APRIL 2024 Volume 10, Issue 3

§h CELL & GENE

THERAPY INSIGHTS

SPOTLIGHT ON
Vector processing and materials

Guest Editors
Francesca Vitelli and Chia Chu, Intellia Therapeutics




CELL & GENE THERAPY INSIGHTS Volume 10, Issue 3

CONTENTS

SPOTLIGHT Vector processing and materials

EXPERT INSIGHT: Are we there yet? After 250+ AAV-based clinical trials, do we have a well-paved road
toward first-in-human entry?
Long Chen, Chia Chu, and Francesca Vitelli

EXPERT INSIGHT: Improving process efficiency to reduce cost-of-goods per dose in manufacturing of
recombinant AAVs
Garima Thakur, Sheldon Mink, Hanne Bak, and Andrew D Tustian

INNOVATOR INSIGHT: Trends in innovation for downstream process intensification, product yield,
single use closed systems, and gentle ATMP bioprocessing: a KOL panel discussing 2024 insights

in gene therapy manufacturing

Rachel Legmann and Andrew Tustain

INNOVATOR INSIGHT: AAV capsids separation is critical for advancing gene therapies
Timotej Zvanut, Andreja Gramc Livk, and Ale$ Strancar

INNOVATOR INSIGHT: Expediting development and manufacturing of advanced therapies:
critical starting materials case studies
Andrew Frazer

COMMENTARY: Combining best practices and analytical reference materials to tackle challenges in
AAV manufacturing
Mark Verdecia

FAST FACTS: Accelerate time to clinic for advanced therapies with a platform approach
John Lee, Dana Cipriano, and Cédrick Rousseaux

INNOVATOR INSIGHT: Accelerating AAV process development with a PAT-driven TFF system
Teva Smith

VIEWPOINT: Best practices and considerations for outsourcing with CDMOs
Joseph Graskemper

INTERVIEW: Harnessing producer cell lines and process intensification to address the AAV process
productivity conundrum
Ying Cai

INTERVIEW: Challenges and benefits in harnessing platform processes for viral vector manufacture
Scott Cross, Christina Fuentes, and Jacob Staudhammer

INTERVIEW: Delivering on a vision of a digitally enabled future for viral vector manufacturing
Sonke Brunswieck and Tania Chilima



SUPPLY CHAIN Scaling the supply chain

REVIEW: Innovation in hematopoietic stem cell cryopreservation and cold chain management
Michele Prisciandaro, Michele Santodirocco, Giuseppe Fania, and Michele Vacca

INTERVIEW: Achieving scalability: strategic insights into avoiding the pitfalls of the cell and gene therapy
supply chain
Donna Rill

LATEST ARTICLES

INTERVIEW: Insights into advanced therapies in the context of evolving funding and M&A environments
Lee Brown

VIEWPOINT: 2024: the year of the genome editing technologies?
Harriet Edwards

VIEWPOINT: Human capital comes with a memory
Helena Strigérd

INNOVATOR INSIGHT: Evaluation and performance of an AAV affinity resin: a CDMO case study
Spyridon Gerontas and Buzz Lobbezoo



@%

N CELL & GENE THERAPY INSIGHTS

VECTOR PROCESSING AND MATERIALS

EXPERT INSIGHT

Are we there yet? After
250+ AAV-based clinical trials,
do we have a well-paved road
toward first-in-human entry?

Long Chen, Chia Chu, and Francesca Vitelli

Gene therapy is a revolutionizing technology that brings hope to millions of patients suf-
fering from rare diseases. Unlike other mature therapeutic modalities, chemistry, manufac-
turing, and control (CMC) is often on the critical path for gene therapy programs to initiate
clinical trials and obtain accelerated approvals. In recent years, health authorities and indus-
try leaders have recognized a need of platform approach to streamline AAV-based gene
therapy and initiated programs to address this need. Here we analyze these streamlining
efforts in the industry, and emphasize the collective benefit of harmonizing the CMC plat-
form, including manufacturing, analytics, and regulatory filing strategy, for AAV-based gene
therapy. This endeavor is particularly impactful for accelerating advancement of gene ther-
apies to the clinic at lower costs, and thereby further incentivizing drug development even
for ultra-rare indications. Furthermore, considerations in building a minimum CMC package
for initial clinical trial applications and some opportunities for harmonization are highlighted.
Finally, potential future breakthroughs to alleviate the current pain points are discussed.
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—» FIGURE 1

Example of generic timelines from lead selection to IND submission for mAb vsersus AAV.

DESIRE TO STREAMLINE THE
ADVANCEMENT OF GENE
THERAPY CANDIDATES

TO THE CLINIC

For many years now, gene therapies have been
heralded as the next wave of breakthrough
medicines with the promise of administering
one-time treatments that may potentially lead
to lifelong cures of genetic diseases and vast
improvements in patients quality of life. A
surge in investments in the mid-2010s appears
to have decelerated in recent years [1]. Though
there were timeline setbacks globally due to the
COVID-19 pandemic, the translation of gene
therapy (GT) candidates from bench to bed-
side has not progressed as quickly due to more
development challenges than originally antici-
pated [2]. The potential gains from compressed
clinical trial timelines due to faster readouts,
smaller trial size requirements, and expedited

regulatory frameworks [3] have been largely
offset by delays in chemistry, manufacturing,
and controls (CMC) readiness. Both cost and
timelines to enter first-in-human (FIH) trials
far exceed those of more mature modalities,
such as monoclonal antibodies (mAbs). As an
illustration in Figure 1, the current industrial
benchmark of bringing adeno-associated virus
(AAV)-based therapies, which have emerged
as a vector of choice in the past decade, from
lead selection to FIH regulatory submission
(such as an Investigation New Drug appli-
cation, IND) is 18-24+ months while time-
lines for traditional mAbs can be typically
achieved within 10—12 months, and as short
as 5-6 months [4]. Low productivities with
AAV-based gene therapy modalities have
directly contributed to high costs and long
timelines. The cost of producing a clinical
grade batch of AAV at 500 L is estimated to
be 3-5 folds higher than that of mAbs [5,6].

I N S S I T A
T R T

Toxicology study and readout

IND preparation
A IND submission

I I R [ T T N NN
Research and GMP plasmid production

Process, formulation, analytical development cGMP production (multiple campaigns) m
Toxicology study and readout

IND preparation

A ND submission

1). Toxicity readouts for mAb can be shortened to <6-month with justification [44] while there are more considerations for AAV toxicology
studies including biodistribution and genotoxicity. The associated bioanalytical assay development also adds to the AAV timeline. 2). Process,
formulation, and analytical development duration for AAV varies and may be shortened for platformed applications, when the capsid, dosing,
route of administration, etc. are the same.
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Furthermore, complexity in clinical supply
chain increases when multiple manufactur-
ing campaigns are required to meet clinical
demands, translating to execution risk.
Admittedly, maturation of the recom-
binant biologics field took significant time
and effort, requiring a clear understanding
of the fundamental biology of the therapeu-
tic molecules, as well as building the process
understanding and control strategy so pro-
duction could be scaled and product qual-
ity controlled through the quality-by-design
paradigm. Over the course of several decades
of development and alongside the evolution
of regulatory guidance on cell culture-based
therapeutics, the mADbD field has converged on
platform processes and analytics, thus pro-
duction titers have increased >100-fold [7].
The chronicle of mAb can serve as a guide for
newer, more complex modalities and high-
lights the criticality of platform processes,
platform analytical methods, and adequate
productivity for early-stage programs. With
hundreds of active AAV-based gene therapy
clinical trials and many more to come, CMC
considerations and supply of clinical grade
viral vectors is consistently an underserved
need often on the critical path to FIH. In
response, many contract development man-
ufacturing organizations (CDMOs) have not
only added cell and gene therapy capabilities
but are also offering drug developers access
to gene therapy platforms that can theoret-
ically achieve mAb-like rapid and de-risked,

timelines.

