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Lay Abstract

Certain viruses can be used for human benefit and there are now more than a dozen
approved therapies worldwide that use a virus as the main therapeutic agent or as the vector
to instruct the patient’s cells to fight cancer and other diseases. The area keeps growing as
thousands of other clinical trials continue to be conducted. One of the main challenges that
can inhibit patient access to these ground-breaking new options is related to difficulties in
producing and purifying enough virus. This study tackles the virus purification challenge
by applying and improving membrane chromatography (MC), a promising and scalable
technique where virus and impurities are separated based on how differently they interact
with a membrane. Different experimental and modelling and simulation tools were applied
to optimize MC and other directly-related steps of the production process. The findings in
this study can contribute to the development of new virus-based therapeutics so they can

reach patients in safe, effective, and affordable ways.



Abstract

Viruses have emerged as a new class of biotherapeutics used as vectors in gene
and cell therapies, vaccines, and as oncolytic agents in novel cancer immunotherapies.
While these new and potentially curative new therapies bring great promise for patients,
the large-scale purification of viruses is hampered by complicated unit operations, poor
overall yields, and high costs. Membrane chromatography (MC) is one of the most ideal
options for the removal of host-cell impurities in virus manufacturing. Centred on
developing and improving MC processes for virus purification, this thesis focuses on

different aspects of downstream processes that are directly related to MC.

It describes the development of the first hydrophobic interaction MC process for
the purification of vesicular stomatitis virus as a scalable method for the removal of host-
cell protein and DNA. It also describes the development of MC for adenovirus purification,
and how device design and membrane type impact the resolution; here, the novel laterally-
fed membrane chromatography (LFMC) was proven to provide higher resolution than
conventional MC devices, and allowed for the first direct comparison between the most
popularly used membranes in virus manufacturing — Sartobind Q and Mustang Q. Beyond
MC, this thesis also addresses how other downstream unit operations contribute to the final
purity. Through an integrated study optimizing clarification, DNA digestion, and MC
simultaneously, significant improvement in adenovirus purity was obtained. Finally, the
collection of experimental results was used to model complete adenovirus production

processes using BioSolve Process and determine the cost-of-goods (COG) of



manufacturing for clinical applications. Through simulations of multiple scenarios, critical
process parameters were identified and can serve as a guide for future process development
decisions. It is anticipated that the contributions herein described will help address critically
outstanding questions related to virus purification and thus enable the development of the

economical processes for various manufacturing scales.
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1. Introduction

1.1.  Therapeutic viruses

1.1.1. Gene therapy

Gene therapy has been rising as a promising new alternative with the potential to
cure certain diseases, often after a single dose of the therapeutic agent.! In the treatment of
genetic diseases, this is achieved by correcting non-working genes by silencing, replacing,
or delivering a new functional gene to the patient’s cells.? To do so, different types of
vectors can be used, with viruses being the most widely used option.® Oncolytic viruses
that are able to treat cancer by selectively infecting and killing tumour cells, are often
classified as being within the gene therapy space.* However, due to their particularities,

they will be discussed in more detail in their dedicated Section 1.1.2 of this thesis.

To date, there are at least 5 gene therapy products based on viral vectors approved
around the world as shown in Table 1.1. All these drugs act by delivering a functional gene
to the patients’ cells, as a replacement of deficient genes such as Glybera, Luxturna, and
Zolgensma, or encoding for proteins that targets and suppress tumours in the case of
Gendicine and Rexin-G. The major downside of these new therapies is their price, that can
surpass millions of dollars per dose and is mostly driven by development and
manufacturing costs.> Table 1.1 features two of the most expensive drugs in the world:
Glybera, which has been withdrawn from markets in Europe due to the high price and low

demand, and Zolgensma, that holds the title of most-expensive drug in the world.?
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Table 1.1. List of approved gene therapies based on viral vectors.

. Gene Viral First approval Price per
Drug Indication delivered vector  (location/ year) dose Ref.
Gendicine Head and neck
(SiBiono Gene squamous cell P53 (tumour- Adeno- China/2003 - 6-8
Tech Co.) carcinoma suppressing) virus
Rexin-G Soft tissue sarcoma, . ——
(Epeius osteosarcoma Cyto_mdal Rgtro- Philippines/ i 19
Biotech) pancreatic cancer cyclin G1 virus 2007

Glybera * Lipoprotein lipase Lipoprotein AAV-1 Europe/2012 $1200000 210

(Uniqure) (LPL) deficiency lipase
Luxturna Leber’s congenital Eg::}l??_
(Spark amaurosis or hydrolase AAV-2 USA/2017 $ 425,000 2
Therapeutics)  retinitis pigmentosa RPEGS
. Survival
Zolgensma Spinal muscular i USA and 2
(Novartis) atrophy (SMA) mo?&ﬁ;‘mn AAV-9 Japan/2019 $ 2,100,000

* Glybera was withdrawn from markets due to high cost and low demand.? AAV: adeno-associated virus.

In addition to approved therapies, there are currently more than 3,700 gene therapy
clinical trials underway around the world.! Adenoviruses, adeno-associated viruses (AAV),
and lentiviruses are currently the most popular types of vectors used in these clinical trials.?
Other types of vectors of clinical interest include rhabdoviruses, vaccinia viruses,
poxviruses, herpes viruses, Newcastle disease viruses, and others.®>!* All these vectors

present unique properties that make them ideal for different therapeutic applications.

Adenoviruses are currently the leading type of vector in gene therapy clinical
trials, and will be the one of the main subjects of this thesis. They are non-enveloped,

icosahedral viruses with a DNA-based genome,*? and of sizes in the range of 70 to 90 nm.=
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Their advantages include the fact that they are well characterized, safe, relatively easy to
produce, and have the ability to infect different types of cells.*? Adenoviruses are therefore
used in a variety of applications not only for gene delivery in gene therapies and as
oncolytic viruses, but also as vaccine vectors.'? They became essential during the current
COVID-19 pandemic, as a few of the most important vaccines being administered globally,
including the AstraZeneca-Oxford, Janssen, and Sputnik V vaccines, are based on different

serotypes of adenoviral vectors.4

1.1.2. Oncolytic viruses

Often classified within the realm of gene therapy, oncolytic viruses are a particular
class of viruses capable of selectively infecting and killing cancer cells while triggering
immune responses against the tumour.* Their mechanisms of action are broader and more
complex than that of viral vectors delivering tumour-supressing genes as discussed above
for Gendicine and Rexin-G. Oncolytic viruses are replication-competent viruses able to
cause an infection at the tumour site, triggering local inflammation.*™ One of the proposed
explanations for their mechanism of action in conjunction with the immune system involve
the fact that when cancer cells are killed by the virus, tumour antigens are released and the
immune system starts to recognize and clear tumours systematically at different sites of the
body, even those far away from the original virus injection site.'® Recent studies have also

been exploring intravenous administration of oncolytic viruses.!*

Table 1.2 lists the different oncolytic viruses already approved for use in humans

around the world. Imlygic was the first oncolytic virus approved by the FDA in 2015 and
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is currently available for use in the treatment of melanoma.> Adenoviruses, important
vectors in gene therapy and vaccines in general as discussed in Section 1.1.1, are also used
for oncolytic applications; a drug based on a recombinant oncolytic adenovirus called
Oncorine is approved in China for the treatment of head and neck cancer since 2005.!
There is currently an extensive list of phase I-11l clinical trials being conducted using
oncolytic adenoviruses for the treatment of melanoma, prostate, bladder, brain, and

pancreatic cancers, melanoma and other solid tumours.

Table 1.2. List of approved oncolytic viruses for cancer treatment.

L . First approval Price
Drug Indication Viral vector (location/ year) per dose Ref.
Rigvir (Rigvir Group) Melanoma Picornavirus Latvia/2004 - n
Oncorine (S_hanghal Head and neck Adenovirus-5 China/2005 i 1
Sunway Biothec) cancer
T-VEC/Imlygic Melanoma . Herpes USA/2015 $65000 147
(Amgen) simplex virus
Delytact (Daiichi
Sankyo{Umv_ersHy of Mal_lgnant _ Herpe; Japan/2021 i 18
Tokyo's Institute of glioma simplex virus

Medical Science)

Rhabdoviruses are a promising type of virus for oncolytic applications and are one
of the main focuses of this thesis. They are enveloped, bullet-shaped, single-stranded RNA
viruses with sizes ranging from 100-180 nm in length and 45-100 nm in width.*® Vesicular
stomatitis virus (VSV) and Maraba virus (developed in Canada) are the most studied types
of rhabdoviruses for oncolytic applications.!! They present a series of advantages including

the lack of pre-existing immunity against these viruses in humans and the relative ease to
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modify and cultivate them.? Clinical trials are currently underway with oncolytic Maraba
virus for the treatment of solid tumours and non-small cell lung cancer, and a variety of

therapeutic approaches using Maraba and VSV are currently in development.?°

Now, with the rise of combination therapies where oncolytic viruses are used in
conjunction with traditional chemotherapeutics, antibodies, %! and even cell therapies,?22®
there are endless possibilities to be explored for applying oncolytic adenoviruses,
rhabdoviruses, and other promising vectors in the search for novel alternatives for cancer

patients.

1.1.3. Cell therapy

Viral vectors are also an essential tool in novel cell therapies such as those based
on chimeric antigen receptor T cells (CAR-T cell therapies) in use for cancer treatment that
has been presenting ground-breaking outcomes with complete cancer remission reported in
many cases.?* In this new type of therapy, viruses are used to transfer the CAR’s genetic
information into T cells harvested from a patient ex vivo; next, the CAR-T cells that now
programmed to fight the cancer are propagated in the lab and transfused back into the
patient.?* In the last years, a considerable number of new cell therapies have been developed
and approved worldwide as shown in Table 1.3. Yescarta, Kymriah, Zynteglo, Tecartus,
Breyanzi, Abecma, and Relma-cel are all CAR-T cell therapies, while Strimvelis and
Libmeldy are used to modify CD34+ cells from the patient ex vivo by adding genes to
human adenosine deaminase (ADA) and arylsulphatase A enzymes respectively, and

Skysona is used to deliver a gene for the adrenoleukodystrophy protein to immature bone
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marrow cells of the patient.® So far, lentiviruses and retroviruses are the preferred type of

vector for ex-vivo modifications in novel cell therapies, as indicated in Table 1.3. However,

AAV vectors have recently been gaining more interest for this application.?® With all these

advances in the field of gene and cell therapy and oncolytic viruses and the approval of at

least 5 therapies during the course of this year alone, it is undeniable that viruses will

continue to have an essential role in the development of powerful and potentially curative

future new therapies.

Table 1.3. Approved cell therapies that are based on viral vectors.

First approval

Price per

Drug Indication Viral vector (location/ year) dose Ref.
Yescarta (Kite Large B cell Gamr_na USA/2017 $ 373,000 27.28
Pharma) lymphoma retrovirus
Acute
Kymriah (Novartis) lymphoblastic Lentivirus USA/2017 $ 475,000 21,28
leukemia (ALL)
Zynteglgigl)alueblrd Beta-thalassemia Lentivirus Europe/2019 $1,800,000 9%
Tecartus (Kite Mantle cell Gamma 28
Pharma) lymphoma (MCL) retrovirus USA/2020 $373,000
Breyanzi (Brystol Large B cell - 30.32
Myers Squibb) lymphoma (LBCL) Lentivirus USA/2021 $ 410,300
Abecma (Brystol
Myers Squibb, Multiple myeloma Lentivirus USA/2021 $ 419,500 31,33
Bluebird bio)
Relma-cel (JW Large B cell Lentivirus China/2021 - 3
Therapeutics) lymphoma
Strimvelis Severe combined Retrovirus Europe/2016 € 594,000 9.17

(GlaxoSmith-Kline)

immuno-deficiency
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Libmeldy (Orchard ~ Vietachromatic

. leukodystrophy Lentivirus Europe/2020 - %
Therapeutics) (MLD)
Skysona (Bluebird Cerebral -
, adrenoleuko- Lentivirus Europe/2021 - %
bio) q
ystrophy

1.2.  Virus manufacturing processes

1.2.1. Upstream processing

With all the promise of novel virus-based therapeutics, there is a still a need for
the development of advanced manufacturing processes that can keep up with the demand
in the years to come.®® Effective manufacturing processes also contribute to decreasing the
high cost of new virus-based therapeutics. Bioprocesses typically involve multiple unit
operations that are separated into upstream (operations that lead to and include the
production of the target product, typically in a bioreactor), and downstream (operations that

involve product recovery and purification).

Viruses for therapeutic applications are typically produced in adherent or
suspension mammalian cell cultures.®® Adherent cells are cultivated in cell stacks, roller
bottles or fixed-bed bioreactors, while suspension cells use stirred-tank or wave
bioreactors.®” Processes using suspension cell cultures are usually easier to scale-up, while
adherent cultures need to be scaled-out.3® However, recent advances and the development
of modern fixed-bed bioreactors such as the Pall iCELLIis bioreactor are bringing promising

new solutions for adherent cultures.® In either culture system, once the desired cell density
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is achieved, cells are transfected or infected to generate the viral particles. To generate
lentiviruses and AAV, transient transfection is typically used, where cells are transfected
with vector and helper/packaging plasmids.®® Another option is to use stable producer cell
lines that were transduced to express the different parts of the vector of interest upon
induction.® Finally, direct infection of cells can be done using a small amount of vector as

it is often done with adenoviruses® and rhabdoviruses,* both subjects of this thesis.

Advances in the development of cell culture media have also been contributing to
improved upstream processes. Serum is a traditional additive in cell culture media, however
due to being a component from animal source, it presents variability, risk for
contamination, and can difficult the purification process to be completely removed.*
Therefore, serum-free media is typically preferred for biomanufacturing applications and
now, there exists a variety of composition-defined cell culture media especially optimized
for different types of cells.*® The type of media can significantly affect cell growth; as an
example, the specific growth rate of HEK-293 cells (a popular cell line for the production
of adenoviruses, AAV and other vectors) can be more than doubled depending on the cell
culture media used.*! This translates in increased cell densities in short periods of time and

the potential for better viral vector yields.

With the above-mentioned advances and the rise of new technologies, such as viral
sensitizers — a class of small molecules able to increase the replication of viruses in cells
by as high as 1000-fold,*? upstream processes are currently at a critical point, with promise

to continue increasing virus productivity. Downstream processes, on the other hand, are
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still considered the bottleneck of virus manufacturing® and need significant development
in order to keep up with the progress and yields arising from upstream processes, as it will

be discussed on the next section.

1.2.2. Downstream processing

The role of downstream processes in virus manufacturing is to remove process-
related impurities, includes components from the host-cell (debris, protein, DNA), plasmids
used in the transfection stage, culture media components, reagents, etc.; and product-related
impurities such as virus aggregates, empty and/or defective particles.** These need to be
removed by a series of multiple unit operations and there are regulatory requirements for
purity that need to be satisfied.** It is in the downstream phase that significant product

losses occur and where most production costs are spent.546

The unique physicochemical properties of each virus type make them versatile for
the development of new drugs, but they also impose a great challenge for the development
of downstream processes. It is not possible to design a universal process that would work
for all virus types, and therefore processes typically need to be developed exclusively for a
given vector.*® Generally, large-scale downstream process typically starts with a harvest
step to recover the product from the bioreactor.*® Depending on the vector, a cell disruption
step is required to release viral particles from the host-cells and a DNA digestion using
endonucleases such as Benzonase is typically employed.*” Next, a clarification step is used
to remove large debris before the material is sent to chromatography for the removal of

host-cell protein and DNA. A second round of chromatography for polishing purposes is

10
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often required. Tangential-flow filtration is also typically employed at different stages of
the process to concentrate the product or to exchange buffers. Finally, the process ends with
a sterile filtration step.*>4"*8 The drug substance can then be stored and/or sent to aseptic
fill and finish operations. The next sections will explore the different unit operations more

in-depth.
1.2.2.1. Harvest and clarification

At the end of the production step in the bioreactor, viruses can be either present
intracellularly, extracellularly, or both, depending on the type of vector. For example,
adenoviruses and rhabdoviruses, the focuses of this thesis, are predominantly intracellular
and extracellular, respectively, at the end of the culturing step. For intracellular products, a
cell harvest step can be conducted via microfiltration or centrifugation.***® This is an
interesting strategy to reduce volumes early in the process, but different studies skip this

step and proceed to the cell disruption step in the bioreactor itself.>!

For the cell disruption step, mechanical or chemical methods can be used. This
step is not required for vectors that can disrupt the cells by the end of the production
process. At small-scale, cycles of freezing and thawing is an effective strategy that can be
easily implemented. However, for large scales, microfluidization of cells at high pressures
using specialized equipment or the addition of detergents able to disrupt the cellular
membrane are typically used.>? Up until recently, Triton X-100 was the most popularly

used detergent in cell disruption, but it has been prohibited by regulatory agencies due to

11
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environmental concerns.®® Alternatives such as polysorbate 20 are now being further

explored and have been presenting promising results.>

Finally, a clarification step aims to mainly remove host-cell debris and decrease
the turbidity of the product® Scalable techniques to achieve this include the use of
microfilters, either in dead-end or tangential flow filtration (TFF) formats, depth filters in
dead-end mode, or centrifugation.> Depth filtration is an interesting technology where
impurities are retained by adsorption throughout the filter matrix, in addition to
conventional size-based separation. The active portion of a depth filter is typically made of
diatomaceous earth or charged resins to which impurities bind through different types of
interactions.>® Depth filtration has been largely used for the clarification of viruses, but
caution should be taken since the product has the potential to bind to the filter along with

impurities, decreasing the yield of the process.>
1.2.2.2. Removal of host-cell protein and DNA

According to guidelines from the FDA for gene therapy products, residual levels
of host-cell DNA should be below 10 ng/dose with fragments shorter than 200 base pairs;*
for host-cell proteins, commonly accepted levels are in the range of 1-100 ng/mg.>® To
facilitate the removal of host-cell DNA specifically, an enzymatic DNA digestion step

using endonucleases such as Benzonase is often employed.>?

Density gradient ultracentrifugation is largely applied at small scales for the

purification of different types of viruses and is an effective strategy, where separation is

12
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based on the buoyancy of each molecule. However, this method is very complex to scale
up* and therefore chromatography is often adopted as the scalable alternative.>’ Most
chromatographic methods applied for virus purification rely on anion-exchange (AEX) or
cation-exchange (CEX) interactions depending on the charge of the vector. However, other
types of interactions have been explored such as size-exclusion, hydrophobic interaction,

affinity, pseudo-affinity and multimodal chromatography.>®

Conventional chromatography resins present sub-optimal characteristics for the
purification of large biomolecules as is the case of viruses. Large molecules cannot access
and diffuse inside the small pores of most traditional resins, and therefore binding is limited
to the surface of the resin beads, which corresponds to only a small fraction of the binding
capacity of these materials.>® Newer chromatography matrices based on monoliths and
membranes offer a solution to these challenges by presenting large and accessible pores,
convective mass transfer, low-pressure drops and resistance.®® More recently, cellulose
nanofibre-based matrices have emerged® (originally developed by Puridify and called
FibroSelect, now acquired by Cytiva and commercialized under the trademark of Fibro),

adding to the list of advanced materials suitable for virus purification.

Added to the advantages described above, membrane adsorbers possess ideal
characteristics for single-use applications, which eliminates the need for the tedious column
packing and cleaning procedures required with conventional resins.®® The market of
membrane adsorbers is currently dominated by Sartorius with the Sartobind membranes,

Pall with the Mustang membranes, and Millipore Sigma with the Natrix membranes.

13
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However, novel solutions have been arising from start-ups such as Purilogics, the developer
of the Purexa membranes available in different chemistries. Table E1 in Appendix E
provides a list of the membrane adsorbers commercially available, along with their base

materials, ligand chemistries, device sizes, and pricing.
1.2.2.3. Concentration and sterile filtration

Ultrafiltration membranes in TFF mode are typically employed to concentrate
virus particles and/or exchange buffers through diafiltration.*® In this process, the virus is
retained in the permeate while buffer and impurities are transmitted through the membrane;
this can therefore assist as a polishing step to remove residual impurities that remained until

this stage.*

The final step of the production of virus drug substances is a sterile filtration step.
This consists in passing the solution containing the virus through a sterile filter, where the
virus should be transmitted and any potential bacteria, retained. Although typically rated as
a 0.22 um filter, the definition of a sterile filter is broader than that and consists in the
ability to retain Brevundimonas diminuta,®? small bacteria measuring approximately 0.3 —
0.4 um by 0.6 — 1.0 um.®2 This size is close to the size of larger viruses of clinical interest
such as rhabdoviruses that measure approximately 0.05 — 0.10 um by 0.10 — 0.18 um.*°
Given the distribution of pore sizes in sterile filter membranes, it is common that significant
amounts of virus stay retained in the filter. Depending on product attributes and buffer
conditions, losses in the sterile filtration alone can be as high as more than 90%,54 however

the selection of the ideal type of membrane for each virus, and careful optimization of

14
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buffer conditions can improve recovery.®* In the event a sterile filtration cannot be
performed with satisfactory recoveries, the complete manufacturing process then needs to

be performed in aseptic conditions,* which can increase overall manufacturing processes.

1.3.  Objectives and thesis outline

Although significant advances have been made with regards to upstream virus
manufacturing, the downstream phase is currently considered the bottleneck of the process
and it can account for 70% of the production costs.* Typical overall yields in downstream
virus processes are in the order of 10 — 30%,%%% and therefore there is a need to increase
these recoveries so they are comparable with those obtained with more traditional
biotherapeutics such as monoclonal antibodies (mAbs), where overall recoveries can be
greater than 70%.%6 This thesis aims to contribute to the improvement of virus downstream
processes by advancing membrane chromatography technologies and addressing related
unit operations. By considering the strong co-dependence and integration between
upstream and the diverse unit operations in the downstream processes, experimental and

modelling tools were applied to develop and improve virus purification processes.

Chapter 2 describes the development of MC processes for the purification of
adenoviruses and investigates the impact of device format on the performance of the
separation. To address a common drawback of MC, the low resolution caused by inefficient

device designs,” the laterally-fed membrane chromatography (LFMC) technology® was

15
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implemented and compared against a conventional radial flow-based MC device, both
containing 1 mL of the same AEX membrane. The performance of both devices was
evaluated in terms of the flow distribution through tracer experiments and computational
fluid dynamics simulations (CFD), as well as the removal of host-cell protein and DNA in

the purification of adenovirus lysates.

Chapter 3 was idealized upon the critical impact device design had on the
performance of the purification of adenoviruses as described in Chapter 2, and focuses on
comparing two of the most popularly used AEX membrane adsorbers in biomanufacturing
(Sartobind from Sartorius and Mustang from Pall) using the LFMC device. Surprisingly,
although interchangeably used in the literature, these two membranes had never been
compared directly using the same device format. The performance of the two membranes
was compared through a series of comprehensive runs using single-component feed
materials containing purified protein, DNA, or virus. Finally, proof-of-concept experiments

were conducted for the purification of adenovirus lysates.

Chapter 4 presents an integrated approach for process development, where
different unit operations of the adenovirus downstream process were optimized in
conjunction. The conditions of the clarification, DNA digestion, and MC steps were
optimized aiming to improve the host-cell DNA removal and overall product purity. The
study involved the selection of an alternative enzyme to Benzonase, the investigation of
how the order of the unit operations clarification and DNA digestion affected DNA

removal, and design-of-experiments (DoE) addressing the impact of enzyme type,
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concentration, and digestion time. The DoE was extended to high-throughput MC
experiments using 96-well filter plates containing the Sartobind Q membrane to determine
optimal DNA digestion conditions that enable maximum DNA removal during MC.

Finally, the best conditions were applied in proof or concept MC experiments using LFMC.

Chapter 5 focuses on a different vector, the vesicular stomatitis virus, and had as
the main goal the development of an MC step for its purification. Preliminary studies
evaluated different types of membranes and hydrophobic interaction membrane
chromatography (HIMC) presented the greatest potential. Therefore, a HIMC process using
the Sartobind Phenyl membrane was designed to harvest, concentrate, and purify VSV
directly from cell culture. Effect of buffer pH and salt concentrations were investigated in
small volume runs purifying 1 mL of lysate. The best conditions were applied in scale-up

experiments targeting the purification of 300 mL of lysate.

Chapter 6 takes the investigation of the interactions between different process
steps seen in Chapter 4 to a different level by applying modelling and simulation tools to
understand and improve processes. A complete adenovirus production process was
modelled using the collection of results from previous chapters as well as literature
information, using the software BioSolve. With the model, hundreds of scenarios were run
and compared in terms of the cost-of-goods (COG) of production to identify the major cost
drivers and understand the contribution of each unit operation to the final COG. The use of
membranes or resins in the chromatography step was evaluated in financial terms to

determine the most cost-effective option, and the effect of switching the types of enzymes
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in the DNA digestion step was addressed. Finally, sensitivity analyses were performed to

identify critical process parameters.
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2.1. Abstract

Viruses are an emerging class of biotherapeutics with the potential to treat cancer,
genetic, cardiovascular, and other diseases. Their commercial success depends on cost-
effective purification processes. Membrane chromatography processes offer great potential
for virus purification, however conventional devices are known to suffer from issues related
to resolution and sample dilution. Laterally-fed membrane chromatography (LFMC)
overcomes these issues by minimizing the dead-volume and establishing a uniform flow
distribution pattern within the device. While the efficiency of LFMC has been previously
demonstrated for protein purification studies, here we present a direct comparison of the
performance of a LFMC device and a conventional radial flow device (both containing 1
mL of the same strong anion-exchange membrane) for the purification of adenoviruses.
Using a gradient elution strategy, a 74% virus recovery with 4% of residual amount of total

protein and 1% residual amount of total DNA was obtained using the LFMC device; for
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the radial flow device, only 20% virus recovery was achieved for a similar level of purity.
Using a stepwise elution strategy, close to 100% virus recovery with 10% residual protein
and DNA was achieved with both devices. However, the product was at least 50% more
dilute with the radial flow device. Overall, this study demonstrates the considerable benefits
to using LFMC over conventional membrane chromatography devices for purifying virus-

based biotherapeutics.
2.2. Introduction

There is a great research and commercial interest in the use of viruses for
therapeutic purposes. In addition to the common usage of vaccines against viral diseases,
increasing interest has been given to the area of gene therapy, where viruses play an
important role as vectors to deliver therapeutic genes. In 2017 there were approximately
1800 clinical trials worldwide involving virus-based gene therapies, most of them targeting
the treatment of cancer and genetic diseases.! Oncolytic viruses are yet another class of
therapeutic viruses have attracted significant attention for their ability to selectively kill
cancer cells. The first oncolytic virus therapeutic was approved by the FDA in 2015 for the
treatment of melanoma cancer? and various oncolytic virus candidates were tested in over
40 different clinical trials in 2016.% Adenoviruses have been used in 20% of clinical trials
for gene therapy® and certain adenovirus strains have been shown to possess oncolytic
activity.? The widespread use of adenoviruses for therapeutic purposes is mostly due to the
broad knowledge available about their structure and replication cycle, their ease for genetic

modifications, and their high stability.2
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In order to enable the commercialization of virus therapeutics, considerable
advances in upstream manufacturing capacity have been made such as the selection of
‘producer cells’ that are ideal for large-scale cultivation and the development of advanced
bioreactor systems.* Additionally, there is growing interest in the development of ‘viral
sensitizers’ that are capable of significantly increasing production capacities by
maximizing virus titers in cell cultures.> Adenovirus production requires a cell lysis step
and thus host-cell proteins and host-cell DNA must be sufficiently removed in the
subsequent downstream separation steps. Conventional ion exchange chromatography
resins that were developed for the production of recombinant proteins and monoclonal
antibodies have been used for virus purification,®® however the large size of viruses limits
binding just to the external surface of the resin beads and demands the use of low flow
rates.® The last step of virus production usually includes a sterile-filtration step to ensure
product sterility.® Overall, the downstream purification of viruses is currently a bottleneck

in the manufacturing process that can account for up to 70% of the total production costs.’

New chromatography matrixes and process formats such as monolithic column
chromatography (MCC) and membrane chromatography (MC) have the potential to
overcome the aforementioned issues in virus purification due to the presence of a network
of large interconnected pores that allow for operation at higher flow rates.!®** The
advantages of MC over MCC include lower pressure drops and the possibility to be used
in single-use (disposable) format and thus eliminate the need for cleaning procedures and
GMP validation. Currently, most commercially available MC devices are based on a radial-

flow configuration which has been shown to result in higher degrees of sample dilution
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(due to non-uniform flow distribution) and lower peak resolutions (due to peak
broadening).'® Current radial flow devices are usually available in sizes ranging from 1 mL
to 5 L of membrane. The Sartobind® Cassettes (Sartorius) are another format commercially
available, which have the advantage of being highly scalable from 0.8 L to 100 L of

membrane and therefore are suitable for large-scale applications.

Laterally-fed membrane chromatography (LFMC) is a new purification method
based on an improved MC device with low dead-volume and uniform flow distribution
properties.'> LFMC was originally developed to overcome the limitations of conventional
stacked-disc MC devices that are typically used for small-scale purification applications;?
it has also been shown to perform better than radial-flow MC devices for the separation of
multicomponent protein mixtures,'* PEGylated proteins,* and monoclonal antibody charge
variants.® Based on those recent works, we felt that the LFMC method could be ideally
suited for the purification of therapeutic viruses. In this study, we compare the purification
of adenovirus from actual cell lysates (i.e. removal of protein and DNA) using a commercial
radial-flow MC device and an LFMC device. Both these devices contained the exact same
type and amount of anion exchange membrane. Additionally, we compared the
performance of the two MC devices using computational fluid dynamics (CFD)
simulations. The radial format was selected for this comparison, as opposed to the cassettes,
based on the available small sizes (i. e. 1 mL of membrane), which are suitable for process

development studies.
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2.3. Materials and Methods

2.3.1. Virus production and sample preparation

Suspension 293 cells were provided by the Robert E. Fitzhenry Vector Laboratory
at McMaster University and were cultured in CDM4HEK293 media (Hyclone)
supplemented with 200 mM L-glutamine (BioShop) and 10 mM HEPES (Gibco), both
prepared at the McMaster Immunology Research Centre media kitchen. Cells were seeded
at 3x10° cell/mL and passaged every 3-4 days when they reached a cell density of 1x10°
cell/mL. To prepare the infected cell cultures, cells were resuspended in fresh media at a
cell density of 4x10° cell/mL and infected with a human Adenovirus 5 vector (provided by
the Fitzhenry Vector Laboratory) at a multiplicity of infection of 5. Infected cells were
harvested after 48 h at 37°C by centrifugation at 1460 x g for 15 min. The supernatant was

discarded and the infected cell pellets were stored at -80°C.

Cell pellets originally from 50 mL cultures were thawed and resuspended with 100
pL of 10 mM Tris buffer pH 8 (Sigma), and then the viruses were released by disrupting
the cells through three freeze-thaw cycles. The cell lysates were treated with Benzonase®
(Novagen EMD Millipore) at 0.001 U/pL in 10 mM Tris buffer pH 8 (using a total of 0.1
U per pellet) and incubated in a 37°C water bath for 30 min to enzymatically degrade the
DNA. Afterwards, the lysate was centrifuged at 1460 x g for 15 min then the supernatant
(approximately 500 uL) was collected and diluted with two volumes of buffer containing
10 mM HEPES, 4% sucrose (BioShop), and 0.4 M NaCl (BioShop). The resulting solution
was clarified by passing it through a 0.45 um pore size PVDF Acrodisc® syringe filter

(Pall). At this stage, the virus concentration of the clarified cell lysate was on the order of
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1010 infectious units (IFU) per mL, the concentration of total protein was approximately

1.7 mg/mL, and the concentration of total DNA was approximately 38 pg/mL.

2.3.2. Membrane chromatography devices

Two MC devices were used in this study. The first one device being the Sartobind
Nano capsule (Sartorius) which features a radial-flow configuration and thus will be
hereafter referred to as the ‘radial flow device’, and the second one being the LFMC device.
Both devices contained 1 mL of Sartobind® Q membrane (Sartorius), a strong anion-
exchange membrane constructed of reinforced cellulose functionalized with quaternary-
ammonium groups. Scanning electron microscopy (SEM) images acquired using a Vega Il
LSU Tescan electron microscope are shown in Figure 2.1, panels D and E, which highlight

the structure of the top/bottom surface and the cross-section of the membrane, respectively.

The features of the LFMC device are shown in Figure 2.1. Note that this particular
design has fewer parts than that described in previous studies®™!® and thus is easier to
fabricate. A blow-out schematic of the internal design is shown in Figure 2.1. An identical
top and bottom plate containing an O-ring groove and lateral channels sandwiched the
middle frame in which the membrane stack was housed. Each plate was provided with
seven male pins of hexagonal cross-section that aligned with their corresponding
circumscribed circle (6 mm diameter) female feature. A small droplet of medical grade
4902 instant glue (Loctite) was put on each pin and then the device was clamped overnight
to seal the device. The plates were fabricated in Formlabs Standard resin using Form 2 3D
printer (Formlabs). The rectangular portion of the lateral channels had the same length and

width as the membrane stack and was tapered at both ends to two threaded ports (for
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standard PEEK connectors), with one taper being a bit longer than the other. The longer
port on the top plate was used as the feed inlet, while the longer port on the bottom plate
was used as the permeate outlet. The two remaining ports were used as vents to ‘prime’ the
device. The depth of the lateral channels was 0.5 mm. An array of pillars was etched on
each lateral channel to enhance flow distribution and to support the membrane stack. The
exact arrangement of the 15 rows of pillars with an alternating arrangement of 3 and 4
pillars per row was determined based on CFD simulations using COMSOL Multiphysics
5.3a (results not shown). Each pillar was a truncated cone (circular bevelled) having a
diameter of 2 mm at the base and 0.6 mm at the contact point with the membrane. The
membrane frame was made of 1085 polyurethane (Freeman) using a customized moulding
technique.!” The membrane stack (ten sheets of 38 mm x 10 mm membranes stacked to a
bed height of 2.75 mm) was held in place in a silicon rubber mould (V-330 mixed in 10:1
ratio with CA-45, Freeman) using an aligner which was then enclosed by removing the
aligner and adding another silicone mould on the top. The polyurethane elastomers (i.e. the
resin and the hardener) were mixed in 1:1 ratio. The mixture which did not require
degassing was poured in the mould via the embedded through-holes in the top mould. The
polyurethane membrane frame was cured for 2 h and this fused the membranes in-place
within the frame. The cross-sectional side view of the LFMC device along with idealized
flow-paths are shown in Figure 2.1-C. The feed enters the device at the inlet, the liquid
flows in the top lateral channel, goes through the membrane, emerges in the bottom lateral

channel, flows towards the outlet, and exits the device.
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Figure 2.1. Details of the construction of the LFMC device and scanning electron microscopy (SEM) of the
Sartobind Q membrane. A: external view of the LFMC device, B: blow-out diagram showing the different
parts of the device, C: cross-section side view of the device. D: SEM image of the top/bottom surface of the
Sartobind Q membrane, E: SEM image of the cross-section of the Sartobind Q membrane.
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2.3.3. CFD simulations

CFD simulations were performed using the approach described in detail in an
earlier publication.'® Briefly, models of the two devices based on actual internal dimensions
and experimental conditions were created using COMSOL Multiphysics software and
solved using the Brinkman equations with Transport of Diluted Species in Porous Media
and Particle Tracing for Fluid Flow package. Residence time distributions (RTD) studies

were performed for both devices using COMSOL Multiphysics 5.3a.

2.3.4. Chromatography experiments

An NGC™ medium-pressure liquid chromatography system (BioRad) with an in-
line conductivity meter and UV detector (260 and 280 nm) was used to characterize the
performance of the two MC devices. A flow rate of 5 mL/min (i.e. 12 s residence time) was
used for all experiments, in order to operate below the maximum pressure rating (400 kPa)
for the Sartobind Q membrane. At this flow rate, the BioRad NGC system pressure was
similar for both the LFMC device and the radial device and ranged from 282 kPa to 296

kPa. In the absence of either device, the system pressure was approximately 269 kPa.

Tracer experiments were performed by injecting 100 puL of a 10% solution of
acetone in Milli-Q water. For virus purification runs, a 100 pL sample of the clarified cell
lysate (as prepared according to section 2.3.1) was injected. The ChromLab™ software was
used to maintain a constant flow rate of 5 mL/min and to automatically adjust the proportion
of Buffer A (10 mM HEPES, 4% sucrose) and Buffer B (10 mM HEPES, 4% sucrose, 2 M
NaCl) according to the two elution strategies (linear gradient and stepwise) that were

evaluated for both MC devices. Based on early testing with the radial flow device, it was
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observed that it can take up to 6 membrane volumes (i.e. 6 mL) for the signal of the ‘flow-
through’ peak to return to baseline (results not shown). Therefore, a total of 6 mL was
collected (in 3 fractions of 2 mL each) between the start of the run and the first increase in

salt concentration in all experiments.

For the gradient elution strategy, a linear increase from 0.4 M NaCl (20% Buffer
B) to 1 M NaCl (50% Buffer B) was done over 4 mL and then another 6 mL was run at 1
M NaCl with 1 mL fractions continuously collected. Including the ‘flow-through’ fractions,
a total of 13 fractions were collected for each gradient elution run. For the stepwise elution
strategy, a step change from 0.4 M NaCl (20% Buffer B) to 0.6 M NaCl (30% Buffer B)
was done and held for 3 mL, then from 0.6 M NaCl to 1 M NaCl for 8 mL. The stepwise
elution conditions were defined based on results from the gradient elution strategy and on
a set of early optimization experiments which results are not shown. Again 1 mL fractions
were collected continuously for a total of 14 fractions per stepwise elution run. A solution
of 50% glycerol (Caledon Laboratory Chemicals) in Milli-Q water was added to each

fraction (in 20% v/v proportion) and then they were stored temporarily at -80°C.

