies and is intended to foster
data sharing between sponsors in the interest of comparing
data, such as biodistribution, of similar viral serotypes and
routes of administration. While this has been an outstand-
ing effort to collect a broad array of information from gene
therapy sponsors, we propose to take a deeper dive into the
details of nonclinical biodistribution and shedding studies,
further collating study design aspects as well as analytical
output. Such outputs would enable comparison between
studies and could permit extrapolation of existing data for
use in regulatory submissions of similar class vectors, thus
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reducing animal usage and ultimately accelerating gene
therapies into the clinic.

In November 2020, the Accelerating Research & De-
velopment for Advanced Therapies (ARDAT) consortium
began. It represents a collaboration between academia,
small and medium-size enterprises (SMEs) and the Euro-
pean Federation of Pharmaceutical Industries and Associ-
ation (EFPIA) members funded by the European public/
private partnership Innovative Medicines Initiative (IMI)
and EFPIA ‘in kind’ contributions. The project involves 12
industry members, 7 SMEs and 16 academic institutions

to conduct five years of intensive research into AAV bi-
ology in the hopes that lessons learned will facilitate in-
creased and more effective AAV therapies in the clinic. The
project is organized in five ‘work Packages’, each with a
particular focus including immune responses to AAVs, the
metabolism of the AAV genome after cellular transduc-
tion and the development of a biobank of human samples
from both AAV and non-AAV clinical trials, which will
feed into these research questions. The final work package
will focus on engagement with regulatory authorities to
ensure that the data generated by the project will support

Cell & Gene Therapy Insights - ISSN: 2059-7800

recommendations for regulatory harmonization and create
predictable regulatory pathways for innovation.

One initiative within the regulatory work package is to
gather information on biodistribution and shedding in the
public domain with the intent of collating data from vari-
ous studies in a database. By formally organising biodistri-
bution and shedding data in this way, developers utilizing
the same viral serotype, route of administration, dose lev-
els, etc., could leverage this data to accelerate product de-
velopment. It is hoped that this leveraged data may be suf-
ficient to satisfy regulatory expectations for the description
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Biological property
Replication
competence

Duration of in-
fection / vector
persistence

Properties of pa-
rental viral vector
(e.g., route of
transmission)

REGULATORY PERSPECTIVE

Application of shedding requirements to AAV vectors.

Consequences for shedding
Replication-competent vector
may persist in the patient for
extended periods and may
increase in amount over time.
Shedding potential of replica-
tion-competent viruses can
be higher, resulting in a high-
er probability of transmission
Short-term infection and/or
rapid viral clearance due to
immune response may reduce
the duration and extent of
vector shedding

There could be an increased
risk of transmission in excreta
or secreta corresponding

to the natural route of
transmission

Considerations for AAV

Wild-type AAVs are naturally replication deficient and require
co-infection with helper viruses to replicate.

Furthermore, recombinant AAVs also lack the rep and cap genes,
which are typically replaced by the therapeutic transgene.
Consequently, rAAV-based vector shedding is predicted to be of
short duration.

Replication-competent recombinants potentially produced during
rAAV manufacturing may need to be considered.

Long-term infection and therefore shedding may occur in patients
receiving immunosuppressive regimens, a second peak of shedding
may occur if the regimen is discontinued.

For AAVs, there is potentially more risk of transmission from naso-
pharyngeal secretions rather than urine or faeces

AAV: Adenoassociated virus; rAAV: Recombinant adenoassociated virus.
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In the left panel headed “Search Page” the user has input search parameters to obtain literature articles which contain data regarding AAV9
biodistribution in non-human primates. After clicking on the “Details” button (indicated by the red square), information regarding a specific article
can be obtained, including detailed experimental parameters and experimental data.
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TABLE 6

Summary of shedding data submitted to support EMA marketing authorization of AAV-based GTMPs.

Product/Refer- Vector
ence documents subtype
(transgene)

Therapeutic indication

Posology/Route
of administration

Shedding data to support marketing authorization

Treatment of adult and
paediatric patients

with vision loss due to
inherited retinal dystro-
phy caused by confirmed
biallelic RPE65 mutations
and who have sufficient
viable retinal cells.