PLATFORM APPROACH
ACCELERATES BESPOKE GENE
THERAPIES FOR RARE DISEASES

While rare diseases imply small patient
populations, collectively it is estimated that
between 263446 million people suffer from
some form of rare disease around the world at
any point in time [8]. By 2019, the approval
of leading AAV-based gene therapy products,
Luxturna® [9] and Zolgensma® [10], sparked
broader drive in the industry to create
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bespoke gene therapies for other rare diseases.
However, the traditional product-specific
development approach is cumbersome [11].
A simplified, clear and publicly available pro-
duction and analytical platform which drug
developers could easily leverage to accelerate
speed to clinic is highly desirable.

Nonetheless, unlike traditional mAbs, this
effort is complicated in two aspects. First,
there is lack of consensus in AAV production
modality, as several AAV production sys-
tems exist, each with distinguishing features
[12,13]. In addition, since recombinant AAV
drugs have serotype-specific features such
as tissue-specific tropism conferred by the
capsid protein shell, the selected AAV sero-
type may vary with disease indication and
other criteria. The capsid serotype has a great
impact on manufacturing, as yield and pro-
duction scale, process unit operation design
specifics, and product quality profile vary
with serotype. When the same AAV serotype
is utilized for different disease indications,
the process of manufacturing and testing
for one program could be readily leveraged
to save both cost and time. Such is the aim
of experimental pilot program PaVe-GT
launched by National Center for Advancing
Translational Sciences (NCATS) in 2019.
PaVe-GT program targets four rare diseases
using rAAV9 with a single manufacturing
facility and process executed by the National
Institutes of Health (NIH) to ensure trans-
parency to the public [11]. While all four
ongoing programs are currently at pre-clin-
ical development stage, the experience and
learnings from this government-backed
platform project, including toxicology and
biodistribution data, and their regulatory
interactions, are to be shared with the public
when they become available.

The PaVe-GT program inspired more
efforts to streamline the development of gene
therapies for rare diseases with less com-
mercial incentive. Notably, Bespoke Gene
Therapy Consortium (BGTC) [14], part
of the Accelerating Medicines Partnership’
program managed through the NIH, was
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launched in October 2021 to develop plat-
forms and standards to speed the develop-
ment and delivery of gene therapies for rare
disease. In recognition of PaVe-GT’s valuable
work, BGTC expands its goals to include
AAV basic biology exploration, preclinical
and product testing harmonization, regu-
latory submission package standardization,
and clinical manual development. At a cost
of over $90 million spanning 6 years, BGTC
seeks to develop a gene therapy framework by
bringing eight AAV-based drugs for diseases
across ocular, neurological and systemic indi-
cations into clinical trials, and has selected
Andelyn Biosciences, a CDMO as its rAAV
manufacturing partner [15]. Of note, both
PaVe-GT and BGTC initiatives were sparked
by low commercial interest in ultrarare dis-
eases, yet the resulting playbooks could
equally benefit the development of AAV gene
therapies for more prevalent diseases.

CDMOs HAVE ESTABLISHED CMC
PLATFORM PROTOTYPES DRIVEN
BY CLIENTS’ BUSINESS NEEDS

The authors of this article specialize in
CMC development of rAAV drug candi-
dates. Encouraged by preliminary successes
of rAAV platform initiatives, we also recog-
nize the significant upside of streamlining a
CMC platform to improve process robust-
ness and product quality reproducibility
and thus speed to clinic. In fact, BGTC
addresses this in the recently published reg-
ulatory playbook by establishing minimum
critical quality attributes (CQA) and analyt-
ical methods [16]. We searched public infor-
mation and analyzed the platform offerings
from a selection of AAV CDMGOs of varying
sizes, under three main categories of man-
ufacturing, testing, and regulatory offerings
(Table 1).

The above review of selected CDMOs’
platform offerings indicates the HEK293-
based transient transfection system is cur-
rently the most prevalent manufacturing
platform of choice. Proprietary clonal,
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high-producing cell lines may be provided to
clients at a relatively low or no cost, circum-
venting potentially prohibitive costs asso-
ciated with platform-agnostic commercial
HEK293 cell lines from other sources. Some
vendors further distinguish their offering by
providing productivity enhancing tools such
as optimized plasmid design. For example,
Oxford Biomedicas two-plasmid system
integrates GOI and RepCap plasmids into a
single plasmid, which along with a pHelper,
reportedly yields up to 10" AAV genome
copies per liter (vg/L) at harvest, almost
two orders of magnitude above the industry
standard of 10"°-10" vg/L [17], delivering
>1x 10 vg purified AAV product per 500 L
batch [18]. Several other CDMOs’ plat-
forms, such as Lonza’s Xcite' AAV suspen-
sion transient transfection platform, include
the proprietary know-how on helper and/or
Rep/Cap plasmids design into their service
package [19]. Downstream purification unit
operations are currently more uniform than
upstream  processes, and specifically the
scale-up friendly affinity and ion-exchange
chromatography have mostly replaced the
‘scale-out’ ultracentrifugation process [12].
Given the recent advancements of AAV
manufacturing platform, it is worthwhile to
understand the likelihood of clients opting
for a platform offering versus a customized
solution. In response to the authors’ query,
Oxford Biomedica communicated that the
vast majority of their AAV clients use their
‘plug-and-play’  dual-plasmid  platform.
Similarly, Viralgen’s Pro10-based platform
has been used to produce >56 clinical GMP
batches and submit 19 global CTAs between
the year of 2019 and 2022 [20]. If this trend
is representative of the field and continues,
it is reasonable to assume that platform
approaches will be widely adopted for AAV
gene therapy manufacturing.

Availability of phase-appropriate plat-
form assays should also contribute to signif-
icant cost and time savings. SK pharmteco’s
Analytical Accelerator” for Vector Testing
purportedly shortens time to GMP batch
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Catalent [45]

Forge [46]

Fujifilm Diosynth
Biotechnologies
(FDB) [47]

Lonza [48]

Oxford
Biomedica [49]

SK pharmteco [50]

Viralgen [51]
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Summary of selected CDMOs offering manufacturing, analytics, and regulatory service platforms.