Between runs, the MC devices and NGC chromatography system were ‘cleaned-
in-place’ following the instructions of the membrane manufacturer. A 1 M NaOH solution
(BioShop) was passed through the system for 30 min at 1 mL/min flow rate, followed by a
1 M NacCl solution (BioShop) for 3 minutes at 5 mL/min flow rate. Finally, the system was

re-equilibrated with Buffer A.
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2.3.5. Analytical methods

2.3.5.1. Virus infectivity assay

The amount of infectious adenovirus was determined in triplicate for each
fraction using the procedure based on hexon staining.'® A 500 pL aliquot of a suspension
of adherent 293 cells (3x10° cell/mL) in Minimum Essential Media with Earle’s salts
(Gibco, Life Technologies) supplemented with 10% fetal bovine serum (FBS; Gibco, Life
Technologies) and 1% L-glutamine (MIRC media kitchen) were seeded in each well of a
24-well plate (Corning) and incubated for 24 hours at 37°C and 5% CO.. Then, a dilution
series of the collected fraction was prepared using the same culture media. A 250 pL aliquot
from each diluted fraction sample was added to the individual wells and the plates were
incubated at 37°C and 5% CO.. After 48 h, the culture media was removed, then the cells
were fixed by adding ice-cold methanol to the wells, and the plates were stored in a freezer
for 10 min. Each well was then washed three times with 500 puL of 1% bovine serum
albumin (BSA) solution (Equitech-Bio) in phosphate-buffered saline (PBS) solution
(MIRC media kitchen) prior to the addition of 250 puL of a murine anti-hexon primary
antibody (prepared at the MIRC) diluted 40,000 times with 1% BSA in PBS solution. The
plates were then stored at 37°C on a rocker platform for 1 h. Next, the wells were washed
three times with 500 pL of 1% BSA in PBS solution and followed by the addition of 250
ML of a goat anti-mouse secondary antibody conjugated with horseradish peroxidase (HRP)
enzyme (Santa Cruz Biotechnology) diluted 5,000 times with 1% BSA in PBS solution.
The plates were again stored at 37°C for 1 h, washed three times with 1% BSA in PBS

solution, and then 250 pL of 1x diaminobenzidine (DAB) substrate (Roche) was added.
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After a 10 min incubation at room temperature, the DAB substrate was removed and 500
pL of PBS solution was added. Finally, the cells were visualized under the microscope
using a 10x objective, to count the number of infected cells (coloured dark brown) and the

total titer (in IFU/mL) was calculated with consideration of the sample dilution factors.

2.3.5.2. Protein assay

The total protein concentration in each fraction was determined in duplicates using
the micro BCA™ Protein Assay Kit (Thermo Scientific) following the protocol provided
by the manufacturer. A 120 uL aliquot of each fraction was mixed with an equal volume
of working reagent in a 96-well transparent microplate (Corning) and incubated at 37°C for
2 hours. The absorbance at 562 nm was measured using a SpectraMax i3 (Molecular
Devices) plate reader and the concentration was calculated from calibration curves of
concentration (range from 2 to 40 pg/mL) versus absorbance for the recommended standard

(BSA).

2.3.5.3. DNA assay

The total DNA concentration in each fraction was determined in duplicate using
Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen) following the protocol provided by the
manufacturer. A 60 pL aliquot of each fraction sample was mixed with an equal volume of
working reagent in a half-area 96-well black microplate (PerkinElmer) and incubated for
five minutes at room temperature while protected from light. The fluorescence was
measured (520 nm emission, 480 nm excitation) using a SpectraMax i3 (Molecular

Devices) plate reader and the concentration was calculated from calibration curves of
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concentration (range from 1 to 1000 ng/mL) versus fluorescence for the recommended

standard (Lambda-DNA).
2.4. Results and Discussion

2.4.1. CFD simulation and tracer experiments

The RTDs obtained by CFD simulations at 5 mL/min flow rate are compared in
the top panel of Figure 2.2. There is a clear difference in the predicted behaviour of the two
MC devices. With the LFMC device, the incipient unbound tracer breakthrough time
(defined as the moment when the tracer particle count was 1% of the peak height) was 15
seconds, which was 2.3 times lower than the corresponding value for the radial flow device
(35 seconds). Also, the flow-through tracer profile obtained with the radial flow device was
broad and skewed, i.e. had a significant tailing, with a peak height being approximately 2.4
times smaller than the corresponding value for the LFMC device. The sharper, narrower
and more symmetric peak obtained with the LFMC device showed that it had significantly
better hydrodynamic attributes than the radial flow device. These simulation results
predicted that the LFMC device would yield sharper and better resolved chromatographic
peaks than the radial flow device during a bind and elute mode of operation. For further
details on the interpretation of the results of such simulation studies, the reader is directed

to an earlier publication.®

In order to confirm the accuracy of the above CFD simulation results, a set of
tracer experiments were performed with the NGC chromatography system by injecting 100

uL ‘pulses’ of a 10% acetone solution and monitoring the UV absorbance signal. Acetone
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was chosen because it does not interact with the Sartobind Q membrane. The resulting UV
absorbance profiles (at 280 nm) are shown in the bottom panel of Figure 2.2. Note that
these displayed profiles were obtained by shifting the actual profiles by 0.6 mL, which was
the volume associated with the internal parts (tubing, valves, etc.) of the NGC
chromatography system. This correction volume was determined by running acetone tracer
experiments without any MC device connected to the system. While the experimental
results do not exactly match the simulation results, there was a good agreement in the trends
obtained with the two MC devices. For example, the experimental incipient unbound tracer
breakthrough time for the LFMC and radial flow devices were 6 and 27 seconds
respectively, i.e. the offset with the theoretical data were similar. A possible reason for the
difference between the theoretical and experimental results was that while the CFD
simulation was based entirely on convective solute transport, given the small size of
acetone it is expected to undergo a significant amount of diffusional transport within the
MC devices, resulting in peak broadening. Quite interestingly, the acetone tracer tests
showed that for the radial flow device, the UV signal had not returned to the baseline
condition after running the pulse test for 140 seconds (i.e. after running approximately 12

column volumes of Buffer A through the device).
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Figure 2.2. Residence time distribution comparing the LFMC device (solid line) and the radial flow device
(dashed line) results for the CFD simulations (top panel) and acetone tracer experiments (bottom panel), at a
5 mL/min flow rate.

2.4.2. Purification of adenoviruses via gradient elution strategy
In order to evaluate the reproducibility of the conditions and procedures that were

used to both prepare the lysates and conduct the chromatography runs, the four
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experimental combinations (two MC devices and two elution conditions) were run in
duplicate. The UV absorbance at 280 nm and conductivity signals from the duplicate runs
for the LFMC device operated according to the gradient elution strategy are displayed in
Figure 2.3. It is evident that there is very good agreement between the two runs in terms of
UV absorbance and conductivity profiles. The first large peak observed in the ‘flow-
through’ corresponded to any biomolecules that did not adsorb to the membrane at the
loading conditions of 0.4 M NaCl (i.e. 20% Buffer B). The plateau observed at
approximately the 2 mL mark is related to a disturbance in the UV detection cell caused by
a sudden change in pressure when the sample loop is closed after the sample was injected.
The first eluted peak appeared approximately 2.5 mL after the linear gradient was initiated
(at the 6 mL mark) and coincided with the moment when the conductivity started to increase
as a response to the higher NaCl concentration. A second eluted peak appeared shortly
afterwards around the 10.5 mL mark and finally, the signal gradually returned to baseline.
The same high degree of similarity was seen between the duplicate runs for the other three

chromatography conditions (results not shown).
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Figure 2.3. UV absorbance (280 nm) and conductivity profiles for the duplicate chromatography runs using
the LFMC device and gradient elution strategy. The dashed-dotted line indicates the percentage of buffer B
with values given on the secondary y-axis.

While the UV absorbance signal does indicate the relative separation behaviour of
the MC device, it was not possible to determine the concentration of each component given
the complex nature of the feed sample. Thus, for this study, we were required to run
separate assays to determine the virus titer, protein concentration, and DNA concentration
(as described above in section 2.3.5) for each of the 13 fractions that were collected during
the gradient elution chromatography runs. The results from this analysis for the LFMC
device are shown in the top panel of Figure 2.4. Only one of the duplicate runs under this
condition is shown (corresponding to Run 1 from Figure 2.3), given the good
reproducibility of the duplicate runs. The 3D bar chart displays the amount of virus (front
solid red bars), protein (middle hatched yellow bars), and DNA (back striped green bars)
within each fraction as a percentage of the amount in the injected feed sample. The large

UV absorbance peak that appeared in the ‘flow-through’ (corresponding to 20% Buffer B
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and NaCl concentration of 0.4 M) contained 88% of the total amount of protein in the feed
sample, 1.7% of the total amount of DNA in the feed sample, and less than 0.01% of the
total amount of virus in the feed sample. The first elution peak, which appeared
approximately 2.5 mL after the linear gradient was initiated, contained mostly virus and a
small amount of detectable protein and DNA; a detailed description of the composition of
the fractions for the first elution peak is presented in Table 2.1. The second elution peak
contained mostly DNA. No further increase in NaCl concentration beyond 1 M (i.e. 50%
Buffer B) was used because it was observed in some of our early studies that no detectable
level of biomolecules were eluted at NaCl concentrations higher than 1 M NaCl (results

not shown).

The gradient elution strategy was run partly in order to provide an understanding
of the required solution conditions to elute the virus and DNA from the anion-exchange
Sartobind Q membrane. Based on the conductivity profile, it was determined that the
elution of adenoviruses happened at a NaCl concentration of approximately 0.6 M while
the elution of DNA occurred at NaCl concentration between 0.8 M and 1 M. These values
were determined using the chromatography runs with the LFMC device, given its faster
conductivity response to NaCl concentration increase and lower degree of back-mixing
compared with the radial flow device. Our results are in good agreement with a previous
study of adenovirus purification using the Sartobind Q membrane that reported the virus
eluted at a NaCl concentration of 0.65 M and the DNA eluted at a NaCl concentration of 1

M for a solution pH of 8.2
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The same set of results for the radial flow device are shown in the bottom panel of
Figure 2.4. It is readily apparent that the UV absorbance profiles for the two MC devices
run at the same conditions are significantly different. For example, the ‘flow-through’ peak
for the radial flow device started at the 2.5 mL mark while that for the LFMC device started
at the 1 mL mark; this observation is in good agreement with the results shown in Figure
2.3. Also, the peak for the radial flow device was nearly four times broader (based on the
peak width at the peak half height value) than that for the LFMC device. In accordance
with Figure 2.3, the disturbance plateau around the 2 mL mark caused by the closing of the
sample loop also appeared in the runs using the radial flow device but it was almost not
detectable given the very different UV absorbance profile. For the radial flow device, the
large peak that appeared in the ‘flow-through’ (corresponding to 20% Buffer B and NaCl
concentration of 0.4 M) contained 80% of the total amount of protein in the feed sample,
1% of the total amount of DNA in the feed sample, and less than 0.01% of the total amount
of virus in the feed sample. A single peak appeared approximately 5 mL after the linear
gradient was initiated. As shown by the assay results, that peak contained a mixture of virus
and DNA. For the exact same conditions, the LFMC device was able to resolve the eluted
biomolecules into two separate peaks due to the better hydrodynamic attributes than the

radial flow device.
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Figure 2.4. Chromatograms for adenovirus purification via gradient elution strategy with the LFMC device
(top panel) and the radial flow device (bottom panel). The dashed line indicates the percentage of buffer B
(which correlates to the NaCl concentration), the dotted line indicates the conductivity, and the solid line
indicates the UV absorbance at 280 nm (refer to the secondary axis). The 3D bar charts display the amount
of adenovirus (front solid red bars), total protein (middle hatched yellow bars), and total DNA (back striped
green bars) within each fraction as a percentage of the amount in the injected feed sample.

Based on the collection of results displayed in Figure 2.4, it is apparent that the
degree of virus purification is strongly dependent on the design of the MC device. A
detailed comparison of the effect of the total fraction size on the virus recovery and purity
is given in Table 2.1. The first fraction to be displayed on Table 2.1 was selected based on
the criteria of containing at least 1% of the initial amount of virus after the gradient was
started. The reported results are averages of the composition of fractions from the duplicate

runs that were performed at each condition. Additionally, each fraction for one of the
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independent runs was analysed in triplicate for virus amount and duplicate for protein and
DNA amounts. The error bars were calculated by propagating the standard deviations of
the values obtained from the duplicate runs performed at each condition. The large error
bars and accompanying virus recoveries larger than 100% that are listed in Table 2.1 are
due to the limitations of the hexon staining assay that was used to determine the virus
infectivity of the feed and fractions. While there are other methods that give more precise
estimates of the total amount of virus particles (e.g. g-PCR), those methods do not
distinguish between active and inactive virus particles which is a critical concern in this
study. It was found that 100% of the virus eluted in a 2 mL fraction with the LFMC device
while a 4 mL fraction was needed to recover a comparable amount of virus for the radial
flow device. The requirement to use larger volumes with the radial flow device is
undesirable because clinical virus doses have high titers usually in the order of magnitude
of 10%° IFU/mL.® For the LFMC device, the 2 mL fraction contained 7.2% of the initial
amount of protein and 25% of the initial amount of DNA. For the radial flow device, the 4
mL fraction contained much higher amounts of both protein (17%) and DNA (56%). In
terms of virus purity, it was found that 74% of the initial virus, 4.1% of the initial protein,
and 1.1% initial DNA was obtained in the 1 mL fraction for the LFMC device; these values
correspond to approximately 10° IFU/mL of virus, 6.8 pg/mL of protein and approximately
38 ng/mL of DNA. Although a significant amount of contaminants have been removed, the
need for a subsequent polishing step will depend on the dose and application of the
therapeutic virus, and regulatory requirements. The concern is specially related to the

amount of host-cell DNA, which should be below 10 ng per dose according to FDA

45



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

standards.” A similar degree of purity could be achieved with the radial flow device ina 1
mL fraction, however the recovery of the virus was over three times lower than that

obtained with the LFMC device.

Table 2.1. Comparison of the total sample volume effect on recovery of virus, total protein, and total DNA
for the LFMC and radial flow devices using a gradient elution strategy; the percentages are reported with
respect to the amounts of each component in the feed sample. The error bars are based on propagation of
error analysis from triplicate testing (for virus titer) or duplicate testing (for protein and DNA) on duplicate
runs.

Device LFMC Radial Flow
Fraction size imL2 2mLP 3mL¢ 4mL?%| I1mL® 2mLf 3mLY? 4mL"
Virus (% of initial) 74+9  102+#13 108+14 112415 202 6115 90+7 9749

Protein (% of initial) | 4.1+0.1 7.240.2 9.7%0.3 11+1 2.810.1 7.1+£0.1 13+3 174
DNA (% of initial) 11+01  25%1 74+3 89+4 | 0.34+0.03 5.7#0.2  28+1 5643
@ Corresponds to the fraction at the 8 mL mark in the top panel of Figure 2.4
b Corresponds to the fractions at the 8 and 9 mL marks in the top panel of Figure 2.4
¢ Corresponds to the fractions at the 8, 9, and 10 mL marks in the top panel of Figure 2.4
d Corresponds to the fractions at the 8, 9, 10, and 11 mL marks in the top panel of Figure 2.4
& Corresponds to the fraction at the 10 mL mark in the bottom panel of Figure 2.4
fCorresponds to the fractions at the 10 and 11 mL marks in the bottom panel of Figure 2.4
9 Corresponds to the fractions at the 10, 11, and 12 mL marks in the bottom panel of Figure 2.4
h Corresponds to the fractions at the 10, 11, 12, and 13 mL marks in the bottom panel of Figure 2.4

2.4.3. Purification of adenoviruses via stepwise elution strategy

Based on the knowledge gained during the gradient elution tests, a stepwise elution
strategy was designed for the purification of adenoviruses. Similarly to the gradient elution
strategy, the run was started at a 0.4 M NaCl concentration (i.e. 20% Buffer B) in order to
remove most of the protein in the run ‘flow-through’; next a step change to 30% Buffer B
(i.e. 0.6 M NaCl) was made followed by a step change to 50% Buffer B (i.e. 1 M NaCl).
The experimental results for one of the duplicate runs with the LFMC device are shown in
the top panel of Figure 2.5. As previously mentioned for Figure 2.4, the 3D bar chart

displays the amount of virus (front solid red bars), protein (middle hatched yellow bars),
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and DNA (back striped green bars) within each fraction as a percentage of the amount in
the injected feed sample. The large UV absorbance peak that appeared in the ‘flow-through’
(corresponding to 20% Buffer B and NaCl concentration of 0.4 M) contained mostly
protein and small amounts of the virus (less than 0.01% of that in the feed) and DNA
(approximately 3% of that in the feed). The first elution peak, which appeared
approximately 2 mL after the step change to 0.6 M NaCl was made, contained mostly virus
and a small amount of protein and DNA; a detailed description of the composition of the
fractions is presented in Table 2.2. The second elution peak contained mostly DNA
(approximately 76% of that in the feed) and a slight tailing effect was observed with the
very last fraction (at the 16 mL mark) containing approximately 2% of the initial amount

of DNA.

The same set of results for the radial device are shown in the bottom panel of
Figure 2.5. Again, there was a large difference in the UV absorbance profiles and
distribution of biomolecules within the collected fractions for the two devices. After the
first step increase in NaCl concentration, it took approximately 2 mL for the peak
corresponding to the virus elution to appear for the LFMC device, while for the radial
device it took around 4 mL. Moreover, this peak was twice as broad (based on the peak
width at the peak half height value) for the radial device (1.72 mL) in comparison to the
LFMC device (0.83 mL). The large UV absorbance peak that appeared in the ‘flow-
through’ again contained most of the protein in the feed sample. A very small elution peak
appeared approximately 4 mL after the step change to 30% Buffer B (i.e. 0.6 M NaCl) was

made. The corresponding fractions for that peak contained most of the virus and some
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protein and DNA; the exact percentages are given in Table 2.2. The second elution peak
after the step change to 50% Buffer B (i.e. 1 M NaCl) was made contained mostly DNA.

In agreement with all the previous results, a large tailing effect was observed.

Similarly to what was observed using the gradient elution strategy, the results
shown in Figure 2.5 indicate that the design of the MC device is a critical parameter on the
performance of virus purification. A comparison of the effect of the total fraction size on
the recovery and purity of the virus samples is shown in Table 2.2. The values reported in
Table 2.2 were obtained following the same calculations used in Table 2.1. The dilution
effect was once again quite pronounced in the radial flow device. While 93% of virus was
recovered in a 2 mL fraction containing 8% of the initial amount of protein and 9% of DNA
using the LFMC device, a 3 mL fraction was required to recover 88% of virus with 10% of
the initial amount of protein and 8% of DNA using the radial flow device. Considering
these two fractions (2 mL for the LFMC and 3 mL for the radial flow device), the amount
of protein and DNA are not significantly different, therefore there was no difference

between the two devices in terms of purity.

Focusing just on the LFMC device, a distinct difference in separation performance
was found for the two elution strategies. A virus recovery of 74% and high purity was
obtained in the 1 mL fraction for the gradient elution strategy (Table 2.1); approximately
100% virus recovery was possible in a 2 mL fraction but there was a greater amount of
DNA (25% of initial amount). The stepwise elution mode provided more balanced virus
recovery versus purity results; for the 2 mL fraction, the recovery of virus was 93% with

less than 10% of both protein and DNA.
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Figure 2.5. Chromatograms for adenovirus purification via stepwise elution strategy with the LFMC device
(top panel) and the radial device (bottom panel). The dashed line indicates the percentage of buffer B (which
correlates to the sodium chloride concentration), the dotted line indicates the conductivity, and the solid line
indicates the UV absorbance at 280 nm (refer to the secondary axis). The 3D bar charts display the amount
of adenovirus (front red bars), total protein (middle yellow bars), and total DNA (back green bars) within
each fraction as a percentage of the amount in the injected feed sample.

Table 2.2. Comparison of the total sample volume effect on recovery of virus, total protein, and total DNA
for the LFMC and radial flow devices using a stepwise elution strategy; the percentages are reported with
respect to the amounts of each component in the feed sample. The error bars are based on propagation of
error analysis from triplicate testing (for virus titer) or duplicate testing (for protein and DNA) on duplicate
runs.

Device LFMC Radial Flow
Fraction size imL® 2mL® 3mL® 4mL¢ | ImL® 2mLf 3mLY9 4mL"
Virus (% of initial) 35+4 93+10  101+10  104+11 10+1 57+6 88+8  100+10
Protein (% of initial) | 3.5%0.3  8.0+0.4 11+1 14+1 30+04 6.8+05 10+1 13+1
DNA (% of initial) | 0.67£0.01 8.9+0.4 14+1 53+2 0.29+0.02 2.6+0.1 8.2+0.4  22+1

2 Corresponds to the fraction at the 7 mL mark in the top panel of Figure 2.5
b Corresponds to the fractions at the 7 and 8 mL marks in the top panel of Figure 2.5
¢ Corresponds to the fractions at the 7, 8, and 9 mL marks in the top panel of Figure 2.5
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d Corresponds to the fractions at the 7, 8, 9, and 10 mL marks in the top panel of Figure 2.5

¢ Corresponds to the fraction at the 9 mL mark in the bottom panel of Figure 2.5

fCorresponds to the fractions at the 9 and 10 mL marks in the bottom panel of Figure 2.5

9 Corresponds to the fractions at the 9, 10, and 11 mL marks in the bottom panel of Figure 2.5

h Corresponds to the fractions at the 9, 10, 11, and 12 mL marks in the bottom panel of Figure 2.5

Future work in this area includes further optimization of the process parameters
(e.g. buffer pH and elution profile) in order to maximize virus recovery and purity in step-
elution mode, which is the most-used strategy for large-scale processes. Additionally, the
LFMC device will be scaled-up to accommodate more membrane volumes, targeting sizes
comparable with the commercially available radial devices (i.e. 1 mL to 5 L of membrane).
A systematic approach will be used to evaluate the other steps of the downstream in order
to stablish a full scalable process. For example, other scalable techniques for cell lysis such
as cell homogenization and use of detergents will be tested and their potential effects in the
chromatography step will be evaluated. Finally, the performance of the purification of other
types of therapeutic viruses will be addressed; for example, the rhabdovirus Maraba is of
particular interest to us given its strong oncolytic activity and its ability to stimulate an

immune response against tumours.?:
2.5. Conclusions

The LFMC device has been shown to have several advantages over radial flow
devices for the purification of adenoviruses. Using a linear gradient elution strategy resulted
in virus recoveries near 100% of the total amount in the feed sample for both devices.
However, the LFMC device provided better overall purities, given that the peaks

corresponding to virus and DNA respectively were overlapped when the radial device was
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used. Additionally, the sample dilution effect was at least 50% higher for the radial flow
device. Using a stepwise elution strategy resulted in improved purity of the virus fractions.
Virus recoveries of 100% with less than 10% of the initial amount of protein and DNA
were possible using both devices. The radial flow device resulted in similar purities as the
LFMC because the elution strategy was designed in such a way that time enough was
allowed for all the peaks to be completely resolved from each other, avoiding the
overlapping that occurred during the gradient elution experiments. Despite the comparable
performance in terms of purity, a 50% higher sample dilution effect was again observed for
the radial flow device. This suggests that the purification can be done in a shorter interval
of time using the LFMC, saving buffer and time while maintaining similar separation

performance.

The virus purification results were in good agreement with the CFD simulations
and acetone tracer experiments of the LFMC and radial flow devices. The peaks resulting
from the LFMC device were higher and narrower in comparison with the radial flow device

indicating that a more uniform flow distribution was obtained using the LFMC device.

The faster response of the LFMC to changes in buffer conditions makes it a more
accurate way to determine the best elution conditions for different types of viruses and
biomolecules during the development of purification processes. Based on the results
presented herein, the Sartobind Q membrane is effective for the purification of
adenoviruses independent of the format it is applied. In this paper, it is shown that the

LFMC device provides an enhanced performance for the purification of adenoviruses for 1
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mL membrane volume devices. Its advantages are in terms of minimizing sample dilution,

allowing shorter chromatography runs with a removal of at least 90% of contaminants.
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3.1. Abstract

Viruses are an emerging class of biotherapeutics with great potential to treat a
breadth of diseases. lon-exchange membrane chromatography is commonly used for virus
purification in either bind-and-elute or flow-through modes. Two of the most widely used
ion-exchange membranes are the Mustang Q (from Pall) and the Sartobind Q (from
Sartorius) — both are strong anion-exchangers functionalized with amine ligands. While
previous studies have attempted to compare the performance of these two membranes,
those efforts have been hindered mostly because they are not available commercially in
equivalent formats. In this work, we fabricated laterally-fed membrane chromatography
(LFMC) devices containing the equivalent amount (1 mL) of the Mustang Q or Sartobind
Q membranes and then compared their performance based on residence time distributions,
the elution patterns of pre-purified biomolecules, and the ability to purify adenovirus from
a clarified cell lysate. The key differences between the membranes were found in regards

to the adenovirus elution patterns. For the same linear gradient pattern, the elution of pre-
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purified adenovirus appeared approximately one membrane volume earlier from Sartobind
Q than Mustang Q. The same effect was found in purification experiments with clarified
cell lysate which resulted in the Sartobind Q device being able to remove 48% more DNA
impurities compared with Mustang Q; importantly the same level of adenovirus recovery
was found for devices made from both membranes. The results from this study are
important in that they include a comprehensive comparison of two widely used membrane
adsorbers for virus manufacturing and also because it establishes the LFMC device as a

useful method for evaluating true membrane performance.
3.2. Introduction

Virus-based therapeutics have now become a key sector of the biopharmaceutical
industry — they are used as vaccines against viral diseases, as vectors to deliver therapeutic
genes, and as oncolytic agents in immunotherapies. Adenoviruses have been used in a good
portion of the many clinical trials both completed and in progress due to a multitude of
reasons including their broad cell tropism in quiescent and non-quiescent cells, their
inability to integrate into the host genome, their well-understood structure and replication

cycle, and their high capacity for therapeutic gene integration.!

Recent advances in the manufacturing of adenoviral vectors. In general, this
involves virus propagation in producer cell cultures capable of yielding high titers,®
followed by cell lysis, which releases the virus and impurities such as host cell proteins and
DNA, which must be removed by the subsequent steps to meet FDA standards. Anion-

exchange chromatography is commonly used for adenovirus separations because of the
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acidic isoelectric point of this virus, which will cause it to interact with the chromatography
medium reversibly, depending on the solution conditions.* Packed-bed chromatography
has been used for the purification of adenoviruses in place of less scalable alternatives, such
as density gradient ultracentrifugation, but are still subject to several major limitations.>®
With packed-bed chromatography, the pressure drop across the bed is typically high, and
often increases throughout a run due to bed deformation or pore blockage; scale-up is very
difficult, and these columns must be extensively validated for adequate cleaning.
Additionally, packed-bed chromatography relies on diffusive mass transfer, which limits
the binding of large particles to the surface of the stationary phase as they are too large to
diffuse inside the beads.*"® Given this, traditional packed-bed chromatography is not the
ideal platform for the capture of large particles such as viruses. Membrane chromatography
(MC) utilizes microporous or macroporous membranes as a support material for ligands
with selective binding affinity for different molecules. In MC processes, the transport of
solutes to their binding sites occurs through convection, which reduces process time and
volume. Additionally, membranes have binding capacity independent of flow rate, lower
pressure drops, and can be applied in a single-use format.2° These features address many
of the limitations of packed-bed chromatography and make MC a promising platform for

virus purification.

Traditionally, the biopharmaceutical industry has considered viruses as product
impurities and, therefore, has used anion-exchange chromatography as a polishing step to
remove these particles.®? This typically utilizes a flow-through modality, where viruses

and other impurities bind to the stationary phase, and the protein product flows through.
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However, in gene therapy applications, where the virus is the therapeutic product, anion-
exchange membranes can be used in bind-elute mode to perform separation from product
impurities such as host cell proteins (HCPs) and DNA.*® Mustang Q (Pall) and Sartobind
Q (Sartorius) are two of the most popular commercially available strong anion-exchange
membranes used for the purification of viruses (e.g. Adenovirus,® AAV,® MVM,*
MuLV,101218 pRV12) - According to the manufacturers, Mustang Q consists of a
polyethersulfone membrane with a nominal pore size of 0.8 um, and Sartobind Q consists
of a base regenerated cellulose membrane, with a nominal pore size of 3 um. Additionally,
both membranes are reported by the manufacturers to have polymer ligands containing
quaternary ammonium groups grafted to their surface, which are the most commonly used
anionic chemistry applied in biopharmaceuticals. 4% However, the results of XPS spectra
for nitrogen for these membranes indicates the presence of a primary amine (400 eV) peak
for the Mustang Q membrane in addition to the expected quaternary amine (402 eV) peak.

This is assumed to be the result of the monomer and linker/coupler chemistry used.!’

As shown in Table 3.1, several studies have compared the performance of devices
containing Mustang Q and Sartobind Q membranes in various bioprocessing applications.
However, all of these studies used the commercially-available chromatography devices
which unfortunately are different in both their flow patterns and the amount of membrane
volume. For example, one study compared the performance of a radially-fed device
containing 5 mL of Mustang Q membrane to that of a stacked-disc device containing 0.08

mL of Sartobind Q membrane.** Thus, there has not been any studies to date that resolve
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the effect of device geometry and directly compare the performance of anion-exchange

membranes.

Table 3.1. A review of the various bioprocessing applications in which the relative performance of Mustang
Q and Sartobind Q membranes was studied. MV: membrane volume.

Application

Mustang Q
(Format/ MV)

Sartobind Q
(Format/ MV)

MAD purification
(HCP clearance)®
MAD purification
(DNA clearance)**
Virus
clearance’
MADb purification
(virus, HCP and DNA clearance)?°
Virus purification (recombinant
baculovirus of ACMNPV)??
MADb purification (endotoxin
removal)?®
Protein purification
(dynamic binding capacity, virus
reduction, HCP and DNA
removal)?*
Impurity binding performance
(DNA and endotoxin removal)?

Stacked discs / 0.18 mL

Radial /5 mL

Stacked discs / 0.35 mL

Stacked discs / 0.35 mL

Stacked sheet / 0.54 mL

Stacked discs / 0.18 mL

Stacked discs / 0.18 mL

Stacked discs / 0.35 mL

Stacked discs / 0.08 mL
Stacked discs / 0.08 mL
Radial / 1 mL
Radial / 1 mL
Stacked sheet / 0.46 mL

Syringe Filter / 0.41 mL

Syringe Filter / 0.41 mL

Radial / 1 mL

LFMC is a fairly new chromatography device that was specifically designed to

have an ultra-low dead-volume and uniform flow distribution properties.?® It has been
shown that the LFMC device performs significantly better than radial-flow MC devices for
the separation of therapeutic viruses and other biomolecules as discussed in Chapter 2 and
in the literature.*27-2° In this study, we made LFMC devices with Mustang Q or Sartobind
Q membranes which eliminated any device geometry effects and thus allows for a direct

comparison of how just the membranes themselves affect separation performance.
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3.3. Materials and Methods

3.3.1. Membrane chromatography devices

Laterally fed membrane chromatography (LFMC) devices containing 1 mL of
either the Mustang Q (Pall) or Sartobind Q (Sartorius) membrane were assembled as shown
in panels A and B of Figure 3.1. A total of six devices were fabricated for this study — three
with the middle layer containing 20 layers of Mustang Q (reported thickness = 0.138 mm)
and three with the middle layer containing 10 layers of Sartobind Q (reported thickness =
0.275 mm). A comprehensive list of the LFMC device materials and assembly procedures
method can be found in Chapter 2.3 Both the Mustang Q and Sartobind Q membranes are
described as strong anion-exchangers functionalized with quaternary ammonium groups.
However, as shown by the scanning electron microscopy (SEM) images in panels C and D
of Figure 3.1, the two membranes have very different structures. The Mustang Q membrane
is made from polyethersulfone (PES) with a reported nominal pore size of 0.8 um; the
Sartobind Q membrane is made from regenerated cellulose with a reported nominal pore

size greater than 3 um.
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C 20 membrane layers of Mustang Q

Membrane
stack

Figure 3.1. External view of the LFMC device; B: Blow-out diagram showing the different parts of the LFMC
device; C: Top view SEM image (1500x magnification) of the Mustang Q membrane; D: Top view SEM
image (1500x magnification) of the Sartobind Q membrane.

3.3.2. Chromatography experiments

A NGC™ medium-pressure liquid chromatography system (BioRad) with an in-
line UV detector module and conductivity meter was used to perform all the device
characterization and performance tests. The resulting UV absorbance profiles were
analyzed using the built-in tools of the NGC system’s ChromLab software. Between tests,
the LFMC devices were cleaned in place according to the membrane manufacturer’s
instructions. Specifically, the Mustang Q device was cleaned by passing a 1 M NaOH
solution (BioShop) for 30 minutes at 1 mL/min, followed by a solution of 0.9 M NaCl
(BioShop) and 0.1 M NaOH for 5 minutes at 1 mL/min; the Sartobind Q device was cleaned
by passing a 1 M NaOH solution for 30 minutes at 1 mL/min, followed by a 1 M solution

of NaCl for 3 minutes at 5 mL/min, and finally a 20% ethanol solution for 10 minutes at 2
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mL/min. When not in use the NGC system was stored in a solution of 20% ethanol and

Milli-Q water.

Tracer experiments were performed by running equilibration buffer (10 mM
HEPES, 4% sucrose, 0.36 M NaCl, pH 7.4) at a flow rate of 5 mL/min for 10 membrane
volumes (MV) followed by the injection of a pulse of 100 pL of 2% acetone in equilibration
buffer and a wash step for 10 MV of equilibration buffer. The composition of equilibration
buffer was based on our earlier study of adenovirus purification, which is presented in

Chapter 4.%°

Chromatography experiments were also performed at a flow rate of 5 mL/min and
started by passing at least 10 MV of equilibration buffer through the membranes followed

by the injection of 1 mL of the following four solutions:

«  Bovine serum albumin (BSA) protein standard (Thermo Scientific) at a concentration
of 1.6 mg/mL in equilibration buffer. The wavelength for the in-line UV detector

module was set at 280 nm.

« 1 Kb Plus DNA ladder (Invitrogen) at a concentration of 10 pg/mL in equilibration
buffer; this ladder was selected as it contains DNA fragments between 100 bp and
15,000 bp and thus captures the diverse range of fragment sizes commonly found in
adenovirus lysates (Chapter 4).3° The wavelength for the in-line UV detector module

was set at 260 nm.

63



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

Purified adenovirus 5 stock (Robert E. Fitzhenry Vector Laboratory) at a concentration
of 6.7x10° IFU/mL. The wavelength for the in-line UV detector module was set at 255

nm.

Clarified cell lysate containing adenovirus 5 (approximately 6.2x10° IFU/mL),
proteins (approximately 245 pg/mL), and DNA (approximately 689 ng/mL). The cell
lysate containing adenovirus was produced from infected suspension 293 cells cultured
in CDM4HEK?293 media (Hyclone) using spinner flasks as described in detail in
Chapters 2 and 4.1*3° Briefly, centrifugation was used to harvest the cells from culture
media, followed by a cell disruption step using three freeze-thaw cycles. The lysate
was then clarified by centrifugation and subjected to a DNA digestion step using 100
U/mL of Denarase (c-LEcta) enzyme for 4 hours at 37 °C in 10 mM Tris (BioShop)
buffer pH 8, containing 2 mM MgCl,. Finally, the lysate was diluted 6 times in
equilibration buffer and further clarified by filtration using Acrodisc syringe filters
with 0.45 um Supor membranes (Pall). The wavelength for the in-line UV detector

module was set at 255 nm.

A wash step was then performed by passing 10 MV of equilibration buffer. Next,

a linear gradient increase in salt concentration from 0.36 M to 1 M NaCl was performed

over 10 MV through the ChromLab software automatically adjusting the proportions of

Buffer A (10 mM HEPES, 4% sucrose, pH 7.4) and Buffer B (10 mM HEPES, 4% sucrose,

2 M NacCl, pH 7.4). This higher salt concentration was held for an additional 6 MV. The

run duration was approximately 5 minutes with 26 mL of sample collected in total; initially,

two 5 mL fractions were collected, followed by ten 1 mL fractions and three 2 mL fractions.
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For the runs using adenovirus lysate, all fractions were collected and a solution of 50%
glycerol (Caledon Laboratory Chemicals) in equilibration buffer was added (for a final 10%
glycerol) before samples were stored at -80 °C until further virus, protein, and DNA
analysis. Fractions collected during the runs using adenovirus lysate were analysed for the
presence of adenovirus and DNA using the hexon staining and PicoGreen assays,

respectively, as previously described in Chapter 2,133
3.4. Results and discussion

3.4.1. Hydrodynamic characterization of Mustang Q and Sartobind Q LFMC devices

The required pressures to operate the NGC™ system with either the Mustang Q
or Sartobind Q LFMC devices at three different flow rates of equilibration buffer are
displayed in Table 3.2. This demonstrated that Mustang Q devices yielded overall higher
pressures than Sartobind Q devices, with the difference being more noticeable at increasing
flow rates. For example, at 1 mL/min, the baseline pressure of the NGC system without
any device attached was 20.7 kPa while it was an average of 26.8 kPa with Mustang devices
and 21.6 kPa with Sartobind devices; at 5 mL/min (flow rate used in the remaining
experiments discussed in this study) the baseline pressure of the NGC system was 89.6 kPa,
117.8 kPa with Mustang devices and 98.2 kPa with Sartobind devices. The higher pressures
observed with Mustang devices are likely due to the smaller nominal pore size of the
membrane, as well as the requirement of 20 membrane layers in this device (as opposed to
the 10 layers in the Sartobind Q device), which is understood to decrease the “effective”
pore size of the membrane.!” Moreover, the membranes are composed of different base

materials, which might affect their respective permeabilities. These results indicate that it
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is possible to operate below the maximum pressure ratings of commercially available
Mustang Q and Sartobind Q devices (550 kPa and 400 kPa, respectively) at the selected
flow rate of 5 mL/min used across the chromatography runs presented in this study. Based
on the results, a flow rate of 5 mL/min was selected for the chromatography experiments
since this flow rate allowed operation at pressures below the maximum suggested by the
membrane manufacturers of 550 kPa and 400 kPa for Mustang Q and Sartobind Q,

respectively.