Luxturna (Vore- AAV2
tigene nepar- (hRPE2)
vovec) [17]

Zolgensma scAAV9 Treatment of patients
(onasemnogene (SMN1 with 5qg Spinal Muscular
abeparvovec) gene) Atrophy (SMA) with a bi
[20] allelic mutation in the
SMN1 gene and a clinical
diagnosis of SMA Type 1
or patients with 5 SMA
with a bi allelic mutation
in the SMN1 gene and up
to 3 copies of the SMN2
gene
Glybera (alipo- AAV1 Familial lipoprotein lipase
gene tiparvovec)! expressing deficiency (LPLD)
[21] human
lipoprotein
lipase

1.1x 10** vg/kg
Intravenous
infusion Clinical

Nonclinical

reported at 1-day post-dosing.
Environmental risk assessment

Intramuscular Nonclinical
injections in the
legs, 1.5 x 10*2vg Clinical

per injection site

1.5 x 10 vg/eye Nonclinical
Subretinal » Viral shedding was not described in animals.
injection Clinical

» Shedding was not addressed in nonclinical studies

» In Phase | and Phase lll clinical studies, shedding of AAV2-hRPEV2 in tears was reported in approximately 55% (17/31) of treated patients. Shedding was transient in nature, with the
majority of positive samples were seen between one and three-days post-administration.
» Low levels of vector were also detected in serum of some patients, up to 14 days post-administration.

» No nonclinical shedding data was included in the dossier, data on shedding in humans based on the published literature was presented, which was considered sufficient.

» Data from clinical studies showed that the vector was primarily cleared from the body in stool for up to 60 days post-administration. Low levels of shedding in urine and saliva were

» The risk associated with shedding of viral particles and potential third-party transmission was considered to be low; the SMN1 transgene was not considered immunogenic or toxic, and
AAV infection would be asymptomatic.

» The worst-case scenario was considered to be the spread of replication-competent AAV expressing SMN1 arising from recombination during manufacturing or co-infection with wtAAV
in the patient’s cells. However, negligible risk was assigned to this scenario due to the lack of evidence for a direct effect of SMN1 on viral biology and pathogenicity, and the limited
capacity of AAVs which precludes packaging of rep, cap and SMN1 genes in the same vector.

» Shedding was assessed in the clinical studies by collecting saliva, urine and semen. In one clinical study faeces was also collected. After administration of Glybera to the participants, the
highest vector DNA concentrations were detected in the serum, with clearance by one to two logs per week. In saliva vector DNA was still detectable up to 12 weeks; in urine up to 10
weeks and in semen up to 26 weeks. All but two patients received immunosuppressants for 12 weeks. There is the theoretical risk that the co-administration of the immunosuppressant
regime leads to longer persistence of virus DNA in serum and as well to longer shedding in saliva, urine and semen. High levels of vector DNA were observed up to 12 months after dosing
in the target tissue for Glybera, injected leg muscle, but not in non-injected muscle.

AAV1: Adeno-associated virus type 1.

Note: 1 The marketing authorization for Glybera expired in 2017, following the decision of the marketing authorization holder not to apply for a renewal due to a lack of demand for the product.

and communication of biodistribution and shedding data
to health authorities, or at least drive the design of more
focused studies that could be reduced in size, scope and

length.

Methodological aspects for the construction
of a database to collate biodistribution &
shedding data

While more recently new AAV viruses with either novel or
ancestral capsid proteins have shown enhanced targeting
and high selectivity for key tissues [38], for many years the
core set of AAV capsids — 2, 5, 8 and 9 — were used in a
variety of research and development programs. In addition,
the routes of administration, dose levels and species have
generally remained within a small range of choices. It has
already been suggested that the field of AAV gene therapy
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could take advantage of this plethora of information and
leverage published data for a particular serotype, route of
administration, dose level and species to permit the reduc-
tion or elimination of further nonclinical biodistribution as-
sessments, thus minimising animal usage and streamlining
nonclinical development programs [4].

We describe here the initial stages of the construction of a
database of published biodistribution and shedding data for
AAVs. By collecting a core set of metadata relating to how
the study was performed as well as the experimental data, it
is hoped that the database will formalize the currently exist-
ing data on biodistribution and shedding of AAVs.