CDMO Manufacturing platform Analytics platform Regulatory service platform

UpTempo®™ AAV platform: for serotypes 1, 2, 5, 6, 8, 9, and rh10; and Catalent’s clonal
HEK293 cell line, and off-the-shelf pHelper and rep/cap plasmids

Speed: UpTempo*™ AAV platform delivers AAV drug product in 9 months

Proprietary HEK293 suspension Ignition Cells™, royalty-free license for clients pPEMBR™
ad helper plasmid

‘Off-the-shelf’ cell line and plasmids: cGMP clonal suspension HEK293 cell line; Rep/Cap
and helper plasmids (AAV2, 5, 6, 8, 9); and GOI backbone plasmid

Speed: 16 months for cGMP batch release, and 7 months for non GMP material release

Xcite® AAV suspension platform: 5B8 Production Host Cell Line (clonal, suspension,
scalable); and proprietary know-how on pHelper plasmid and promoter for balance Rep/Cap
expression (pLHI-Helper and pLHI-RepCap)

‘Plug-and-Play’ Dual Plasmid system: RepCap/GOI plus pHelper; >1 x 10*> vg/L out of
bioreactor; and >90% full capsids after downstream purification

Speed: 11 months timeline achieved from client onboarding to released GMP batch

AAV adherent platform: production cell line, plasmids manufacturing (precision platform),
and established processes

AAV suspension platform: a clonal GMP-qualified HEK293 cell line licensed from Asimov
Inc.

Proprietary Pro10 cell line-based platform: clonal HEK293-derived suspension cell line;
triple transfection with the transgene plasmid, a plasmid carrying pAAVrep2capX and a
helper plasmid carrying the VA-RNA, E2A and E4 helper genes of the Adenovirus serotype
5; perfusion based bioreactor production; and speed: 5-6 months for 250 and 500 L;

6-7 months for 2000 L

In-house panel of analytics, with robust and reproducible
analytical methods including mass spec, bioassays, and
Analytical Ultracentrifugation

End-to-end capabilities from research to cGMP reduce the
need for bridging studies: safety and quality; concentration
and potency; integrity, identity, and composition purity

Analytical and quality control teams experienced in titer
and quality analytics

Pre-developed and ready to rapidly qualify assays, including
safety, identity, strength, purity and overall quality of the
product

>45 methods developed for full vector characterization
quality control, including AUC. NGS, MS and stability
testing

Analytical Accelerator™ platform: speeds time to GMP
batch release more than three-fold (from 22 to 6 weeks)
Custom assay development can be performed in half the
time (6 months vs 12) of de novo development using
Analytical Accelerator™ methods

Has a QC and release process available, with a high-
performance analytical platform under development under
the MAPAAV project with three other companies

Regulatory support service: Dossier Authoring Services; Regulatory Support and Advice
Regulatory Publishing; and Health Authority Meetings

Clinical support and clinical labelling

Review and authoring of client CMC documents; review and authoring of any
regulatory documents; assist with FDA requests for information; participation in formal
meetings; ad hoc consulting services; and eCTD compliant publishing and submission
services

Forge will maintain a DMF for their process with the FDA for client’s CMC
documentation

Support the sponsor with content for IND drafting and CMC module writing including
responses to information requests and post-approval maintenance

Provide access to regulatory information for Lonza’s media, capsules and DMFs or CEPs
to aid submission

Support regulatory activities such as IND and CTA submissions; stability testing plans,
shelf-life determination, and release specifications; clinical supply storage and stability
study management; and support regulatory filing strategy and author clients’ CMC

End-to-end quality assurance and regulatory affairs: Regulatory Strategy and Advisory;
Regulatory Authority Submissions; and Regulatory/Quality Compliance

Help with whatever level of support required for the CMC areas of each submission—
from providing template articles to authoring them, and participation in information
exchanges with regulators either in writing or in person

AUC: Analytical ultracentrifugation; CEP: Certificate of Suitability that confirms that a pharmaceutical ingredient complies with the European Pharmacopoeia’s (EP) monograph requirements; cGMP: Current Good Manufacturing Practice; CTA: Clinical trial application; DMF: Drug Master File;
eCTD: Electronic Common Technical Document; IND: Investigational New Drug; MS: Mass spectrometry; NGS: Next-generation sequencing; QC: Quality Control.
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—» FIGURE 2

lllustrating a minimum CMC package for FIH studies (Phase 1).

o Program-specific process with titer enhancements
o Functional activity assay
e Demonstration and engineering runs

Scalable manufacturing Platform and compendial methods Proven quality management
process with adequate for identity, content, purity, potency, system and regulatory
productivity and safety compliance

Suitability data in suitable
formulation and container
closure

Optional packages

Phase appropriate raw and starting
material control strategy and robust
supply chain

o Stringent raw material acceptance testing o Clonal cell line for transient production systems
o Forced degradation studies o Program-specific viral clearance study
o Container closure testing o Commercial manufacturing experience

‘Base model’ requirements could be supplemented with ‘optional packages’ in a phase-appropriate manner.
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release more than three-fold, from 22 weeks
to 6 weeks [21]. As a result, the expected
timeframe of bringing an AAV therapeu-
tic product to clinical trial using a plat-
form approach falls between 14—16 months
(Table 1). Other CDMOs claim to achieve
even shorter timelines, such as the plug-
and-play platform by Viralgen offering
6-9 months with their unique Pro10" system
requiring no process or analytical develop-
ment work. Catalent claims that its propri-
etary UpTempo®™ AAV platform yields AAV
drug product in 9 months, aided by a sim-
plified supply chain and in-house panel of
analytics [22]. Understandably, such aggres-
sive timelines require right-first-time exe-
cution of many moving parts, which along
with risk-reduction, is arguably one of the
most attractive advantages of a well-vetted
platform approach, but does require feasibil-
ity testing to determine fit-to-platform.

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.059

AAV GENE THERAPY ROADMAPS
NEED ANOTHER LAYER OF
GRANULARITY

While the expansion of a range of manu-
facturing and analytical platform offerings,
from plug-and-play to agile workflows, have
been beneficial to drug developers in jug-
gling speed, cost, and quality, drug develop-
ers seek to strike the right balance between
meeting regulatory requirements and taking
calculated risks to accelerate time to clinical
proof-of-concept. A search in clinicaltrials.
gov revealed 262 clinical studies involving
the use of AAV as of February 2024. Though
AAV development may still feel nascent due
to the small number of programs within each
institution, the combined dataset should be
sufficient to generate consensus on a roadmap
and requires establishing collaborative forums
for open exchange in the industry. The AAV




gene therapy playbooks published by credi-
ble, non-profit organizations such as BGTC
and Alliance for Regenerative Medicine
(ARM) [16,23] aim to help less experienced
sponsors streamline early-stage development
of rare disease therapeutics. Nonetheless,
what is lacking still is a clear definition of the
must-haves versus nice-to-haves. While it is
acknowledged that guidance documents from
health authorities do contain considerations
for taking a phase-appropriate approach to
CMC development, in actuality, regulatory
agencies have shied from providing prescrip-
tive guidelines and prefer case-by-case assess-
ments by advising sponsors to seek clarity
through early interactions for their programs.
In practice, the justification of phase appro-
priateness is more based on prior experience
and successful precedents rather than clear
rationales that are transferrable to newcom-
ers to the field, or even new programs from
established players. For instance, is it required
to prove clonality of a host cell line, which
adds to the timeline, in a production sys-
tem that utilizes transient transfection rather
than stable producer cell line? As an analogy
(Figure 2): what are the minimal indispensable
elements to make a car run vs. the bells and
whistles that can be waived if over budget?
While this cannot possibly be comprehen-
sively addressed in this writing, below are
several debatable points to prompt further
discussion in the community.