Table 3.2. Average pressure as a function of flow rate for the NGC chromatography system without an LFMC
device attached, and for three LFMC devices containing Mustang Q and three LFMC devices containing
Sartobind Q. The displayed averages and standard deviation were calculated over the pressures obtained with
the three devices with each membrane.

Flow rate 1 mL/min 5 mL/min 9 mL/min
Pressure (kPa)
NGC system 20.7 89.6 164.1
Sartobind Q 216+1.4 98.2+7.7 176.9+11.9
Mustang Q 26.8+1.4 1178+ 1.9 211.1+6.2

Two of the LFMC devices discussed above, one containing Mustang Q (LMQ 2)
and one containing Sartobind Q (LSQ 3), were randomly selected to be used in the
remaining experiments in this study. Initially, the hydrodynamics of the two devices were
evaluated via acetone tracer experiments by injecting 100 uL pulses of 2% acetone solution
in equilibration buffer and monitoring the UV absorbance at 280 nm. Acetone was selected
for these experiments because it does not interact with either of these anion-exchange
membranes. As shown in Figure 3.2, the profiles from the duplicate runs on each device
are indistinguishable and the peaks for both devices started at approximately the same

volume (1.2 mL for Mustang Q and 1.1 mL for Sartobind Q).
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and thus have similar void volumes; this observation indicated to us that the
variations between our ‘in-house’ assembled devices were minimal. This observation
eliminates the concern of device-to-device variability introduced in the fabrication process
and enables comparisons solely on membrane characteristics. The average areas under the
peaks were also similar for both devices, being 225 mL-mAU for Mustang Q and 237
mL-mAU for Sartobind Q. The main difference between the devices resides in the fact that
Mustang yielded slightly sharper peaks with an average height of 388 mAU and width at
half height of 0.44 mL compared with Sartobind which had an average height of 321 mAU
and width at half height of 0.55 mL. Peak asymmetry was also slightly lower for Mustang
Q (3.9) than that for Sartobind Q (4.4). The difference observed between the two
membranes can be attributed to their different structures and pore sizes. Mustang Q, having
smaller pore size and a more compact nature as indicated by the SEM images in Figures
3.1C and 3.1D, contributed to sharper peaks to be obtained in the tracer experiments.
Moreover, the greater uniformity of pore sizes for the Mustang membrane as Figure 3.1C
suggests could also be contributing to more uniform flow distribution within the membrane

given the dispersion effects resulting from lower variability in path length.
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Figure 3.2. Acetone tracer experiment with a Mustang Q and a Sartobind Q LFMC devices. Tests were
performed using equilibration buffer containing 10 mM HEPES, 4% sucrose, 360 mM NaCl, pH 7.4, and by
injecting a pulse of 100 pL of a 2% acetone solution in equilibration buffer.

3.4.2. Chromatography runs with single-component feed materials: DNA, protein and
purified adenovirus standard

Runs were performed with single component feed samples to assess individual
interactions with each membrane type, free of competitive interferences — therefore
enabling comparison of Mustang Q and Sartobind Q based on individual interactions of
protein, virus, and DNA. To ensure reproducibility of the preparation and purification
conditions and procedures, each experimental condition was conducted in duplicate. The
elution strategy outlined in Section 3.3.2 was used for both the Mustang Q and Sartobind
Q membranes. The UV absorbance and conductivity signals from the duplicate runs are

displayed in Figure 3.3, with panels displaying the BSA protein standard, pre-purified
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adenovirus, and 1 Kb Plus DNA ladder experiments for both the Mustang Q and Sartobind
Q membranes. The retention volume, peak width at half height and asymmetry values are
summarized in Table 3.3. These results indicate that, in general, there is a very good

agreement between the two runs for all samples.

For both membranes, the protein standard elution (Figure 3.3A/D) is observed in
the ‘flow-through, indicating that these molecules did not adsorb to the membranes at the
loading conditions of 18% Buffer B (0.36 M NaCl). This is consistent with observations of
most of the host-cell (HEK-293) protein interactions with Sartobind Q made in Chapters 2
and 4.13% The peak from the Mustang Q membrane eluted after 2.05 mL with asymmetry
of 2.54 and peak width at half-height of 1.09 mL. Similarly, the peak eluted from the
Sartobind Q device after 1.98 mL with asymmetry of 2.60 and peak width at half-height of
1.14 mL. Additionally, for both membranes, the sample was cleared well before the
beginning of the gradient elution, which is desirable from a downstream perspective.

Therefore, in terms of protein elution, the membranes perform comparably.

Differences in membrane performance are first notable in the elution profile of the
pre-purified adenovirus (Figure 3.3B/E). The asymmetry and peak width at half-height of
the virus peak was 4.09 and 0.44 mL for the Mustang Q membrane, and 5.73 and 0.54 mL
for the Sartobind Q membrane. Additionally, the virus peak is delayed by almost 1 mL
(retention volume = 15.6 mL) for the Mustang Q membrane compared to what is observed
for the Sartobind Q membrane (retention volume = 14.8 mL). This result is significant
because, in such a gradient elution, later elution is associated with a higher NaCl

concentration or conductivity (approximately 46.4 mS/cm for Mustang and 40.4 mS/cm for
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Sartobind), which can introduce additional challenges in downstream operations (i.e.
desalting before polishing or formulation). This shift is hypothesized to primarily be the
result of the difference in pore size between the two membranes, where the overall smaller
effective pore size of the Mustang Q membrane bed results in increased retention volume.
Additionally, the slightly different membrane chemistries may be interfering with the
binding, as it has been shown that the Mustang Q membranes have both primary and
quaternary amine groups bound to the core matrix, where Sartobind Q only have a
quaternary amine group.!” From this, the Sartobind Q membrane would appear to have
superior performance; however, the elution of DNA and the resolution between the virus

and DNA peaks will impact this conclusion.

The elution profiles of the 1 Kb Plus DNA ladder (Figure 3.3C/F) were also
observed to differ between the two membranes. The elution from the Mustang Q device
had an asymmetry value of 3.0 and a peak width at half-height of 0.63 mL. Unlike the
elution from the Mustang Q device, the DNA elution produced using the Sartobind Q
device is observed to have a leading ‘shoulder’. Asymmetry and peak width at half-height
were hence only calculated for the main peak eluted from the Sartobind Q membrane,
which were determined to be 2.79 and 0.7 mL, respectively. Similarly to what was observed
previously for the pre-purified virus elution, the retention volume for the DNA standard is
shifted back by approximately 0.5 mL with the Mustang Q membrane (retention volume =
20.53 mL) compared to the Sartobind Q membrane (retention volume = 20.05 mL). When
considering these results alongside the results of the pre-purified adenovirus runs, there is

slightly reduced separation of the virus and DNA peaks for the Mustang Q membrane
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(approximate difference of 5 mL in retention volume, compared to 5.3 mL for Sartobind
Q). While this difference is can be assumed insignificant in these experiments, it is possible
that the reduced separation between the virus and DNA peaks eluted from the Mustang Q
membrane may be exacerbated when performing more complex separations (i.e. with both
DNA and virus particles present in the same feed solution). This hypothesis will be

explored in the following section.

Table 3.3. Summary of peak characteristics (retention time, width at half height, and asymmetry) obtained
with the Mustang Q and Sartobind Q membranes. Avg: averages of runs 1 and 2.

Peak width at half

Retention volume (mL) height (mL)

Biomolecule ~ Membrane Asymmetry

Runl Run2 Avg Runl Run2 Avg Runl Run2 Avg
BSAproen  MUSENOQ 205 205 205 111 106 109 282 254 268
sandard o tobindQ 195 200 198 145 113 114 310 260  2.85
ourified MustangQ 1560 1555 1558 045 043 044 347 471  4.09
adenovirus o iobind @ 1475 1480 1478 055 053 054 592 554 573
LKbplus  MusangQ 2050 2055 2053 064 062 063 313 286 300
DNA I .
adder  oortobindQ 2000 2010 2005 067 072 070 287 271 279
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Figure 3.3. UV absorbance (280 nm) and conductivity profiles for BSA protein standard (1.6 mg/mL) chromatography runs using the Mustang Q (panel
A) and Sartobind Q (panel D) LFMC devices. UV absorbance (255 nm) and conductivity profiles for pre-purified adenovirus standard (6.7x10° IFU/mL)
chromatography runs using the Mustang Q (panel B) and Sartobind Q (panel E) LFMC devices. UV absorbance (260 nm) and conductivity profiles for 1
Kb Plus DNA ladder (10 pug/mL) chromatography runs using the Mustang Q (panel C) and Sartobind Q (panel F) LFMC devices.
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3.4.3. Chromatography runs with cell lysates containing adenovirus

To confirm the results found for the Mustang Q and Sartobind Q membranes in
the previous section for a realistic feed solution, adenovirus cell lysate was purified using
the same experimental conditions on both membrane devices. A 1 mL aliquot of the lysate
was injected into the devices using a sample loop, and it contained an average of 6.3x10°
+ 1.1x10° IFU of adenovirus, 245 + 55 pg of protein, and 689 + 30 ng of DNA in total.
Figure 3.4 displays the UV absorbance at 255 nm and the amounts of virus and DNA in
each. The first large peak in the flow-through corresponds to unbound biomolecules, which
based on previous studies, are mostly proteins (Chapter 2),'*° along with small amounts
of DNA (39 + 2 ng for Mustang and 44 + 3 ng for Sartobind) and very small amounts of
virus (8.2x10% + 5.0x10* IFU for Mustang and 1.1x10° + 2.3x10% IFU for Sartobind) in the
fractions between the 1 and 5 mL marks. The retention volume, width at half-height, and
asymmetry values for the first peak (using UV absorbance at 280 nm to enable comparison
with the BSA runs) were 2.00 mL, 1.18 mL, and 3.32, respectively, for Mustang and 2.07
mL, 1.26 mL, and 2.50, respectively, for Sartobind. These values are very close to what
was predicted by the single-component runs using BSA as the model protein, shown in
Table 3.3. Although the intensity (height) of the first peaks were distinct in comparison
with the BSA runs due to differences in the concentrations and the presence of small
amounts of virus and DNA in the run with lysate, the agreement between peak parameters
indicates that BSA was a suitable molecule to predict the behaviour of the mixture of

unbound molecules in the runs with adenovirus lysates for both membranes.
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As seen in Figure 3.4C, for the Mustang Q device, the peak corresponding to the
adenovirus (considering UV at 255 nm) started at the 15.4 mL mark, while for Sartobind
Q, the elution peak started at approximately 1 mL before that, at the 14.3 mL mark. These
results are in good agreement and follow the same trend predicted by the runs with purified
adenovirus shown in Table 3.3, confirming that adenoviruses elute earlier from the
Sartobind Q device when the same elution gradient is applied. This fact is further
quantitatively demonstrated in Table 3.4, where the average conductivity over the fractions
containing most of the virus is given and demonstrate the elution at lower conductivities
from Sartobind Q. The reason for this observation is unclear, but as was stated in the
previous section, is likely related to a combination of different membrane chemistries and
effective pore size. The Mustang Q membrane was shown to have primary and quaternary
amine functional groups while Sartobind Q only has quaternary amine groups,*’ which
could impact the interactions happening between virus and membrane. Additionally, the
smaller pore size (0.8 um) and increased number of membrane layers (20) in the LFMC
device for Mustang Q (as opposed to 3 um and 10 layers for Sartobind Q, respectively),
could cause greater resistance to the permeation of large molecules such as adenovirus
(approximately 0.1 um in diameter). Further investigation is needed to fully understand the
mechanisms behind the difference in retention volumes for Mustang Q and Sartobind Q. In
practical terms, the elution at lower salt concentrations as the one achieved with the
Sartobind Q is advantageous because it facilitates the desalting step commonly employed
after the chromatography in adenovirus manufacturing.® The adenovirus UV at 255 nm

peaks obtained in these runs were slightly lower and broader, with width at half heights of
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0.63 mL and 0.61 mL for Mustang and Sartobind, respectively, as compared with the results
obtained with purified adenovirus shown in discussed in Section 3.4.2. On the other hand,
these peaks were more symmetric (2.08 for Mustang and 2.68 for Sartobind) as compared
with those obtained with pure adenovirus. These differences can be attributed to the
presence of impurities, mostly DNA as discussed below, that co-eluted with the virus in the
runs with lysate. Apart from the differences in retention volumes, no significant difference
was observed in terms of virus recovery for the two membranes as indicated by Table 3.4.
Considering the 3 mL fractions were most of the virus eluted from each device, a total of
3.7x10° + 7.0x108 IFU was recovered with Mustang and 3.8x10° + 7.1x10% IFU was
recovered with Sartobind; these numbers correspond to approximately 59% and 60% of the

average amount of virus in the feed, respectively.

There was a notable difference between the two membranes in terms of the UV
profile that followed the main virus peaks highlighted in Figure 3.4C. While a flat tail
followed the virus peak with Sartobind up to past the 18 mL mark, for the Mustang device,
an additional small peak appeared after the virus peak. In both cases, the fractions right
after the virus elution contained mostly DNA as shown in Figures 3.4A and 3.4B. Analysis
of the DNA content in the fractions containing most of the virus as shown in Table 3.4 and
Figures 3.4A and 3.4B indicated that more DNA impurities co-eluted with the virus with
the Mustang Q membrane compared to the Sartobind Q membrane. The 3 mL fraction
containing most of the virus had an average of 155 ng of DNA for the runs with Mustang
and 105 ng for the runs with Sartobind. These numbers correspond to approximately 22%

and 15% of the amount of DNA in the feed lysate, respectively. Finally, the level of protein
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impurities that co-eluted with the virus were below 100 pg/mL. This is in good agreement
with the observations made in Section 3.4.2, where, based on the single component runs, it
was predicted that there may be reduced separation between the virus and DNA eluate for

the Mustang Q membrane.

Overall, the results obtained with model molecules as discussed in Section 3.4.2
provided a good prediction of the performance of the two membranes for the purification
of complex mixtures such as adenovirus lysates. The exception was in terms of the degree
of separation of virus and DNA. While good resolution was demonstrated based on the
fully resolved peaks for purified virus and DNA ladder observed in Figure 3.3, small
amounts of DNA did co-eluted with the virus. The two membranes presented very similar
performance with Sartobind Q being slightly advantageous under the conditions used in
this study, as it allowed virus elution at lower salt concentrations and provided
approximately 32% greater DNA removal. Other membrane characteristics such as
dynamic binding capacity, cost, and durability, were not addressed in this study but can be

critical parameters when selecting appropriate materials for a given application.
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Figure 3.4. UV absorbance (255 nm) profiles and amounts of virus (solid red bars) and DNA (striped green bars) in each fraction of adenovirus cell lysate
chromatography runs using the Mustang Q (A) and Sartobind Q (B) LFMC devices. The first peaks indicate the flow-through elution of unbound
biomolecules (primarily host-cell protein); the second peaks indicate the elution adenovirus followed by DNA. The same gradient elution profiles shown

in Figure 3.3 were applied in this experiment; conductivity and buffer B profiles were omitted for simplicity. Expanded view of UV absorbance (255 nm)
in elution volume range (12 to 20 mL) for Mustang Q and Sartobind Q (C).
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Table 3.4. Comparison of the composition of selected fractions from adenovirus cell lysate chromatography runs using Mustang Q and Sartobind Q LFMC
devices

Membrane Mustang Q Sartobind Q
Fraction 1mLe 2 mL> 3mLe 1 mL 2 mLe 3mLf
volume
Conductivity
(mS/cm) 46.5x15 49.0£2.9 51544 41.3+13 43728 46.1+£4.2
Virus (IFU) 1.3x10%+ 2.7x108 3.2x10%°+ 5.8x108 3.7x10%+ 7.0x108 1.8x10°+ 4.0x 108 3.4x10%+ 6.4x108 3.8x10%+ 7.1x108
DNA (ng) 9.4+0.8 66.9+4.0 155.6 + 8.4 11.2+09 34.2+6.9 105.2+16.4

& Corresponds to the volume eluted between the 15 and 16 mL marks in Figure 3.4 from the Mustang Q device.
b Corresponds to the volume eluted between the 15 and 17 mL marks in Figure 3.4 from the Mustang Q device.
¢ Corresponds to the volume eluted between the 15 and 18 mL marks in Figure 3.4 from the Mustang Q device.
d Corresponds to the volume eluted between the 14 and 15 mL marks in Figure 3.4 from the Sartobind Q device.
¢ Corresponds to the volume eluted between the 14 and 16 mL marks in Figure 3.4 from the Sartobind Q device.
fCorresponds to the volume eluted between the 14 and 17 mL marks in Figure 3.4 from the Sartobind Q device.

3.5. Conclusions

The Mustang Q and Sartobind Q membranes have been compared through several works due to their similar applications
in the biopharmaceutical industry. However, these membranes are not available for purchase at the same scale or format, which
has prevented direct comparison of their separation performance. Through the application of the LFMC technology, this work
was able to perform a never before published head-to-head comparison on the performance of these two membranes in the

presence of a variety of feed solutions typical of gene-therapy manufacturing applications.
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Tracer experiments demonstrated comparability between the Mustang Q and
Sartobind Q devices based on active membrane area and hold up volume. Pressure drop
experiments were used to confirm appropriate flow rates and demonstrate further that the
devices prepared were done in such a reproducible way, thus eliminating the concern that
the observations made in this study were confounded with device interferences. Through
chromatography runs performed on a BioRad NGC system, the membranes were found to
have comparable performance in protein separation, both with the BSA standard and the
host cell protein separation in experiments using cell lysates. However, the characteristics
of the virus and DNA separations differed slightly between the two membranes. In both the
single-component and virus lysate experiments, the virus was observed to elute earlier with
the Sartobind Q membrane. This is of advantage over the Mustang Q membrane, as lower
salt has benefits in further downstream processing and formulation. Additionally, analysis
of fractions collected from the virus lysate experiments demonstrated that the Sartobind Q
membrane provided approximately 48% greater DNA removal over the Mustang Q
membrane. These proved to be the two main advantages of Sartobind Q, as there was no
statistical difference in virus recovery between the two membranes. Therefore, this work
was able to conclude that the Sartobind Q membrane is preferable for the purification of
adenovirus. Furthermore, these results can conclude that in general, while these membranes
may appear equivalent based on chemistry and are often used interchangeably in industry,
the differences in pore size and chemistry are relevant and have effects on their separation

performance.
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Integrated development of enzymatic DNA digestion
and membrane chromatography processes for the

purification of therapeutic adenoviruses

83



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

4. Integrated development of enzymatic DNA digestion and membrane
chromatography processes for the purification of therapeutic

adenoviruses

Karina Kawka, A. Noelle Wilton, Pedram Madadkar, Maria Fe C. Medina, Brian D.

Lichty, Raja Ghosh, David R. Latulippe

Published work at Separation and Purification Technology (Special Issue: Innovation and

Perspectives in the Bioseparations Field). Reprinted with permission.

Copyright® Elsevier 2021. https://doi.org/10.1016/j.seppur.2020.117503

4.1. Abstract

High titer and purity levels are key requirements for virus-based cancer and gene
therapy biopharmaceuticals. However, the task of removing enough host-cell DNA from
therapeutic viruses in order to comply with the FDA’s 10 ng/dose limit is particularly
challenging. In a previous study, we demonstrated the advantages of using laterally-fed
membrane chromatography (LFMC) for adenovirus purification. Although this approach
achieved >90% DNA removal, significant amounts of DNA remained in the product due
to the poor performance of a pre-LFMC DNA digestion step. In the present study, we
attempt to improve upon this outcome by employing an integrated approach to process
development that examines the interactions between different downstream steps (i.e.,

clarification, enzymatic DNA digestion, and membrane chromatography (MC)). First, we
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identified the most efficient process sequence involving a clarification step followed by a
DNA digestion step, as well as three endonucleases (Benzonase®, Denarase®, and
Turbonuclease™) that perform similarly with respect to DNA digestion. Next, a factorial
design of experiments (DOE) was used to evaluate how enzyme (Benzonase and Denarase)
concentration and time impact DNA and virus concentrations after DNA digestion. Since
Denarase showed slightly better efficiency, it was used along with a subset of the DOE
conditions to evaluate the removal of DNA via MC with Sartobind Q 96-well filter plates.
The lowest amount of DNA per dose was achieved using MC in conjunction with feed that
had been digested with 10 U/mL of Denarase for 4 hours; as such, this approach was used
to prepare lysates, which were then purified using an LFMC device containing 1 mL of
Sartobind Q membrane. This process enabled a virus-recovery rate of 73%, and residual
DNA levels of 77 ng/dose. Ultimately, the proposed integrated process development

approach resulted in an approximately 80-fold improvement in DNA removal.
4.2.  Introduction

Human adenoviruses are ubiquitous icosahedral, non-enveloped viruses that
commonly cause asymptomatic or mild diseases in infected hosts.! Due to their broad cell
tropism and high capacity for integrating therapeutic genes into host-cells, some
adenoviruses have garnered considerable attention as potential vectors in gene therapy.? In
fact, adenoviruses are currently used in approximately 20% of clinical trials related to gene
therapy.® Moreover, there are also numerous studies aimed at reducing the immunogenicity
of adenoviruses—thereby, expanding their possible applications—currently in the

development stage.* Thus, it is expected that adenoviruses will have a strong, long-term
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presence in the field of gene therapy. One particularly promising area of adenovirus
research is the use of adenoviruses that present oncolytic activity in cancer treatments. For
example, a phase | clinical trial conducted by Lang et al.> produced promising results
regarding the use of oncolytic adenoviruses to treat recurrent malignant glioma.
Additionally, researchers have also explored the effectiveness of using oncolytic
adenoviruses in combination immunotherapies; for example, a recent phase 1l clinical trial
yielded promising preliminary results regarding the combined use of an oncolytic
adenovirus and a monoclonal antibody (Pembrolizumab) for the treatment of glioma.® This
recent surge in the use of different types of viruses to develop new biotherapeutics
highlights the need for efficient, high-yield, scalable, and cost-effective downstream

purification processes.

The removal of host-cell DNA is a well-known challenge in the large-scale
manufacturing of viruses. The U.S. Food and Drug Administration (FDA) specifies that the
final product cannot contain more than 10 ng/dose of host-cell DNA, and that DNA
fragments must not exceed 200 base-pairs (bp) in length.” The removal of DNA is typically
achieved through a combination of two processes: an enzymatic digestion step using
recombinant endonucleases, and a separation step using a variety of technologies. A
number of endonucleases have been reported to have broad activity with respect to the non-
specific cleaving of both DNA and RNA. Benzonase® (Merck KGaA), a recombinant
endonuclease produced in Escherichia coli, is commonly used in various bioprocessing
applications to remove host-cell DNA®® and/or plasmid DNA.X The manufacturer of

Benzonase reports that this enzyme is capable of digesting all nucleic acids into short
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oligonucleotides (less than 10 base pairs) under optimum processing conditions.** Other
notable recombinant endonucleases include Denarase® (c-LEcta), which is expressed in
Bacillus sp. and has been used in the downstream purification of Influenza A virus,*?% and
Turbonuclease™ (Accelagen), which is expressed in Serratia marcescens and has been used

in the downstream purification of adeno-associated viruses.'*°

It is known that the exact conditions used in the DNA digestion step will vary
depending on the final application of the virus, with a wide range of endonuclease
concentrations (from 1 U/mL to as high as 1000 U/mL) having been reported for virus
production.'®1® Multiple studies have shown that the use of manufacturer-recommended
endonuclease concentrations results in the incomplete removal of DNA during the
production of lentivirus® and influenza A and B viruses;? this outcome is most likely due
to the fact that virus lysates are complex in nature and do not reflect the ideal conditions
under which manufacturers assess the performance of their enzymes. This is a concern
because, as other researchers have pointed out, the use of high concentrations of
endonuclease significantly increases production costs.® Furthermore, given safety concerns
related to the presence of residual endonuclease in the final virus product, it is considered
good practice to add them in early stages of the process so they can be removed during the
subsequent downstream purification steps.t! With regards to incubation time, endonuclease
manufacturers typically report enzyme activity in terms of the amount of DNA that is
completely digested after 30 minutes of incubation at 37 °C. However, much longer
incubation times have been used in bioprocessing. For example, incubation times of 4

hours'® and 12 hours'? were used in two separate studies related to the production of
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influenza vaccine. While this approach may be suitable for producing inactivated viral
vaccines, there are concerns regarding the impact of long incubation periods at elevated
temperatures on the potency of viruses (i.e., infectious titer) intended for use in gene

therapy and oncolytic therapy applications.

If DNA is to be removed successfully, it is important to consider the capacity of
the post-digestion separation step. For very small-scale production, density gradient
ultracentrifugation is widely used to separate the degraded DNA from the virus product;
however, while this technique is very effective, it is also highly laborious, time-intensive,
and not amenable to scale-up.?* Conversely, tangential flow filtration is an alternative
method that is both scalable and capable of partially removing host-cell DNA during virus
concentration via ultrafiltration membranes.?>?® In addition, chromatography processes
have also been widely used for the large-scale purification of recombinant proteins, which
makes them another attractive option for virus purification. The relatively large size of virus
particles poses problems for conventional packed-bed chromatography, particularly in the
form of low capacity and throughput;?* as such, monoliths and membrane-based
chromatography materials have emerged as preferred alternatives, as these materials feature
large pore-sizes that enable convective-based mass transfer, and thus, the use of high flow
rates. Another concern is that commercially available chromatographic membrane devices
(e.g. Mustang® (Pall), Sartobind® (Sartorius)) are manufactured using either stacked disk
or radial flow geometries. As recent studies have shown, these geometries result in poor
flow distribution inside the device, which in turn affects the separation resolution and

degree of sample dilution.?*
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Recent research has demonstrated that laterally-fed membrane chromatography
(LFMC) devices are able to overcome the resolution issues inherent to conventional MC
devices.?* The homogenous hydraulic path lengths and residence time in the LFMC device
enables high separation resolution and results that are comparable to resin-based
chromatography.?® In a previous study, we demonstrated that LFMC devices outperform
conventional radial-flow devices (both containing 1 mL of the Sartobind® Q anion-
exchange membrane (Sartorius)) in terms of both resolution and sample dilution for
adenovirus purification as discussed in Chapter 2.6 In that study, we used the endonuclease
manufacturer’s recommended DNA digestion conditions, which surprisingly resulted in
residual DNA amounts of over 20 g per dose (considering 10*° adenovirus infectious units
(IFU) per dose) following the digestion step. This high level of impurity in the feed
significantly affected the LFMC device’s separation performance, which made it clear that

the entire purification process needed to be optimized.

Traditionally, the development of biotherapeutics production processes is
performed in a ‘stepwise’ fashion wherein each unit operation is optimized without
consideration of their interaction with other unit operations.?® However, it has been shown
that this approach results in overall sub-optimal performance conditions when the various
operations are strongly related.?” One alternative strategy is to use an ‘integrated” approach
that considers the relevant interactions between all the operations in the purification
process. Rathore et al.?® employed such an approach in their research on therapeutic
glycoprotein purification, and were able to increase product yield by 6% as a result of

considering the interactions between the protein refolding conditions and the multimodal
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chromatography steps. In the field of monoclonal antibody processing, Liu et al.?® were
able to reduce the average manufacturing cost of goods by as much as 50% by employing
an integrated approach that sought to optimize the upstream and downstream conditions.

In the field of therapeutic viruses, Cruz et al.’s®

use of an integrated approach that
considered upstream and downstream conditions enabled them to identify an important
interaction between the specific ultrafiltration area (downstream) and the perfusion rate and

time in the bioreactor (upstream).

In this study, we use an integrated approach that considers both the enzymatic
DNA digestion step and the membrane chromatography step in order to address the
insufficient DNA removal on adenovirus purification presented in Chapter 2.6 To this end,
we used a variety of process improvement tools, including design-of-experiments (DOE)
and high-throughput membrane chromatography in a 96-well filter plate format.
Ultimately, the identified best process conditions were implemented for adenovirus
purification using a scalable MC technology. Briefly, a full-factorial DOE was used to
evaluate how two endonucleases (Benzonase and Denarase) at various concentrations and
incubation times impacted the final amount of DNA and adenovirus titer after DNA
digestion. Next, a subset of the DOE conditions was tested in MC runs the Sartobind Q
membrane adsorber in 96-well filter plate format. Finally, the best conditions identified
from the 96-well filter plate MC tests were then translated into a purification process based

on the LFMC device.
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4.3. Materials and Methods

4.3.1. Adenovirus production

An adenovirus stock was produced in suspension 293 cells according to the
method detailed in Chapter 2.1° Briefly, the cells were diluted up to 4x10° cell/mL in
spinner flasks containing CDM4HEK?293 media (Hyclone) and supplemented with 200
mM L-glutamine (BioShop) and 10 MM HEPES (Gibco). Next, the cells were infected with
human adenovirus type 5 (multiplicity of infection = 5) and then cultured for 48 h at 37°C.
Aliquots of the cell culture were then transferred into 50 mL conical tubes and centrifuged
at 1430xg and 4°C for 15 minutes. After centrifugation, the supernatant was discarded and

the obtained cell pellets were stored at -80°C.

4.3.2. Cell disruption and enzymatic DNA digestion

The cell pellets obtained from the process described in Section 4.3.1 were thawed
in a warm water bath (~37°C) and then combined with 100 uL of enzyme buffer (10 mM
Tris (BioShop) and 2 mM of MgClI2 (Sigma), pH 8). Lysing was achieved by subjecting
the re-suspended 293 cells to three consecutive ‘freeze-thaw’ cycles using an ethanol-dry
ice bath (~-78°C) and a warm water bath (37°C). For a select number of experiments, the
lysates from the freeze-thaw step were used directly in the DNA digestion step (conditions
are described below) and then clarified via centrifugation at 2060xg and 4°C for 15
minutes. This sequence of steps will be referred to as ‘Process Sequence #1°. For all of the
membrane chromatography tests, the lysates from the freeze-thaw step were clarified via
centrifugation at 2060xg and 4°C for 15 minutes, with the resulting supernatant being

transferred to a clean microcentrifuge tube for the DNA digestion step. This sequence of
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steps will be referred to as ‘Process Sequence #2’. Three different enzymes were used in
this study: Benzonase (Millipore), Denarase (c-LEcta), and Turbonuclease (Accelagen).
For all DNA digestion experiments, the enzymes were pre-diluted in enzyme buffer, which
was then added to the cell lysate in equal proportions (i.e., 100 pL of the pre-diluted enzyme
for 100 pL of cell lysate). The final mixture was then incubated at 37°C. A 32 full factorial
DOE with either Benzonase or Denarase was used to investigate how enzyme concentration
(1, 10, and 100 U/mL) and digestion time (1, 4, and 24 h) impact adenovirus and DNA
concentrations after digestion. Following digestion, a second round of clarification was
performed to further remove cellular debris. This round of clarification was performed via
centrifugation at 1430xg and 4°C for 15 minutes, with the resulting supernatant being
collected and stored at -80°C to be later used as feed samples in the chromatography runs

performed with the 96-well filter plate.

4.3.3. High-throughput screening of membrane chromatography process

Sartobind® Q (Sartorius), a strong anion-exchange reinforced cellulose membrane
(pore size range of 3 to 5 um) functionalized with quaternary ammonium groups, was
implemented in a 96-well filter plate format to run 12 MC experiments in parallel. These
12 experiments corresponded to independent duplicate testing of 6 enzymatic digestion
conditions: 5 corresponding to the DOE setup conditions described in Section 4.3.2, and
one corresponding to a control run with undigested lysate. The 96-well filter plate format
is ideal for running high-throughput screening studies, especially when only small amounts
of feed sample are available, as the volume of membrane in each filter-plate well is 19 L,

which is over 50 times lower than the that of the smallest Nano capsule radial-flow device
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(Sartorius). Additionally, all the equilibrating, binding, washing, and eluting steps
described below were performed by centrifuging the 96-well filter plate at 924xg for 2
minutes and collecting the flow-through in a standard round-bottom 96-well microplate.
As noted in the literature, such miniaturized formats are ideal for overcoming limitations
related to the large number of experiments required for typical process development

studies.®°

The membranes in each filter plate well were first equilibrated through 5 ‘wash’
cycles with a solution consisting of 200 pL of equilibration buffer (10 mM HEPES (Gibco),
4% sucrose (BioShop), and 360 mM NaCl (BioShop) (pH 7.4). The exact composition of
this solution was determined through a fairly extensive optimization study on the binding
of adenovirus to the Sartobind Q membrane which details are discussed in Appendix A. In
summary, adenovirus present in lysates prepared from 50 mL of cell culture could
successfully bind to the membrane when the equilibration buffer had 300 mM or 360 mM
NaCl; but it was not able to completely bind at 400 mM NaCl. Each feed sample was
prepared by diluting 33.3 pL of a digested lysate (see Figure B1 in Appendix B for the
exact digestion conditions for Denarase) or a non-digested lysate (for the control run) with
66.7 pL of the same equilibration buffer. A 38 pL aliquot of the diluted feed solution (i.e.,
two times the volume of membrane in each well) was loaded into each well, and the plate
was then centrifuged (924xg for 2 minutes) to elute the sample. The collected eluate was
then set aside, and two more ‘wash’ cycles were performed according to the above-
described conditions. The three eluate samples from each well were pooled together (total

volume of 438 pL) and designated as the Sample ‘flow-through’ (FT). Next, two elution
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steps were performed. The first elution (identified as Sample E1) corresponded to the
pooled eluates from two ‘wash’ cycles with a solution consisting of 200 uL of 10 mM
HEPES, 4% sucrose, and 600 mM NaCl (pH 7.4). The second elution (identified as Sample
E2) corresponded to the pooled eluates from two ‘wash’ cycles with a solution consisting
of 200 pL of 10 mM HEPES, 4% sucrose, and 1000 mM NaCl (pH 7.4). The three samples
from each MC experiment (i.e., FT, E1, and E2) were sub-divided into two aliquots. One
aliquot was frozen ‘as-is’ at -80 °C to later be used for the determination of protein and
DNA concentrations. The other aliquot was used for the determination of infectious
adenovirus titer; as such, it was spiked with 50% glycerol solution (Caledon) until a

glycerol concentration of 10% (v/v) was achieved. This solution was then frozen at -80 °C.

4.3.4. Laterally-fed membrane chromatography (LFMC) process

An LFMC device containing 1 mL of Sartobind® Q membrane (Sartorius) was
connected to an NGC™ system (Bio-Rad) equipped with an in-line conductivity meter and
a UV detector set at a wavelength of 255 nm, as it was observed that purified adenovirus
has greater UV absorbance at this wavelength than at 260 nm or 280 nm (data not shown).
A schematic of the LFMC system is provided in Figure 2.1 (Chapter 2), while extensive
details regarding the fabrication of the LFMC device and the basic operation of the NGC™
system are provided in Chapter 2.6 The LFMC device was cleaned-in-place on the NGC™
system by first passing 30 membrane volumes (MV) of 1 M NaOH solution through it at a
rate of 1 mL/min, followed by 10 MV of 1 M NacCl solution at a rate of 5 mL/min. Next,
the device was equilibrated by passing at least 10 MV of a solution consisting of 10 mM

HEPES, 4% sucrose, and 360 mM NaCl (pH 7.4) (conductivity ~32 mS/cm) through it at
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a rate of 5 mL/min. This was achieved by automatically adjusting the proportions of Buffer
A (10mM HEPES, 4% sucrose) and Buffer B (10 mM HEPES, 4% sucrose, 2 M NaCl)

using the Chromlab™ software.

As shown in Figure 4.1, the feed sample for the LFMC device was prepared via
‘Process Sequence #2’ using a Denarase concentration of 10 U/mL and a digestion time of
4 hours. After the digestion step, the sample was diluted 4.5 times (to a final volume of
~1.7 mL) using a solution consisting of 10 mM HEPES, 4% sucrose, and 360 mM NacCl
(pH 7.4), before being further clarified by filtration through an Acrodisc® syringe filter
with a 0.45 um Supor® membrane (Pall). A small aliquot of the filtered feed sample was
collected for future analysis, while the remaining amount was manually loaded into the 1
mL sample loop on the NGC™ system and then automatically injected into the system
while the NaCl concentration was maintained at 360 mM (corresponding to 72% Buffer A
and 18% Buffer B). After the membrane was washed with a total of 10 MV of buffer, a
linear gradient elution over 10 MV was started by increasing the NaCl concentration from
360 mM (72% Buffer A and 18% Buffer B) to 1000 mM (50% Buffer A and 50% Buffer
B). Finally, a ‘hold’ step with 1000 mM NaCl was maintained for an additional 6 MV
before the end of the run. A total of 15 sample fractions were collected during the entire
run: two 5 mL ‘flow-through’ fractions were collected after the sample injection step, ten
1 mL fractions were collected immediately after the linear gradient elution started, and
three 2 mL fractions were collected during the final ‘hold’ step. As described in Section

4.3.3, all of the collected fractions and corresponding feed samples were split into two
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aliquots and stored at -80 °C, either ‘as-is’ or spiked with enough 50% glycerol (Caledon)

solution to achieve a 10% (v/v) glycerol concentration.
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Figure 4.1. Schematic of the process steps used to produce the adenovirus feed samples used for the
membrane chromatography studies described in Sections 4.3.3 and 4.3.4.

4.3.5. Analytical methods

4.3.5.1. Virus infectivity assay

Adenovirus infectious titer was determined using the hexon staining assay

described in detail in our previous work.!® In brief, adherent 293 cells grown in 24-well
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plates (Corning) were infected with virus samples. The infected cells were then serially-
diluted in Minimum Essential Media with Earle’s salts (Gibco), supplemented with 10%
fetal bovine serum (Gibco) and 1% L-glutamine (BioShop), and then incubated at 37 °C
and 5% CO. for 48 h. The cells were then fixed and incubated three more times: once in
the presence of a murine anti-hexon primary antibody; once with a secondary anti-mouse
antibody that had been conjugated with horseradish peroxidase enzyme (Santa Cruz
Biotechnology); and once with diaminobenzidine (DAB) substrate solution (Roche). After
the final incubation period, the cells were visualized under an optical microscope, and the
infectious titer (in IFU/mL) was determined with consideration of the corresponding
dilution factor by counting the brown-stained plaques corresponding to cells infected with

adenovirus.