An example of biodistribution database functionality is
shown in Figure 1. Such information could be made publicly
available to developers of AAV-based therapies where data
could be leveraged in regulatory applications, and depend-
ing on the depth of information available, potentially permit
dedicated biodistribution analysis for particular products to

be waived. As the field evolves and understanding of AAV
biology progresses, we anticipate that newly generated data
for the aforementioned ‘core’ serotypes will be complement-
ed by data on new serotypes or routes of administration as
the database grows.

To initially populate the database, a search was conduct-
ed on the PubMed database (https://pubmed.ncbi.nlm.nih.
gov) using the search terms AAV’ AND ‘biodistributior,
which yielded 122 potentially relevant abstracts. A compli-
mentary second search with the terms ‘AAV gene therapy’
AND ‘biodistribution’ was conducted and yielded 107 po-
tentially relevant abstracts. After screening of each abstract
for relevance by members of the ARDAT consortium, a total
of 102 relevant articles were identified. These articles were
uploaded into a shared reference manager (https://sciwheel.
com) where consortium members conducted a detailed re-
view of each article and identified the data to be uploaded
to the database.

Our first priority was to identify and collect quantitative
data on vector distribution (e.g., genome copy (gc) amount,
gc/pg DNA or ge/mg tissue), which on most occasions was
found within tables and figures. After consultation with
ATMP experts within the ARDAT consortium, a series of
fields for data entry were designed to capture all relevant in-
formation with regard to study parameters. The main gener-
al parameters include ATMP class, ATMP serotype, Species,
Strain, Route of Administration. Parameters specific for
biodistribution and shedding include Measurement method
and Tissue type. These parameters appear in the browser in-
terface as dropdown lists to filter search results with the pos-
sibility to select any number of parameters. To recover exact
numerical data from plots and images, we used a web-based
application (https://apps.automeris.io/wpd/). The topics
and their parameters are flexible, such that database can be
expanded, for example with immunogenicity information
in the future.
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Need for data standards &
minimum requirements for
reporting & publishing studies

During construction of the database, we
identified inconsistencies across the literature
which may limit the usefulness of extrapola-
tion of these data to support regulatory sub-
missions of similar class vectors.

Areas of inconsistency include, for ex-
ample, the units of measurement used, e.g.,
results presented in vector genome/pg (vg/
pg, or any other mass) and results given in
vg/diploid genome or vg/x amount of DNA
make comparisons difficult across the liter-
ature. There are many less frequently used
units (vg/cell, vg/eye) employed without ref-
erencing mass of DNA used to calculate cell
number. Similarly, the AAV terminology is re-
ported in various ways, for example, an AAV
2 rep gene with AAV 5 cap gene is reported
as AAV2/5 [39], AAV5 [40] and AAV2.5 [41],
which causes confusion.

Another major inconsistency is in the type
of tissue analysed and the timepoints and
which measurements are taken. For example,
measurement of biodistribution can vary be-
tween whole tissue or many parts of a single
tissue type [42-44]. A standard set of tissues
for biodistribution measurements would al-
low these data to be referenced in regulatory
submissions and prevent duplicative nonclin-
ical work. The most recently recommended
tissue list from health authorities is outlined
in the IPRP reflection paper on conduct of
biodistribution studies [16]. In addition, stan-
dard tissues expected to be collected are also
outlined in the current draft version of ICH
S12 [3]. It is unlikely that there will be further
granular guidance from health authorities on
topics such as how tissues are collected, frac-
tionated and stored.

We noted that data from infectivity studies
are rarely reported, and where it is reported
there is not always a description of methods.

Finally, our work revealed discrepancies in
the reporting of the bioanalytical methods
used, including a general lack of reported
validation parameters e.g., limit of detection.

Cell & Gene Therapy Insights - ISSN: 2059-7800
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There were also varied approaches to the re-
porting of sampling profiles and schedules.
Such variations in reporting render the exper-
iments difficult to interpret and reproduce.

In an attempt to illustrate this point, we
conducted an exercise from the point of view
of a hypothetical developer of an AAV9-based
gene therapy intended for intravenous ad-
ministration in the clinical setting. Using the
search filters AAVY’ for ATMP serotype and
‘intravenous’ for route of administration, we
identified 12 articles currently in the database,
which reported biodistribution data derived
from qPCR analysis for AAV9-based vectors
after intravenous administration.