Adequate productivity
and product quality

A robust CMC platform is the core engine
enabling the manufacturing of clinical trial
material. Although required AAV dosages
vary widely depending on target indication,
10" to 10" total vector genomes should sup-
port dosing small patient numbers that are typ-
ically in the low 10s for first-in-human studies
[24], and with current advances this is feasible
to produce in <1,000 L total bioreactor vol-
umes. When adequate productivity is already
demonstrated, additional resource-intensive
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program-specific process development to fur-
ther bolster productivity might translate to
diminishing returns. This is similarly appli-
cable to product quality control. It should be
emphasized that patient safety is of the utmost
priority and activities to increase confidence
(e.g., addressing 483 findings at manufacturing
facilities) must be conducted. Without com-
promising safety assurance, wider specifications
that do not pose higher risks of causing adverse
events are likely acceptable for Phase 1/2 ini-
tiation. In-depth understanding of structural-
-functional relationships and establishment of
assays to demonstrate mechanism of action are
not necessary FIH prerequisites and can prog-
ress concurrently with clinical development.
Furthermore, relevant historical data from
similar programs could be leveraged as part of
the platform approach to help set appropriate
specifications and eliminate potentially redun-
dant but costly and time-consuming activities,
such as viral clearance studies, when there is no
change in unit operations.

Timely and successful execution

Large batch-to-batch variability and high
batch failure seen in the field during early
manufacturing might be attributed to brute-
force adoption of academic processes in indus-
trial settings, the lack of experienced workforce
and/or inadequate gene therapy-specific
training. Advantages of state-of-the-art gene
therapy platforms not only include process
scalability and operators’ familiarity with the
unit operations, but also established raw mate-
rial supply chains and specifications, reduced
program-specific assay development and qual-
ification, and increased confidence to omit
costly demonstration and engineering runs,
all of which can individually derail accelerated
timelines. However, a platform approach does
not eliminate all risks completely and spon-
sors might concede some level of confidence
to maintain progress. Implementation of strin-
gent raw material specifications and expanding
the knowledge space of process parameters can
increase production robustness at the added

ISSN: 2059-7800; published by Biolnsights Publishing Ltd, London, UK
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expense of extending pre-GMP timelines
beyond the required time for a replacement
batch. It is therefore more pragmatic to do so
when a large number of batches are planned,
which is typically not the case at early stage.

Quality and regulatory compliance

Manufacturing facilities with effective qual-
ity management systems (QMS) and proven
track records in satisfactory regulatory audits
are a must-have for sponsors to ensure success-
ful batch release and disposition, particularly
when filing in EU countries where a qual-
ified person (QP) release process is required.
Pharmaceutical QMS enforces quality stan-
dards, mitigates risks, and promotes con-
tinuous improvement. Facilities that have
successfully supported clinical trial applica-
tions in major markets should be considered
as primary choices for sponsors to partner
with. The lack of commercial manufacturing
experience or experience interacting with rest-
of-the-world health authorities should not
be deterrents at the early stage. Nevertheless,
both sponsors and CDMOs should actively
monitor and anticipate evolving regulatory
expectations and perform risk assessments to
justify differing stances. An example of this is
the FDA guideline for AAV product impu-
rities. As gene therapy is relatively new, the
understanding of impurities’ impact to patient
safety is in development. This is further com-
plicated by multivarious routes of administra-
tion and drastically different doses per patient
for AAV-based in wvivo therapies. Current
guideline acceptable impurity levels remains
unclear. For instance, WHO’s guidance on
limiting host cell DNA (hcDNA) impurity to
under 10 ng/dose for vaccines [25] is imprac-
tical to achieve in high-dose AAV therapies
such as those for neurodegenerative diseases.
This is because during AAV packaging, a cer-
tain level of hcDNA inevitably is encapsulated
into capsids. The concern raised by ARM
[26], among others [27,28], has resulted in the
removal of 10 ng/dose limit from the final-
ized 2022 FDA guidance on Human Gene

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.059

Therapy for Neurodegenerative Diseases [29].
However, this same constraint stands for other
diseases using gene therapy and awaits align-
ment. Similarly, there is no clear guidance on
the minimum level of residual packaged plas-
mid with bacterial components such as antibi-
otic resistance gene, although the industry has
developed vectors with higher safety profiles,
such as nanoplasmid [30] and enzymatically
synthetic linear DNA with covalently closed
end(s) [31,32], both free of antibiotic resistance
genes. Moreover, therapeutics developers seek
clarity in full capsid requirements, as separa-
tion of full capsids from empty, partially full,
and overpacked capsids is a challenging step in
downstream operations given the divergence

and stochasticity of AAV capsid assembly [33].

Shelf life and cost-of-goods
considerations

Recombinant AAV drug products are formu-
lated in similar phosphate or Tris buffered
saline solutions with poloxamer 188 as sur-
factant to mitigate surface adsorption [34].
Formal stability studies to support shelf-life
claims are mandatory to ensure no product
degradation between time of release to drug
administration. However, when identical for-
mulations and container closures are used,
one could potentially justify leveraging sta-
bility data from other programs using the
same AAV serotype instead of generating pro-
gram-specific data. Along this line of thinking,
there may also be other opportunities where
other platform data can be leveraged to fur-
ther trim down program costs. Additionally,
developers should consider alternative to
components, materials, or reagents that carry
significant licensing fees where possible in the
manufacturing process.

FORWARD-LOOKING
BREAKTHROUGHS OF
GENE THERAPY

As we consider the current pain points in
AAV gene therapy development, the most




urgent unaddressed need is the development
of a robust and scalable manufacturing plat-
form. As discussed above, the maximum
yield out of a HEK293-based transient trans-
fection platform (i.e., 1x 10" vg/mL harvest
titer, 1,000 L bioreactor scale, 30% overall
recovery) is approximately 3 x 10" total vgs.
For diseases with systemic administration, the
required dose could be up to 1x10' vgs per
patient [26]. In such scenario, a single 1,000 L
batch can only supply less than 30 patient
doses, creating challenges for late-phase clini-
cal trials and also leading to record price tags
for commercialized therapies. Some exciting
progress has been reported recently. For one,
Oxgene recently leverages the helper func-
tionality of adenovirus within early phase of
its lifecycle to boost rAAV production, while
turning off the late region that is responsi-
ble for the production of adenoviral struc-
tural proteins. As a result, this Tetracycline
Enabled Self Silencing Adenovirus (TESSA™)
technology generates 10—-30-folds increase in
AAV productivity [35], while repressing ade-
novirus production by almost 100%. Some
vendors delved into the molecular biology of
host cell, and developed compounds to boost
AAV yield by 2-5 times with a simple bolus
liquid addition into the bioreactor. Such
compounds include Virica’s viral sentitizers
(VSEs™) library that transiently antagonizes a
broad range of cellular innate antiviral path-
ways [36], and Mirus’ RevIT™ AAV Enhancer
screened from small molecule candidates
spanning many classes of cellular pathway
modulators [37]. To completely eliminate use
of plasmids and helper viruses, stable producer
cell lines achieving 1x10"”-1x10 " vg/mL
harvest titers have been reported; for exam-
ple, the novel helper virus-free Lonza Xcite®
AAV Producer Cell Line is currently in beta
testing and proposes scalability to 2000+ L,
a significant reduction in cost of goods and
manufacturing and supply chain complex-
ity, with the potential to enable true indus-
trialization of AAV therapies [38]. In fact, a
CRB 2023 survey reported that 95% of sur-
vey respondents are pursuing stable producer
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cell lines, and 60% have reached the point of
using stable producer cells in their clinical or
commercial process [39].