4.3.5.2. Protein assay

The total amount of protein was measured using either the Pierce™ Micro BCA
assay (Thermo Scientific) or the conventional Pierce™ BCA assay (Thermo Scientific).
Samples were diluted at least two times in Buffer A, with assays being run in accordance
with the manufacturer’s instructions, using clear, flat-bottomed 96-well microplates
(Corning), and in duplicate for each sample. Absorbance signals were measured at 562 nm
using a SpectraMax i3 plate reader (Molecular Devices). Finally, varying the NaCl
concentration from 0 to 500 mM did not significantly affect the absorbance readings;
therefore, the corresponding protein concentrations for each sample were determined based
on a calibration curve prepared from standard solutions containing known amounts of

bovine serum albumin in the absence of NaCl.
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4.3.5.3. DNA assay

The total amount of DNA was measured using the Quanti-iT™ PicoGreen™
dsDNA assay (Invitrogen) in half-area black 96-well microplates (PerkinElmer) as per the
manufacturer’s instructions. Assays were run in duplicate for each sample, with
fluorescence signals (excitation at 480 nm and emission at 520 nm) being measured using
a SpectraMax i3 plate reader. The samples were pre-diluted as necessary with Tris-EDTA
buffer (Fisher Bioreagents) for two reasons: first, some samples contained DNA
concentrations that fell outside of the PicoGreen assay’s linear range; and second, some
samples contained high concentrations of NaCl, which is known to affect the fluorescence
signal. Thus, multiple calibration curves corresponding to different NaCl concentrations in
Tris-EDTA buffer were prepared from standard solutions containing known amounts of

lambda-DNA.

4.3.5.4. Agarose gel electrophoresis (AGE)

The digested lysate samples were first processed using a DNA Clean and
Concentrator™ kit (DCC-25; Zymo Research). First, a 20 pL aliquot of each sample was
mixed with 100 pL of the provided ‘binding buffer’ before being loaded into the spin
column and centrifuged at 10,000xg for 30 s. Next, two wash steps were performed using
200 pL of the provided ‘washing buffer’. Finally, 25 uL of warm (~80°C) TE buffer (Fisher
Scientific) was carefully added to the spin column matrix. Following a 5-minute incubation
period at room temperature, the eluent was collected in a clean microcentrifuge tube via

centrifugation at 10,000xg for 1 min. An aliquot of the DCC-25 processed samples was
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then mixed with a gel loading dye (Invitrogen) at a ratio of 1:10 and loaded into 1% agarose
(Invitrogen) gel that had been prepared in TAE buffer containing Red Safe (Intron
Biotechnology). The ‘1 kb Plus DNA ladder’ (Invitrogen) was used as the electrophoresis
standard, with the gels being run at 100 V for 45 min before being imaged via a

ChemiDoc™ system (Bio-Rad).
4.4. Results and Discussion

4.4.1. Optimization of the DNA digestion step that precedes the membrane chromatography

Our initial study of DNA digestion conditions and their effect on the composition
of the feed sample used in the membrane chromatography step focused on two parameters:
the order of the unit operations, that is, DNA digestion followed by clarification via
centrifugation (i.e., Process Sequence #1) and vice-versa (i.e., Process Sequence #2); and
the specific type of enzyme. The same enzyme buffer (containing 10 mM Tris, 2 mM Mg?*
and a pH of 8 for optimal enzymatic activity) and incubation conditions (1 hour at 37 °C)
were used for each digestion experiment. In Chapter 2,%° the enzyme, Benzonase, was used
with Process Sequence #1 to digest the DNA in the feed sample for the LFMC experiments.
Following the completion of that study, we discovered that the samples that had been
prepared using only centrifugation contained significantly lower amounts of DNA (data not
shown). It is interesting to note that, for Process Sequence #1 (Figure 4.2-A), the DNA
concentration for the control run without enzymes was almost 2 times lower compared to
the runs performed with any of the selected enzymes. We hypothesize that this result is due
to the enhanced removal by centrifugation of large DNA fragments that are complexed with

cellular debris in the feed sample; once these fragments have been released from the
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complexes by the action of the enzyme, they can no longer be removed by centrifugation.
This hypothesis is supported by the fact that we obtained lower DNA concentrations using
Process Sequence #2. For example, the percentage of DNA in the samples digested with
Benzonase using Process Sequence #1 and Process Sequence #2 was 69% and 32%,
respectively. As has been detailed in the literature, batch centrifugation steps can be used
to simultaneously remove partially denatured genomic DNA and cell debris during plasmid
DNA isolation from bacterial lysates.3! As shown in Figure 4.2-C, no significant difference
in DNA concentration was observed for any of the three enzymes when used in Process
Sequence #2. In addition, Figures 4.2-B and 4.2-D show no significant difference in the
amount of infectious adenovirus in the test samples obtained using the different enzymes

and Process Sequences.
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Figure 4.2. Comparison of Process Sequence and enzyme type on levels of DNA (two top panels) and
adenovirus (two bottom panels). Panels A and B correspond to Process Sequence #1: freeze-thaw — DNA
digestion — centrifugation; panels C and D correspond to Process Sequence #2: freeze-thaw — centrifugation
— DNA digestion. The same enzyme concentration (10 U/mL) was used for the different enzymes, and the
same incubation condition (1 hour at 37°C) was used for all samples. The two vertical bars for each condition
correspond to the duplicate tests that were performed, and the error bars correspond to the standard deviation
from either the duplicate measurements of amount of DNA, or the triplicate measurements of adenovirus
levels.

As shown in Figure 4.3, analysis via agarose gel electrophoresis revealed that all
eight samples (corresponding to the eight conditions in Figure 4.2) contained DNA
fragments ranging between 200 and 4000 bp in length, with the brightest intensities being
observed for the fragments in the 650 to 1000 bp range. Notably, no significant difference
was observed between the three enzymes with respect to the range of DNA fragment sizes,
which suggests that all three have similar levels of activity. The distribution of DNA
fragment sizes (Figure 4.3) may have been affected by the use of the DNA Clean and

Concentrator™ kit, as the percent recovery of DNA in such Kits is known to decrease as
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DNA fragments increase in length. Nonetheless, it was absolutely essential for us to
perform this step for two reasons: first, we found that the kit completely removed any
amount of adenovirus (results not shown), which was necessary to run the gel tests and to
image the gel with the available equipment; and second, it was necessary to concentrate the

amount of DNA for detection at the limits of the AGE technique.

Initially, we were quite surprised by the large fragments of DNA in the digested
samples, as the various endonuclease manufacturers claim that optimum digestion
conditions will result in DNA fragments in the size range of a few base pairs.* Although
an early study by Janning et al.*? is often cited in the literature to support this claim, that
study was performed using pre-purified calf-thymus DNA, a combination of Benzonase
(25 U/mg of DNA) and alkaline phosphatase (1.75 U/mg of DNA), and an overnight
incubation step. Conversely, our results with respect to residual DNA levels after using
Benzonase on an unpurified sample of adenovirus are in good agreement with those
reported by Weigel et al.?° for influenza virus. Given this, one possible direction for future
research into improving the efficiency of DNA digestion would be to explore the use of a
combination of different types of enzymes, perhaps in immobilized form. This approach
has already been employed in the field of small-scale DNA analytics wherein a cascade
capillary bioreactor containing three different enzymes immobilized in series was shown

to digest at least 99.5% of purified genomic DNA in 10 minutes.*
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Figure 4.3. Agarose gel electrophoresis (using 1% agarose in TAE buffer, run for 45 min at 100 V, stained
with Red Safe, and imaged using via a ChemiDoc™ system) of samples from Process Sequence #1
(centrifugation followed by DNA digestion) and Process Sequence #2 (DNA digestion followed by
centrifugation). Samples were prepared using the DNA Clean and Concentrator™ kit (Zymo Research) to
isolate DNA. The linear DNA ladder in the first and last lanes was the ‘1 kb Plus DNA ladder’ (Invitrogen).

To develop a better understanding of how DNA digestion conditions impact the
subsequent downstream purification operations, a 32 full-factorial DOE study was
designed to evaluate the effects of enzyme concentration (1, 10, and 100 U/mL) and
digestion time (1, 4, and 24 h) for Benzonase and Denarase. Digestion was carried out at a
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temperature of 37 °C, using a pH 8 enzyme buffer; these parameters were fixed and defined
based on the optimal conditions suggested by the manufacturers of Benzonase and
Denarase. The third enzyme, Turbonuclease, was excluded from the rest of our study for
two reasons. The first reason was that we were limited in the number of digestion
experiments that could be run for a single batch of adenovirus, and we wanted to avoid any
confounding effects associated with batch-to-batch variations. The second reason was that
Benzonase and Denarase have been more widely used individually in virus manufacturing
studies, but, to the best of our knowledge, there are no previous studies that compare their
performance in the context of virus purification processes. In addition, based on the results
presented in Figure 4.2, Process Sequence #2 (i.e., centrifugation followed by DNA

digestion) was used for this and all subsequent parts of the study described herein.

Statistical analysis of the DOE data was performed in R language using RStudio
version 1.3.959 to generate linear models of the transformed variables. This process is
discussed in detail in the Appendix B. As shown in Table B2, enzyme concentration and
digestion time had statistically significant (P-value < 0.05) effects on the virus
concentration after digestion with Denarase or Benzonase. Furthermore, both these factors,
as well as the interaction between them, had statistically significant effects on the DNA

concentration after digestion with either enzyme.

As shown in Figures 4.4-A and 4.4-C, the final DNA concentration decreased
dramatically with increasing enzyme concentration for both the 1 h and 4 h digestion times.
For example, the final DNA concentration for the 1-hour digestion decreased by 96% (from

42.8 +12.6 pg/mL to 1.8 + 0.2 pg/mL) when the Benzonase concentration was increased
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from 1 to 100 U/mL. Similarly, the final DNA concentration for the 4-hour digestion
decreased by 65% (from 3.1 £ 0.4 pg/mL to 1.06 + 0.09 pg/mL) when the Benzonase
concentration was increased from 1 to 100 U/mL. These results are attributable to the
abundance of DNA in the feed and the fact that, in this case, enzymatic digestion is limited
by the amount of enzyme present; thus, when the enzymes are present in higher
concentrations, more DNA will be digested. No significant difference in DNA
concentrations was observed at 1 and 10 U/mL (average of 0.75 pg/mL) of Benzonase for
the 24-hour digestion time; however, there was a slight decrease in DNA concentration
(0.46 pg/mL of DNA) at the highest enzyme concentration. Similarly, Denarase amounts
ranging from 1 to 100 U/mL (average of 0.2 pg/mL of DNA) also did not significantly
affect DNA concentrations during the 24-hour digestion time. For all conditions tested, the
final DNA concentrations in samples digested with Denarase were lower than in those
digested with Benzonase. Indeed, the use of Denarase yielded DNA concentrations ranging
from 35% (for 4-hour digestion with 10 U/m) to 73% (for 24-hour digestion with 1 U/mL)

lower than those achieved with Benzonase.

The results also indicated that the digestion conditions also affected the final
amount of infectious adenovirus (Figure 4.4-B and Figure 4.4-D), with incubation time
having the strongest effect on the virus titer. For example, the infectious titer decreased by
over two orders of magnitude (from 4.5x10° + 4.5x10° IFU/mL to 3.6x108 + 6.2x10’
IFU/mL) when the digestion time with 1 U/mL of Benzonase was increased from 1 to 24
hours. A similar effect was also observed in the tests run with Denarase. In an attempt to

minimize lentiviral inactivation during an ‘overnight” DNA digestion step (no specific time
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given) with Benzonase, Merten et al.>” used an incubation temperature of 4 °C. Despite this
low temperature, they were able to achieve an 85% reduction in the amount of host cell
DNA. It is particularly interesting to note that infectious titer was also affected by enzyme
concentration. For example, for the 4-hour incubation, infectious titer was reduced by 68%
(from 2.4x10%° + 3.1x10° IFU/mL to 7.7x10° + 3.5x10° IFU/mL) when the amount of
Benzonase was increased from 1 to 100 U/mL. Similarly, increasing the amount of
Denarase from 1 to 100 U/mL under the same conditions reduced the infectious titer by
73% (from 1.6x10%° + 2.4x10° IFU/mL to 4.4x10° + 1.3x10° IFU/mL). While the exact
cause of this effect is not known, a previous study®* has proposed that adenovirus capsids
could allow the permeation of foreign material. In our study, it is possible that the likelihood
of enzyme permeation in the capsid (and consequent virus inactivation) increased with
higher enzyme concentrations. In addition, it is also possible that this effect may be driven
by long incubation times at elevated temperatures. Another possible explanation is that
residual amounts of endonuclease may have affected the cells used for the virus infectivity
assay, thus resulting in a lower virus titer. However, this hypothesis is unlikely given the
significant serial dilutions (at least 10%-fold) of virus samples in culture media prior to the
assay. Thus, a more comprehensive study is needed to assess these hypotheses. Regardless,
the results of this study are in good agreement with Sastry et al.’s' findings regarding the
effects of Benzonase on infectious titers of lentiviral vectors. Despite this agreement, it is
important to note that Sastry et al.’s'® study was limited to just two enzyme concentrations

(15 and 50 U/mL) and a single short incubation time (15 mins at 37 °C).
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Figure 4.4. Comparison of the effect of DNA digestion time (at 37 °C) and enzyme concentration on final
DNA concentration (panels A and C) and virus infectivity (panels B and D panels) in samples prepared
according to Process Sequence #2. Panels A and B correspond to Benzonase, and panels C and D correspond
to Denarase. The average value obtained from the duplicate experiments is shown for each condition. Error
bars correspond to the standard deviation from either the duplicate measurements of DNA concentration (i.e.,
n = 4) or the triplicate measurements of virus concentration (i.e., n = 6). The raw average virus and DNA
concentrations in each sample in this figure are shown in Table B1 in Appendix B.

4.4.2. High-throughput screening of membrane chromatography performance using
Sartobind Q 96-well filter plate

The DNA digestion results presented in Figure 4.4 indicate that Denarase was
slightly more effective in reducing the DNA concentration; therefore, we exclusively used
Denarase for the remainder of this study. The MC runs with the Sartobind Q 96-well filter
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plate were conducted using a subset consisting of 5 of the 9 DNA digestion conditions from
the DOE and one control (i.e., only enzyme-free buffer added and then placed in -80 °C
freezer) using adenovirus lysates. This subset of DNA digestion conditions was selected
for three main reasons: first, it was not practical to consider all 9 conditions and an
undigested control, as such an approach would produce a very large number of samples to
later be analysed; second, two of the conditions using 24-hour digestion times were
excluded, as such long digestion times resulted in high virus inactivation (>99%) during
DNA digestion; and finally, the digestion conditions using 1 U/mL for 1 hour and 100
U/mL for 1 hour were not considered because they resulted in digested lysates with a
similar composition to that of the undigested control lysate and the lysates prepared using
10 U/mL of Denarase for 4 h, respectively. The relationship between the conditions used
in the DOE study and the MC runs with the 96-well filter plate is illustrated in Figure B1

in Appendix B.

A comparison of the feed and eluate sample compositions (i.e., virus, DNA, and
protein concentrations) used in the six MC runs in duplicate is given in Table 4.1. The two
rows for each digestion condition correspond to the duplicate tests using the independently
prepared feed samples. As Table 4.1 shows, the results for the duplicate MC runs using
feed material digested under the same conditions showed good overall reproducibility. The
control samples without digestion had the highest amount of virus in the feed, with an
average of 6.5x108 IFU. A considerably lower virus concentration was observed in the feed
of the samples digested with 10 U/mL of Denarase for 24 h, with an average of 2.7x10°

IFU. This is in good agreement with the results shown in Figure 4.4: compared to 1-hour
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digestion period, the 24-hour digestion period resulted in an over 99% decrease in the
amount of virus. The runs with the lowest amount of virus in the feed also yielded the
lowest virus recovery rate from the eluate at only 14%; higher virus recoveries were

achieved for the remaining runs, varying between 42% and 79%.

In Table 4.1, the amounts of protein and DNA are reported as a ratio of the amount
of virus in the sample in order to represent the total amount per dose (with a dose defined
as 10 IFU). Note that the amounts of DNA and protein per dose shown in Table 4.1 have
been normalized based on the infectious titer in each sample; the virus (IFU/mL), DNA
(ng/mL), and protein (ug/mL) concentrations that were used for the calculations can be
found in Table B3 in Appendix B. The amounts of protein per dose in the eluate ranged
from 3% to 19% of the amounts in the feed. The only MC runs that were able to achieve
DNA levels below the FDA'’s target specification of 10 ng/dose were those wherein the
feed sample was pre-digested with 10 U/mL of Denarase for 24 hours. Although these
conditions were able to meet the FDA’s threshold, they also resulted in the loss of more
than 99% of the infectious adenovirus during the DNA digestion step. For the other five
digestion conditions, the amount of DNA in the eluate ranged from 137 ng/dose to 1517
ng/dose. Interestingly, the MC runs using the undigested lysate had the highest percentage
of DNA removal, with only approximately 15% of the initial amount of DNA remaining in
the eluate. The lowest absolute amount of DNA (average of 144 ng/dose) in the elution was
obtained via the MC runs conducted with feed samples that had been pre-digested with 10
U/mL of Denarase for 4 hours. Table B3 provides the compositions of the feed, flow-

through (FT), and first and second elution Samples (E1 and E2, respectively) used to obtain
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the results in Table 4.1. As Table B3 shows, the most protein was eluted in the Sample FT
(containing 360 mM NaCl in Buffer A), while the most virus was eluted in Sample E1
(containing 600 mM NaCl in Buffer A). Finally, the most DNA was eluted in Samples E1

and E2 (containing when 600 mM and 1000 mM NacCl in Buffer A, respectively).

Table 4.1. Composition of feed and elute (i.e., E1 fraction) samples for the MC runs performed with the 96-
well filter plate. The two rows for each set of DNA digestion conditions correspond to the duplicate MC
experiments that were performed, each using independently digested lysates. The amount of DNA and protein
were normalized and expressed on a per virus dose basis using 10%° IFU per dose. Process Sequence #2 was
used to generate the feed samples. Refer to Table B3 for the corresponding concentrations of virus (IFU/mL),
DNA (ng/mL), and protein (ug/mL) that were used to generate the results shown. BDL: below detection limit.

DNA digestion Virus amount DNA amount Protein amount
conditions (IFV) (ng/10%° IFV) (ng/10%° IFU)
[D(Er}argﬁie] T('rr:; € Feed Eluate Feed Eluate Feed Eluate
1 4 2.8x108 1.4x108 844 231 4860 441
1 4 3.7x108 1.5x108 339 BDL 2001 146
10 1 5.2x108 3.1x108 386 186 2406 230
10 1 6.2x108 3.5x108 329 181 1611 122
10 4 3.5x108 2.6x108 342 137 3210 157
10 4 3.4x108 2.7x108 375 150 3391 143
10 24 2.5%x108 3.7x10° 17544 BDL 402452 77119
10 24 2.9x108 4.0x10° 14826 BDL 316014 42342
100 4 1.2x108 5.7x107 663 478 10542 938
100 4 1.2x108 8.9x107 740 297 10080 332
0 0 6.3x108 4.5x108 9925 1255 2233 159
0 0 6.7x108 3.8x108 8272 1517 1844 197

4.4.3. Laterally-fed membrane chromatography purification of adenovirus sample

In order to demonstrate the usefulness of our detailed approach to optimizing the
DNA digestion conditions, the final part of this study focused on translating the best
operating conditions identified in the high-throughput screening study (Section 4.4.2) into
a scalable membrane chromatography device. An LFMC device containing 1 mL of the
same Sartobind Q membrane used in the 96-well MC experiments was evaluated using the

NGC system and a feed sample prepared from 50 mL of adenovirus cell culture. The exact
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feed-sample preparation sequence is shown in Figure 4.1. Based on the results shown in
Table 4.1, it was decided that the DNA digestion step would be performed using 10 U/mL
of Denarase, with a 4-hour incubation at 37 °C. It is worth noting that this amount of
enzyme is much lower than that used in prior research on adenovirus production.® The
relationships between the digestion conditions used in all parts of our study are illustrated

in Figure B1 in Appendix B.

As shown in Figure 4.5, the UV absorbance profile for the run displayed two
prominent peaks. The first peak (with a maximum that occurs around the 2 mL mark)
corresponds to all components in the feed sample that did not bind to the Sartobind Q
membrane at the given conditions (i.e., 360 mM NaCl). The second peak (with a maximum
at around the 15.5 mL mark) occurs at the beginning of the linear gradient from 360 mM
NaCl (solution conductivity of approximately 32 mS/cm) to 1000 mM NacCl (solution
conductivity of approximately 77 mS/cm). To resolve the relative contributions of DNA,
protein, and virus to the UV signal, the results from the individual assays on each fraction
are presented in the vertical bar series. The first UV peak was mostly comprised of protein
(approximately 85% of the amount in the feed), a small amount of DNA (approximately
3% of the amount in the feed), and a very small amount of adenovirus (<0.001% of the
amount in the feed). The second UV peak, corresponding to the 4th and 5th 1 mL elution
fractions, consisted of mostly adenovirus (73% of the initial amount in the feed was eluted
in the combined 2 mL fraction) and a small amount of DNA (approximately 6% of the
amount in the feed). The majority of the DNA eluted at solution conditions corresponded

to higher NaCl concentrations, while the elution fraction with the highest amount of DNA
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corresponded to a solution conductivity of approximately 70 mS/cm (~900 mM NacCl). In
good agreement with Chapter 2,'® the DNA eluted as a broad peak and the amount of DNA
in each fraction was so low that it was not detected in the UV absorbance signal. The
reproducibility of the LFMC device was verified in a duplicate run under the exact same

conditions (results not shown).

Overall, the results from the LFMC run are in good agreement with those from the
MC runs with the 96-well filter plate. Specifically, both runs showed that residual amounts
of DNA co-eluted with the virus. The amount of DNA in the feed solution used for the
LFMC run (856 ng/dose) was higher than the amount of DNA in the feed for the 96-well
filter plate MC runs (359 ng/dose), even though both lysates were prepared under the same
digestion conditions (10 U/mL Denarase for 4 hours). This difference is likely due to
variations in the cell pellets that were used to generate the lysates, and possibly to the
increase in scale required to prepare lysates for the LFMC runs. Despite the differences in
the feed, the results obtained with the LFMC showed improved DNA removal compared
to the outcomes of the small-scale MC in 96-well plate format using the same DNA
digestion conditions. This is not surprising given the use of a linear gradient in salt
concentration in the LFMC experiment as opposed to the two step changes in salt

concentration that were used for the 96-well filter plate MC experiments.
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Figure 4.5. Chromatogram for adenovirus purification run using an LFMC device containing 1 mL of
Sartobind Q membrane, a linear gradient elution step (initiated at 12 mL mark to ramp from 18% Buffer B to
50% Buffer B over 10 mL), and a feed sample that was pre-processed according to Process Sequence #2,
with the DNA digestion step conducted using 10 U/mL of Denarase and 4 hours of incubation at 37 °C. The
solid line indicates the UV absorbance profile at 255 nm (mAU), while the dashed line indicates the solution
conductivity profile (mS/cm). The 3D bar chart indicates the amount of virus (front pink solid bars), protein
(middle yellow striped bars), and DNA (back green dotted bars) within the middle of each of the 15 fractions,
as a percentage of the amount in the injected feed sample.

Table 4.2 provides a comparison of the chromatography runs performed with the
LFMC devices in this study and those performed in Chapter 2. There are some key
differences between the two processes that were used. In our previous study, we used
Process Sequence #1 with a lower concentration (1 U/mL) of Benzonase and a shorter
incubation time (0.5 hours), which resulted in a feed sample that contained a very large
amount of DNA (22 520 ng/dose). In this study, for the various reasons cited above, Process
Sequence #2 was used with 10 U/mL of Denarase and an incubation period of 4 hours,
which resulted in a feed sample with 26-times less DNA (856 ng/dose). This substantial

decrease in DNA concentration meant that up to 10 times more feed sample could be
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injected onto the LFMC device compared to our previous study. In addition, the starting
NaCl concentration was reduced to 360 mM in this study in order to induce stronger virus
binding to the membrane during sample application. Finally, the rate of the linear gradient
increase in salt concentration to elute the bound components on the Sartobind Q membrane
was decreased in this study, such that it occurred over 10 MV. Overall, the optimum
processing conditions identified in this integrated study (i.e., the sequence of operations,
DNA digestion conditions, and LFMC parameters) led to a substantial decrease in the
amount of DNA in the 2 mL elution fraction containing the majority of the adenovirus
sample; specifically, the amount of DNA per infectious virus was reduced by over 80 times.
In this study, we achieved a virus recovery rate of 73%; by comparison, a previous study
on adenovirus purification using the same Sartobind Q membrane reported a recovery rate
of 62%.22 This reduction in DNA levels is directly related to the new carefully adjusted
downstream processing conditions. First, we changed the sequence of unit operations to
enable the partial removal of DNA during the clarification step prior to digestion. Next, our
use of new DNA digestion conditions—namely, the use of a different enzyme at a higher
concentration for a longer period of time (Table 4.2)—provided a higher degree of DNA
fragmentation. In addition, this new digestion protocol also reduced the concentration of
DNA measured with the Picogreen assay, which is known to have a binding site to DNA
duplexes of at least 4 base pairs.>® Finally, the lower DNA concentration and smaller
fragment sizes contributed to a lower final DNA concentration after separation with the
LFMC device. Despite these improvements, it is important to note that the amount of

residual DNA in this study (77 ng/dose) is still 8-fold the FDA’s mandated level of 10
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ng/dose. Given the limitations of MC in reducing low residual DNA amounts—as seen in
the 96-well MC and LFMC studies—an additional polishing step might be necessary, for
example, salt tolerant membrane chromatography, which has been used in the production

of influenza A virus.%¢

Table 4.2. Comparison of process conditions and results for adenovirus purification via LFMC from this
study and our previous study. The amounts of adenovirus and DNA after LFMC correspond to the amounts
found in the 2 mL fractions containing most of the virus eluted during each run. T Based on 10%° IFU/dose.

Condition

This study

Previous study*®

LFMC device

DNA digestion enzyme
DNA digestion time

Feed volume

Amount of adenovirus in the feed
Amount of DNA in the feed?

1 mL of Sartobind Q
Denarase 10 U/mL
4 hours
1mL
1.4x10% + 2,1x10° IFU
856 + 159 ng/dose

1 mL of Sartobind Q
Benzonase 1 U/mL
0.5 hour
0.1 mL
1.4x10%+ 1.1x108 IFU
22 520 ng/dose

[NaCl] in equilibration buffer 360 mM 400 mM
Elution strategy Linear gradient over 10 MV Linear gradient over 4 MV
Volume of eluate containing virus 2mL 2mL

1.4x10°IFU * 1.5x108 IFU
6507 + 187 ng/dose

1.0x10% + 1.2x10° IFU
77 £ 3 ng/dose

Amount of adenovirus after LFMC
Amount of DNA after LFMC*

45. Conclusions

In this paper, we presented the development of a process sequence predicated on
the removal of cell debris via centrifugation before DNA digestion, and the integrated
optimization of enzymatic DNA digestion and membrane chromatography. As a result, we
were able to reduce the level of residual DNA per dose of adenovirus by over 80-fold
compared to the results of Chapter 2.1° Specifically, the presented process sequence enabled

residual DNA to be reduced from 6507 ng/dose to 77 ng/dose after LFMC.
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The results presented in this study demonstrate the considerable advantage of
using an integrated approach towards optimizing adenovirus purification processes. First,
we highlight the importance of the sequence of events, particularly with respect to
performing a clarification step (i.e., the removal of cell debris by centrifugation) prior to
DNA digestion. A certain amount of DNA, probably large fragments associated with cell
debris, was removed in the centrifugation step, favouring lower DNA concentrations after
digestion. Second, a higher percentage of DNA was removed via MC when the initial
sample was not previously digested with endonuclease. Moreover, although a 24-hour
digestion period resulted in an enormous reduction in DNA levels, regardless of the amount
or type of enzyme used, the high degree of virus inactivation (99%) that results from such
long incubation periods makes this option unfeasible. By comparison, a 1-hour digestion
period using 1 U/mL of Denarase resulted in a virus inactivation rate of approximately
47%. Finally, the experiments in the 96-well plate format proved to be a good predictor of
the membrane’s separation performance in the LFMC format. When one of the best
conditions was implemented for an actual LFMC run using a device containing 1 mL of
the Sartobind Q membrane and a linear gradient elution strategy, high virus recovery (73%)
and good DNA removal (93%) were obtained. These results were superior to those
predicted by the small-scale MC experiment, most likely due to flexibility in terms of

operation and elution strategy design during an actual LFMC run.
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Chapter 5

Purification of vesicular stomatitis virus (VSV) using

hydrophobic interaction membrane chromatography
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5.1. Abstract

Vesicular stomatitis virus (VSV) is an enveloped, RNA-based type of rhabdovirus,
that has been gaining significant biopharmaceutical interest for applications as oncolytic
viruses in cancer immunotherapy and as vectors for vaccines. Although significant progress
has been made in terms of upstream process development, VSV purification for the removal
of host-cell proteins and DNA often rely on non-scalable and labour-intensive techniques
such as density gradient ultracentrifugation. Membrane chromatography (MC) is a scalable
and promising alternative for the purification of large biomolecules and entities such as
viruses. Its large flow pores allow easy access to the binding sites, and convective mass
transfer allows operation at high flow rates. The goal of this study was to develop an MC
process to remove process- and product-related impurities including host-cell and cell
culture media components (i.e. phenol-red). Initial attempts using Sartobind Q, which is an
anion-exchange membrane widely used for virus purification resulted in poor virus
recoveries (below 10%). Attempts to purify VSV with Sartobind Sulfated Cellulose (SC),
a pseudo-affinity membrane, were also unsuccessful as discussed in Appendix C. However,
very promising initial results were obtained with hydrophobic interaction membrane
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chromatography (HIMC) using the Sartobind Phenyl membrane (3 mL Nano capsule). In
HIMC, binding is induced in the presence of high concentrations of kosmotropic salts; in
this study, buffers containing ammonium sulfate (AS) were used during membrane
equilibration, loading, and washing, while elution was performed using a salt-free buffer in
a step-change mode. In low-volume separation experiments (i.e. 1 mL of VSV feed) carried
out at pH 7.4, VSV bound to the membrane in the AS concentrations range of 0.7 M to 1.0
M, with the average overall recovery being 67%. Separation at pH 8.0 resulted in only 23%
recovery, indicating a significant effect of pH on virus stability. Finally, the volume of
sample was scaled up to 300 mL (i.e. 100 membrane volumes) and the separation was
carried out at pH 7.4 and 1.0 M AS. VSV was concentrated into a 6 mL eluate fraction with
up to 78% recovery. Most impurities were removed in the flow-through, and so only <1%
and approximately 10% of the initial amounts of host-cell protein and DNA, respectively,
remained in the eluate. Moreover, phenol-red that was initially present in the cell culture
media was removed. To the best of our knowledge, this is the first study to use HIMC for
VSV purification, and one of the firsts for viruses in general. In only one process step, VSV
was successfully harvested from culture media, concentrated more than 50-fold, and
purified. This study demonstrates the potential of HIMC as a method for large-scale

purification of VSV, and potentially other types of viruses
5.2.  Introduction

Vesicular stomatitis virus (VSV) is an enveloped, RNA-based type of rhabdovirus
that has been used as the vector for the development of vaccines (e.g. against HIV,* Ebola

virus,? and coronavirus®) and novel cancer therapeutics.* The success of VSV for

123



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

therapeutic purposes depends on the development of efficient manufacturing processes.
Recently, substantial progress has been made in terms of upstream, with the use of new
bioreactor designs that maximize virus production in adherent cultures,® the development
of suspension serum-free cultures,®’ and the optimization of upstream process parameters.?
However, there is a limited number of studies related to the purification of VSV. The
removal of host-cell proteins and DNA typically relies on density gradient
ultracentrifugation for small-scale applications,? or different combinations of anion-
exchange chromatography and/or tangential flow filtration (TFF) for large scale
applications.21% A downstream process for the purification of clinical-grade VSV was
described by Ausubel, et al.8, and involved a series of steps including clarification of the
cell culture supernatant, enzymatic DNA digestion, anion-exchange chromatography, TFF,
diafiltration, and sterile filtration. Although the method was shown to be robust, there is
room for process simplification and improvement with the use of alternative and scalable

technologies.

Hydrophobic interaction chromatography (HIC) is a widely used technigue in the
field of protein purification at different scales,* and a limited number of studies have also
addressed this alternative for virus purification. The few reports found in the literature
focused on the purification of vaccinia, influenza and foot-and-mouth disease viruses using
resins and monoliths with different hydrophobic ligand chemistries, and presented

promising results with high virus yields (>70%).1%-1¢

For the purification of large molecules, such as viruses, membrane

chromatography (MC) presents a series of advantages over conventional resins. These

124



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

include large pore sizes, more accessible binding sites, and convective mass transfer
allowing high operating flow rates,'” and ultimately contributing towards more economical
processes.’® These membranes are currently available in a variety of materials and
chemistries for different applications such as anion and cation exchange, affinity, and
hydrophobic interaction.!” Hydrophobic interaction membrane chromatography (HIMC)
has been successfully applied in flow-through mode for the capture of aggregates from
monoclonal antibody preparations,**?? and in bind-and-elute mode for the purification of
therapeutic proteins'’1823-2% and plasmid DNA.?6-2 Despite its potential, HIMC has only
been applied very recently in the purification of a short list of viruses, including adeno-
associated viruses (AAV),?° lentiviruses,® and Orf virus,* with good recoveries and
purities being reported. In this study, the application of HIMC for virus purification is
further examined by evaluating its performance for the purification of VSV from cell
culture using the Sartobind Phenyl membrane. Important process parameters, such as buffer
pH and the salt concentration in the binding buffer have been addressed and the scalability
of the process was demonstrated in experiments where 300 mL of virus lysate were purified

using a 3 mL HIMC device.
5.3. Materials and Methods

5.3.1. Preparation of VSV cultures

Vero cells were grown in culture plates or 1720 cm? Hyperflaks® (Corning®) using
Dulbecco's Modified Eagle's medium (DMEM, Gibco™) supplemented with 10% fetal
bovine serum (FBS, Gibco™) and 1% L-glutamine (BioShop). The media contained phenol

red, a pH indicator commonly used in cell culture and an important process-related impurity
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that needed to be removed. At approximately 90% cell confluency, the culture media was
removed, cells were gently rinsed with phosphate-buffered saline (PBS) and infected with
VSV expressing green fluorescent protein (GFP) resuspended in FBS-free DMEM, using
a multiplicity of infection of 0.1. After 24 hours, the supernatant containing virus was
harvested and clarified by centrifugation for 15 min at 1430xg and 4°C, followed by
filtration with a 0.45 um bottle top filter (Nalgene®), before being aliquoted and stored at

-80 °C.

5.3.2. Chromatography runs

For HIMC runs, the clarified VSV lysate was thawed and mixed with a high-salt
buffer of pH 7.4 or 8.0 containing 10 mM HEPES (Gibco™), 4% sucrose (BioShop) and
2.6 to 3.6 M ammonium sulfate (AS, Sigma-Aldrich), for final AS concentrations of 0.7 or
1.0 M. A Sartobind® Phenyl Nano 3 mL (Sartorius) device connected to an NGC™
medium-pressure chromatography system (BioRad) was used to perform chromatography
runs at a flow rate of 9 mL/min. Although the laterally-fed membrane chromatography
(LFMC) device can provide better separation resolution than the radial flow-based
Sartobind Nano capsule as discussed in detail in Chapter 2, the Sartobind Phenyl membrane
was not commercially available in flat sheet format to be used to fabricate LFMC devices
at the time this study was conducted. Therefore, the Sartobind Phenyl Nano 3 mL device
was used as supplied by Sartorius. Before each run, the Sartobind Phenyl device was
equilibrated with at least 10 membrane volumes (MV) of binding buffer (10 mM HEPES,
4% sucrose, 0.7 or 1.0 M AS, pH 7.4 or 8.0). A small aliquot of the feed lysate sample was

taken for analysis and the remaining was loaded into the Sartobind Phenyl device. Two
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types of experiments were performed: low-volume runs using 1 mL of feed for evaluating
the effect of pH and AS concentration in the loading phase, and scale-up runs using 300
mL of feed as discussed in the Results section. In either case, a wash step with binding
buffer was conducted after samples loading. Finally, a step-change to elution buffer (10
mM HEPES, 4% sucrose, pH 7.4 or 8.0) in the absence of AS was implemented. Fractions
were collected throughout each run and immediately stored in an ice bath. The fractions
were used in the virus infectivity assay immediately after the chromatography runs to avoid
interferences and losses of infectivity during storage. Later, the samples were stored at -80

°C for future protein and DNA analysis.

Following each run, the Sartobind Phenyl device was cleaned in place. First,a1l M
NaOH (BioShop) solution was passed through the system for 30 min at a 3 mL/min flow
rate, followed by Milli-Q water for 3 minutes at a 9 mL/min flow rate. Next, the Sartobind
Phenyl membrane was regenerated by passing a 70% ethanol solution through the system

at 1 mL/min for 1 hour. The device was stored in 20% ethanol at 4°C between runs.

Although this study focuses on HIMC using the Sartobind Phenyl membrane, early
experiments were performed using Sartobind Q and Sartobind Sulfated Cellulose (SC)
membranes using the method previously reported for the purification of adenoviruses.*
For runs with Sartobind Q, VSV lysates prepared as described above were either used
directly or mixed with buffer containing 10 mM HEPES (Gibco™), 4% sucrose (BioShop),
2 M NaCl (BioShop) for final NaCl concentrations of 0.36 M before being loaded onto the

membrane. Similarly, for runs with Sartobind SC, the sample was diluted in 10 mM HEPES

127



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

(Gibco™), 4% sucrose (BioShop) buffer without NaCl before being loaded onto the

membrane.