The majority of published studies (9 of 12;
75%) were conducted in mice (either wild-
type strains, namely Balb/c or C57BL/6 [7
studies] or specific disease models [one study
each in Barth syndrome and dystrophin-defi-
cient mouse models]). The remainder of the
studies were conducted in NHPs (3 of 12;
25%). With regard to pre-existing immuni-
ty, none of the studies in mice included an
analysis of this issue, whilst 2 of the 3 studies
in NHPs included such an analysis. Only one
study in NHPs included animals with and
without pre-existing immunity [45].

It was noteworthy that none of the stud-
ies included information with regard to bio-
analytical method validation, including the
effects of different tissue matrices, nor were
limits of detection stated. In general, biodis-
tribution of vector genomes was only anal-
ysed at one timepoint, which showed a wide
variation; ranging from 10 days to 5 months
in mouse studies and 28 days to 2 years in
NHP studies. Such wide ranges could be ex-
plained by the desire to limit animal use and
study costs and the use of complementary ap-
proaches to examine transgene expression as
described in the next paragraph.

A significant proportion of studies used a
reporter transgene to facilitate the analysis of
transgene expression over several timepoints
(4 of 12 studies; 33%). Detection methods
included in vivo imaging of live animals us-
ing luciferase [46] or analysis of secreted en-
zyme activity [45]. These analyses of transgene
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Over the past decade, the landscape of unproven stem cell-based interventions (SCBIs) has
dramatically changed [1]. Once perceived as only operating in countries with less developed
health infrastructures, clinics advertising unproven SCBIs are now located in almost every
developed country and their numbers are increasing despite regulatory authorities work-
ing to close the more unscrupulous and dangerous ones [2,4]. In 2021, Leigh Turner from
the University of California, Irvine, identified 2,752 clinics in the USA operated by 1,480
businesses, a 400% increase from the numbers of clinics reported in 2016 [5]. This SCBI
marketplace remains largely unregulated despite evidence indicating that many interven-
tions are ineffective and can increase risk for patients [6,8]. Moreover, providing unproven
interventions threatens legitimate stem cell clinical research, delaying-if not potentially pre-
venting-the development of therapies for a variety of conditions. To address these risks to
current and future patients, companies developing SCBIs should work with policymakers
and patient advocates to protect clinical research and the reputation of the field.

Cell & Gene Therapy Insights 2022; 8(3), 397-401
DOI: 10.18609/cgti.2022.057

Unproven SCBIs are treatments that use stem
cells and stem cell-derived components that
have not undergone clinical testing to prove
they are safe and effective, nor have been ap-
proved by a regulatory body [6]. Currently, the
only approved SCBI in the US involves hema-
topoietic cells used to treat patients with dis-
ease of the blood and immune system [9,10].
However, many clinics advertise using SCBIs
for a variety of medical conditions in which
evidence of effectiveness is lacking or incon-
clusive, from orthopedic injuries and/or pain,
to neurological or cardiovascular conditions,
aging, and even hair loss and other cosmetic
issues [5]. On their websites, these clinics typ-
ically offer treatments using autologous stem
cells derived from adipose tissue or bone mar-
row, which are easy to obtain [11]. Many of the
unproven SCBIs promoted by clinics do no
harm the patient but have little to no impact
on the patient’s outcomes. Other SCBIs carry
relatively high risks and can have acute side ef-
fects. For example, a 2021 study of orthopedic
patients found that the frequency and severity
of complications when patients received stem
cell injections were significantly higher com-
pared to the standard care [7]. Furthermore,
more than 360 adverse events from unprov-
en SCBIs have been reported since 2004, and
scholars believe this is likely an undercount
since not all adverse events specify whether
the procedure was unproven [8]. Patients have

DOI: 10.18609/cgti.2022.057

experienced adverse events from unproven
SCBIs through infections in the product and
unsafe injection practices. These adverse events
were quite far from benign and included tu-
mors (some inoperable), infections including
sepsis, retinal detachment leading to blindness,
heart attacks, organ failures, and death in some
cases.