To ensure the delivery of high quality
bioproducts, multiple product quality attri-
butes are analyzed, but the development
and qualification of each individual assay is
costly, time-consuming, and labor intensive.
Moreover, the significant volumes required
during sampling to perform those assays indi-
vidually could take up to 20—40% of an AAV
batch depending on the yield. For mAbs,
liquid chromatography-mass  spectrome-
try (LC-MS)-based multi-attribute method
(MAM) is gaining popularity to achieve
multiple attribute testing, e.g., sequence
verification, post-translational modification,
and impurities, through a single low-vol-
ume injection into a high-resolution mass
spectrometry. Although AAVs are one order
of magnitude larger in molecular weight in
comparison to mAbs, scientists have recently
achieved quantification of full/empty capsid
ratio, capsid protein stoichiometries, PTMs
and truncations specific to the full capsid
with a 2DLC-MS by coupling AEX and
RPLC-MS [40]. Solutions for a one-stop-shop
instrument for AAV product development
are emerging. For example, Unchained Labs’
Stunner utilizes rotating angle dynamic light
scattering (RADLS) and multi-angle light
scattering (MALS) to measure genome/capsid
titer, empty/full ratio, aggregation, sizing and
polydispersity with only a 2-pL liquid load.
Further validation to expand Stunner’s use
from research sample testing to clinical mate-
rial testing is needed. Should MAM be suc-
cessfully adopted by gene therapy modality,
the tremendous time and cost savings from
analytics development and qualification will
truly advance gene therapies into a fast track.

Another potential breakthrough lies in
AAV drug product formulation. Currently,
most clinical and commercial AAV prod-
ucts are stored frozen below -60 °C, creat-
ing challenges for cold chain. Moreover, the
potential aggregation and loss of potency
from freeze-thaw cycles, which occur during
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drug product manufacturing and drug prod-
uct administration, poses another concern.
Formulations compatible with refrigerated
storage of AAVs need to be systematically
investigated, but selection of proper excip-
ients could be the key to developing a suit-
able buffer formulation that enables stable,
safe, and efficacious AAV vectors [41]. A
recent success is Oxford Biomedica’s novel
formulation achieving liquid product stabil-
ity at 2-8 °C for 12 months at a concen-
tration of 1x10' vg/mL and 3 months at
1x 10" vg/mL [42]. Moreover, among the
approved AAV-based gene therapy drug
products, Hemgenix' is the only one stored
at 2-8 °C with a shelf-life of 24 months,
setting the precedent for refrigerated stor-
age. Hemgenix formulation buffer con-
tains common constituents utilized in
other approved AAV-based gene therapy
drugs, plus the use of polysorbate 20 as a
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Improving process efficiency
to reduce cost-of-goods per
dose in manufacturing of
recombinant AAVs

Garima Thakur, Sheldon Mink, Hanne Bak, and Andrew D Tustian

AAV have emerged as a leading platform for in vivo gene delivery due to their robust safety
profile and ability to effectively deliver therapeutic genes to a range of tissue and organ tar-
gets. However, a key challenge limiting access to AAV therapies is the high cost of treatment
of up to US$3.5 million per dose. Reasons for high cost-of-goods (COGs) per dose include
low bioreactor production yields, significant product loss during purification, limited process
scalability, and expensive raw materials. Notably, even a two- to three-fold reduction in costs
can bring gene therapy treatments financially in-line with well-established biologics such as
mAbs. For example, recurring costs for regular doses of mAbs can range from US$10,000-
50,000 per year, equivalent to US$0.3-1.5 million over a lifetime usage of 30 years. Thus,
there is significant opportunity to intensify gene therapy manufacturing processes to enable
these curative treatments to become the most compelling option for patients both socially
and financially. In this article, we discuss several manufacturing-related approaches to lower
COGs/dose of AAV-based gene therapies by improving process efficiencies.
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This article is part of our ‘Rising Stars’ series, giving a plat-
form to the emerging leaders of the sector. In this series, we
share the perspectives of fledgling thought-leaders, chosen by
our Editorial Advisory Board members as future stars in their
field. Andrew Tustian, Senior Director of Viral Vector Process
Development at Regeneron Pharmaceuticals, had this to share
on his Rising Star nomination:

“Garima, a rising star in AAV viral vector process development, illuminates the field
with her intelligence, hard work, and innovative ideas. She is not just develop-
ing processes, she is enabling wider patient access to these potentially curative

therapies.”

INTRODUCTION

AAV have emerged as a leading platform
for in vivo gene delivery due to their robust
safety profile and ability to effectively deliver
encapsidated therapeutic genes to a range
of tissue and organ targets [1]. Gene ther-
apy medicines offer long-term treatment or
cures for formerly untreatable genetic dis-
orders by modifying or deleting defective
genes or replacing absent genes to restore
functionality [1]. In the last 5 years, 13 gene
therapy products have been approved in the
USA, generating US$1.3 billion in sales in
2022 with projections to reach US$4.3 bil-
lion by 2028 [2]. However, despite rapid
technological and commercial growth in the
sector, a major challenge preventing wide-
spread access is the cost of treatment which
currently ranges up to US$3.5 million per
dose to the patient [3], significantly driven
by the manufacturing cost of goods per
dose (COGs/dose) which are in the range of
US$0.5—1 million [4].

Key raw material cost drivers required for
upstream production of AAV in HEK293
cells, currently the most common manufac-
turing platform for AAV, include plasmids
containing the required genes for produc-
tion of AAV capsids and the desired gene

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.061

insert, cell culture media, and transfection
reagents. For downstream purification, key
raw material cost drivers include endonu-
clease for digestion of host cell DNA and
chromatographic units for affinity capture
and polishing of the AAV capsids to remove
impurities and enrich for full capsids.
Figure 1 illustrates a typical manufactur-
ing process for AAV production including
upstream production, lysis, clarification,
athnity capture, and full/empty separations
using either chromatography or ultracen-
trifugation steps. These are followed by final
concentration and buffer exchange, with
optional intermediate in-process concentra-
tion steps such as prior to affinity capture.
In this article, several approaches will be dis-
cussed to lower COGs/dose in the upstream
and downstream AAV manufacturing pro-
cesses by reducing raw material require-
ments or enhancing productivity.

REDUCING COGS/DOSE IN
UPSTREAM OPERATIONS

Plasmid DNA production bottlenecks
Plasmid DNA isacritical raw material for cur-

rent AAV manufacturing processes that rely
on transient transfection of HEK293 cells.




Recent advances in producer cell line (PCL)
systems for AAV production may eliminate
the need for transient transfection in future
and are discussed further in the next section.
However, the current norm in the industry
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»  Ahelper plasmid providing minimal

adenoviral genes required to support

AAV replication.

These three plasmids are co-transfected in

is to use a triple-transfection approach uti-

lizing three plasmids [5]. These are:

»  Atransgene plasmid encoding the
therapeutic gene that is desired to be
packaged inside the AAV capsids
flanked by inverted terminal repeat
(ITR) sequences;

» Avrep/cap plasmid encoding proteins
required for production and replication
of AAV capsid proteins; and

the bioreactor to initiate AAV production.
Post-transfection, the cells begin to lose
viability and are typically harvested within
3—4 days [6].