5.3.3. Analysis of virus infectivity, total protein, and DNA in chromatography fractions
VSV infectivity was determined using the fifty-percent tissue culture infective
dose (TCIDso) assay adapted from Rold&o et al.®® as described in Appendix D and the titer

was calculated using the Spearman-Karber method.3*

Total protein concentration was determined in duplicate using the BCA™ Protein
Assay Kit (Thermo Scientific), following the manufacturer’s instructions. It was observed
that the presence of AS in the samples significantly reduced the sensitivity of the BCA
assay, mainly when the 96-well plate format of the assay was used. Thus, an adapted
version of the enhanced test-tube BCA protocol was used. In summary, a 950 pL aliquot
of the BCA working reagent was mixed with 50 pL of sample in a microcentrifuge tube
and incubated for 1 hour at 60 °C using a heat block. After incubation, the tubes were
transferred to an ice bath for 5 minutes and the absorbance at 562 nm was measured using
a Biophotometer (Eppendorf), using Milli-Q water as the blank sample. Since the presence
of AS affected the sensitivity of the assay, three different calibration curves with known
amounts of bovine serum albumin (BSA, Thermo Scientific) standard diluted in buffer A

containing different concentrations of AS were prepared in parallel with each round of tests.

Total DNA concentration was measured in duplicate using Quanti-iT™
Picogreen® dsDNA kit (Invitrogen) with the reactions being conducted in black half-area

96-well microplates (PerkinElmer). Similar to what was observed for the BCA protein

128



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

assay, the sensitivity of the Picogreen assay was also reduced in the presence of increasing
concentrations of AS. Therefore, multiple calibration curves were prepared (Figure 5.1)
with known amounts of lambda-DNA (Roche) standard in buffer containing AS
concentrations between 0 and 0.5 M of AS, and the DNA concentration in the sample was
estimated based on the calibration curve with the corresponding amount of AS, or the
interpolation between the two closest calibration curves. For the assay, all samples were
diluted 1:1 in Tris-EDTA buffer (Fisher Bioreagents), except Fractions #1 and Feed
samples, which were diluted 1:5 and 1:10, respectively. Fluorescence with excitation at 480

nm and emission at 520 nm was measured using a SpectraMax i3 plate reader.
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Figure 5.1. Calibration curves used to estimate the DNA concentration in fractions of chromatography runs
using the Picogreen assay, using lambda-DNA standard diluted in buffer containing different concentrations
of AS as indicated by the different markers. Each point represents the average of duplicate tests. Dashed
lines along each set of points correspond to their linear regression model.
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5.4. Results and Discussion

5.4.1. Effect of buffer pH and ammonium sulfate concentration on the purification of VSV
using hydrophobic interaction membrane chromatography

Briefly, before the HIMC runs are discussed, the results of initial attempts of using
Sartobind Q were unsuccessful with only less than 10% of the virus being recovered in the
eluate (Appendix C). This is consistent with previous reports of low recoveries of VSV
from Sartobind Q anion-exchange membrane.® Attempts to purify VSV with Sartobind SC,
a pseudo-affinity membrane to which certain viruses can bind, were also unsuccessful since
VSV did not bind to this membrane and simply flowed through along with impurities

(Appendix C).

A total of ten runs using 1 mL of diluted VSV lysate were conducted to investigate
the effect of buffer pH on virus recovery and purity, and the effect of the concentration of
AS in the binding buffer. The VSV feed material used for these ten runs were all from the
same batch and contained an average VSV titer of 2.41x10° + 1.71x10° TCIDso/mL, 6797

+ 1466 pg/mL of protein, and 142 + 39 ng/mL of DNA.

Although pH is not a parameter commonly considered during the optimization of
HIC processes, it is known to affect the dynamic binding capacity of columns during
protein purification;® pH is also an important factor for virus stability. For rhabdoviruses,
the pH used in different stages of the downstream process typically ranges between 6.5 and
7.8.2810.36 | this part of the study, the effect of pH (7.4 or 8.0) was investigated for runs

starting with binding buffer containing 1.0 M AS. Figure 5.2 shows the results of one of
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the duplicate runs performed for each pH condition (Runs #4 and #2 as indicated in Table
5.1, respectively). Based on this Figure, similar UV profiles were obtained for the runs with
pH 7.4 and 8.0: first, a flow-through peak with a maximum around the 5 mL mark contained
mostly protein and DNA as indicated by the vertical bars. Next, shallow peaks that
extended up to approximately the 18 mL mark were observed; fractions corresponding to
these peaks contained a small amount of DNA (green dotted bars) and phenol red (a
component of the culture media) based on a visual inspection. The pool of fractions
obtained between the 0 and 15 mL marks (Fractions #1 to #4) will hereby be referred to as
‘flow-through’ fractions (Table 5.1). At the 15 mL mark, the step elution was introduced
by switching to the buffer without AS, and the response to this step happened around the
19 mL mark when the conductivity started to drop causing the virus to elute. The pool of
fractions obtained between the 15 and 30 mL marks will hereby be referred to as ‘elution’
fractions and the total amount of virus recovered in these fractions was higher for the run
using pH 7.4, where a total of 9.7x108 TCIDso was obtained, compared with 4.4x108
TCIDso with for run using pH 8.0. A small amount of DNA (15.1 ng and 16.5 ng,
respectively) co-eluted with the virus, and protein amounts were below the detection limit
of 10 pg/mL in both cases (Table 5.1). The reproducibility of the chromatograms shown in
Figure 5.2 was confirmed by comparison with the chromatograms of their respective
duplicates, runs #1 and #3 (results not shown). Although some variation in terms of the
amounts of virus eluted in each fraction was observed, the total amount of virus recovered
during the elution for the duplicate run using pH 7.4 (1.3x10° TCIDso/mL) was still

significantly higher than for the duplicate run using pH 8.0 (3.2x10% TCIDso/mL). This
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suggests that VSV was more stable during HIMC using pH 7.4 for binding buffer with 1
M AS. This pH was used in the remaining runs with changing AS concentrations in the

binding buffer.
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Figure 5.2. Results of chromatography Run #4 (top panel, using pH 7.4) and Run #2 (bottom panel, using pH
8.0). Solid lines and short-dashed lines correspond to the UV absorbance (mAU) at 280 nm and 260 nm,
respectively; long-dashed lines correspond to the buffer conductivity (mS/cm); front solid pink bars
correspond to the amount of virus (x107 TCIDsp) in each fraction; middle yellow bars correspond to the
amount of protein (x10?g) in each fraction; and green dotted bars correspond to the amount of DNA (ng) in
each fraction. The bars are aligned with the centre of each fraction.

Since the virus completely bound to the Sartobind Phenyl membrane when binding

buffer with 1 M AS was used (i.e. no virus was detectable in the flow-through fractions),
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the next step of the study focused on evaluating the effect of reducing the initial amount of
AS, since lowering the AS concentrations contributes for better virus stability. In this part
of the study, binding buffers with four different initial AS concentrations (0.7, 0.8, 0.9, and
1.0 M) at a fixed pH of 7.4 were used in chromatography runs performed in duplicate. The
UV profiles followed the trend observed earlier in the first part of the study (Figure 5.2).
The total amounts of virus, protein, and DNA in the flow-through and elution fractions of
each run are shown in Table 5.1. No virus was observed in the flow-through fractions, even
when the lowest AS concentration was used initially (0.7 M), indicating a high degree of
virus binding; varying amounts of protein and DNA were observed in the flow-through
fractions as seen in Table 5.1, but no significant difference was observed across the four
different conditions evaluated. For the elution fractions, no significant difference in terms
of virus and DNA was observed across all runs (Table 5.1) and the average virus recovery
across all runs was 47% + 35% respective to the average amount of virus in the feed
samples; the large standard deviation is associated with the known high errors of the
TCIDso assay.®® The only difference was in terms of the total amount of protein in the
elution fractions, which was below the detection limit of 10 pg/mL only for the runs using
the highest and lowest AS concentrations (0.7 and 1.0 M) in the binding buffer. Runs using
0.8 and 0.9 M AS had considerable amounts of protein varying from 51.7 to 115.5 pg/mL.
It is still unclear why better protein removal was achieved when 1.0 M and 0.7 M AS was
used in the binding buffer, but it is likely related to the broad diversity of proteins present
in the lysate, which all have distinct behaviour when in the presence of a kosmotropic salt

such as AS. For a deeper understanding, finer protein characterization methods would be
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needed to identify which specific proteins co-elute with the virus, however, this will not be

addressed in this study.

Table 5.1. Total amount of virus, protein and DNA in the flow-through and elution fractions of HIMC runs
investigating the effects of buffer pH and AS concentration in the binding buffer. Virus amounts and their
standard deviations were calculated using the Spearman Karber method, protein and DNA averages and
standard deviations were calculated based on duplicate measurements of each sample. BDL: below the
detection limit.

[AS] in Amount in the flow-through Amounts in the elution
Run Buffer binding (Fractions #1 — #4) (Fractions #5 — #9)
# pH buffer Virus Protein DNA Virus Protein DNA
(M) (TCIDs)  (ug) () (CIDw)  (ug) (ng)
1 8.0 1.0 BDL 5329+£94 56.3+£6.2 352552071 BDL 9.3x04
4.4x108 + 165+
2 8.0 1.0 BDL 5997 £ 170 69.9+7.3 7 5%107 BDL 08
1.3x10° +
3 7.4 1.0 BDL 5584 £ 6 199+7.1 s BDL 3.9x0.6
2.2x10
9.7x108 +
4 7.4 1.0 BDL 6424+3320 64.6+7.7 2 2x108 BDL 15.1+1.4
1.2x10°+
5 7.4 0.9 BDL 4892 +161 92.6%7.6 2 1x108 75.7£0.0 16.0+0.6
9
6 74 09 BDL  4557%25 630486 iUl  1155:31 234414
1.1x10%+
7 7.4 0.8 BDL 3735+ 149 88.8+187 2 0x10¢ 51.7+£15 5.0%0.3
1.1x10%+
8 7.4 0.8 BDL 4618 £ 472 50.0+34 1.9%x10° 96.1+1.0 BDL
1.1x10°+
9 7.4 0.7 BDL 5179+£252 97.7+£6.0 2 0x108 BDL 3.6+x04
te]
10 74 07 BDL  436l+1 812439 717;51005 BDL  9.6+09

5.4.2. Scale-up of hydrophobic interaction membrane chromatography runs for VSV
purification

This last part of the study focused on scaling up the HIMC process to purify 300
mL of diluted VSV lysate with the 3 mL Sartobind Phenyl Nano device. Duplicate runs
#11 and #12 were conducted using a buffer pH of 7.4 and a 1 M AS concentration in the

binding buffer. These conditions were selected because they yielded the best results in the
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low-volume runs discussed in the previous section. The feed material for these runs was

produced in two batches using hyperflasks and had the composition indicated in Table 5.2.

Since the duplicate runs had comparable results, Figure 5.3 shows the results for
only one of the runs. Figure 5.3-A shows the chromatogram where an increase in the UV
absorbance is observed immediately after the start of the run and it extends throughout the
whole sample loading phase (i.e. 0 to 300 mL marks), corresponding to the flow-through
of protein and DNA. At the 300 mL mark, the wash step with binding buffer started and a
drop in the UV signal is observed until it returned to baseline. A step elution was introduced
at the 360 mL mark by applying buffer without any AS. The response seen by the drop in
conductivity happened at approximately the 364 mL mark, which is followed by the virus
elution peak. Figure 5.3-B focuses on the virus elution peak and provides the compositions
of the fractions in terms of virus, protein, and DNA and Table 5.2 shows the detailed

composition of the different fractions collected during the run.
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Figure 5.3. Results of HIMC for Run #11. Solid lines and short-dashed lines correspond to the UV absorbance
(mAU) at 280 nm and 260 nm, respectively; long-dashed lines correspond to the buffer conductivity (mS/cm);
front solid pink bars correspond to virus recovery respective to the amount in the feed; middle yellow bars
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correspond to residual protein; and green dotted bars correspond to residual DNA in each fraction. The bars
are aligned with the centre of each fraction.

Most VSV eluted between the 362 and 368 mL marks (78 + 5% of the total in the
feed for run #11 and 54 + 13% for run 12). This represents a 50-fold concentration factor
for VSV since the virus present in 300 mL of lysate was concentrated down to a 6 mL
fraction. Meanwhile, good removal of impurities was achieved, especially of host-cell
protein, where only an average of 0.2% of the total amount in the feed co-eluted with the
virus. The average residual amount of DNA was 10%, which could be a potential concern
since FDA guidelines establish a limit of 10 ng/dose of host-cell DNA in gene therapy
products.®’ It is however important to emphasize that the lysates were applied onto the
HIMC devices directly after clarification and dilution in high-salt buffer. To tackle the
residual DNA issue, an enzymatic DNA digestion could be added before the HIMC and
these unit operations could be optimized in conjunction, as it has been proven to be an
effective strategy for the purification of adenoviruses.®? Alternatively, a polishing step

could be implemented after the HIMC to further remove host-cell DNA.

Table 5.2. Total amount of virus, protein and DNA in the different fractions of HIMC scale-up runs where
300 mL of VSV lysate was purified using a 3 mL Sartobind Phenyl Nano device. Virus amounts and their
standard deviations were calculated using the Spearman Karber method, protein and DNA averages and
standard deviations were calculated based on duplicate measurements of each sample. BDL: below the
detection limit.

Fraction Feed 0to 362 to 365 to 368 to 371 to 380 to
interval 362 mL 365 mL 368 mL 371mL  380mL  403mL
Run
# Total
volume 300 362 3 3 3 9 23
(mL)
1 Total VSV 2.8x10! BDL 7.2x10°  1.4x10"  1.1x10° 9.6x10° 1.5x10%°

(TCIDsp) ~ +1.7x10% +2.9x10°9  £3.7x10° +2.4x10° +1.1x10° +2.9x10°
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Total

protein 2114475 2075:81 1.2+0.02 26+01 064001 13+1.1  0.3+0.1

(mg)

TOt?LE)NA 138+4 9745  10:04  69+13  57+01 22401 0.2+001

Toal VSV 6.1x10% oo 7.2x100  26x101 36100 16x10°  2.4x10V

(TCIDsy)  +1.0x10% +1.4x1010  +4.4x1010  +7.0x10° +1.9x10° +4.2x10°
12 Total

protein 2210475  2154+41 154005 3.3+04  06+001 05+002  0.2+0.1

(mg)

TOt?ILE)NA 93+1 5744  47+42  31#13  35:01 12+¢01  BDL

5.5. Conclusions

This study demonstrates the efficient purification of VSV directly from culture
media lysates using the Sartobind Phenyl HIMC device at relatively low AS concentrations
in the binding buffer (up to 1 M AS) compared with those previously reported for the
purification of different types of viruses with different HIC matrices.'>*3>%® To our
knowledge, this is the first report of the implementation of HIMC for the purification of
VSV and one of the first ones to apply this technology for virus purification. In the first
part of the study where 1 mL of VSV lysate was purified using a 3 mL Sartobind Phenyl
HIMC device, buffer pH of 7.4 resulted in a virus yield approximately 3 times that obtained
using pH 8.0 when binding buffer with 1.0 M AS was used, demonstrating the importance
of buffer pH in the virus stability. Next, for a fixed pH of 7.4, AS concentrations of 0.7,
0.8, 0.9 and 1.0 M in the binding buffer were tested and resulted in a high degree of virus
binding, with no virus detectable in the flow-through fractions. Across all runs, similar

amounts of virus and residual DNA were obtained in the elution, and the lowest amounts
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of residual protein (below 10 pg/mL) were obtained with the runs performed with 0.7 and
1.0 M AS in the binding buffer. Finally, scale-up runs where 300 mL of VSV lysates were
purified using the 3 mL HIMC Sartobind Phenyl device, with very promising results. The
virus was concentrated down to a 6 mL fraction, with up to 78% recovery and with very
low residual amounts of protein impurity, below 1% the amount in the feed and 10% of the
amount of DNA. This HIMC process can be easily integrated in VSV manufacturing

processes for the capture, concentration, and purification all in one relatively simple step.
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Chapter 6

Economic analysis of adenovirus manufacturing

processes for gene therapy applications
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6.1. Abstract

Advanced manufacturing processes need to be developed to keep up with an
increasing demand for novel virus-based therapeutics, so these novel therapeutics can be
produced in cost-effective ways. Virus manufacturing processes rely on multiple co-
dependent upstream and downstream unit operations that need to be carefully designed to
minimize product losses and maximize purity. Modelling and simulation are powerful tools
to understand, evaluate, and optimize complex manufacturing processes in general. It can
also serve as a decisional tool in the selection of operating parameters. However, the
application of these tools in the field of biomanufacturing is still considered to be in its
infancy. In the present study, a model of a complete adenovirus production process was
developed using BioSolve Process in the context of gene therapy applications for late-stage
clinical trials or early commercialization (i.e. targeting the production of 2000 doses per
year). The analysis of the model permitted the identification of capital costs and quality
control testing as the major cost drivers for a base scenario, significantly contributing to
the cost-of-goods (COG). The model was also used to investigate the feasibility of using
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membrane adsorbers (MAs) to replace conventional resins in chromatography and
polishing steps of virus purification. MAs were found to offer savings of more than 20% in
the COG/dose. This is one of the first studies to assess the financial benefit of using MAs
in virus manufacturing, adding to the already well-known technical advantages of this
technology. Finally, sensitivity analyses were applied to identify key process parameters
for both the scenarios using MAs or resins and the impact of replacing DNA digestion
enzymes (i.e. substituting Benzonase by Denarase, a cheaper but equally effective
alternative), was also addressed. Considering practical limitations in a comprehensive
analysis of the economic aspects of virus manufacturing will help address critically
outstanding questions in the field and will guide a more rational selection of process
conditions. Such an approach will enable the development of cost-effective ways to
produce therapeutic viruses at various scales of manufacturing, ultimately benefiting

patients to have fast and affordable access to new treatment options
6.2. Introduction

In the past few years, the world has seen considerable advances in the field of gene
and cell therapy, with a number of new ground-breaking biotherapeutics being approved
for the treatment of cancer and genetic diseases.! Viruses are used as vectors in most clinical
trials for these new therapies, being applied directly in vivo (i.e., administered directly into
the patient) or ex vivo settings (i.e., the therapeutic virus is used to transform the patients’
cells in the lab before being infused back into the patient, as in CAR-T cell therapies).}?
Adenoviruses were the first type of vector to be applied in vivo,® and they are currently one

of the main types of viruses used in gene therapy clinical trials, along with adeno-associated
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viruses (AAV) and lentiviruses.* Recent efforts devoted to increasing the efficacy, safety,
and development of new adenoviral vectors* suggests that they are likely to retain their

position as one of the most important tools for gene therapy in the long term.

Unfortunately, approved gene and cell therapy products are highly expensive —
sometimes costing millions of dollars per treatment — which is a significant barrier currently
preventing patients from accessing these promising new drugs.®> These high prices are due
to a range of factors, including the high costs associated with development, manufacturing,
and analytical testing.®” With respect to manufacturing in particular, it will be critical to
develop novel advanced processes to keep up with the rapidly-growing list of novel virus-

based therapeutics.’

Process and economic modelling is seen by experts as one of the most effective
means of improving manufacturing processes for novel biotherapeutics.® Modelling and
simulation can also provide a deeper understanding of processes and help to identify critical
parameters, thus making them powerful tools in the implementation of quality-by-design
(QbD) initiatives for process development.® However, the modelling of gene and cell
therapy manufacturing processes is still considered to be in its infancy.!® At present, the
literature contains only a handful of reports focusing process modeling to improve
economic aspects of AAV and lentivirus manufacturing processes.**"*3 Thus, as long as key
product differences are accounted for, this field could benefit from studies examining
closely-related areas, such as cell therapy, vaccines, and other more traditional
biotherapeutics, such as monoclonal antibodies (MAD). For example, adenoviruses can be

used either as vectors for vaccines — with some of the vaccines against COVID-19 being

145



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

currently based on adenoviruses (AstraZeneca, Janssen, and Sputnik)* — or for gene
therapy applications. However, there are key differences between vaccines and gene
therapy that will significantly impact typical process scales. For instance, in gene therapy
phase 11 clinical trials, the number of patients enrolled can vary significantly from tens to
hundreds of patients, with high dosages in the order of 10*! to 10*® viral particles (PT) per
dose.'®>17 On the other hand, for vaccines, dosages are typically lower, but the number of
patients is dramatically higher. Ferreira et al.'® recently used SuperPro Designer (Intelligen)
to model adenoviral COVID-19 vaccine production, with a cost analysis based on 400 to
800 million doses per year and 10'° PT per dose. Their findings highlighted significant
differences in the estimated cost-of-goods (COG) per dose, which is reported to be in the
range of approximately 0.20 USD for vectored vaccines,'® but over thousands of dollars
per dose for gene therapy vectors (i.e., previous reports estimate approximately 12,000
USD/dose for AAV vectors'! and approximately 1,500 USD/dose for lentiviral vector

production for cell therapy applications).'?

In the literature, modelling and cost analyses of biomanufacturing processes are
typically classified into two categories. The first category focuses on developing new
modelling frameworks and applying them to specific manufacturing cases, while the
second focuses on modelling and simulating processes using commercially available
software such as BioSolve Process (Biopharm Services) or SuperPro Designer (Intelligen).
The remainder of this section will provide a brief overview of the main studies related to

these two categories.
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With respect to the development of modelling frameworks, Comisel et al.*?
developed a novel decisional tool comprising a model that had been integrated with an
optimization algorithm to minimize COG in lentivirus production. Their findings showed
that their model was able to reduce costs by up to 90% when the process switched from
using cell cultures in multi-trays to suspension or fixed-bed bioreactors at large processing
scales. In a recent follow-up study,*® Comisel et al. further refined their decisional tool by
including development costs and a project valuation model. They used this new framework
to determine the best time to implement stable producer cell lines during the development
of lentivirus- and AAV-based therapeutics. With respect to upstream manufacturing, Farid
et al.® developed a tool that used hierarchical modelling to determine the COG of cell-
culture-based products, while Lim et al.?° described a tool for MADb process modelling and
cost analysis under uncertain conditions and applied it to make decisions regarding pooling
strategies in perfusion cell cultures. Conversely, Stacey et al.?! proposed a framework for
cell-culture-based processes based on an ordinary differential equation modelling
paradigm. In the field of cell therapy, Abou-EI-Enein et al.??> proposed a new technique to
estimate manufacturing costs in Good Manufacturing Practice (GMP) areas, while a
number of other studies have proposed different decisional tools to address process cost-

effectiveness.23%’

With regards to the use of commercially available software, BioSolve Process
(Biopharm Services) has been applied for modelling and economic analysis in the fields of
monoclonal antibodies,?®2° cell therapies,®*3! AAV vectors,'! and other biomolecules. For

instance, Cameau et al.}' used BioSolve Process to create and analyze models for
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determining the most economic cell culturing option for the production of AAV for gene
therapy applications. Their analysis considered and compared numerous different
scenarios, with findings demonstrating significant cost savings from using fixed-bed
bioreactors instead of scaling-out the process by using multi-trays. In a different study,
Lopes et al.?! used BioSolve Process to model a CAR-T cell therapy process wherein T
cells are harvested from the patient and then passed through all expansion and modification
stages to create a final cryopreserved product. Their findings identified the cost associated
with the lentiviral vector used to introduce the CAR genetic information into the T cells as
one of the major cost-drivers, reinforcing the importance of minimizing virus

manufacturing costs.

In the present study, BioSolve Process was applied to model a complete process
for manufacturing adenoviral vectors for gene therapy applications, specifically within the
context of dose production for late-stage clinical trials or small-scale commercial
applications (i.e., targeting a production rate of 2000 doses/year). The models were used to
compare base-scenarios using either membrane adsorbers (MA) or conventional resins in
the chromatography steps of the purification processes. These comparisons are of particular
interest because MAs possess well-known technical advantages for purifying large
molecules (e.g., viruses), including their large pore sizes, which provide accessible binding
sites and enable convective mass transfer and the use of high flow rates.>> However, no
previous studies in the literature have examined the economical aspects of using MAs or
resins for virus purification. The analysis of the model also included a sensitivity analysis

in order to identify critical process parameters as areas of opportunity to minimize COG.
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6.3. Model construction and analysis

The adenovirus production models used in this research were created using
BioSolve Process 8.1.5.3 (Biopharm Services Ltd.). The order of the unit operations
considered in the model is shown in Figure 6.1. The target throughput for the base scenarios
was assumed to be 2,000 doses/year, and the model also accounted for two different
dosages typically used in adenovirus-based gene therapy clinical trials: 1x10*? PT/dose and
1x10% PT/dose.®*-* This model considers only the production of the drug substance, not
the drug product; furthermore, it also does not consider the expenses associated with drug
development, sterile fill, and finish steps. The general input parameters of the models are
shown in Table 6.1. The unit operations with key input parameters for each process step

are summarized in Table 6.2.

Table 6.1. General input parameters for the base scenarios created on BioSolve.

Parameter Value
Dose size 1x10* PT/dose or 1x10% PT/dose 333
Target throughput (doses produced per year) 2000 doses/year
Plant capacity utilization 80%
Bioreactor type Single-use stirred tanks
Number of bioreactors available in the facility 1
Maximum size for bioreactor bag 2000 L
Solution preparation Single-use tanks
Campaign length 12 months

In the model, the process begins with a seed train comprised of 4 cell-growth steps
in shaker flasks, followed by a 2-phase fed-batch cell growth in a single-use stirred tank
bioreactor. A suspension of human embryonic kidney 293 (HEK-293) cells, which are
extensively used for adenovirus production,®” was selected as the platform for the creation

of the model, while HyClone CDM4HEK293 serum-free media (Cytiva) was selected for
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the seed and production steps. Pricing for all components was retrieved from the supplier’s
website. Growth times were calculated based on kinetic equations of cell growth,* using
the doubling times reported in the literature for suspension HEK-293 cells (Table 6.2). The
fed-batch production step began by using 20% of the bioreactor volume, and then filling it
with full capacity with media once a cell density of 2x10°8 cells/mL had been achieved.*
Once a cell density of 1x108 cells/mL had been achieved,*® a media-exchange step was
performed wherein 90% of the culture media was removed via a microfilter. This step was
immediately followed by adding fresh culture media and infecting the cells with an
adenovirus seed culture using a multiplicity of infection (MOI) of 10.*® The virus
propagation procedure was carried out for 48 h (Chapter 4).4° A virus titer of 1x10'2 PT/L
was assumed to have been achieved in the bioreactor.3” The cost of the adenovirus seed
stock was estimated to be 5,000 USD/10? PT; since this is a very specific raw material,
costs will vary widely depending on the facility and the initial method of production.
Sensitivity analyses were later conducted to address the impact of this material cost in the
total COG/dose, and to determine how critical this is for the accuracy of the study. These

analyses are discussed later in this paper.

Next, the cells containing adenovirus were harvested using a microfiltration step
similar to the one used in the media exchange portion of the fed-batch culture step. A 10-
fold cell concentration factor was assumed during this harvesting step.** Although prior
findings have shown that microfiltration is able to provide very high cell-recovery yields
(~100%),***? a safety factor was implemented; thus, a recovery rate of only 90% was

assumed. In the next step, which combined cell disruption and DNA digestion, the
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procedure described by Moleirinho et al. was adopted for the base scenario, wherein the
cells were incubated for 4 h in the presence of 0.5% polysorbate 20 and 100 U/mL of
Benzonase.*® In accordance Chapter 4, the recovery of adenovirus during this step was
assumed to be 60%.%° In subsequent analyses Denarase (a cheaper alternative to Benzonase)
was used as a substitute for Benzonase to determine how this change impacted the COG;
the results of this analysis are presented in Section 6.4.5. Next, a clarification step was
added to the model, whereby cell debris was removed using microfilters. The recovery rate

in this step was assumed to be 90%.44°

The host-cell protein and DNA was removed via a chromatography step operated
in bind-and-elute (B&E) mode and using anion-exchange (AEX) matrices. In this step, the
virus binds to the chromatography matrix, and is then eluted by increasing the salt
concentration. To further remove host-cell impurities from the solution (i.e., to polish it),
another chromatography step was implemented in flow-through (FT) mode, wherein the
product flows through the chromatography matrix while the impurities are retained. As
discussed above, either MAs or resins were used to create the base-scenarios, with
subsequent analysis being conducted to compare the two technologies. The final two steps
of the modelled process consisted of an ultrafiltration/diafiltration (UF/DF) step to
exchange the product into formulation buffer (recovery was assumed to be 90%),% and a
sterile filtration step, which has been reported to provide very high yields of adenovirus
(~100%).4346 Nonetheless, a safety factor was implemented, and the models assumed a

recovery rate of 90%.
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Two base-scenarios were created in which all unit operations parameters were the

same. The exception to this was the two chromatography steps, where:

e Base-scenario 1 (MA scenario) used AEX Sartobind Q MA (Sartorius) for
the chromatography B&E step and Sartobind salt tolerant (STIC) MA
(Sartorius) for the chromatography polishing FT step.

e Base-scenario 2 (resin scenario) used AEX resins for the chromatography
B&E step and size-exclusion chromatography (SEC) resins for the

chromatography polishing FT step.

More details about both base scenarios are provided in Table 6.2.

Fed-batch Cell
-4 d > -3 d | -2 d > -1 d : >
(N-4) see (N-3) see > (N-2) see (N-1) see ™ production harvest
Shaker flasks Shaker flasks Shaker flasks Shaker flasks SU bioreactor Microfiltration

Cell DT: 30 h Cell DT: 30 h Cell DT: 30h Cell DT: 30h Cell DT: 30 h Recovery: 90%

Cell density at Cell density at Cell density at Cell density at Cell density at feed: Packed cell vol: 10%
passage: 2x108 passage: 2x108 passage: 2x106 passage: 2x106 2106 cells/mL Flux: 40 LMH
cells/mL cells/mL cells/mL cells/mL Feed ratio: 1:5

Feed ratio: 1:5

Feed ratio: 1:5

Feed ratio: 1:5

Cell density at infection: 2x10%

cells/mL

Media exchange ratio: 90%
Virus propagation time: 48 h

L Cell lysis/ Clarifica- Chroma- Chroma- Buffer Sterile
DNA » i » toeranh »  tography » h filtrati
digestion ion ography (Polishing) exchange iltration
SU mixer 0.45 pm filter AEX membrane / STIC membrane / TFF—UF 0.22 pm filtration
Recovery: 60% Recovery: 90%  Resin—B&E SECResin—FT membrane Recovery: 90%
Time: 4 h Flux: 200 LMH ~ Recovery: 70% /40% Recovery: 90%/80%  Recovery: 90%  Flux: 400 LMH
Detergent: Polysorbate Capacity: 10 PT/L/ Capacity: 107 PT/L/  Flux: 40 LMH
20 (0.5%) 107 PTL 2x10% PT/L Target
Enzyme: Benzonase Product CVs: 4 Flow rate: 10 concentration:
(100 U/mL) Flow rate: MV/min /50 ecm/h  2x105 PT/L
10 MV/min /
400 cvh

Figure 6.1. Process sequence and unit operation details used in the model. The MA base scenario used
membranes in the two chromatography steps, while the resin base scenario used resins in the two
chromatography steps.
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Table 6.2. Model unit operation input parameters and quality control tests.

Step Un't. Parameters References Quality cgntrol
operation tests
Cell doubling time: 30 h SREE
1-4 Seed culture Feed ratio: 5 Viable cell count
Cell density at passage: 2x108 cells/mL &
Cell doubling time (phase I and I1): 30 h 38,3948
Vessel volume used in Phase I: 20%
Cell density at feed: 2x10° cells/mL 39
Cell density at infection: 1x10° cells/mL 33
Fed-batch MOI: 10 3 Viable cell count
5 production Virus propagation time after infection: 48 h m Mvconlasma
culture Media exchange, filter flux: 40 L/mz2/h i yeop
Media exchange, duration: 6 h
Media exchange, cell concentration factor: i
10x 37
Virus yield: 1x10% PT/L
Cell recovery: 90% 4,42
Filter flux: 40 L/m2/h &
6 Cell harvest Duration: 6 h
Cell concentration factor: 10x A
Cell Virus recovery: 60% ** 40 Total and infectious
7 disruption Detergent concentration: 0.5% 4 Virus titer
and DNA Benzonase concentration: 100 U/mL 40,43 .
digestion Time: 4 h 4043 Residual DNA
Virus recovery: 90% “apE
8 Clarification Filter flux: 200 L/m#h £2.20 Total and infectious
Duration: 2 h virus titer
Filter capacity: 400 L/m2 <
MA Model
MA type: Sartobind Q
Virus recovery: 70% 40
Membrane capacity: 10%6 VP/L 46
Maximum number of uses: 4
Chroma- Flow rate: 10 MV/min Total a_nd in_fectious
9 tography Product elutlc_Jn volume: 4 MVs virus titer
(B&E) _ Resin Model _ pI—_|
Resin type: AEX resin Purity
Virus recovery: 40% 51
Resin capacity: 10*° VP/L 51
Maximum number of uses: 50
Flow rate: 400 cm/h 51
Product elution volume: 4 CVs
MA Model
MA type: Sartobind STIC
VIOUE EEEVEn &0 * Total and infectious
Chroma- Membrane capacity: 10" VP/L * o
10 tography (FT Maximum number of uses: 1 =2 V|rus|_':|ter
polishing) Flow rate: 10 MV/min PSrity

Resin Model
Resin type: size-exclusion (SEC)
Virus recovery: 80%

43,53
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Resin capacity: 1.6x10%* VP/L **
Maximum number of uses: 50
Flow rate: 50 cm/h
Virus recovery: 90%

43

54
46

Total and infectious

1 Buffer Filter flux: 40 L/m2/h 55 virus titer
exchange Duration: 1 h pH
Target final virus concentration: 2x10*° VP/L Purity
Total and infectious
virus titer
Virus recovery: 90% R0 PS:_ilty
. ; 5
12 §ter|_le Flux: 4_00 .L/m /h Bioburden
filtration Duration: 0.5 h Endotoxins
. -~ )
Filter capacity: 400 L/m Residual HCP
UV spectrometry
Conductivity

* Estimated based on Sartobind STIC capacity for DNA binding (10 mg/mL), considering residual DNA amounts

of 1 ug/mL in the feed. ** Capacity estimated based on the results reported in the article.

All equipment, consumables, and amounts of materials were sized by BioSolve to
attain the specified target throughput. To successfully run the model, the BioSolve library
of equipment and consumable sizes and prices was supplemented with information
regarding MAs and filters that were not originally present in the database. This was
achieved via an extensive data survey to gather the technical specifications and prices of
commercially available consumables. The results of the MA survey are provided in Table
E1 of Appendix E, which displays details relating to all the main commercially available
MA materials. As discussed above, only the costs associated with Sartobind Q and
Sartobind STIC MA were considered in the scenarios. A similar survey-based approach
was used to gather list prices for microfilters based on Millipore Optiseal devices and their

respective specifications and prices listed on the supplier’s website.

Analysis was performed by using BioSolve’s advanced scenarios feature to run

hundreds of scenarios evaluating the effect of different parameters (Table 6.3). These
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analyses aimed to identify cost-drivers, critical process parameters, and explore areas of

opportunity to reduce production costs.

e The COG/dose was estimated for the base scenarios, which assumed
dosages of 1x10*? or 1x10® PT/dose.

e The COG breakdown was determined for the different scenarios at different
dosages to identify key cost drivers and how each unit operation contributed
to the total COG.

e The effect of processing scale on the COG was also determined for the
different scenarios to identify the trends that emerged in the COG as scale
increased.

e Sensitivity analyses were performed by changing the key process parameters
listed in Table 6.3 and quantifying their impact on the COG to identify
which were most critical.

e Finally, a case study was conducted to examine whether and to what extent
substituting Benzonase with a cheaper alternative (Denarase) could reduce

costs.

Table 6.3. Parameters used for sensitivity analysis of MA and resin scenarios to produce 2,000 doses/year for
dose sizes of 1x10'? PT/dose or 1x10% PT/dose.

Parameter Worst case Base-scenario Best case
Titer in bioreactor (PT/L) 9.0x10% PT/L 1.0x10%8 PT/L 1.1x10%2 PT/L
Capacity utilization of the plant 72% 80% 88%
Virus yield |(rj1.the (_:eII disruption/DNA 54% 60% 66%
igestion step
. S 63% (MA model)  70% (MA model)  77% (MA model)
Virus yield in the gtk:aromatography B&E 3696 (Resin 40% (Resin 44% (Resin
P model) model) model)
QC cost (USD/batch) 52,293 47,539 42,785
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Benzonase cost (USD/kU) 4.66 3.73 2.80
Culture media cost (USD/kg) 2,834 2,267 1,700
Virus seed stock cost (USD/10? PT) 6,250 5,000 3,750

6.4. Results and Discussion

6.4.1. Estimated COG for MA and resin base scenarios assuming dosages of 1x10'2 and
1x10'® PT/dose

BioSolve was used to model two adenovirus production base scenarios: one that
employed MAs for virus purification in the chromatography B&E, and FT polishing steps
(MA scenario), and one that used conventional resins (resin scenario). All other unit
operations were the same for both scenarios; details relating to the input parameters are
provided in Figure 6.1 and Tables 6.1 and 6.2. The estimated COG/dose for the MA and
resin base scenarios — assuming dose sizes of 1x10'? PT/dose and 1x10'% PT/dose,
respectively — are shown in Table 6.4. As the results show, the MA scenario always
provided a lower COG than the resin scenario. For example, the use of resins resulted in a
COG that was 13% higher compared to the MA scenario at 1x10%2 PT/dose; more
significantly, the COG was 30% higher for the resin scenario when 1x10* PT/dose dosage
was assumed. These differences are mainly due to the lower virus recovery rates observed
in the resin base case for both the B&E chromatography (i.e., 40% with resin and 70% with
MA) and polishing (i.e., 80% with resin and 90% with MA) steps, respectively. This
resulted in overall recovery rates of 13% and 25% for the full downstream processes of the
resin and MA base cases, respectively. In this situation, the higher COG observed in the

resin base case was directly related to the larger-sized equipment and higher amounts of
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consumables and materials required to produce sufficient quantities of virus in the steps
preceding the chromatography in order to achieve the target throughput. For instance, the
volume of culture in the bioreactor was significantly larger (45 L) in the resin scenario
compared to the MA scenario (23 L) when a dosage of 1x10'? PT/dose was assumed;
similarly, the resin scenario required 442 L of volume culture, compared to 225 L for the
MA scenario, when a dosage of 1x10'® PT/dose was assumed. Although the technical
advantages of using MAs instead of resins for the purification of large biomolecules such
as viruses has been well-described in the literature, the present study is among the first to

demonstrate that there are also financial benefits to using MAs.