To recruit patients, providers of unproven
SCBIs use internet- and social media-based di-
rect-to-consumer marketing tactics to hype the
benefits of stem cells for treating a variety of
conditions while obscuring their risks and lack
of approval. This hyping of SCBIs not only
risks harming exposed patients but also erodes
the public trust in stem cells and can poten-
tially harm patients in the future by delaying
clinical research. While it is difficult to iden-
tify a causal relationship between hype, public
trust, and support for science, there is concern
that overhyping emerging biotechnologies that
fail to meet public expectation can lead to loss
of public trust in that biotechnology and ulti-
mately reduce support and funding for science
in general [12]. In countries with a high level of
public trust in the regulatory systems, unprov-
en SCBIs can be viewed as safe and effective,
which can facilitate hype and potentially cause
confusion between future proven and current
unproven SCBIs [13].

Clinics advertising unproven SCBIs can
also damage the public’s perception of stem




cell research and regenerative medicine by
manipulating and co-opting aspects of the
clinical trial process by using ‘tokens of legit-
imacy.” Scholars define ‘tokens of legitimacy’
as actions and products associated with the
clinical trial process and research institutions
that are imbued with public trust [4]. Clinics
have been found to: register their treatments
as clinical trials without going through any
regulatory approval process; publish ques-
tionable data without any comprehensive
peer review; rent lab space near or in legit-
imate hospitals and research centers; and
claim certification by and membership in
scientific organizations to capitalize on the
existing legitimacy of these markers of sci-
entific integrity [14]. Some SCBI clinics go
a step further by referencing legitimate stem
cell research being conducted at prestigious
universities and medical centers to promote
their unproven treatment [15].

Misusing these tokens can cause confusion
for patients. For example, patients might be-
lieve a clinic’s SCBI has regulatory approval or
is a clinical trial if it is registered on Clinical-
Trials.gov, a website supported by the Nation-
al Health Institute (NIH), despite the web-
site’s warning that listing a study “does not
mean it has been evaluated by the US Federal
Government” [15-17]. Patients may also play
a role in perpetuating the hype and misun-
derstanding of a SCBI [4]. In public-facing
crowd-funding appeals, such as GoFundMe
campaigns, patients will state that the proce-
dure is supported by the NIH or U.S. Food
and Drug Administration (FDA), copying
language found on unproven SCBIs clinics’
websites. Patients will also cite ongoing basic
and clinical research conducted at legitimate
institutions to demonstrate the efficacy of the
unproven SCBI they are seeking [15]. This ef-
fort, intentional or otherwise, to co-opt the
legitimacy of clinical trials, causes confusion
for patients and prospective research partici-
pants and can erode trust in legitimate stem
cell and regenerative technologies, which
could result in a negative public perception
when legitimate stem cell treatments are
approved for clinical use [16].
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The expanding unproven SCBI market
can also affect clinical trial participation and
reputation. Recruitment is particularly prob-
lematic in the case of rare diseases with lim-
ited populations that can qualify for clinical
trials. Patients wishing to undergo method-
ologically-sound clinical trials could be ex-
cluded after having received an illegitimate
SCBI elsewhere since most interventions do
not adequately define the procedure includ-
ing detailing the number of cells used, test-
ing the types of cells injected or follow the
results using rigorous metrics [2,3] Previous
procedures could taint the clinical trial’s re-
sults. Recruiting patients can also become
difficult when a patient can choose between
either the supposed certainty of receiving
some treatment from an illegitimate clinic or
just the possibility of receiving one (vs. a pla-
cebo) in a legitimate clinical trial. Unproven
SCBIs could impact the reputation of clini-
cal research and lead to a loss of trust by the
public in the treatments if the public confuses
clinics providing unproven therapies as being
legitimate clinical trials or having completed
a clinical trial.

Unproven SCBI clinics harm patients
and undermine legitimate stem cell clini-
cal research. Through co-opting the tokens
of legitimacy, unproven SCBI clinics pose
a serious threat to the public perception of,
trust in, and willingness to support stem cell
medicine. More reporting and studies of the
negative impacts of unproven SCBI is emerg-
ing. However, unproven SCBIs have caused
confusion in the marketplace with increasing
hype by both clinics and patients. As these
clinics and procedures continue to expand,
they will — and have started to — impact legit-
imate stem cell clinical trials. While closing
unscrupulous SCBI clinics has proven chal-
lenging for regulatory authorities in the past,
clinical and translational researchers should
continue to advocate for more stringent
regulation of unproven SCBIs to their local
policymakers and regulators to better protect
patients and promote sound research. These
efforts are required to curb unproven SCBI
and protect clinical research and the field.
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