Thus, a constant supply of GMP grade
plasmids is required for each clinical pro-
duction of AAV using this approach. It is
estimated that 100—1,000 g/year of each plas-
mid vector is required to meet production
demands for a marketed gene therapy prod-
uct with over 10,000 patients, though this
can vary based on dosage requirements [7,8].

—» FIGURE 1

Key factors contributing to high COG/dose

AAV production process including key factors contributing to high COGs/dose at each step.
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Currently, plasmids are typically produced
using E. coli bacterial fermentation and puri-
fied using a combination of clarification and
chromatographic steps. With current produc-
tivities in E. coli ranging from 200-500 mg/L
of bacterial culture [9], 2-20 kL production
capacity is required per year to meet demands
for a single plasmid. In addition to the scal-
ability challenge, it is critical to mitigate lot-
to-lot variability and maintain consistent
quality attributes of the plasmids, as they
directly impact AAV production yields and
quality [10].

Intensifying plasmid production and
engineering plasmids to improve
AAV yields

Technological advancements by plasmid
manufacturers to increase yields and lower
manufacturing costs can drive down the
cost of plasmids, resulting in lower COGs/
dose for AAV manufacturers. In general,
higher yield plasmid processes can result
in lower COGs/dose, though technology
advancements required to drive these higher
yields can also result in higher manufactur-
ing costs, particularly in the early stages of
adoption. Plasmid processes typically include
fed-batch cultivation of E. coli, alkaline lysis
of the cell paste to extract plasmid DNA,
and several chromatographic purification
steps including ion-exchange and hydropho-
bic interaction to separate host cell DNA,
RNA, and open-circular plasmids from the
desired supercoiled form [11]. There has been
extensive research on engineering of E. coli
strains and plasmid vectors to reach higher
productivities than the widely used com-
mercial DH5a strain by reducing metabolic
burden and intensifying cell culture condi-
tions [9,12-16].

Engineering of plasmid characteristics can
also be considered a key approach for reduc-
ing COGs/dose of the final AAV therapy
[17], as it can enable higher yields, better pro-
cess control post-transfection, or improved

full/empty AAV capsid ratios. Engineering
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the rep/cap plasmid to mutate the rep genes
has been shown to improve production of dif-
ficult serotypes [18], particularly with respect
to the AAV2 rep genes which are frequently
used for production of different AAV sero-
types as they are the most widely character-
ized and understood. Notable recent work
also includes comprehensive mutagenesis to
map the effect of all single codon mutations in
the AAV2 rep gene, providing a sequence-to-
function map for rep engineering to enhance
AAV production [19]. This can help to over-
come potential drawbacks of using AAV2 rep
genes for production of different serotypes,
such as in the case of AAV5 where low titers
are observed due to dissimilarities between the
telomere resolution sites of AAV2 and AAV5
[19]. Lastly, approaches to switch from tri-
ple-transfection to dual transfection systems
have shown promising results by integrating
required functions from the rep/cap and helper
plasmids into a single plasmid such as in the
case of the pDB system [20], or more recently
by integrating the GO! and rep/cap plasmids
into a single plasmid such as in the case of
the pOXB system [21]. These dual plasmid
approaches can significantly reduce process
plasmid needs.

Other plasmid engineering improvements
include adding DNA sequences enabling
control of the timing of expression of rep
and cap genes to control transgene produc-
tion and packaging. One example is a “Tet-
Cap’ expression system in which the rep and
cap genes are separated onto two plasmids to
control the timing of cap expression, enabling
increased capsid yields with two- to four-fold
higher full capsids across a range of serotypes
[22]. Another example is the use of plasmids
with “Tet-On/Tet-Off  systems for induc-
ible gene expression to control transgene
expression within a desired window of time
during the AAV production process, enabling
better packaging with lower cytotoxicity
[23,24]. Finally, recent studies have shown
the adverse impact of oversized genomes on
viral genome production and packaging, as
well as the impact of single-stranded versus




self-complementary ITR configurations [25].
Thus, engineering the gene of interest plas-
mid to be of an appropriate kilobase length
can serve to improve both upstream and puri-

fication yields of full capsids.

Switching to in-house fermentation or
next-generation production techniques

AAV manufacturing companies can consider
moving towards developing in-house pro-
duction facilities for plasmids. This would
increase scheduling control and flexibility
and eliminate the need to onboard different
vendors which can introduce additional com-
parability testing needs. In-house plasmid
capabilities can also enable rapid technology
development in the areas of plasmid engineer-
ing, fermentation and purification tailored to
future needs of the pipeline. However, build-
ing out large-scale E. coli fermentation facil-
ities require significant upfront investment
which may be difficult for companies in the
early stages of gene therapy product devel-
opment. Furthermore, such companies may
lack expertise in development and scale-up
of bacterial fermentation processes, requiring
specialized manpower and research teams.
However, the costs associated with develop-
ment of fermentation facilities and expertise
can potentially be made up for by future easy
access to large quantities of plasmid with
reduced timelines and cost-per-gram, low-
ering COGs/dose and reducing reliance on
external suppliers.

Finally, next-generation plasmid pro-
duction methods can also be considered.
A recent commercial technology called
‘doggybone DNA’ or ‘dbDNA’ was intro-
duced in 2022 by Touchlight, leveraging an
in-vitro cell-free enzyme-based manufactur-
ing process to construct synthetic plasmids
without the need for E. coli fermentation
[26]. The manufacturing process for dbDNA
is at benchtop scale, in contrast to kL-scale
fermentation required for E. coli cultivation.
The process reportedly enables production,
quality assurance and release of dbDNA
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within 50 days, in contrast of timelines for
GMP plasmids which are in the range of
3-12 months [27]. A further notable bene-
fit of dbDNA is the elimination of bacterial
sequences such as antibiotic resistance genes
in the plasmids, removing the risk of pack-
ing of these contaminant sequences inside
the AAV capsids along with the therapeutic
transgene. Though the cost at small scale is
reported to be higher than that of compara-
ble amounts of traditional plasmid, at larger
scales, the costs of production progressively
decrease relative to traditional plasmid costs
due to elimination of large-scale bioreactors
and purification facilities [26]. Notably, large-
scale use of the technology for the production
of mRNA was initiated by Pfizer in 2022,
though similar use in plasmid applications is
not yet reported [28].

Reducing COGs/dose of upstream
bioreactor processes

Choice of adherent vs suspension
cell culture

Upstream production of AAV in HEK293
cells is currently carried out using either
adherent or suspension cell culture [29]. In
adherent cell culture, cells are physically
attached to an extracellular matrix, simulat-
ing a natural environment for cell growth
with intracellular interactions. Alternatively,
suspension cell culture involves cultivation
of free-floating cells in agitated vessels such
as shake flasks, rocker bags or stirred-tank
bioreactors. The choice of adherent vs. sus-
pension cell culture is a key contributor to
process COGs/dose due to the impact on
process yield and scalability. Adherent cell
culture processes are well-established for
research productions of AAV and typically
result in higher cell-specific productivi-
ties of >100,000 vg/cell, compared to sus-
pension cell culture with productivities of
~50,000 vg/cell. Reported dose sizes for AAV
treatments range from 3x 10" to 1.2x10%*
per patient depending on the indication and
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delivery target, and low prevalence diseases
(1-10,000 patients) vs. higher prevalence dis-
eases (10,000-100,000 patients) can result
in an overall annual demand in the range of
1x10"-1x 10" vg. Thus, with adherent cell
culture yields in the order of 10™ vg/m?, it is
challenging to generate material in the order
of 10 x 10" vg for clinical and commercial use
without the use of excessive surface area such
as >6000 m?, much higher than the largest
available surface area of 333—600 m? for com-
mercial adherent cell culture bioreactors [30].