Table 6.4. COG per dose estimated to produce 2,000 or 20,000 doses/year using the MA or resin models for
dose sizes of 1x10'?PT/dose or 1x10% PT/dose.

COG/dose for a dose size of:

Target Throughput BioSolve Scenario 1x10% PT/dose 1x10% PT/dose
2,000 doseslyear MA 3,267 USD/dose 5,039 USD/dose

! Resin 3,694 USD/dose 6,581 USD/dose
20,000 doses/year MA 504 USD/dose 1,712 USD/dose
' Resin 658 USD/dose 3,599 USD/dose

6.4.2. COG breakdown for MA base scenarios assuming dosages of 1x10*2 and 1x10%®
PT/dose

BioSolve Process accounts for 5 main categories when calculating COG: capital
charges, materials (including costs relating to media, buffers, water, cleaning, raw
materials, and quality control tests), consumables (including costs relating to resins or MAs,
bags, filters, etc.), labour (including process, quality, and indirect labour), and other costs
(including costs associated with insurance, waste management, maintenance, and utilities).

Figure 6.2 shows the COG breakdown for these 5 categories in the overall MA scenarios,
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assuming dosages of 1x10* and 1x10% PT/dose (left and right panels, respectively) and a
production target of 2,000 doses per year. As can be seen for the 1x10'? PT/dose scenario,
capital costs and quality control tests contribute to most of the COG (34% and 26%,
respectively). In contrast, capital costs and quality control testing only account for 20% and
11% of the COG, respectively, in the scenario using the higher dosage of 1x10% PT/dose.
These values are presented in detail in Tables E2 and E3 in the Appendix E. The cost
associated with quality control testing remained constant (47,540 USD/batch) independent
of the dosage size, as it was dependent on the tests that needed to be run during different
stages of the process. For reference, the simulations resulted in the production of 36 batches
per year in both dosage cases. The costs of the quality control tests were reasonably close
to the range of 15,000 USD to 40,000 USD per batch reported in the literature for the
production of AAV and lentivirus, respectively.*? In this study, however, we discretized
the different QC tests performed at different unit operations (Table 6.2) according to
recommendations outlined in the literature.*” These results can be found in Tables E2-E5

in Appendix E.

Other parameters besides capital and QC tests became more important in the
higher 1x10'3 PT/dose scenario, including the costs associated with culture media and other
raw materials due to the larger production volumes. In particular, the raw materials costs
for both scenarios were strongly driven by the cost of Benzonase, which is the enzyme that
is used to digest DNA in the cell disruption/DNA digestion step. In the 1x10'? PT/dose
scenario, Benzonase accounted for 2,574 USD of the 3,732 USD in direct raw materials

costs, while in the 1x10 PT/dose scenario it accounted for 25,178 USD of the 36,505 USD
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in direct raw materials costs. Since the Benzonase’s significant impact on virus
manufacturing costs is well-known in the field,* this topic will be explored in further detail

in subsequent sections of this paper.

RS | a1
| I |

0 50,000 100,000 150,000 200,000 250,000 300,000
COG per batch (USD)

Dosage (PT/dose)

B Capital charges B Media B Buffers B Direct raw material
QC tests EMA Bags Filters
Other consumables = Process labour Quality labour Indirect labour

H [psurance Waste Management Maintenance Utilities

Figure 6.2. Overall COG breakdown for the MA scenario targeting the production of 2,000 doses/year and
dosages of 1x10'? PT/dose (left) and 1x10% PT/dose (right).

Figure 6.3 shows a breakdown of the per-batch COG for each unit operation in the
MA scenario based on the 5 analyzed cost categories at assumed dosages of 1x10'? and
1x10% PT/dose (top and bottom panels, respectively) and a production target of 2,000 doses
per year. For both dosages, the fed-batch culture accounted for the greatest individual
contribution to the COG; however, the combined downstream unit operations (i.e., from
cell harvest to sterile filtration) comprised approximately 60% of the COG. This result is
consistent with prior findings identifying downstream processing as the greatest contributor
to viral vector production costs,*® thus further affirming the need for more efficient large-

scale virus-purification methods. A simple comparison of the COG breakdown for the two
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dosages reveals that material costs related to the fed-batch culture and cell disruption/DNA
digestion steps contribute significantly more to the overall COG at higher dosages; as noted
above, this increase is the product of the need for more culture media and Benzonase in the
1x10'® PT/dose scenario. The COG breakdown for the resin scenario is illustrated in the
Appendix E (Figure E1). Overall, the distribution of costs closely followed the trends
observed for the MA scenario, but the cost associated with materials (i.e., culture media
and Benzonase) was even more pronounced in the higher-dose condition. This increase is
associated with the larger processing volumes required prior to the chromatography unit

operations in the resin scenario, as discussed in Section 6.4.1.
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Figure 6.3. COG per-batch breakdown for MA scenario assuming a dose size of 1x10%2 PT/dose (top panel)
and 1x10% PT/dose (bottom panel) and a production target of 2,000 doses/year. The per-batch COG is
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presented for all the unit operations (listed at bottom) based on the five major different cost types (i.e., capital,
materials, consumables, labour, and other) indicated by the different colours, respectively.
6.4.3. Effect of target throughput on COG for MA and resin scenarios assuming dosages
of 1x10%2and 1x10% PT/dose

Figure 6.4 shows the trends in COG per dose as target throughput is increased
from 500 to 5,000 doses/year. All four simulations showed the same approximate
exponential decay in COG/dose as a function of scale; for the MA scenario with a dosage
of 1x10'? PT/dose, the COG was estimated to drop from 15,733 USD/dose to 2,817
USD/dose when the target throughput was increased from 500 to 5,000 doses. As discussed
earlier, the costs of the resin scenario were higher than those of the MA scenario at all tested
dosages, but this disparity was particularly pronounced for the 1x10*® PT/dose scenario.

The raw data obtained from the simulations is provided in Table E6 in Appendix E.

20.000
MA — 102 PT/dose
16.000 ---- Resin—102PT/dose
= ~ MA — 10 PT/dose
a Resin — 10** PT/dose
a 12,000
2
=
B 8.000
o
]
4,000
0

0 1000 2000 3000 4000 5000
Target throughput (doses/year)

Figure 6.4. COG/dose as a function of target throughput (doses produced per year) for MA (solid lines) and
resin (dashed lines) scenarios assuming a dosage of 1x10%2 PT/dose (black lines) and 1x10% PT/dose (gray

lines).
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6.4.4. Sensitivity analysis for the MA and Resin models to produce 2,000 doses/year for
dosages of 1x10*? or 1x10® PT/dose

A sensitivity analysis was conducted by varying the key process parameters listed
in Table 6.3 and evaluating how these changes impacted the COG of the MA and resin
scenarios, assuming dosages of 1x10% or 1x10* PT/dose. For this analysis, all parameters
were varied by 10%, except for the costs of materials (Benzonase, culture media, and virus
seed stock), which were varied by 25% (a commonly used variation for material costs in
the literature).>” In the simulations, each parameter was varied individually, with the others
being maintained at the baselines indicated in Table 6.3. Figure 6.5 shows tornado plots
created using the results of the analysis, while the raw data that was used to generate the
graphs is presented in Tables E7 and E8 in Appendix E. For reference, the per-dose COGs
for each of the 4 base-scenarios are given in Table 6.4: 3,267 USD/dose for the MA scenario
assuming 1x10*? PT/dose; 5,039 USD/dose for the MA scenario assuming 1x10*2 PT/dose;
3,694 USD/dose for the resin scenario assuming 1x10'2 PT/dose; and 6,581 USD/dose for

the resin scenario assuming 1x10* PT/dose.

As can be seen in Figure 6.5, the evaluated parameters generally had very distinct
effects for each base case when the lower dosage of 1x10%2 PT/dose was assumed
(comparing top and bottom left panels). However, at the higher dosage of 1x10* PT/dose,
the same parameters had similar effects on the COG of the MA and resin scenarios
(comparing top and bottom right panels). The different profiles in the tornado plots across

the scenarios also illustrate how the impact of the parameters is highly dependent on the
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particularities of each process; therefore, caution should be taken, and conclusions should

not be extrapolated across different scenarios and conditions.

Still looking at Figure 6.5, a 10% decrease in the titer obtained in the bioreactor
caused a 9% increase in the COG for the MA scenario assuming a dosage of 1x10'2
PT/dose; however, increasing the titer by 10%, only reduced the COG by 3%. Similarly,
increasing the yield of the chromatography B&E step reduced the COG by 1%, while
decreasing the yield increased it by 8%. The plant’s capacity utilization had a significant
effect in all 4 scenarios, which presented an interesting trend: under the conditions
considered in this part of the study, increasing the capacity utilization — which would be
beneficial from the perspective of harnessing a space’s maximum capacity — caused the
COG to increase. This result indicates the model’s potential usefulness for finding the

optimum capacity utilization for minimizing costs for a given plant.

With respect to raw materials (i.e., Benzonase, culture media, and virus feed
stock), varying the costs of each material by 25% had a practically negligible impact in the
lower dosage case (i.e., 1x10'? PT/dose), but a slightly greater impact in the higher dosage
case (i.e., 1x10'® PT/dose). Of the materials tested, the variations to Benzonase had the
greatest impact, resulting in a change of £2% in the MA scenario and +3% in the resin
scenario, assuming 1x10*® PT/dose. Another important parameter to consider is the cost of
the virus seed stock, which was only roughly estimated and input in the BioSolve library
of costs (see Section 6.3) with questionable accuracy. Altering this parameter by 25%

resulted in a change of £1% in the MA scenario and £2% in the resin scenario, assuming
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1x10% PT/dose. The sensitivity analysis results indicated that the virus seed stock is not a

critical parameter for the COG, thus the initial cost assumption was maintained.

Finally, the sensitivity analysis for the resin scenario assuming 1x10'? PT/dose
yielded very interesting results. Specifically, increases in COG were observed for both the
best- and worst-case scenarios for titer in the bioreactor and virus yields in the DNA
digestion and chromatography B&E steps. Further investigation of the simulation outputs
revealed that this behaviour was attributable to the filters being used in the buffer exchange
(part of the fed-batch culture step) and cell harvesting steps. BioSolve 0.35 m2 filters were
used for these steps in the base scenario, while BioSolve 0.19 m2 filters were used for the
best-case scenarios for titer and yield in the DNA digestion and chromatography B&E steps
due to the smaller bioreactor volumes; for the worst-case scenario, the same 0.35 m? filters
from the base-scenario were used. The consumables for the 0.19 and 0.35 m? filters cost
185 USD and 368 USD, respectively. However, since the flow rate obtained with the 0.19
m?2 filter was significantly lower than the rate obtained for the 0.35 m? filter (assuming a
constant flux for the two filters), the associated labour costs were higher compared to the
base-case; while the base-scenario had a total labour cost of 3609 USD/batch, the best-case
scenario had a labour cost of approximately 5200 USD/batch. This increase in labour costs
was due to the smaller filter’s slower operation time and was the key contributor to the
increased COG in the best-case scenario (bottom left panel, Figure 6.5). The results of this
investigation once again demonstrate the power of such simulation tools to guide process-

development decisions. In a real application, it may be preferable to use a larger filter at
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reduced capacity rather than a smaller filter at full capacity, as the use of a smaller filter

would require more time, thus incurring higher labour costs.

1x10'2 PT/dose \ \ 1x10'3 PT/dose

Change in COG/dose compared with base-scenario Change in COG/dose compared with base-scenario

-10% -6% -2% 2% 6% 10% -10% -6% -2% 2% 6% 10%
Titer in bioreactor (PT/L)
- Capacity utilization (%) | BWorst case
E Virus yield in DNA digestion OBest case
—
|7}
ﬁ Virus yield in Chrom B&E
g QC cost
Benzonase cost
Culture media cost
L Virus seed stock cost
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Capacity utilization (%)
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o Virus yield in Chrom B&E
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&
Benzonase cost
[
Culture media cost
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Figure 6.5. Tornado plots showing the sensitivity analysis results for the MA scenario assuming 1x1012
PT/dose (top left panel); the MA scenario assuming 1x10° PT/dose (top right panel); the resin scenario
assuming 1x10*2 PT/dose (bottom left panel); and the resin scenario assuming 1x10'% PT/dose (bottom right
panel). All scenarios use a production target of 2,000 doses/year. The black bars indicate the percent change
in COG in the worst-case scenario in relation to the base scenario, and the light gray bars indicate the percent
change in COG in the best-case scenario in relation to the base scenario, as shown in Table 6.3.
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6.4.5 Quantifying savings from using Denarase as an alternative to Benzonase for DNA
digestion in MA and resin scenarios targeting the production of 2,000 doses/year assuming
a dosage of 1x10% PT/dose

Experimental results in Chapter 4 demonstrate that Denarase slightly outperforms
Benzonase in the DNA digestion step during adenovirus downstream processes.*® Given
that Denarase is a cheaper alternative to Benzonase (1.34 USD/kU compared to
approximately 3.73 USD/kU, respectively; prices based on suppliers’ listed cost for a 5 MU
vial), the developed BioSolve model of adenovirus production was employed to assess how
the use of Denarase impacts the total COG/dose. In addition to investigating how switching
enzymes influences COG/dose, further tests were conducted to examine the effect of using
lower concentrations of enzyme (10 U/mL). These tests were performed based on findings
detailed in our previous publication, which showed that the use of 10 U/mL of Benzonase
or Denarase yielded similar performance in reducing DNA amounts at longer digestion
times (i.e., 4 hours).* It is also worth noting that these experimental conditions differed
from those used for the base-scenarios, where the DNA-digestion and cell-disruption steps
were combined.*® However, there is still value in using simulations to explore whether and
to what extent using less enzyme impacts the COG, as such information can guide process

development decisions with respect to the use of lower enzyme concentrations.

Table 6.5 shows the COG estimated for the MA and resin models when Benzonase
or Denarase were applied in the cell-disruption/DNA-digestion steps at concentrations of
10 U/mL and 100 U/mL, assuming a dosage of 1x10** PT/dose and a production target of

2,000 doses/year. As can be seen, switching from the use of 100 U/mL of Benzonase to
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100 U/mL of Denarase can reduce the COG/dose by 6%; if it is feasibility to use 10 U/mL

of Denarase instead, the savings can reach approximately 9%.

Table 6.5. COG for the MA and resin scenarios, assuming a dosage of 1x10*®PT/dose and a production target
of 2,000 doses/year.

Scenario Enzyme concentration COG/dose (USD)
(U/mL) Benzonase Denarase
10 4,633 4,604
A 100 5,039 4,750
Resin 10 5,781 5,724
100 6,581 6,011

6.5. Conclusions

In this study, BioSolve Process was used to develop a detailed model of
adenovirus production for gene therapy applications, with strong literature support for the
assumptions regarding each unit operation. Analyses of the model using BioSolve’s
advanced scenarios feature enabled the identification of key cost-drivers and critical
process parameters. This study is among the first to provide evidence of the financial
benefits of using MAs in place of conventional resin-based matrices in the chromatographic
steps required to remove host-cell protein and DNA. For example, the COGs of the base-
case scenario were estimated to be 5,039 and 6,581 USD/dose with the use of MAs and
resins, respectively, assuming an adenovirus dosage of 10'3 PT/dose and a production target
of 2,000 doses/year. At this processing scale, capital and QC costs were the key cost drivers.
Among the materials used for production, culture media and Benzonase were the largest
drivers of the COG. Overall, downstream unit operations were found to account for
approximately 60% of the COG, which is in agreement with prior reports in the literature.>®

Furthermore, sensitivity analysis was demonstrated to be a powerful tool for guiding

167



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

process development decisions. For instance, sensitivity analysis was used to identify a
trade-off between using a smaller filter for a longer time period or a larger filter for a shorter
time period during the buffer-exchange and cell-harvesting steps in a scenario wherein
resins were used for the chromatography step, and a production target of 2,000 doses per
year and a dosage of 10*? PT/dose were assumed. The developed model can also be used to
guide the selection of the most economic option. Finally, the replacing Benzonase with the
cheaper enzyme, Denarase, resulted in significant cost-savings, reducing the COG/dose by
up to 9%. In sum, this study demonstrates that COG/dose can be significantly reduced by
implementing small changes such as replacing Benzonase with a more inexpensive option
(i.e., Denarase) and using MAs instead of resins, thus contributing to the development of
cost-effective virus manufacturing processes and, by extension, increasing patient access

to new ground-breaking drugs.
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7. Conclusions and recommendations for future work

7.1. Conclusions

The rise of viruses as novel biotherapeutics brings great promise for patients as
effective and potentially curative treatments. Although several gene therapies, oncolytic
viruses, and cell therapies have already been approved worldwide using viruses as a key
part of the treatment as discussed in Chapter 1, manufacturing these drugs is still a challenge
that contributes to their high prices.! A good part of this problem is associated with the
downstream portion of the process, currently considered the bottleneck of virus
manufacturing.? This thesis tackles a series of challenges associated with viral vector
downstream processes by focusing on (but not staying limited to) the development of
scalable membrane chromatography (MC) technologies for the removal of host-cell protein
and DNA. As it was evidently presented in Chapter 4 based on experimental results, the
performance of preceding unit operations can have a significant impact on the performance
of the separation in the MC step. Therefore, process development will benefit from
integrated approaches that consider multiple steps of the process at once. This mentality
constitutes the essence of this thesis, which addresses: different MC device design and
membrane options and their impact on adenovirus purification (Chapters 2 and 3,
respectively); the optimization of MC processes in conjunction with additional preceding
unit operations (Chapter 4); the first report of the development of a hydrophobic interaction
MC process for the purification of a rhabdovirus (Chapter 5); and the implementation of

BioSolve Process as a tool to model virus manufacturing processes to investigate the effect
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of different process parameters, including the use of MC or conventional resin-based
chromatography, in the cost-of-goods (COG) of virus production (Chapter 6).
Synergistically, these contributions advance membrane technologies along with virus

manufacturing processes in benefit of the development of novel biotherapeutics.

Membrane chromatography presents ideal characteristics for the purification of
viruses, presenting large pore sizes, convective mass transfer, and accessible binding sites,
besides being a scalable technology well suited for single-use applications in the
biopharmaceutical industry.® However, conventional MC devices are often criticized for
their low separation resolution compared with resins or monoliths.* This is associated with
the poor flow distribution inside the devices, caused by ineffective physical designs and
large dead volumes,* and not the membrane itself. In Chapter 2, the laterally-fed membrane
chromatography (LFMC) device was introduced as an improved alternative to conventional
MC devices for the purification of therapeutic adenoviruses. The LFMC is a carefully
designed device with minimal dead volume and a simple flow path that maximizes
resolution while minimizing sample dilution. Through a comparison using the Sartobind Q
membrane either in an LFMC or in a conventional radial flow-based MC device, both
containing 1 mL of membrane, the LFMC was found to cause 50% less sample dilution
while providing better separation of host-cell protein and DNA when a gradient elution
strategy was applied. In addition to previous reports on the performance of the LFMC for
protein separation, this study confirmed the superiority of the new technology over

conventional devices at 1 mL scale also for the purification of viruses.
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Motivated by the dramatic dependence of membrane performance on device
design as discussed above, the goal of Chapter 3 was to directly compare the two most
popularly used MC membranes for virus purification: Sartobind Q and Mustang Q. To our
knowledge, these membranes have not yet been compared using the same device format.
They are based on regenerated cellulose and polyethersulfone (PES), respectively, and are
both anion-exchange (AEX) membranes functionalized with quaternary ammonium
ligands. The membranes also differ in terms of pore sizes, with Sartobind having larger,
greater than 3 um pores and Mustang having smaller, approximately 0.8 um pores. Using
LFMC devices containing 1 mL of each membrane, characterization and adenovirus
purification experiments were conducted. The major difference identified was the fact that
both virus and DNA impurities eluted later from Mustang Q when the same gradient elution
was applied. This translated in lower resolution, and at the end, the virus purified with
Sartobind Q had virtually half of the amount of DNA impurity compared with the virus
purified with Mustang Q. Conducting such fine characterizations of different membranes
in the development of MC processes are essential to guide the selection of the most

favourable option.

Initial attempts to improve DNA removal in the LFMC process described in
Chapter 2 focused on optimizing the MC step alone, but did not significantly improve the
purity. The target established by the FDA for host-cell DNA impurity in gene therapy
products is less than 10 ng/dose with fragments shorter than 10 base pairs (bp).° In the
process, it was observed that Benzonase, the enzyme used in the DNA digestion step that

preceded the MC, was not achieving the performance claimed by its manufacturer of
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‘completely digesting DNA to single base pairs’ when used as indicated (1 U/mL for 30
min at 37°C in this case). A new approach was then designed where the DNA digestion and
the clarification unit operations that precede the MC were optimized in conjunction as
presented in Chapter 4. An intensive set of experiments was conducted involving the
evaluation of new enzymes as an alternative to Benzonase (i.e. Denarase), design-of-
experiments (DOE) evaluating the effect of digestion conditions and enzyme type, high-
throughput screening of MC conditions using 96-well plates containing the membrane
adsorber, and LFMC using 1 mL devices containing Sartobind Q. The optimal condition
was found to be that where the order of unit operations was inverted, with clarification now
preceding DNA digestion, and with new digestion conditions using 10 U/mL of Denarase,
for 4 h at 37 °C, the removal of DNA was improved 80-fold, while the amount of virus
processed was scaled-up 10-fold. In the end, the product had less than 80 ng/dose of DNA,
which could be removed in a subsequent polishing step more easily than the 6500 ng/dose

that was remaining before the optimization.

Rhabdoviruses including vesicular stomatitis virus (VSV) are promising
candidates as oncolytic viruses are currently the focus of multiple studies in the
development of new cancer immunotherapies.® Chapter 5 describes the development of an
MC process for the purification of VSV. It was interesting that initial attempts to implement
the same process developed in Chapter 2 for the purification of adenoviruses using an AEX
membrane, was highly unsuccessful for VSV, resulting in recoveries lower than 7%.
Additional tests evaluated a pseudo-affinity membrane, Sartobind sulfated cellulose (SC),

to which certain enveloped viruses can bind.” However, VSV did not present any sort of
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affinity for this membrane under the conditions employed. Finally, Sartobind Phenyl, the
first hydrophobic interaction membrane chromatography (HIMC) material commercially
available was tested and presented promising results. In this process, the virus bound to the
membrane under high ammonium sulfate (AS) concentrations while most of the protein
and DNA from the host-cells was removed in the flow-through fractions; later the virus
was eluted by applying buffer free of AS. Buffer pH was found to have a significant effect
on virus stability, with pH 7.4 being the most appropriate. Sartobind Phenyl was also
successful in removing phenol red, a pH indicator that was present in the culture media
used to produce VSV. After a series of adjustments, the process was scaled up to purify to
300 mL of diluted virus lysate using a 3 mL Sartobind Phenyl Nano device and resulted in
up to 80% virus recovery, with the removal of more than 99% of proteins and 84% of DNA.
To our knowledge, this is the first report of the implementation of HIMC for VSV
purification and one of the firsts for virus purification in general. HIMC materials,
therefore, bring a new promising alternative for the purification of different types of
viruses. Future work in this area should focus on further reducing the residual DNA
impurities after HIMC. To do so, a DNA digestion step can be added before the
chromatography and both processes optimized following a similar integrated approach as

that presented in Chapter 4.

The collection of data presented in Chapters 2 to 4 along with an extensive
literature search on the details of each unit operation of virus production was used in the
creation of a model of an adenovirus manufacturing process for gene therapy clinical

applications using BioSolve as described in detail in Chapter 6. Once such a model is
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established, there are endless possibilities for analysis through the simulation of multiple
scenarios. The model was therefore used to investigate the economic feasibility of the use
of MC technologies as opposed to conventional resins in the chromatography and polishing
steps of the process. For a scenario targeting the production of 2,000 doses/year, with a
dosage of 10%3 virus particles (PT)/dose, the COG was estimated at 5,039 USD/dose for
when MC was used, and 6,581 USD/dose for when resins were used. This difference of
more than 30% for this scenario is one of the first reports in the literature with a quantitative
measure of the financial benefit associated with using MC. For the MC scenario, the major
cost drivers were identified to be capital, quality control, and material costs. Downstream
unit operations accounted for approximately 60% of the COG, confirming previous reports
on the costly characteristics of downstream processes.'® To investigate the economical
aspects of switching DNA digestion enzymes as a sequence to the work presented in
Chapter 4, the model was used to quantify the COG when either Benzonase or Denarase
were used. Assuming the enzymes have similar performances and that the same optimized
condition discussed in Chapter 4 was implemented (10 U/mL, 4 h digestion), the COG was
found to reduce by only less than 1% with adopting Denarase instead of Benzonase.
However, for a scenario where more enzyme was needed (100 U/mL, 4 h digestion), the
savings associated with using Denarase increased to 6%. Within the assumptions taken
throughout model construction, the analyses presented in Chapter 6 are a brief
demonstration of the power of modelling and simulation tools as a guide for process
characterization and development decisions. It can serve as a guide for future gene therapy

manufacturing modelling studies, besides being a source of information on unit operations.
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7.2.  Recommendations for future work

7.2.1. Development of novel membrane adsorber materials and ligands for virus
purification

All the MC processes described in Chapters 2 to 5 used commercially available
membrane adsorbers with different chemistries and that are typically used in bioprocesses
in general.!! These membranes are based on non-specific electrostatic or hydrophobic
interactions between the virus, impurities, and the matrix. The separation is therefore based
on subtle differences in the strength of the interactions, which makes it virtually impossible
to completely isolate one compound from its impurities while achieving satisfactory
recoveries. The field would greatly benefit from the creation of new membrane adsorbers
especially designed for virus purification, with enhanced mechanical properties and high
binding capacity, as well as selective ligands capable of isolating viruses through affinity
or pseudo-affinity interactions. Given the diversity of virus types, shapes, and
compositions, it is a stretch to expect that a generic ligand would work for almost all types
of viruses, equivalently to how protein A chromatography works for the affinity-based
separation of monoclonal antibodies. However, there already exists successful examples of
such ligands specific for certain types of viruses as shown in Table 7.1.1 Most of these
technologies use complex molecules and still suffer from poor ligand stability, high cost,
and the need for harsh operating conditions.*® From Table 7.1, Heparin affinity and pseudo-
affinity by sulfated cellulose are currently the most successful examples applied in virus

purification.
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Table 7.1. Affinity chromatography mechanisms used for virus purification. Adapted from elsewhere.*?

Type of affinity

Mechanism

Main virus targets

Pseudo-affinity

Heparin affinity

Immunoaffinity

Lectin affinity

Metal affinity

Dye ligands
Mucin affinity
Avidin affinity

Sulfate groups in sulfated cellulose resemble heparin,
to which certain virus envelopes have affinity for

In AAV, a cluster of amino acids responsible for
virus-cell attachment binds to heparin.141°

Antibody-antigen interactions.!?

Oligosaccharides present on glycoproteins from the
viral envelope interact with specific types of lectins.6

Electron donor groups on the surface of the virus (i.e.
tagged with histidine) interact with metal ions.®

Procion blue-HB and Cibacron blue 3GA dyes were
found to bind to hepatitis B viruses.’

AAV-5 binds to mucin on the surface of cells.*®
Biotin expressed on the surface of modified AAV
capsids interact with avidin columns.®

Using phage-display, AAV-8 was found to bind to

Influenza,” vaccina,® Orf virus®

Herpes simplex, hepatitis B and C,
AAV, retrovirus, lentivirus, vaccinia,
foot-and-mouth disease, baculovirus.®
Hepatitis, poliovirus, AVV (serotypes
1,2, 3,5), measles.”

Influenza A, baculovirus, herpes
simplex.t

Recombinant baculovirus, AAV, foot-
and-mouth disease, retrovirus,
influenza, lentivirus.3

Hepatitis B.Y’

AAV-518

Modified AAV (serotypes 1, 2, 3, 4, 5).
19

AAV-8,% norovirus, porcine

PSR the peptide sequence GYVSRHP.% parvovirus, rotavirus, poliovirus.®3
DNA aptamer A 64-base DNA aptamer binds whole vaccinia N

. . 7 Vaccinia.
affinity Viruses.

Pseudo-affinity interaction

in sulfated cellulose

membrane adsorbers is

particularly interesting and are already commercially available; viruses that are known to

bind to sulfated cellulose include influenza, vaccinia, and Orf viruses;’ all enveloped. The

nature of the interaction is highly virus-specific since VSV (also an enveloped virus), did

not present pseudo-affinity for this membrane as discussed in Chapter 5. Sulfated cellulose

is a simple and stable ligand that acts by resembling the highly-sulfated heparin present on

the surface of cells, and to which certain virus envelopes have affinity for,?? and is

considered to be a type of multimodal ligand as it has a combination of complex interactions

with viruses.?® Its success raises the possibility of the identification of new types of

multimodal ligands that can be ideally suited for each type of virus. Combined with the
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ideal characteristics of MC base-materials, these ligands can provide powerful new virus

purification in the future.

Apart from sulfated cellulose membranes, presently most multimodal membrane
adsorbers available or under development have salt-tolerant characteristics, as in the case
of Sartobind STIC (salt-tolerant interaction chromatography) from Sartorius, Purexa MQ
from Purilogics, and Natrix HD-Sb from Millipore. They all have ligands that combine ion-
exchange and hydrophobic interactions and can bind certain products at high salt
concentrations. Fine adjustment of binding and elution conditions has the potential to yield

high-purity products.

With respect to new membrane base materials, these must have large enough pores
to allow virus to permeate and easily access binding sites. Well-established base materials
such as Sartobind’s reinforced cellulose, Mustang’s polyethersulfone, and Natrix’s
polyacrylamide hydrogel base materials currently offer adequate characteristics for the
purification of biomolecules. More recently developed base materials that have the
potential to gain more space in the field in the next few years include the Fibro™
chromatography electrospun materials from Cytiva, which offer a uniform matrix of fibres
well suited for biomolecule purification, and Terapore’s block copolymer membranes with
extremely uniform and tunable pore sizes that can potentially be customized specifically

for the purification of large biomolecules such as viruses.

With the help of high-throughput screening platforms as discussed in the next

section, research groups focused on membrane development for virus purification could act
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as future ‘contract membrane development organizations (CMDOs)’ and offer personalized
membrane solutions for clients developing new virus-based therapeutics, similarly to how
contract development and manufacturing organizations (CDMOs) currently offer process

development services.

7.2.2. High-throughput screening platforms

One of the main takeaways of this thesis is that integration is key during viral
vector manufacturing process development. It is insufficient to optimize one unit operation
individually when it is surrounded by other directly related operations and upstream
conditions. True optimum conditions can more easily be achieved if a good and holistic
understanding of the process is in place. However, this comes at the cost of laborious and
highly experimental assessments of combinations of different process conditions. New
frameworks for modelling and simulation are effective options for scenario analysis and
decisional tools (Chapter 6), but still, high-quality experimental data needs to be acquired
before it is fed into models. More importantly for the field of virus chromatography, where

each vector has particularities that are hard to predict if not through experimental testing.

It is labour-intensive to test membrane materials if they are developed as described
in Section 7.2.1 or to even screen for MC conditions with a single membrane as was
discussed in Chapter 4. This is due to the very large number of experiments required as part
of DOEs and other optimization approaches, and the even larger number of samples
generated. Future analytical tools will need to be faster and more accurate for virus
detection as will be addressed in Section 7.3.3. High-throughput approaches offer a solution

to these challenges and can accelerate downstream process development, besides playing
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an essential role in the implementation of Quality by Design (QbD) principles.?* Scale-
down model systems and miniaturized versions of modules used in the different unit
operations can allow the execution of multiple experiments at a time, save reagents and
materials, and can potentially be integrated with automated systems.?* The development of
high-throughput MC testing modules, in conjunction with compatible and accurate
analytical tools can be a powerful way to enable the development of novel membranes and

processes in general.

7.2.3. Advanced analytical tools for the characterization of product and impurities

7.2.3.1. Virus analytical tools

The development of new analytical methods for the characterization of viruses and
impurities is a much-needed advancement for the field of viral vector manufacturing.
Techniques currently in place often suffer from high variability and error, which for virus
infectivity assays can be as high as +30%.2° In some cases, virus analysis can be prone to
the subjective interpretation of the individual conducting the analysis as discussed in detail
in Appendix D for the fifty percent tissue culture infective dose (TCIDsp) assay. To speed
up process development, faster, cheaper, and less variable analytical methods need to be
developed. These techniques will enable quick testing of the samples generated in high-
throughput experiments discussed in the previous section and will enable the creation of

online process monitoring and control tools.

7.2.3.2. Accurate detection of host-cell DNA concentration and fragment sizes using

gPCR methods
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The main goal of Chapter 4 was to improve the removal of host-cell DNA in
adenovirus purification processes as a means to attend the FDA’s requirements for gene
therapy products, which should have less than 10 ng/dose of DNA with fragments sizes
shorter than 200 bp,° to guarantee the absence of functional genes. Picogreen, a
fluorescence-based assay, was used to determine the total DNA amount in samples and it
is indeed a versatile analytical method largely used in the literature, being able to detect
fragments as short as 4 bp.?® This technique, however, does not provide information
regarding DNA fragment size. In Chapter 4, agarose gel-electrophoresis was applied to
determine the fragment sizes before and after DNA digestion. Although the technique was
enough to provide a high-level profile of the fragments in the sample, it is limited by the
amount of DNA that can be visualized on the gel and does not provide quantitative

information on how much of each fragment size is in the sample.

Quantitative polymerase chain reaction (QPCR) is an extremely sensitive method
commonly employed in the biopharmaceutical industry to detect total residual DNA
without profiling fragment size.?” Aiming to harness the potential of gPCR, André et al.?’
proposed a technique for quantification and size evaluation of residual host-cell DNA in
vaccines that can be used for a more comprehensive and accurate characterization of DNA
impurities in virus-based products. For the detection of DNA from human cell lines, the
method is based on the use of sets of primers that target a conserved ribosomal 185 RNA

gene that repeats multiple times in the genome.

We have conducted preliminary experiments applying the technique described by

André et al.?’ to analyse adenovirus lysates digested under different conditions and obtained
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promising initial results that confirm the feasibility of the assay. Details on standard
operating procedure used in these tests are provided in Appendix F. The primers were
designed by the authors to target regions of the human genome that generate amplicons
shorter and larger than 200 bp; more specifically, 123 bp and 254 bp amplicons as detailed

below:

e Forward primer wused for 123 bp amplicon: 5-GCAATTAT
TCCCCATGAACG-3.

e Forward primer used for the 254 bp amplicon: 5-AACAGGTCT
GTGATGCCCTT-3".

e The same reverse primer was used for both amplicons: 5’-GGCCTCACT

AAACCATCCAA-3.

First, calibration curves were created correlating the cycle threshold (Ct) with the
logarithm of the DNA amount of a serially-diluted sample of human genomic DNA
standard. The amplification data for different dilutions of the standard human genomic
DNA using the primers for the 254 bp and 123 bp amplicons are shown in Figure 7.1 panels
A and B. The calibration curves for the two amplicons are shown in Figure 7.1 and overall

presented good linearity and agreed with what has been previously reported.?’

187



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

DNA (ng)
—150

A. 254 bp amplicon B.123bpamplicon =57 ----- 50'

ARN
O P N W BN~ O,
ARN
O B N W O~ O
]
]
]
H
()]

J ——0.005
e 0.005'
0 5 10 15 20 25 30 35 40 45 0 510 15 20 25 30 35 40 45 — g

Cycle Cycle  ==== o

35
C. Calibration curves ® 254 bpamplicon
s.

20 A-u:::j:.\\ A 123bpamplicon

/
[
I
[
;o
;o

e ijj;:;:\ y= -3.2659l0g(X)+24.307

»eoe

20 y= -3.3305l0g(x)+23.172

15
0.001 0.010 0.100 1.000 10.000 100.000

DNA amount (ng)

Figure 7.1. qPCR amplification data using for standard human genomic DNA targeting regions that generate
254 bp amplicons (panel A) and 123 bp amplicons (panel B), displaying the fluorescence normalized reporter
value (ARn) as a function of cycle number. C: qPCR assay calibration curves with standard human genomic
DNA, for the 123 bp (grey triangles) and 254 bp (black circles) amplicons. Dashed lines represent the
respective linear regression for each of the calibration curves.

Adenovirus lysates digested with Benzonase and control lysates incubated without
any enzyme were cleaned using the DNA clean and concentration kit from Zymo and
assayed through qPCR assay using primers for either the 123 bp or 254 bp amplicons in
separate reactions. The conditions of the DNA digestion, as well as the results of the

amounts of amplicons calculated based on the calibration curves, are shown in Table 7.2.
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There was a reduction in the concentration of DNA relative to both amplicons after
digestion for both 4 and 24 h. The amounts of 254 bp amplicons were consistently always
lower than the amounts of 123 bp amplicons, especially on the digested samples, which
agrees with the fact that all 254 bp fragments were detected by both the 123 bp assay and
the 254 bp assay, while shorter fragments, between these two sizes, only picked up by the
123 bp assay. A significant reduction in the amounts of both amplicons was also seen for
the digested lysates with increasing digestion time. In fact, the sample digested for 24 h,
had below the detection limit (BDL) amounts of the 254 bp amplicon. The method still
needs to be validated, but if these results are confirmed, there is a good chance the sample

digested for 24 h would pass the requirement of having less than 200 bp fragments.

Table 7.2. DNA amounts based on the qPCR assay for the determination of fragment size. Lysates were
digested for 4 h and 24 h either in the absence of enzyme (Controls) or with 10 U/mL of Benzonase. DNA
amounts for each amplicon were calculated based on calibration curves generated using standard human
genomic DNA.

Digestion time Control (no enzyme) Digested lysate (10 U/mL Benzonase)

g 123 bp amplicon 254 bp amplicon 123 bp amplicon 254 bp amplicon
4h 47 £ 3 ng/mL 37 £ 1 ng/mL 22 + 3 ng/mL 10 £ 2 ng/mL

24 h 39 + 6 ng/mL 38 + 6 ng/mL 9+ 1ng/mL BDL (<5 ng/mL)

Although the method does not provide the full profile of DNA fragment sizes
present in the sample, it gives a much better indication regarding fragments around the 200
bp requested by the FDA’s guidelines than more rudimentary methods such as agarose gel
electrophoresis used in Chapter 4. Additional targets for different sizes of amplicons and
the targeting of additional highly repeating regions of the genome can further refine the

DNA profiling provided by this technique. This technique is compatible with high-
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throughput analysis platforms, can be automated, and upon validation, can be a powerful

resource in the development of virus purification processes.
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Appendix A: Optimization and scale-up of laterally-fed membrane
chromatography (LFMC) for adenovirus purification using the

Sartobind Q membrane

Al. Optimization of membrane loading conditions for adenovirus purification using

1 mL LFMC devices

A series of tests were conduced aiming to further optimize the chromatography
conditions applied in Chapter 2 and to also to attempt to increase the volume of lysate
purified by a 1 mL Sartobind Q LFMC device. The same method described in Chapter 2
was applied to generate the lysates, where a DNA digestion step with 1 U/mL of Benzonase
for 30 minutes was performed prior to the chromatography. Also, similar chromatography
conditions to the ones applied in Chapter 2 with stepwise elution were used in this part of
the study, where buffer A (10 mM HEPES, 4% sucrose, pH 7.4) and buffer B (10 mM
HEPES, 4% sucrose, 2 M NaCl, pH 7.4) were mixed to yield different NaCl salt
concentration. All analysis of virus, protein, and DNA were done using hexon staining,
BCA, and Picogreen assays, respectively, as described in Chapter 2. The key differences
from Chapter 2 were in terms of loading a larger volume of virus lysate onto the membrane:
lysate from 50 mL of culture (which was reduced to 1 mL of lysate after the pre-
chromatography sample processing steps) as opposed to only 5 mL of culture (which
reduced to 0.1 mL of lysate) in Chapter 2; and using different salt concentrations at the
loading step: 0.30, 0.36, and 0.40 M NacCl, as opposed to using only 0.40 M as described

in Chapter 2. After loading the virus onto the membrane, the same 2-step elution procedure
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described in Chapter 2 was used, where 0.60 M NaCl was applied for virus elution, and 1

M NaCl was applied for DNA impurity elution.

Figure Al below shows the results for three runs using different salt
concentrations in the loading buffer as indicated for 0.40, 0.36, 0.30 M NaCl, respectively.
Table Al shows the amount of virus, protein, and DNA in each of the chromatography
fraction. As it can be seen, significant amount of virus was present in the flow-through of
the run starting with the highest salt concentration, 0.40 M, indicating most virus
(approximately 53%) was not able to bind to the membrane due to high ionic strength. This
differs from Chapter 2, where very low amounts of virus were observed in the flow-through
for the same loading condition, however, the larger volume of lysate loaded in this part of
the study (1 mL) has overwhelmed the membrane in a way that significant amounts of virus
were lost in the flow-through. Virus was able to appropriately bind to the membrane under
binding buffer conditions of 0.36 M, with only 0.2% virus observed in the flow-through,
and 0.30 M, where no virus was detected in the flow-through. Considering the two fractions
containing most of the eluted virus (i.e. fractions between the 9 and 14 mL marks), only
9% virus recovery was obtained with for the run starting with 0.4 M NaCl in the loading
buffer. The low recovery is associated with low binding due to exceedingly high ionic
strength. The eluted virus recovery was 81% and 68%, respectively, for the runs starting
with binding buffer containing 0.36 and 0.30 M NaCl. Considering these two runs that
resulted in satisfactory virus recoveries, the level of protein impurity was lower for the run
starting with 0.36 M NacCl in the binding buffer, where 3% of the initial amount of protein

was observed, versus 6% for the run starting at 0.30 M NaCl. This observation agrees with
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the theory where more protein was allowed to bind to the membrane at lower salt
concentrations in the loading phase, and later co-eluted with the virus. Finally, similar and
significant amounts of DNA impurity co-eluted with the virus in these two fractions,
approximately 55% of the initial amount of DNA. Therefore, given the slightly higher virus
recovery and the greater purity in terms of residual proteins, a loading condition of 0.36 M

NaCl was chosen for the remaining experiments discussed below and in Chapters 3 and 4.
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Figure Al. Chromatograms for adenovirus purification via stepwise elution strategy with a 1 mL LFMC
device for membrane loading buffer containing 0.40 M NaCl (top panel), 0.36 M NaCl (middle panel), and
0.30 M NaCl (bottom panel). The dashed line indicates the conductivity, and the solid line indicates the UV
absorbance at 280 nm (refer to the secondary axis). The 3D bar charts display the amount of adenovirus (front
red bars), total protein (middle yellow bars), and total DNA (back green bars) within each fraction as a
percentage of the amount in the 1 mL injected feed sample.
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Table Al. Percent amount of virus, protein and DNA with respect to the amount in the feed in the different
fractions of LFMC runs using different NaCl concentrations in the loading buffer. BDL: below the detection
limit.

[NaCl] in Fraction 9-12 12-14 14-16 16-17

load buffer |  interval — 0-3mL  3-6mL  6-9mL mL mL mL mL

Virus (%) 39 12 2 3 6 3 2

0.40 M Protein (%) 48 4 BDL 2 1 BDL 1
DNA (%) 17 6 BDL 2 45 14 17

Virus (%) BDL 0.1 0.1 36 45 4 4

0.36 M Protein (%) 64 11 2 BDL 3 3 1
DNA (%) 13 5 BDL 3 52 18 16

Virus (%) BDL BDL BDL 24 43 6 6

0.30 M Protein (%) 64 6 BDL 1 5 1 1
DNA (%) 7 5 BDL 3 51 19 16

AZ2. Scale-up of adenovirus purification using 1 mL LFMC devices

As a continuation to the work described in Section Al, this part of the study
focused on increasing the amount of adenovirus lysate purified using the 1 mL LFMC
device. The methods applied were the same, with loading buffer containing 0.36 M NacCl,
but for the virus elution step, 0.56 M NaCl (as opposed to 0.6 M) was implemented, in an
attempt to reduce the residual amount of DNA co-eluting with the virus. Figure A2 below
shows the results of runs using lysates from 50 mL, 100 mL, and 200 mL of culture
respectively. For all cases, the lysate obtained according to the procedure described above
and in Chapter 2 was diluted in loading buffer to a final volume of approximately 5 mL and
injected onto the membrane using a 5 mL sample loop. Additionally, the run with lysate
from 200 mL of culture was arbitrarily ran for a shorter volume interval (20 mL) and lesser
fractions were collected compared with the other two runs (27 mL). Despite this difference
between the runs, the results of the 200 mL run are still useful to reach important

conclusions as discussed below.
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From the results shown in Figure A2 and Table A2, it was clear that 50 mL and
100 mL of culture could be successfully purified with a 1 mL LFMC device, with very low
losses of unbound virus in the flow-through. However, 11% of the initial amount of virus
was observed in the flow-through for the run using lysates from 200 mL of culture,
indicating the capacity of the membrane was reached for these loading conditions. For the
run with 50 mL of culture, a 63% virus recovery was obtained in the two main virus elution
fractions (between the 16 and 20 mL marks), with 2% of the initial amount of protein and
21% of the initial amount of the DNA. A higher virus recovery of 89% was observed in the
run with 100 mL of culture, with 2% of the initial amount of protein, and 29% of the initial
amount of DNA. Although significant, this amount of residual DNA represents an
improvement compared with the results shown in Section Al, where approximately 55%
of the initial amount of DNA co-eluted with the virus. The improvement is associated with
the use of 0.56 M NaCl in the virus elution buffer as opposed to the 0.60 M discussed in
Chapter 2 and Section Al. The observation of significant amounts of DNA even after this
adjustment in elution conditions has largely motivated the study described in Chapter 4,
where the DNA digestion was optimized along with the membrane chromatography step in

order to further improve DNA removal.
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Figure A2. Chromatograms for adenovirus purification via stepwise elution strategy with a 1 mL LFMC
device using feed lysates prepared from 50 mL of cell culture (top panel), 100 mL of culture (middle panel),
and 200 mL of culture (bottom panel). The dashed line indicates the conductivity, and the solid line
indicates the UV absorbance at 280 nm (refer to the secondary axis). The 3D bar charts display the amount
of adenovirus (front red bars), total protein (middle yellow bars), and total DNA (back green bars) within
each fraction as a percentage of the amount in the feed sample.

Table A2. Percent amount of virus, protein and DNA with respect to the amount in the feed in the different
fractions of LFMC runs using different amounts of feed lysate. BDL: below the detection limit.

Fraction 04 48 812 2 16 18 20- 2= 24-

Run with . 16 18 20 22 24 27
lysate from LUAE mL mL mL mL mL mL mL mL mL
50 mL of Virus (%) BDL BDL BDL BDL 21 42 3 7 3
culture Protein (%) 31 16 BDL BDL BDL 2 14 11 1

DNA (%) 6 7 BDL BDL 1 20 9 26 8

. 12- 16- 18- 20- 22- 24-

Runwith ~ raction 0448 812 e g 50 22 4 27

lysate from  interval— - mLomLoomLo 0 Ml mL mL mL
100 mL of Virus (%) 0.1 0.2 0.1 BDL 51 38 8 8 3
culture Protein (%) 49 27 1 BDL BDL 2 BDL 1 1
DNA (%) 11 9 1 1 2 27 13 33 9
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Fracton 04 48 810 < = 1416

Run with . 12 14 16 20
lysate from interval — il il il mL mL mL mL
200 mL of Virus (%) 1 4 5 23 8 5 5

culture Protein (%) 47 16 1 4 BDL BDL 1

DNA (%) 11 11 5 16 13 23 10

A3. Scale-up of adenovirus purification using 10 mL LFMC devices

To further scale up the amount of virus purified as described in Section A2, a 10
mL LFMC device was fabricated and tested for the purification of adenovirus lysates from
200, 400, and 800 mL of culture. Figure A3 below shows a 1 mL LFMC and a 10 mL
LFMC side by size. The 10 mL device design followed the same pattern described for the
1 mL device in Chapter 2, but it was scaled in a such a way that it contains a stack of 20
layers of Sartobind Q, each measuring 8 cm by 2.3 cm. The same procedure described in
Section A2 was applied for the experiments with the 10 mL, but the lysate was injected

using the sample pump of the BioRad NGC system and experiments were ran at 15 mL/min.

Figure A3. LFMC devices containing 1 mL (left) and 10 mL (right) of the Sartobind Q membrane.
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Figure A4 and Table A3 below show the results for the runs with the 10 mL LFMC
device. For all three runs, no virus was detected in the flow-through fractions, and the virus
recovery in the 4 main fractions containing the eluted virus as indicated by the red bars in
the Figure were 48%, 67%, and 54%, for the runs with lysates from 200, 400, and 800 mL
of culture, respectively. These results are in good agreement with the obtained above with
the 1 mL LFMC device, where up to 100 mL of culture was successfully purified. Similar
removals of protein and DNA were observed across all runs, where an average of 15% of
both species co-eluted with the virus. The results presented in this Appendix demonstrate
the successful scalability of the LFMC technology from 1 mL to 10 mL devices for the
purification of adenovirus lysates from up to 800 mL of culture. Larger volumes could have
potentially been purified with the 10 mL device since the binding capacity was not reached

(i.e. no virus was observed in the flow-through) when the largest volume was purified.
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Feed lysate from 200 mL of culture

Volume (mL)

52

68

3000

2000

1000

Figure A4. Chromatograms for adenovirus purification via stepwise elution strategy with a 10 mL LFMC

device using feed lysates prepared from 200 mL of cell culture (top panel), 400 mL of culture (middle

panel), and 800 mL of culture (bottom panel). The dashed line indicates the conductivity, and the solid line
indicates the UV absorbance at 280 nm (refer to the secondary axis). The 3D bar charts display the amount
of adenovirus (front red bars), total protein (middle yellow bars), and total DNA (back green bars) within

each fraction as a percentage of the amount in the feed sample.
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Table A3. Percent amount of virus, protein and DNA with respect to the amount in the feed in the different fractions of 10 mL LFMC runs using different
amounts of feed lysate. BDL: below the detection limit.

Fraction 04 49 9.4 4 19 24 30 35 39- 44 50-  55-  59-  64-  68-
RUNWith  nterval — mL mL mL 19 24 29 35 39 44 50 55 59 64 68 76 - - -
lysate from mL mL mL mL mL mL mL mL mL mL mL mL
200 mL of  Virus (%) BDL BDL BDL BDL BDL BDL 8 31 6 3 1 6 9 5 4 = - -
culture Protein (%) BDL 4 42 6 2 1 4 8 1 1 BDL 1 2 1 1 - - -
DNA (%0) BDL BDL BDL BDL BDL BDL 2 9 4 2 2 37 31 8 3 - - -
. 14- 19- 24- 30- 35- 39- 44- 50- 55- 59- 64- 68- 72-
Runwith ot 04 49 S g9 24 29 35 39 4 50 55 59 64 68 72 76 - -
lysate from mL mL mL mL mL mL mL mL mL mL mL mL mL
400 mL of Virus (%0) BDL BDL BDL BDL BDL BDL BDL 17 32 14 4 4 3 5 2 2 - -
culture Protein (%) BDL BDL 31 30 4 1 1 5 8 2 1 1 4 1 0 0 - -
DNA (%) BDL BDL BDL BDL BDL BDL 1 2 8 4 2 2 21 20 9 5 - -
. 14- 19- 24- 28- 32- 36~ 40- 45- 50- 55- 60- 65- 70- 75-  80-
Run with Hi:;‘;‘g;’l g}ﬁ r‘;ﬁ ?nlf 19 24 28 32 3 40 45 50 55 60 65 70 75 80 84
lysate from mL mL mL mL mL mL mL mL mL mL mL mL mL mL mL
800 mL of Virus (%) BDL BDL BDL BDL BDL BDL BDL BDL BDL 19 25 9 2 3 7 5 2 3
culture Protein (%) BDL BDL 12 19 32 16 3 1 1 6 7 2 1 BDL 3 3 BDL BDL
DNA (%) BDL BDL BDL BDL BDL BDL BDL BDL BDL 1 5 3 3 1 10 10 7 4
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Appendix B: Supplemental information for Chapter 4

Integrated development of enzymatic DNA digestion and membrane

chromatography processes for the purification of therapeutic adenoviruses

100
®
é

[Enzyme] (U/mL)
10

Digestion time (h)

® DnNA digestion (Benzonase and Denarase)
<> 96-well MC (Denarase)

LFMC runs (Denarase)

Figure B1. DOE conditions for DNA digestion time and enzyme concentration for the different studies
described. All DNA digestion experiments were conducted at 37°C. Circles: all DNA digestion conditions
tested with Benzonase and Denarase. Diamonds: DNA digestion conditions with Denarase used before MC
in a 96-well format. Square: DNA digestion conditions with Denarase used before LFMC runs.

Table B1. Results of the 32 full factorial DOE using Benzonase and Denarase.

Enzyme ) Benzonase Denarase
Run (U/mL) Time (h) DNA Virus DNA Virus

(ng/mL) (IFU/mL) (ng/mL) (IFU/mL)
1 1 1 44979.5 4.73E+10 15537.3 2.39E+10
2 1 4 2972.6 2.49E+10 1951.1 1.65E+10
3 1 24 799.2 4.00E+08 189.0 2.11E+08
4 10 1 4380.9 4.15E+10 1678.8 2.07E+10
5 10 4 1480.0 1.65E+10 879.3 1.09E+10
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6 10
7 100
8 100
9 100
10 1
11 1
12 1
13 10
14 10
15 10
16 100
17 100
18 100

24

24

24

24

24

923.8
1814.2
1010.0
465.2

40559.3
3120.6

695.5
5860.7
1396.1

559.8
1677.7
1113.8

451.3

1.11E+09
3.29E+10
6.80E+09
3.47E+Q07
4.20E+10
2.29E+10
3.29E+08
4.11E+10
1.91E+10
1.23E+08
3.44E+10
8.67E+09
5.47E+Q07

243.9
820.4
533.2
1435
17132.8
1706.3
214.1
1853.9
979.1
261.9
836.2
516.2
176.8

7.20E+07
1.51E+10
3.59E+09
6.53E+07
2.48E+10
1.61E+10
1.37E+08
1.73E+10
1.12E+10
1.41E+08
1.17E+10
5.20E+09
7.60E+07

DOE analysis using R

Linear regression models were generated based on the DOE results using RStudio

(version 1.3.959). To fit a linear model, different data transformations were applied to all

variables. Enzyme concentration and digestion time were transformed to bring the DOE

conditions within the range of -1 and +1, as shown by Equations B1 and B2, respectively.

DNA and virus concentration were both log-transformed as shown by Equations B3 and

B4.
O
, %
O 8
O 1 1T@6aéet dQEOT OGO QEE
O T T@dQUAOBEE OQE 01 OO QE ¢
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The R code provided below was used to generate linear models for y1 and y2 as
functions of E and D for both Denarase and Benzonase. The model coefficients, ANOVA,
R2, and other statistical measurements for each of the 4 obtained models are shown in Table
B2. As can be seen in Table B2, both the transformed parameters of the DOE (E and D)
and the interaction between them had a statistically significant effect (P-value < 0.05) on
the transformed Log (DNA concentration) variable for both enzymes. The R2 of the models
for Log (DNA concentration) were 0.932 and 0.849 for Denarase and Benzonase,
respectively. Both transformed parameters (E and D) had a statistically significant effect
(P-value < 0.05) on Log (Virus concentration). The Rz values for Log (Virus concentration)

were 0.976 and 0.955 for Denarase and Benzonase, respectively.

R code used in the DOE statistical analysis

# combinations of Enzyme Concentration (U/mL units) and Digestion time (h) used in the DOE
Enzyme =¢(1, 1, 1, 10, 10, 10, 100, 100, 100, 1, 1, 1, 10, 10, 10, 100, 100, 100)
Time=c(1,4,24,1,4,24,1,4,24,1,4,24,1,4,24,1, 4, 24)

# Map to coded variables: subtract the center point and divide by 0.5*(range)

E = (log10(Enzyme) - 1) / (0.5 * (2-0))

D_raw = sqrt(Time)

D = (D_raw - mean(range(D_raw))) / (0.5*(diff(range(D_raw))))

# Raw data obtained experimentally - the concentrations of DNA and virus after the digestion using
their respective enzyme type, concentration, and time conditions

DNA_Denarase = ¢(15537.3, 1951.1, 189, 1678.8, 879.3, 243.9, 820.4, 533.2, 143.5, 17132.8,
1706.3, 214.1, 1853.9, 979.1, 261.9, 836.2, 516.2, 176.8)

Virus_Denarase = ¢(2.39E+10, 1.65E+10, 2.11E+08, 2.07E+10, 1.09E+10, 7.20E+07, 1.51E+10,
3.59E+09, 6.53E+07, 2.48E+10,1.61E+10, 1.37E+08, 1.73E+10,1.12E+10, 1.41E+08, 1.17E+10,
5.20E+09, 7.60E+0Q7)

DNA_Benzonase = c(44979.5, 2972.6, 799.2, 4380.9, 1480.0, 923.8, 1814.2, 1010.0, 465.2,
40559.3, 3120.6, 695.5, 5860.7, 1396.1, 559.8, 1677.7, 1113.8, 451.3)
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Virus_Benzonase = ¢(4.73E+10, 2.49E+10, 4.00E+08, 4.15E+10, 1.65E+10, 1.11E+09, 3.29E+10,
6.80E+09, 3.47E+07, 4.20E+10, 2.29E+10, 3.29E+08, 4.11E+10, 1.91E+10, 1.23E+08, 3.44E+10,
8.67E+09, 5.47E+07)

# Log transforms on the outputs

y1 Denarase = log10(DNA_Denarase)
y2_Denarase = log10(Virus_Denarase)

y1 Benzonase = log10(DNA_Benzonase)
y2_Benzonase = log10(Virus_Benzonase)

# Least-squares modelling with coded variables
Im_DNA _Denarase = Im(yl_Denarase ~ D*E)
Im_Virus_Denarase = Im(y2_Denarase ~ D*E)
Im_DNA_Benzonase = Im(yl_Benzonase ~ D*E)
Im_Virus_Benzonase = Im(y2_Benzonase ~ D*E)
summary(Im_DNA_Denarase)
plot(Im_DNA_Denarase)
residuals(Im_DNA_Denarase)
summary(Im_Virus_Denarase)
plot(Im_Virus_Denarase)
residuals(lIm_Virus_Denarase)
summary(Im_DNA_Benzonase)
plot(Im_DNA_Benzonase)
residuals(Im_DNA_Benzonase)
summary(lm_Virus_Benzonase)
plot(Im_Virus_Benzonase)

residuals (Im_Virus_Benzonase)
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Table B2. Results of the linear models for Log (DNA concentration) and Log (Virus concentration) as functions of the transformed parameters enzyme
concentration (E, calculated using Equation B1) and digestion time (D, calculated using Equation B2) for Denarase and Benzonase using R (RStudio).

Log (DNA concentration)

Log (Virus concentration)

call: Call:
. e ~ *
Im(formula = yl Denarase ~ D * E) Im(formula = y2_Denarase D*E)
; . Residuals:
Residuale: 10 Median 3 Max Min 1Q  Median 3 Max
-0.270580 -0.107110  0.008082  0.088204  0.312751 -021339 -0.14178 -002557  0.11176  0.25519
- Coefficients:
Coefficients: .
: Estimate Std. Error t value Pr(>|t])
Estimate  Std. ~Error t value Pri>fth - (Intercept) 9220601  0.042308 218.151 < 2e-16 ***
Denarase (Intercept) 2.82544 004158  67.958 < Ze-16 D 1158876  0.048993 -23.654 1.09e -12 ***
D - 0.55112 0.04814 -11.447 1.71e -08 *** E R 0'205087 0.051817 N 3.958 '000143 *x
E -0.27989 0.05092 -5.497 7.87e -05 ** DE -0.008657 0.060004 -0144 088734
D:E 0.26463 0.05897 4.488 0.000511 *** o ) ’ ’ ’
Signif.  codes: 0 6* * *(001 0* * 0.0 6* 005 6.1 6051  yomt codest 00*®r@O0L 6700l 0f 0005 6. 01 00
Residual standard error: 0.1732 on 14 degrees of freedom : .
F- statistic: 64.28 on 3 and 14 DF, p-value: 1.983¢ -08 F- statistic: 191.9 on 3 and 14 DF, p-value: 1.324e -11
Call: Call:
. - ~ *
Im(formula = y1 Benzonase ~ D * E) Im(formula = y2_Benzonase D * E)
; . Residuals:
Residuals: 10 Median 3 Max Min 1Q  Median 3 Max
-0.39749 - 0.04475 0.01586 0.10154 0.41133 -0.26936 -0.14033 -0.06009 0.09357 0.76226
- Coefficients:
Coefficients: :
; Estimate  Std. Error t value Pr(>|t|)
Estmate  Std. Eror t value Prifth) (Intercept) 9.48019 0.06187 153225 < 2e-16 *
Benzonase (Intercept) 3.21536 0.05974 53.825 < 2e-16 D 2119712 007165 -16.709 1.21e -10 ***
D -0.47630 0.06918 - 6.885 7.5e - 06 *** E -0.28628 007578 73778 000204 **
E - 0.30296 0.07316 -4.141 0.000999 *** DE -0.18710 0.08775 -2132 00 5118
D:E 0.24706 0.08472 2916 0.011277 * _ : . : . .
Signif.  codes: 0 6* * *(001 0* * 0.01 6* 005 0.1 661  pomt codest 00*®r@mO0L 67001l 0* 0005 6. 01 00
Residual standard error: 0.2489 on 14 degrees of freedom ; .
; . ; . Residual standard error: 0.2578 on 14 degrees of freedom
gl-uslttlgtliestic- R squzaereé\i. onoé?A:ﬁd 14 Dlé'\dJUSt_esalueR' sqéjazlr‘gjé _060'8166 Multiple R- squared: 0.9548, Adjusted ~ R- squared: 0.9451
: : o P : : F- statistic: 98.52 on 3 and 14 DF, p-value: 1.192e - 09
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Composition of samples obtained during membrane chromatography (MC) runs

using a 96-well filter plate format

Table B3 displays the composition of each fraction from the MC runs using the
96-well filter plate: the feed sample (Initial), flow-through (FT), first elution (E1), and
second elution (E2). All listed values are averages and standard deviations of duplicate
measurements for each sample. Experiments were run in duplicate for each DNA digestion
condition. The recovery in E1 is reported as the percentage of total infectious particles
observed in fraction E1 with respect to the total initial amount of virus in the initial feed.
The detection limits for DNA and protein concentrations were 2 ng/mL and 5 pg/mL,

respectively. Samples with concentrations ‘below detection limit” (BDL) are indicated.
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Table B3. Virus, DNA, and protein concentrations in the fractions obtained during MC using a 96-well
format. Results are shown for each set of duplicate MC runs under each DNA digestion condition.

Fraction Initial FT El E2 % Recovery in
Volume (uL ) - 38 438 400 400 =i
Di gestion ¢
[D?S/a,;iie] Time () Virus concentration (IFU/mL)
1 4 7.3E+09 + 35E+08 |1.6E+06 + 1.1E+05 |3.5E+08 + 7.1E+07 | 2.0E+07 + 7.1E+05 | 50% =+ 11%
9.8E+09 + 1.1E+09 |1.4E+06 + 18E+05 |3.9E+08 + 7.1E+06 |2.6E+07 + 21E+06 | 42% =+ 5%
10 1 1.4E+10 + 25E+09 | 2.2E+06 + 4.2E+05 | 7.7E+08 + 4.2E+07 |3.5E+07 + 2.1E+06 [ 59% =+ 11%
1.6E+10 + 3.2E+09 | 2.4E+06 *+ 6.4E+05 | 8.8E+08 + 1.3E+08 |4.3E+07 + 35E+05 [ 57% + 14%
@ . 9.3E+09 + 1.8E+09 |1.1E+06 + 32E+05 [6.5E+08 + 25E+07 |3.6E+07 + 85E+06 | 74% = 14%
9.0E+09 + 7.1E+08 |6.5E+05 + 7.1E+04 |6.8E+08 + 57E+07 [3.2E+07 + 46E+06 | 79% =+ 9%
10 ” 6.5E+07 + 1.4E+07 |4.0E+04 + 14E+04 [9.3E+05 + 8.1E+05 |9.8E+04 + 1.1E+04 | 15% = 14%
7.8E+07 + 4.6E+07 |8.0E+03 + 14E+03 | 1.0E+06 + 14E+05 [2.0E+05 + 2.1E+04 | 14% =+ 8%
100 4 3.2E+09 + 85E+08 |3.2E+05 + 1.4E+04 |1.4E+08 + 23E+07 [1.6E+07 + 53E+06 | 47% + 15%
3.3E+09 + 35E+07 |3.5E+05 + 35E+03 [2.2E+08 + 35E+06 | 1.8BE+07 + 53E+06 | 72% =+ 1%
1.7E+10 + 7.1E+08 |4.6E+06 = 6.4E+05 | 1.1E+09 + 3.2E+08 |3.2E+07 + 39E+06 | 71% =+ 21%
1.8E+10 4.4E+06 4.6E+05 | 9.4E+08 5.76+07 | 1.9E+07

q . 611.7 + 465 BDL 80 0.2 115 = 0.6 14% + 1%
3304 + 661 BDL BDL 6.7 0.1 |BDL <6%
10 1 531.0 + 1417 47 £ 005 143 0.4 105 ¢ 0.7 28% + 8%
5346 + 1424 5.0 + 0.3 158 =+ 0.4 123 0.8 31% + 8%
10 4 3164 + 320 22 0.2 89 = 0.3 BDL 30% + 3%
337.7 + 374 19 0.1 10.1  + 0.6 BDL 31% + 4%
10 o4 1140 = 155 BDL BDL BDL BDL <6%
1149 =+ 27.1 BDL BDL BDL BDL <6%
100 4 2123 + 503 3.7 * 0.4 6.8 + 0.3 BDL 34% + 8%
2423 + 594 43 0.6 6.6 + 0.5 BDL 29% + %
0 0 16376.8 + 1590.4 56 ¢ 0.7 139.6 = 2.5 129.7 = 3.0 9% 1%
14475.7 + 399.4 6.0 + 0.7 142.6 2.4 136.4 = 4.4 10% + 0%
Fraction Initial FT E1l E2 % Recovery in
Vol ume (pl 38 438 400 400 E1l
Di gestion ¢
[D?S/i:iie] Time (h) Protein concentration (ug/mL)
1 4 3523.6 + 3995 1674 + 503 152 1.8 74 ot 0.4 5% + 1%
1951.0 + 3151 1175 = 14.1 5.6 + 0.04 BDL 3% + 0.5%
10 1 33079 + 5255 176.9 = 57.3 17.7 = 0.1 7.1 + 0.1 6% + 1%
2618.3 + 707.8 197.2 = 4.9 10.7 0.7 BDL 4% + 1%
10 4 2969.7 + 3456 195.8 + 124 10.2 0.8 BDL 4% + 05%
3051.5 + 590.5 198.1 = 3.3 9.6 0.6 BDL 3% + 1%
10 o4 26159 + 5570 155.8 62.3 7.1 + 0.1 6.6 + 0.04 3% + 1%
2449.1 + 3628 137.7 43.8 4.2 + 0.5 BDL 2% + 0.4%
100 a 3373.6 + 2828 1978 + 764 13.3 0.4 70 ot 0.2 4% + 0.4%
3301.3 + 638.0 187.3 91.0 7.4 + 0.5 BDL 2% + 0.5%
o 0 3683.8 + 809 207.7 + 529 177 4.0 6.4 1.9 5% + 1%
3227.8 + 1058.7 178.2 90.1 185 =+ 0.4 BDL 6% + 2%
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Appendix C: Supplemental information for Chapter 5

Purification of vesicular stomatitis virus (VSV) using hydrophobic interaction

membrane chromatography

C1. VSV purification using Sartobind Q anion-exchange membrane chromatography

Anion-exchange (AEX) membrane chromatography (MC) using the Sartobind Q
membrane in 1 mL LFMC devices was attempted to purify VSV lysates prepared according
to Chapter 5. A similar MC procedure as that applied for adenovirus purification in Chapter
2 was applied. Briefly, the membrane was equilibrated with buffer A (10 mM HEPES, 4%
sucrose, pH 7.4) and 1 mL of VSV lysate was injected. A wash step was performed with
buffer A and a gradient elution strategy was applied by increasing the NaCl concentration
in the buffer from zero to 1 M over 5 membrane volumes. The results for this run are shown
in Figure C1 below, where a first flow-through peak can be observed and consisted of
mostly protein and DNA; no virus was detected in those fractions suggesting VSV
successfully bound to the membrane. The second peak observed corresponds to the elution
peak, where unfortunately, very low virus recoveries were observed based on the TCIDsg
assay results. Significant amounts of protein and DNA were observed between the 6 and 8
mL marks (31% and 13%, respectively, relative to the total amounts in the feed). The
overall VSV recovery after the gradient elution was applied (between the 6 and 11 mL
marks) was only 8.8% in this run. Repeat experiments confirmed low VSV recoveries with

Sartobind Q. Further investigation would be necessary to accurately explain the reasons for
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low recoveries, which could be either associated with losses in virus stability and infectivity

during the process, or irreversible binding to the Sartobind Q membrane.
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----- Conductivity ——UV 280 nm B \irus Protein DNA

Figure C1. Chromatogram for VSV purification via gradient elution with a 1 mL Sartobind Q LFMC device.
The dashed line indicates the conductivity, and the solid line indicates the UV absorbance at 280 nm (refer to
the secondary axis). The 3D bar charts display the amount of VSV (front red bars), total protein (middle
yellow bars), and total DNA (back green bars) within each fraction as a percentage of the amount in the 1 mL
injected feed sample.

C2. VSV purification Sartobind Sulfated Cellulose (SC) pseudo-affinity membrane

chromatography

The second attempt to purify VSV was using the Sartobind SC membrane, to
which certain viruses such as vaccinia and influenza are able to bind via pseudo-affinity
interactions are discussed in Chapter 5. However, as it can be seen in Figure C2 below,
both trials were unsuccessful since VSV was completely eluted in the flow-through
fractions and therefore was not able to bind to this membrane. For reference, in Figure C2

panel A, the same buffer conditions as those described in Section C1 were applied; and in
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panel B a citric-acid based buffer was used according to previous literature reports for

influenza purification using the Sartobind SC membrane.t
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Figure C2. Chromatograms for VSV purification via gradient elution with a 1 mL Sartobind Sulfated
Cellulose LFMC device. A: using HEPES-based buffers and B: using citric acid-based buffers. The dashed
line indicates the conductivity, and the solid line indicates the UV absorbance at 280 nm (refer to the
secondary axis). The 3D bar charts display the amount of VSV (front red bars), total protein (middle yellow

bars), and total DNA (back green bars) within each fraction as a percentage of the amount in the 1 mL injected
feed sample.

1. S. Hansen, R. Faber, U. Reichl, M. Wolff, A. Gram, Purification of vaccinia viruses

using hydrophobic interaction chromatography, US 91903201 B2, 2015.
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Appendix D: A critical evaluation of the fifty percent tissue culture
infective dose (TCIDso) assay for the titration of vesicular stomatitis

virus (VSV)

Karina Kawka, Evan Wright, A. Noelle Wilton, Maria Fe C. Medina, David R. Latulippe

Prepared for Journal submission

D1. Abstract

Virus infectivity assays are essential during the development of manufacturing
processes of virus-based therapeutics to ensure product stability through the process. The
fifty percent tissue culture infective dose (TCIDso) assay is one of the most widely used
techniques for infectious titer determination, however, the final titer estimate can be highly
affected by assumptions taken by the individual analysing the data. This is particularly
important in the case of ‘skipped wells’ during virus titration using well plates that consists
of a negative response to infection between two positive responses. The relevance of
skipped wells was demonstrated through an analysis of historical TCIDso raw data, where
skipped wells occurred in 15% of the over 1000 situations analysed. In the context of virus
manufacturing, the recovery of a VSV chromatography run was estimated at 36% or 87%
depending on the assumptions taken during TCIDsp data interpretation. Plaque assay was
found to offer a more accurate and less prone to interpretation alternative under the
conditions used in this study. Given the critical effect of interpretation, this study reinforces
the need for objective and consistent strategies for TCIDso data analysis.
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D2. Introduction

Analytical tools play a key role in the development of virus manufacturing
processes. Virus detection typically relies on measuring infectivity, total nucleic acid or
protein, or total viral particles through different methods.! In the context of manufacturing,
viruses can be exposed to relatively harsh conditions, so it is important to monitor virus
infectivity throughout the process to ensure its stability and to determine the yields of the
various unit operations. The most commonly used methods for measuring virus infectivity
are the fifty percent tissue culture infective dose (TCIDsp), plague assays, and
immunofluorescence foci assays.! The TCIDso method is often preferred when a large
number of samples is to be analysed,? and it is a more economical method compared with

other assays.®

Although TCIDso can be performed in live animals,* this study will focus on the
version of the assay using cell culture. TCIDso can be used to detect any virus that causes
a cytopathic effect over 5 to 20 days.! The assay consists of infecting cells typically grown
in well plates with samples of virus serially diluted to the end-point.* The TCIDso titer
calculated represents the dilution needed to infect 50% of cell culture wells.* Different
strategies exist to determine if a culture of cells was infected and it can be based on the
observation of cytopathic effect directly,® the use of dyes to stain intact cells,>® or the
observation of fluorescence in the case the virus carries a gene for green fluorescent protein
(GFP),” for example. The latter option results in easier and faster detection as plates can be
scanned and the presence of any green fluorescence foci indicate infection.® Figure D1

shows a typical 96-well plate obtained from an assay to determine the titer of vesicular
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stomatitis virus (VSV) expressing green fluorescent protein (GFP) in Vero cell culture. The
serial dilution starts at the first row and goes down the plate using a fixed fold-dilution
between each row. The plate was used to analyse two samples, with 6 replicates each as
indicated. Black and light grey wells correspond to infected and uninfected cells,

respectively.

The Spearman-Karber method is widely used to calculate the endpoint dilution
that causes the infection of 50% of the wells,® as its accuracy is considered superior to that
of other methods such as the Reed-Muench and Dragstedt-Behrens methods.® The
equations shown in the materials and methods section were based on Finney*® and can be
used to estimate the TCIDsp titer according to the Spearman-Karber method. The key
parameter in the calculation is the number of negative responses ‘r’ that needs to be input
in Equation D1. However, determining the negative responses is subject to interpretation,
resulting in high variability in the results, depending on the assumptions made by the

individual .1t

A common occurrence in TCIDsg assays using cell culture in well plates are the
‘skipped wells’ observed in Figure D1. In the literature, this event has been observed in
multiple studies focused on different viruses.*"*2*® Apart from Karakus et al.> which
briefly acknowledged skipped wells as caused by ‘stochastic events’, to our knowledge, the
reasons for them or their impact on the calculated titers have not yet been addressed in
detail in the literature. The objective of this study is to determine the frequency at which
skipped wells occur in the titration of VSV expressing GFP and how different approaches

for interpreting the results can impact the calculated yields in chromatography experiments
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for VSV purification. Finally, the variability of the TCIDso and a plaque assay for VSV

titration is compared.

Sample 1 Sample 2

‘A X X X N X N X X XN
$SPH$090020 0
68000066
(L X L X X X X
@® 00000
Skipped .. ' &

wells

1

Figure D1. A typical well plate used in the titration of VSV expression GFP through the TCIDs, assay. Each
row corresponds to repeats of a given serial dilution. The first 6 columns are repeats of sample 1 and the last
6 rows are repeats of sample 2. Black wells correspond to infected cells (i.e. presenting green fluorescence)
and light grey wells correspond to uninfected cells. Skipped wells are indicated, where there is a negative
response between two positive responses.