In contrast, suspension cell culture in sin-
gle-use bioreactors (SUB) results in highly
scalable processes of 500-2000 L scale with
titers in the range of 10™-10" vg/L, suit-
able for commercial needs [31]. A literature
article modelling operational costs associated
with adherent versus suspension bioreactors
estimated COGs/dose reduction of ~20%
when shifting from adherent to suspension
bioreactors, as well as reduction of operator
requirements from 16-18 to only 2 [32].
Furthermore, the economic model predicted
that the COGs/dose of both approaches were
similar for lower dosages of 10>-~10" vg/dose,
but thatat higher dosages of 10~10" vg/dose
there were clear economic advantages for sus-
pension cell culture [32]. At the highest dose,
suspension cell culture processes were esti-
mated to result in $50-100k/dose, compared
to $150-200k/dose for adherent cell culture
processes [32]. However, as much of AAV
early-stage development is done using adher-
ent cell culture, it may not always be feasible
to switch production systems while maintain-
ing speed to clinic, and subsequent changes
may result in variations in the product quality
attributes due to essential differences in cell
behavior and, morphology and metabolism
between adherent and suspension cells. This
may in turn require process redevelopment
and new toxicology or even clinical studies
in case analytical comparability of the drug
product cannot be established.

Several recent approaches can be con-
sidered for reducing COGs/dose associ-
ated with adherent cell culture processes by
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increasing scalability. Firstly, bioreactors such
as iCELLis™ (Cytiva) or Scale-X™ (Univercells
Technology) bioreactor systems can enable
cost-effective large-scale adherent cell culture
[30,33-35]. The iCELLIis system is estimated
to lower COGs/dose by half compared to
multi-tray adherent cell culture, comparable
to the result for suspension cell culture [36],
and a literature article directly comparing
the iCELLis and Scale-X systems reported
both to be equally efhicient in production of
both AAV and lentiviral vectors [30]. Another
recent approach is the use of microcarrier
culture, a hybrid between adherent and sus-
pension systems where cells can adhere to
microcarrier beads of 50-250 pm in diameter
that are suspended in stirred-tank bioreactors
[37-39]. A 500 L microcarrier culture pro-
vides equivalent surface area to 940 10-layer
cell stacks, and a recent study compared titers
in vg/cell and vg/mL across culture formats
and showed comparable results for adherent,
suspension, and microcarrier based processes
in the order of 10** vg/mL [39]. This suggests
that microcarrier culture can enable produc-
tion of large quantities of adherent cells in
scalable single-use bioreactors, though data
at process scale is currently limited to vac-
cine applications [40]. Lastly, it is important
to note that, process efficiencies for adherent,
suspension, and microcarrier systems can all
be improved by using systems such as the
NevoLine™ (Univercells Technology) system
which integrates all upstream and midstream
steps, including inoculation, upstream pro-
duction, clarification, concentration and
diafiltration to deliver a concentrated, clar-
ified bulk ready for downstream processing
[41].

Finally, optimized scale-up of suspension
cell culture to improve titer and productivity
are key to reducing COGs/dose by enabling
production of a higher number of doses
per unit volume of cell culture. Significant
research is ongoing on developing optimized
bioreactor parameters for higher titers and
yield, including using different ratios of
the transgene and packaging plasmids, and




cultivating the bioreactor to higher cell densi-
ties [42,43]. Novel transfection reagents have
been recently developed which have been
shown to increase genomic and capsid titer
10- to 20-fold compared to the traditional
polyethyleneimine (PEI) transfection reagent
[44,45]. Advances in transfection processes to
reduce volumes required or improve trans-
fection mix quality are also critical to COGs
reduction, as the cost of these reagents can
range up to US$100,000 per 500 L bioreac-
tor and are known to have significant impact
on yield and full/empty capsid ratios [32].
Additionally, the time-sensitive nature of
the transfection process can negatively affect
process reproducibility and robustness when
scaling up, limiting many AAV production
facilities to 200500 L scale bioreactors. In a
recent study, it was demonstrated that mixing
variability in a transfection tank for a 2,000 L
suspension bioreactor adversely affected trans-
fection efficiency. Potential solutions include
in-line mixing of transfection reagent and
plasmid DNA to control transfection com-
plex size within a narrow distribution [46].
Finally, further work is required to explore the
relation between yield benefits and increased
costs associated with these novel transfection
reagents or methods to determine impact on

COGs/dose.

Switching to producer cell lines and
recent advancements in production
systems

The availability of stable producer cell line
(PCL) systems is a recent advancement in
the AAV field with the potential to trans-
form the upstream process. Development of
PCL systems is challenging due to the need
to stably integrate all components necessary
for rAAV production, including adenovirus
helper functions E1A, E1B, E2A, E40RF6,
VA RNA, as well as AAV replicase, capsid
sequences and a transgene flanked by the AAV
inverted terminal repeats [47]. As some of the
integrated components are cytotoxic, expres-

sion is typically regulated by an inducible
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promoter. Two currently available commer-
cial PCL systems are the ELEVECTA™ sys-
tem from Cytiva available in both human
amniocyte and HEK293 cell lines [48], and
the Pinnacle PCL™ from Ultragenyx based
on a HeLa cell line [49], both of which have
been scaled up to 2,000 L [50,51]. There
are also efforts underway to develop more
HEK293-based PCL systems in academia
and industry, with a recent reported break-
through by Lonza via the Xcite® AAV plat-
form, though limited details are currently
publicly available [52,53]. However, due to
the technical challenges of developing such
systems and the need to redevelop the cell line
for each new serotype, promoter and trans-
gene combination, as well as potential high
costs associated with development and pro-
duction, it remains to be seen whether such
approaches will become the norm for AAV
manufacturing processes, despite advantages
including elimination of the need for plasmid
DNA and improved scalability to suspension
cultures of 2,000 L [54].

Even higher process efficiency can be
achieved by coupling PCL systems with per-
fusion cell culture, in which cells are grown
to high densities and supernatant containing
the product as well as spent media is continu-
ously removed from the bioreactor while cells
are retained. This is accomplished using alter-
nating tangential-flow filtration (ATF) com-
bined with continuous feed of fresh media in
a ‘feed and bleed’ approach. Such systems are
only applicable to rAAV processes in which the
viral particles are predominantly or exclusively
secreted extracellularly, such as in the case of
the ELEVECTA system where cells are not
only viable for more than 3—4 days post-trans-
fection, but also secrete over 90% of the total
viral particles into the cell culture supernatant
from day 4 onwards [55]. The ELEVECTA
system was also demonstrated with N-1 per-
fusion, which is an approach utilizing con-
tinuous expansion of cell lines by attaching
a cell retention device to the N-1 bioreactor
to attain high cell density and viability, allow-
ing the N bioreactor to be seeded at a higher
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starting cell density and shortening the pro-
duction time. Cell-specific productivities were
eight-fold higher with 30-40% full particles
using this approach [56]. This likely results in
several-fold reduction in COGs/dose, con-
sidering the combined effects of higher cell
density processes with higher cell-specific pro-
ductivity along with elimination of plasmid
DNA and transfection reagent requirements,
though it is important to note that the pro-
cess costs are likely to be impacted by factors
including perfusion rate, media costs, ATF sys-
tem costs, and bioreactor scale.