D3. Materials and methods

VSV cultures were prepared as described in Chapter 5. The method for the TCIDso
assay was adapted from Roldo et al.® and the titer was calculated using the Spearman-
Karber method.*° Briefly, 100 uL of Vero cell suspensions in supplemented Dulbecco's
minimal essential medium (DMEM) containing 2x10° cells/mL were seeded in each well
of a clear flat-bottom 96-well plate (Corning) and incubated for 24 hours. On the next day,
an aliquot of the virus stock was thawed and pre-diluted 10* fold in DMEM supplemented

with 10% fetal bovine serum (FBS, Gibco) and 1% L-glutamine (BioShop). A new 96-well

216



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

plate was filled with 120 pL/well of supplemented DMEM for the virus serial dilutions,
and 30 uL of the pre-diluted stock was added to 6 wells of the first row of wells. After
mixing by pipetting multiple times using a multichannel pipette, 30 puL from the first row
of wells were transferred to the second row and the process was repeated until reaching the
last row. Finally, the serial dilutions were used to infect the cells grown in the 96-well
plates, prepared one day earlier. For that, the old media was removed and 100 pL of the
serial dilutions were added to each well. The plate with the cells was incubated at 37°C
and 5% CO2 for 48 hours before being scanned for fluorescence using an Amersham™
Typhoon scanner (GE) with an emission wavelength of 523 nm and a photomultiplier tube

potential of 600 V.

VSV titer was calculated according to the Spearman-Karber method.'® Equation
D1 corresponds to the general equation used to obtain the titer, where M is the mean 50%
infectious dose, X« is the dose of the highest dilution (8 in this study since a 96-well plate
has 8 rows), r is the total number of negative responses (i.e. number of wells negative for
GFP expression), d is the spacing between the dilutions (1 in this study) and n is the number
of wells per dilution (6 in this study). The virus titer was obtained using Equation D2, where
F is the dilution factor between each row of the 96-well plate (5 in this study) and PF is the
pre-dilution factor the sample was submitted in the microcentrifuge tube before being
transferred to the 96-well plates. The variance (V) of M was calculated using Equation D3,
where ri is the number of negative responses in row ‘i’ of the 96-well plate. V was then
transformed to units of TCIDso/mL using Equation D4. The standard deviation was finally

calculated as the square root of the variance of the titer.
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1
M=x,+d 0.5- -r (Equation D1)
. TCID
Titer 2 =10 x FM x PF (Equation D2)
& ~
VM = mB}:1 r; n-1 (Equation D3)
WYQ Qwd — (Equation D4)

A plaque assay method for VSV titration adapted from Karakus et al.®> was used
to compare with the TCIDso method. Vero cells were seeded in 6-well plates (Corning) by
adding 2 mL of a suspension containing 2x10° cells/mL in supplemented DMEM. On the
next day, the old media was removed, and the cells were infected with 100 L serially-
diluted virus in supplemented DMEM. A 1% agarose solution was mixed with 2x
supplemented DMEM, both at 44 °C and 2 mL of the mixture was used to overlay the
infected cells. After solidification, the plates were incubated for 24 hours to allow for the
formation of plaques. Next, a 1 mL aliquot of 3.7% formaldehyde solution was added to
each well to fix the cells and incubated for 20 min at room temperature. The solution was
removed along with the agarose layer and the cells were stained with 1 mL of a 0.2% crystal
violet in a 20% ethanol solution for 10 minutes. Finally, the wells were washed with tap
water and allowed to dry before counting the plaques. The number of plaques forming units
(PFU) per mL was calculated based on the dilution factor and the volume used to infect

each well.
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D4. Results and Discussion

D4.1. Frequency of occurrence of skipped wells during titration of VSV using TCIDso

In this study, the term ‘skipped well’ refers to a well in a 96-well plate for virus
titration via TCIDsp assay that is uninfected, but it is between two infected wells as
discussed in the introduction. This is a common occurrence in the literature, as seen in
different works focused on different types of viruses.* %13 To determine the frequency at
which skipped wells happen, we have done an in-depth analysis of historical TCIDsg raw
data in our lab by looking at images of 96-well plates used for VSV titration via the TCIDsg
assay over the span of approximately 2 years. Based on the observation of 1171 columns
of 96-well plates, 171 columns had at least 1 skipped well. There were also cases where 2,
3, or 4 wells were skipped before an infected well. Figure D2 shows the breakdown of 96-
well plate columns that had different numbers of skips. In this dataset, it can be concluded

that skipped wells happened in 15% of the cases.

1000
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Frequency

400
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0 1 2 3 4 5 6
Number of skipped wells per column

Figure D2. Frequency of skipped wells in historical raw data from an analysis of images of 96-well plates for
VSV titration via the TCIDsp assay.
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D4.2. Effect of skipped wells on the calculated recovery of VSV chromatography runs

In the literature, skipped wells are typically treated as they are. In other words,
when counting the negative responses to input in the equations, the skipped-well is treated
as negative, and the following positive well is normally treated as positive. However, given
the complexity of biological systems, this assumption is open to interpretation since the
reasons for a skipped well can be multiple. We propose three different approaches below
with different ways to treat skipped wells when determining the number of negative

responses in Equation D1.

. Approach 1: Skipped, negative wells are simply treated as negative as they appear
in the image.
. Approach 2: Skipped, negative wells before a positive well are false negatives and

therefore are treated as positive. This assumption considers that, although there
were infectious particles present in the culture of the skipped well, local conditions

such as local low cell density or contamination, prevented cell infection.

. Approach 3: Positive wells after a negative well are false-positive, and therefore
treated as negative. This assumption considers that the infectious particles in that

positive well are originally from contamination during the procedure.

To investigate the impact of using these different approaches on the final recovery
of a chromatography run, we randomly selected run 5 from Chapter 5 as a case study. In
Chapter 5, all titers were estimated according to approach 1. Table D1 shows the estimated

titers for the feed and elution samples from run 5. For the feed sample, which used one set
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of 6 columns from a 96-well plate, there were occurrences of a skipped well in two of the
six columns. For the elution samples, which corresponded to 4 chromatography fractions
that were assayed using 4 sets of 6 columns from a 96-well plate, there was a total of 3
occurrences of a skipped well. As it can be seen, both the feed and elution titers vary
significantly depending on the approach used to treat the different skipped wells observed
in the samples. This reflected on the overall recovery or yield of the chromatography run,
which was found to be extremely sensitive to the approach used, varying from as low as

36% when approach 2 was used, to 87% when approach 3 was used.

Table D1. Calculated titers in the feed and elution samples from run 5 (Chapter 5), according to the 3 different
approaches for treating the skipped wells in the titration of VSV via the TCIDs assay.

VSV particles in the feed VSV particles in the VSV recovered in the

Approach (TCIDso) elution (TCIDsp) elution fractions
1 2.04x10° 1.12x10° 55%
2 3.49x10° 1.26x10° 36%
3 1.19x10° 1.04x10° 87%

D4.3. Variability of the TCIDso and plaque assays for VSV titration

This part of the study addressed the variability of the TCIDso and plaque assays
by analysing the same sample multiple times with each assay. A sample of VSV had its
titer determined via the TCIDso assay by three different operators, a total of 10 repeats each
(therefore a total of 30 independent replicates), at the same time and under the same
procedure conditions. In parallel, the same sample was also analysed using plaque assay in
6 independent replicates. Figure D3 contains the Box and Whisker plots for the 30 TCIDso
replicates using each of the 3 approaches for treating skipped wells as discussed in the

previous section, and the 6 plaque assay replicates. Overall, the TCIDsg assay presented
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greater variability compared with the plaque assay; it also resulted in higher absolute titer
averages, in good agreement with literature reports for other viruses.? As expected, the
average titer was different for each of the approaches used to deal with skipped wells, where
it was found to be 5.07x10° TCIDso/mL for approach 1, 6.32x10° TCIDso/mL for approach
2, and 4.24x10° TCIDso/mL for approach 3. With the plague assay, the average titer was
2.23x10° plaque-forming units (PFU)/mL. This indicates that the plaque assay could be
preferred as a less variable, and less prone to interpretation alternative to the TCIDso assay

for the titration of samples that require more accurate estimates.

1.6E+10
1.4E+10
1.2E+10
1.0E+10
8.1E+09
6.1E+09
4.1E+09

Virus titer (TCIDs/mL or
PFU/mL)

2.1E+09
1.0E+08

B Approach 1 B Approach 2
[0 Approach 3 L1 Plaque assay (PFU)

Figure D3. VSV titer estimated by TCIDso (30 independent replicates, using three different approaches for
interpreting skipped wells), and by plaque assay (6 independent replicates).
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D5. Conclusions

Skipped wells are a common occurrence in TCIDsg assays for virus titration using
cell culture in well plates. Although often reported in the literature, the impact of the
technician’s assumptions on interpreting skipped wells has not been addressed in detail. In
this study, it was found that skipped wells happened in 15% of the cases of assays for the
titration of VSV expressing GFP. Three approaches were proposed for interpreting skipped
wells and consisted of 1: treating negative and positive wells as they appear; 2: treating a
skipped negative well as a false-negative, therefore considering it as positive; and 3:
treating a positive well after a skipped well as being a false-positive and therefore
considering it as negative. When the three approaches were used in the analysis of TCIDsg
results of a chromatography run for VSV purification, the yield of the process varied
significantly from only 36% (approach 2) to 87% (approach 3), indicating the critical effect
of interpretation in TCIDso raw data analysis, and the importance of establishing an
objective and consistent strategy. Finally, the plaque assay was shown to have less
variability, and can be a good alternative less prone to interpretation for when more accurate

estimates of VSV titer are necessary.
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Appendix E: Supplemental Information for Chapter 6

Economic analysis of adenovirus manufacturing processes for gene therapy clinical

applications
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Figure E1. COG per batch breakdown for MA scenario assuming a dosage of 1x10%* PT/dose (top panel) and
1x10% PT/dose (bottom panel) targeting the production of 2000 doses/year. The COG per batch is presented
for all the unit operations indicated at the bottom for the different types of costs (capital, materials,
consumables, labour, and other), indicated by the different colors.
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Table E1. Technical specifications and costs of commercially available membrane chromatography devices

Model Type beETEE e Applications ST g S::lfeorrmance O Volume (mL) / Weight (g) / Price Usage CIP | Geometry*
yp Adsorber Capacities . Time gnht (@ 9 y
Metrics
PES membrane DNA: 30 10, 60, 260, 520, 780 mL Single-Use
0.8 LM pores mg/mL Capsule:
Mustang Q AEX dua‘:em‘; >4 | DNAs, viruses, | BSA: 70 16 pleated
(Strong) . Ty a HCP (-) mg/mL membrane
primary amine BSA: 56 laver
ligands : 5, 140, 5000 mL Reusable 1 M ayers
mg/mL (187.2g, 768g, 10.3 kg) (QXT) NaOH
Pall _ 10 CV/min for one
PES membrane | Endotoxin Topm cycle Capsule:
30
Mustang E AEX | O2pmpores | removal from | g, 10, 40, 160, 320, 480 mL single-Use | 3 pleated
(Weak) Diethylamine process Endotoxin min) membrane
ligands streams layers
PES membrane Lysozyme: 47 Capsule:
CEX 0.8 pm pores mg/mL — 16 pleated
Mustang S (Strong) | Sulfonic  acid HCP (+) 19G: 60 10, 60, 260, 520, 780 mL Single-Use membrane
ligands mg/mL layers
1 75 200 | 400 600 2,500 | 800* 4 mm Bed
10 [ 400 [ 760 | 1,300 | 1,900 | 16kg | 4,900 Height: 1 M | Capsule:
RC membrane DNAs. viruses || BSA: 29 | DNA> 2 LRV 296 | 1,162 | 3,497 | 6,604 | 8557 | 25653 | 6,054 Flow NaOH | Spiral-Wound
Sartobind Q*'* AEX > 3 pm pores HCP (_)’ ma/mL Endotoxins > 2.8 *Cassette. Through forone | or
(Strong) | Quaternary e ! 9 LRV 3 150 400 800 1,200 5,000 1,600* 8 mm Bed | cycle Cassette:
amine ligands HCP: 1.9 LRV 10 400 760 1,300 1,900 16kg 4,900 Height: (30 Stacked Flat-
226 | 3,091 | 6,971 | 11,430 | 15365 | 44,032 | 7,063 Bind and | Min) | Sheets
*Cassette. Elute
BSA: 50
r{]sgolm%vlm 4 mm Bed 4 mm Bed c le:
Sartobind  STIC m Height: Height: EpRIEE
o RC membrane Nacl ght: 1 75 200 | 400 600 2,500 | 800* o Spiral-Wound
Sartorius® (ol Tolerant | AEX >3pumopores | DNAs, viruses, | BSA: 36 MMV Virus: > | 20 CV/min. 10 | 400 | 760 | 1,300 | 1,900 | 16kg | 4,900 T I
artorius . (Weak) | Primary amine | HCP (-) mg/mL in 4.96 LRV 237 | 1,602 | 4,728 | 8201 | 11,271 | 29,067 | 7,063 Al Cassette:
Interaction A 8 mm Bed : : : . : (Polishing)
as ligand 200 mM . *Cassette. Stacked Flat-
Chromatography) Height:
NaCl . Single-U Sheets
DNA: 22 5 CV/min ingle-Use
mg/mL
1 [ 75 200 [ 400 [ 600 [ 25500 4H "_“mht_Bed
10 | 400 | 760 | 1,300 | 1,000 | 16kg FI‘;‘\?V : 1 M | Capsule:
RC membrane 296 | 1,162 | 3,497 | 6,604 | 8557 | 25,653 Through NaOH | Spiral-Wound
Sartobind S e=x b lates HCP (+) Lysozyme: > g forone | or
(Strong) | Sulfonic acid 29 mg/mL 3 150 400 800 1,200 5,000 1,600* 8 mm Bed | cycle Cassette:
ligands 10 400 760 1,300 1,900 16kg 4,900 Height: (30 Stacked Flat-
226 | 3,091 | 6,971 | 11,430 | 15,365 | 44,032 | 7,063 Bind and | min) Sheets
*Cassette. Elute
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Membrane Bindin Otier Operatin
Model Type Applications 9 Performance P 9 | volume (mL) / Weight (g) / Price Usage CIP | Geometry*
Adsorber Capacities - Time
Metrics
PR Capsule:
RC membrane chﬁg gviru's o | 106 146 3 150 | 400 | 800 1,200 | 5000 | 1,600 | | 8mmBed | 1 M | Spiral-Wound
. > 3 pum pores i " | mg/mL 10 400 760 1,300 1,900 16kg 4,900 Height: NaOH | or
Sartobind Phenyl HIC endotoxins, N .
Phenyl as linids. leached (@ 09 M 247 | 2,981 | 6,971 | 11,430 | 15,365 | 44,032 | 9,656 Bind and | forone | Cassette:
ligands Ip1Gs, (NH2)250) *Cassette Elute hour. | Stacked Flat-
ligands J
Sheets
o e 2 oon | coe
Millipore . AEX membrane DNAs, viruses, | BSA:  >300 M.MV_ & MLV . 15 115 460 . 1 M Pleated
e Natrix HD Q Virus: approx. 5 | 5-25 CV/min Single-Use Membrane
Sigma (Strong) | 0.4 pm pores HCP (-) mg/mL LRV 1090 2230 7930 NaCl with 0.5 mm
Quaternary DNA: > 20 for 3 Bed He.i ht
amine ligands mg/mL CV. i
— AEX Diethylamine DNAs, viruses, | DNA: > 40
Purilogics Purexa D (Weak) ligands HCP () mg/mL 0.1 mL, 0.2 mL [18]
1 75 200 400 600 2,500
10 400 | 760 | 1,300 | 1,900 | 16kg i' ”_"mht_Bed
676 /4 | 3595 | 2,704 | 5107 | 6,614 | 20,723* Fow 1M
25171 14
RCmembrane | A viruses, | BSA: 29 | DNA>2LRV L ) Through NaOH )
ReadyToProcess AEX > 3 um pores HCP O ma/mL Endotoxins > 2.8 USD forone | Capsule:
Adsorber Q' (Strong) | Quaternary Endotoxins g LRV 3 150 400 800 1,200 5,000 cycle Spiral-Wound
amine ligands HCP: 1.9 LRV 10 400 760 1,300 | 1,900 16kg 8 mmh Bed | (30
4 mm Bed | (676 | 2265 | 5107 | 8372 | 11,341 | 32,373* g.e'g t 4| mm
Height: (14) Elmt an
i ute
20 CV/min. *USD
1 75 200 400 600 2,500
8 mm Bed ;
Cytiva Height 10 400 | 760 | 1,300 | 1,900 | 16kg o Bed
(Discontinued 5 CV/min 676 /4 | 3595 | 2,704 | 5107 | 6,614 | 20,723 Fow 1M
in April 2021) RC membrane B | (4 Through NaOH
ReadyToProcess CEX > 3 um pores HCP (+) Lysozyme: > *USD forone | Capsule:
Adsorber St (Strong) | Sulfonic acid 29 mg/mL 3 150 400 800 1,200 5,000 cycle Spiral-Wound
ligands 10 | 400 | 760 | 1,300 | 1,900 | 16kg SH;}‘”‘ht_Bed €Y
676 | 2,265 | 5107 | 8372 | 11,341 | 32,373* =gni. min)
" Bind and
(1) Elute
*USD
Aggregates § mm Bed
Ready ToProcess Sg E;”;’;:‘;’s‘e HCP, viruses, :ggG/mL 14.6 3 [ 150 | 400 | 800 ] 1200 | 5000 E‘ﬁ:ghtand il aOiT Casule:
Adsorber Phenttt | HIC Phenyl as endotoxins, (a 09 M 5 CV/min 10 400 760 1,300 | 1,900 16kg Elute, for one | Spiral-Wound
) lipids, leached
ligands . (NH4)2S0a) Flow hour.
ligands
Through

*Note: An integrity test is performed by the diffusion test method with Sartocheck 4 Plus. *Note: Sartorius provided prices on March-19-2021. **MilliporeSigma compares the BSA and DNA binding performance (under varying salt conditions) of the Natrix Q AEX membrane to PES and RC AEX membranes
in their application note. *Sartobind Q cassettes are available with validated sterility for aseptic products that cannot be sterile filtered, i.e. large viruses. Sartobind Q and STIC PA are utilized to purify Adenovirus in bind-elute mode for initial virus capture and flow-through mode for polishing, respectively.
Overall, DNA was reduced from 176 ng/dose to 1.2 ng/dose. Virus recovery was 75% and 81% for capture and polish, respectively.""fSartobind membrane technology.
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Table E2. OG per batch breakdown for MA scenario assuming dosage of 1x10'? PT/dose

Unit  (N-4) (N-3) (N-2) (N-1) tfaiih cell PSP Ciarific Chrom C:‘F?m Buffer Sterile
Operation  Seed Seed Seed Seed harvest ation (B&E) . exch.  filtr.
culture digest. polish)
COG per batch (USD)
Capital
Charge 3971 3971 4,016 4,016 16,991 5955 5,243 7,044 5,693 5424 1507 102
Materials 105 106 112 1,762 5,058 0 9,525 6,600 7,049 7,048 6,948 8,958
Media 0 1 7 34 1,947 0 0 0 0 0 0 0
Buffer 0 0 0 0 0 0 0 5 1 0 5 0
Direct RM 0 0 0 0 1,150 0 2,582 0 0 0 0 0
Bought WFI
& PW 0 0 0 0 0 0 0 0 0 0 0 0
CIP 0 0 0 0 0 0 0 0 0 0 0 0
QC tests 105 105 105 1,729 1,961 0 6,943 6,595 7,048 7,048 6,943 8,958
Consumables 146 146 150 162 4567 1,883 912 2,094 634 645 122 25
Resins/MA 0 0 0 0 0 0 0 0 226 237 0 0
Bags 136 136 136 136 4,382 1,698 912 1,675 408 408 137 1
Filters 0 0 0 0 185 185 0 419 0 0 585 24
Packages 0 0 0 0 0 0 0 0 0 0 0 0
Other 11 11 14 27 0 0 0 0 0 0 0 0
Labour 2494 2,494 3,244 3244 8393 3,651 2540 1485 5,650 3,332 3,004 1,036
Process 1,105 1,105 1,437 1437 3,719 1618 1,126 658 2,504 1,476 1,331 459
Quality 969 969 1,260 1,260 3,260 1,418 987 577 2,195 1,294 1,167 403
Indirect 420 420 546 546 1,413 615 428 250 952 561 506 175
Other 1,020 1,021 1,032 1,033 4,405 1,537 1,349 1817 1465 1,395 389 26
'”Sgtﬁ‘:rw/ 230 230 232 232 983 344 303 407 329 314 87 6
Waste mgmt  0.54 0.54 0.54 0.54 1.22 1.01 0.38 1.13 1.88 1.87 1.14 0.31
Maintenance 199 199 201 201 850 298 262 352 285 271 75 5
Utilities 592 592 599 599 2,572 893 783 1,056 849 808 225 15
Total 7,737 7,738 8,553 10,217 39,413 13,026 19,570 19,040 20,491 17,843 12,569 10,147
(USD/batch)
Total 135.6 1357 1500 179.1 691.0 2284 343.1 3338 359.2 3128 2203 1779
(USD/dose)
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Table E3. COG per batch breakdown for MA scenario assuming dosage of 1x10*® PT/dose

Unit  (N-4) (N-3) (N-2) (N-1) tfaigh Cell D[')SI{IUAP' Clarification ChTom Chrom Buffer Sterile
Operation Seed Seed Seed Seed harvest (B&E) (polish.) exchan. filtr.
culture digest.
COG per batch (USD)
Capital
Charge 2,422 2,481 3,848 3,850 21,513 5,847 5,868 3,579 13,936 12,232 3,745 70
Materials 107 118 171 2,058 32,256 4 32,203 6,642 7,070 7,050 6,988 8,958
Media 3 13 66 329 19,046 0 0 0 0 0 0 0
Buffer 0 0 0 0 0 4 4 47 22 2 44 1
Direct RM 0 0 0 0 11,250 0 25,255 0 0 0 0 0
Bought WFI
& PW 0 0 0 0 0 0 0 0 0 0 0 0
CIP 0 0 0 0 0 0 0 0 0 0 0 0
QC tests 105 105 105 1,729 1,961 0 6,943 6,595 7,048 7,048 6,943 8,958
Consumables 147 154 809 958 8,096 3,598 1,025 2,163 3,070 2,010 2,156 131
Resins/MA 0 0 0 0 0 0 0 0 773 1,602 0 0
Bags 136 136 765 778 6,466 1,968 1,025 1,744 2,297 408 766 1
Filters 0 0 0 0 1,630 1,630 0 419 0 0 1,390 130
Packages 0 0 0 0 0 0 0 0 0 0 0 0
Other 12 18 43 181 0 0 0 0 0 0 0 0
Labour 2,425 2,425 3,171 3,171 16,365 7,224 4,304 2,506 4,859 3,224 2,832 1,001
Process 1,035 1,035 1,353 1,353 6,984 3,083 1,837 1,069 2,074 1,376 1,209 427
Quality 997 997 1,304 1,304 6,728 2,970 1,769 1,030 1,998 1,326 1,164 411
Indirect 393 393 514 514 2,654 1,171 698 406 788 523 459 162
Other 619 634 983 984 5557 1502 1,501 918 3,561 3,125 958 18
'”Sgtﬁ‘:rce/ 136 140 216 217 1,210 329 330 201 784 688 211 4
Waste mgmt 0.54 054 057 0.60 231 1.26 0.38 1.14 2.03 1.93 1.17 0.37
Maintenance 121 124 192 192 1,076 292 293 179 697 612 187 4
Utilities 361 370 574 575 3,269 880 878 536 2,078 1,823 559 11
Total 5,720 5,812 8,982 11,022 83,788 18,176 44,901 15,809 32,496 27,641 16,679 10,179
(USD/batch)
Total 102.5 104.1 161.0 1975 15015 325.7 804.7 283.3 582.3 4954 2989 1824
(USD/dose)
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Table E4. COG per batch breakdown for resin scenario assuming dosage of 1x10'?2 PT/dose

Unit  (N-4) (N-3) (N-2) (N-1) tfaigh Cell D[')SI{IUAP' Clarification ChTom Chrom Buffer Sterile
Operation Seed Seed Seed Seed harvest (B&E) (polish.) exchan. filtr.
culture digest.
COG per batch (USD)
Capital
Charge 3,250 3,250 3,329 7,078 14,002 4,184 4,178 4,285 9,916 10,185 4,820 83
Materials 105 107 118 1,795 8,020 1 11,995 6,605 7,077 7,070 7,377 8,958
Media 1 3 13 66 3,809 0 0 0 0 0 0 0
Buffer 0 0 0 0 0 1 1 9 29 22 86 0
Direct RM 0 0 0 0 2,250 0 5,051 0 0 0 0 0
Bought WFI
& PW 0 0 0 0 0 0 0 0 0 0 0 0
CIP 0 0 0 0 0 0 0 0 0 0 0 0
QC tests 105 105 105 1,729 1,961 0 6,943 6,595 7,048 7,048 7,291 8,958
Consumables 146 147 154 809 4,875 2,079 932 2,107 4,014 959 3,869 25
Resins/MA 0 0 0 0 0 0 0 0 15 49 0 0
Bags 136 136 136 765 4,507 1,711 932 1,688 3,999 910 779 1
Filters 0 0 0 0 368 368 0 419 0 0 3,000 24
Packages 0 0 0 0 0 0 0 0 0 0 0 0
Other 1 12 18 43 0 0 0 0 0 0 0 0
Labour 2,398 2,398 3,119 3,137 8,198 3,609 2,443 1,056 9,040 4817 2,635 994
Process 983 983 1,279 1,286 3,362 1,480 1,002 433 3,707 1,975 1,080 408
Quality 1,041 1,041 1,354 1,362 3,559 1,567 1,060 458 3,924 2,091 1,144 432
Indirect 374 374 486 489 1,277 562 381 164 1,409 751 411 155
Other 834 834 854 1,815 3,623 1,078 1,073 1,103 2549 2,616 1,243 22
'”Sgtﬁ‘:rw/ 186 186 191 405 802 240 239 245 568 583 276 5
Waste mgmt 0.54 054 054 057 1.31 1.10 0.38 1.13 2.52 0.30 1.17 031
Maintenance 163 163 166 354 700 209 209 214 496 509 241 4
Utilities 484 484 496 1,055 2,120 628 624 642 1,483 1,523 725 12
Total 6,733 6,737 7,573 14,634 38,718 10,951 20,621 15,155 32,596 25,647 19,945 10,082
(USD/batch)
Total 118.8 118.8 133.6 258.1 683.0 193.2 363.8 267.3 575.0 4524 351.8 177.8
(USD/dose)
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Table E5. COG per batch breakdown for resin scenario assuming dosage of 1x10'® PT/dose

Unit  (N-4) (N-3) (N-2) (N-1) tfaiih Cell D[')SI{IUAP' Clarification ChTom Chrom  Buffer Sterile
Operation Seed Seed Seed Seed harvest (B&E) (polish.) exchan. filtr.
culture digest.
COG per batch (USD)
gzg'rt;; 2,163 2,163 3,397 3,401 20,019 4,351 4,444 3274 17207 17,873 8176 55

Materials 110 131 234 2,376 61,475 9 56,564 6,688 7,358 7,231 8,196 8,958

Media 5 26 129 647 37414 0 0 0 0 0 0 0
Buffer 0 0 0 0 0 9 9 93 311 183 905 1
DirectRM 0 0 0 0 22,100 0 49,613 0 0 0 0 0
Bought WFI
& PW 0 0 0 0 0 0 0 0 0 0 0 0
CIP 0 0 0 0 0 0 0 0 0 0 0 0
QCtests 105 105 105 1,729 1,961 0 6,943 6,595 7,048 7,048 7,291 8,958

Consumables 150 162 886 1,154 10,184 5,433 1,128 2,511 5229 1309 9,953 131

ResinssMA 0 0 0 0 0 0 0 0 165 399 0 0
Bags 136 136 765 793 6,924 2,173 1,128 2,092 5,064 910 1,093 1
Filters 0 0 0 0 3,260 3,260 0 419 0 0 8,860 130
Packages 0 0 0 0 0 0 0 0 0 0 0 0
Other 14 27 120 361 0 0 0 0 0 0 0 0

Labour 2,193 2,193 2,867 2,867 15180 6,490 3,914 2,564 13,854 4,456 2,666 893
Process 921 921 1,204 1,204 6,377 2,726 1,644 1,077 5820 1872 1,120 375
Quality 922 922 1,205 1,205 6,380 2,728 1,645 1,078 5823 1873 1,121 375

Indirect 350 350 458 458 2,423 1,036 625 409 2211 711 426 142
Other 551 552 866 868 5179 1,120 1,136 838 4398 4564 2095 15
'“S(‘)’tﬁ‘:rce/ 120 120 189 189 1115 242 248 182 958 996 455 3
Waste mgmt 054 054 058 065 321 159 051 1.28 301 038 153 0.37
Maintenance 108 108 170 170 1,001 218 222 164 860 894 409 3
Utilities 322 322 507 508 3,060 659 666 491 2576 2,675 1229 8
Total 5,166 5,200 8,250 10,666 112,037 17,403 67,185 15875 48,046 35433 31,087 10,052

(USD/batch)

Total 92.8 934 1482 191.6 2012.2 312.6 1206.7 2851 8629 6364 5583 1805

(USD/dose)
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Table E6. COG/dose as a function of target throughput for MA and resin scenarios at the dosages of 1x10'2
and 1x10% PT/dose

_ Target throughput COG/d_ose (USD) COG/d_ose (USD)
Scenario (doses/year) assuming 1x10% assuming 1x10%
PT/dose PT/dose
500 11,732 15,733
1000 6,052 8,693
1500 4,318 6,196
2000 3,267 5,039
2500 2,742 4,324
MA 3000 2,447 3,819
3500 2,095 3,454
4000 1,847 3,179
4500 1,718 2,978
5000 1,573 2,817
500 12,473 18,220
1000 6,719 10,677
1500 4,816 8,114
2000 3,694 6,581
Resin 2500 3,238 6,067
3000 2,734 5,479
3500 2,380 5,073
4000 2,155 4,697
4500 1,940 4,423
5000 1,822 4,472

232



Ph.D. Thesis — K. Kawka; McMaster University — Chemical Engineering

Table E7. Sensitivity analysis results for the MA scenario targeting the production of 2,000 doses/year

Input parameter values

COG/dose (USD) — MA scenario,

1x10% PT/dose

COG/dose (USD) — MA scenario,

1x102 PT/dose

Parameter Base- Base- Worst- Base-
Worst-case . Best-case . Best-case . Worst-case  Best-case
scenario scenario case scenario
S 9.0x1012 1.0x10%3 1.1x10%2 $ 3,266.82 $5,039.37
Titer in bioreactor (PT/L) PTIL PTIL PTIL $3,568.37  $3,162.15 $5,168.29  $4,998.62
Capacity “;'Igrz]?“on ofthe 759, 80% 88% $3231.16  $3,392.72 $484293  $5250.08
Virus yield in the cell
disruption/DNA digestion 54% 60% 66% $3,348.35  $3,243.98 $5,168.29  $4,998.62
step
Virus yield in the 63% (MA)  70% (MA)  77% (MA)
chromatography bind and 36% 40% 44% $3,513.49  $3,243.98 $5,168.29  $4,998.62
elute step (Resin) (Resin) (Resin)
QC cost (USD/batch) 52,293 47,539 42,785 $ 3,350.17 $3,183.48 $5,124.56 $4,954.17
Benzonase cost (USD/kU) 4,66 3.73 2.80 $3,278.10 $ 3,255.54 $5,152.17 $4,926.57
Culture media cost
(USD/kg) 2,834 2,267 1,700 $3,275.25 $ 3,258.40 $5,123.59 $4,955.15
Virus seed stock cost 6,250 5,000 3,750 $3271.86 $3,261.78 $5,089.77 $4,988.97

(USD/10% PT)
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Table E8. Sensitivity analysis results for the resin scenario targeting the production of 2,000 doses/year

Input parameter values

COG/dose (USD) — Resin scenario,

1x10% PT/dose

COG/dose (USD) — Resin scenario,

1x102 PT/dose

Parameter Base- Base- Worst- Base-
Worst-case . Best-case . Best-case . Worst-case  Best-case
scenario scenario case scenario
S 9.0x1012 1.0x10%3 1.1x10%2 $ 3,693.82 $ 6,580.54
Titer in bioreactor (PT/L) PT/L PT/L PT/L $3,71580 $3,772.78 $6,802.46  $6,408.65
Capacity utilization of the 0 0 0
plant 2% 80% 88% $3543.75  $3,946.99 $6,34892  $6,935.74
Virus yield in the cell
disruption/DNA digestion 54% 60% 66%
step $3,715.80 $3,772.78 $6,802.46  $6,408.65
Virus yield in the 63% (MA)  70% (MA)  77% (MA)
chromatography bind and 36% 40% 44%
elute step (Resin) (Resin) (Resin) $3,71580 $3,772.78 $6,802.46  $6,408.65
QC cost (USD/batch) 52,293 47,539 42,785 $3,778.30 $ 3,609.35 $ 6,666.54 $6,494.53
Benzonase cost (USD/kU) 4,66 3.73 2.80 $3,716.03 $3,671.61 $6,802.61 $6,358.46
Culture media cost
(USD/kg) 2,834 2,267 1,700 $371040 $3,677.24 $6746.34  $6414.73
Virus seed stock cost
(USD/102 PT) 6,250 5,000 3,750 $3703.74  $3,683.90 $6,679.77  $6481.31
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Appendix F: Standard operating procedure (SOP) for determining

DNA fragment size via gPCR assay

Materials
DNA Cleaning and Concentration

. Genomic DNA Clean & Concentrator®-25 kit
gPCR Reactions

. Forward Primer 123 bp Amplicon: 5-GCAATTATTCCCCATGAACG -3'

. Forward Primer for 254 bp Amplicon: 5-AACAGGTCTGTGATGCCCTT-3'

. Reverse Primer for both amplicons - 5-GGCCTCACTAAACCATCCAA-3'

. FAM-TAMRA probe - 5-AAGTCCCTGCCCTTTGTACACACCG-3

. TagMan Fast Advanced Master Mix (Applied Biosystems 4444556)

. TagMan Control Genomic DNA (Human) — 10 ng/uL (Applied Biosystems

4312660)
Equipment and consumables

. Applied Biosystems StepOne™ Real-time PCR System
. gPCR reaction plate (Applied Biosystems catalogue #4346907)

. Cover for reaction plate (Applied Biosystems catalogue #436095
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DNA sample preparation

1. Prepare the DNA samples using the Genomic DNA Clean & Concentrator®-25 to

concentrate 60 ul of digested sample to 35 pul of samples following the kit’s instructions

a.  Mix 60 pL of sample with 300 pL of binding buffer

b.  Load the DCC column and centrifuge at 10,000xg for 30 s

c.  Add 400 pL of wash buffer and centrifuge at 10000xg for 1 min

o

Add 400 pL of wash buffer and centrifuge at 10000xg for 2 min

e.  Add 35 puL of hot TE or elution buffer, let sit for 5 min and centrifuge at 10000xg

for30s

f. Re-load the elute onto the column to improve DNA recovery, and centrifuge at

10000x%g for 30 s

Note: TE or elution buffer should be warmed to >70 °C to help with the eluting of the

DNA

Primer Preparation

1. Using the dry supply or primers, add nuclease-free ultrapure water to make a solution

with 100,000 nM of primer

e i.e. forthe 10,000 pmol dry primers, add 100 pL of ultrapure water
e Vortex well for mixing and briefly centrifuge the tube for 30 s so all the liquid stays

at the bottom
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Template DNA serial dilution for calibration curve preparation

A serial dilution must be performed on the template DNA (human genomic DNA
standard) prepared in ultrapure water for the calibration curve. 5 dilutions must be carried
out as well as a negative control of only nuclease free water. Dilutions: 50 ng/PCR reaction,
5 ng/PCR reaction, 0.5 ng/PCR reaction, 0.05 ng/PCR reaction, 0.005 ng/PCR reaction.

Additionally, negative controls should be included (i.e. 0 ng/PCR reaction).

Preparation of samples of unknown concentration

If desirable, the samples to be analyzed should be diluted in ultrapure water. The
dilution factor should later be accounted for when determining the concentrations based on

the calibration curve.

Preparation of reaction plates for the gPCR run

1.  Add 5 pL of the samples to each well (calibration curve, negative controls, and

samples of unknown composition)

2. Inaseparate tube, prepare the reaction mixture using the following proportions for

each reaction well:

0.1 pL of Forward Primer (final concentration: 500 nM)

T @

0.1 pL of Reverse Primer (final concentration: 500 nM)

c.  0.04 pL of FAM-TAMRA probe (final concentration: 0.2 uM)

d. 10 pL TagMan Fast Advanced Master Mix (final concentration: 1x)
e.  4.76 pL of ultrapure water

3. Gently vortex the mixture (avoid foaming)
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4.  Add 15 pL of the mixture to each well — the final volume will be 20 pL

5. Cover the reaction plate with the film — make sure all wells are sealed to avoid

evaporation

6.  Briefly centrifuge the plate (750 rpm, 30 s) to ensure all liquid is at the bottom of

the wells

Note: This procedure should be performed twice: once with the Forward Primer for 123

bp amplicons and once for the Forward Primer for 254 bp amplicons.

gPCR Cycle Parameters

1. In the gPCR machine, select the general settings according to the experiment
a. Reporter: FAM
b. Quencher: TAMRA
C. Master Mix: Fast advanced

2. Define the cycle parameters (as per Andre, et al. 2016):

a. Initial enzyme activation at 95°C for 10 min
b. 45 cycles of:

I. 95°C for 10 s

ii. 60°C for 30's

iii. 72°C for 10 s — Fluorescence signal acquisition after this 72°C
extension phase, for each cycle
C. Cooling step at 40°C for 30 s

Data Analysis
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1. For each primer, generate a calibration curve by plotting CT as a function of the log
of the amount of DNA. Use the slope and intercept of this linear curve to obtain the
DNA concentration in the unknown samples — remember to consider the sample

dilution factor

2.  Calculate the ratio 254/123 bp by diving the amount of DNA obtained based on the

254 bp amplicon by the amount of DNA obtained based on the 123 bp amplicon
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