Finally, another recent development with
the potential to reduce upstream COGs is the
TESSA  (tetracycline-enabled  self-silencing
adenovirus) system [57-59]. This is based on
the ‘helper’ adenovirus technique, in which
expression of the dependovirus, AAV, is sig-
nificantly enhanced by the presence of its
partner adenovirus. The use of adenovirus
to enhance AAV cultures is typically unde-
sirable due to its high infectivity in humans,
leading to creation of the helper plasmid to
replicate key adenovirus functions critical
for AAV production. In the TESSA process,
the adenovirus is genetically engineered to
be self-silencing, i.e., to repress itself after its
helper function is completed. The TESSA
system claims several-fold higher titers with
5- to 60-fold higher infectivity across multiple
AAV serotypes. Publicly available data shows
moderate titers of 6 x 10™ cp/L with 20-30%
full capsids (1.2x 10" vg/L) achieved using
this system [58], though titers of 1 x 10 vg/L
with 66% full capsids have been reported by
the technology developers [60]. Additionally,
TESSA particles can be engineered to include
rep/cap and transgene sequences, eliminating
the need for plasmid co-transfection. Overall,
the TESSA system can result in reduction
of COGs/dose for the upstream step due to
the combination of increased titer, higher
infectivity and elimination of plasmid DNA
requirements, though detailed cost analysis
of TESSA processes is not available in the
literature and production and purification
may be complicated by the need to generate
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adenoviral master seed stocks and remove
residual self-silencing adenovirus.

REDUCING COGS/DOSE IN
DOWNSTREAM OPERATIONS

The downstream purification process for AAV
includes cell lysis, clarification, affinity capture,
full capsid enrichment, and ultrafiltration/
diafiltration operations [61]. For industry-stan-
dard AAV processes utilizing a combination of
suspension cell culture in upstream followed
by affinity capture and ion exchange opera-
tions in downstream, a recent literature arti-
cle estimated that the downstream process
contributed 65-77% to the overall COGs/
dose, two-fold higher than upstream opera-
tions with 23-35% contribution [32]. This
can be attributed to a combination of high
raw material costs, many process steps, and
low volumetric titers at harvest, as well as the
combination of unit operations used such as
including intermediate concentration steps
such as before affinity capture to reduce resin
requirements Another key reason is the pro-
duction of empty AAV capsids in the upstream
bioreactor, typically comprising 50-90% of
the overall capsids produced and resulting in
genomic yields of 30-70% over the full/empty
capsid purification step [62]. Several options
for lowering COGs/dose by increasing pro-
cess productivity and reducing raw material
requirements across the downstream purifica-
tion process are discussed below.

Reducing endonuclease requirements
in lysis and harvest operations

For lysis and clarification operations, a key raw
material contributing to high COGs/dose is
endonuclease, an enzyme added to digest large
amounts of host cell DNA (~10* ng/mL) that
is released along with intracellular AAV from
HEK293 cells during lysis [63]. Costs for this
enzyme are US$-100,000 for a 500 L batch,
not only driving up COGs/dose but increas-
ing supply chain complexity due to a need for
a regular supply of GMP-grade endonuclease




[64]. One approach to reduce endonuclease
requirements is to adjust the process such
the endonuclease treatment is carried out
post-concentration of the AAV material via
tangential flow filtration or afhinity capture,
to obtain the desired activity in units/L over
a smaller overall volume. However, the pres-
ence of long strands of undigested host cell
DNA in the harvest can lead to rapid fouling
and thus low throughput and volumetric loss
for clarification operations with traditional
depth filters as well as any subsequent mem-
branes or resins. Early removal of host cell
DNA is also desirable such that continued
clearance can be achieved across the following
chromatographic unit operations to match
stringent quality targets [65,66].

An alternative approach to host cell DNA
removal is the use of chromatographic clarifi-
cation techniques [67]. Next-generation depth
filters such as Harvest RC™ (3M) have similar
costs as traditional polypropylene depth fil-
ters but are constructed using anion exchange
fibrous media that can bind negatively charged
impurities such as host cell DNA during clari-
fication [68]. Harvest RC™ filters have gained
prominence in mAb processes, showing
removal of 99.99% of soluble host cell DNA
during clarification of CHO cell harvest, as
well as 15-30% reduction in COGs/dose of
the harvest step for mAbs [67,69]. Though the
host cell DNA burden is 2 log higher in the
case of HEK293 cell lysate as compared to
CHO cell culture supernatant, recent stud-
ies on Harvest RC™ filters in AAV processes
resulted in reduction of host cell DNA from
~10* ng/mL to <10* ng/mL in an endonu-
clease-free process, comparable to the filtrate
quality obtained from traditional depth filters
such as COSP (MilliporeSigma) with loads
treated with 100 U/mL of endonuclease [70].

Lowering COGs of affinity capture
operations

For the affinity capture unit operation, high
COGs/dose result from the use of large affin-
ity columns packed with expensive resins
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carrying AAV-specific proteinaceous ligands
[71]. The columns are generally loaded
below their maximum binding capacity
due to a need to process a large volume of
low-titer AAV material over a reasonable
duration, such as with <10 hours of column
loading time [61]. For example, a 2,000 L
process-scale AAV bioreactor with a titer of
1x 10" cp/L requires a 12 L affinity cap-
ture column to load ~2200 L of clarified
lysate in approximately 9 hours of loading
time using a standard 3-minute residence
time. This results in binding of 2x10Y
capsids per L of resin, 10-fold lower than
2x 10 cp/L resin which is the maximum
column binding capacity at 2% break-
through for POROS CaptureSelect AAVX,
an industry-standard affinity capture resin
for AAV. The cost of a 12 L affinity column
packed with POROS CaptureSelect AAVX
is in the range of USD -400,000, thus
there is a significant opportunity to lower
COGs/dose by reducing resin requirements
by 90% via the use of smaller columns
loaded near to their binding capacity.
However, directly switching to 10-fold
smaller affinity capture columns would
result in unfeasible loading times in the
range of ~100 hours. Alternative approaches
to reduce the affinity capture resin require-
ments are pre-concentration of the material
or switching to a multi-column continu-
ous capture process [63,72]. For example,
a 10-fold reduction in the clarified lysate
using tangential flow filtration (TFF) would
enable a2 300 mL column to be used for
affinity capture with the same 9-hour load-
ing time, resulting in 90% savings in the
cost of resin needed. Disadvantages of this
approach include the addition of a new unit
operation with associated costs in terms of
membrane area, equipment setup, and yield
loss, as well as an increase in operational time
to accommodate a ~6-hour pre-concentra-
tion step prior to a ~9-hour affinity capture
load. Alternatively, single-pass TFF (SPTFF)
or hollow-fiber countercurrent dialysis can
be considered to concentrate the affinity
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capture load material in-line [73-76]. AAV
processes are well-suited to in-line concen-
tration due to low concentrations of AAV
capsid proteins at harvest, enabling high vol-
umetric concentration factors of 10-50 x to
be readily achieved due to low viscosity and
minimal concentration polarization reduc-
ing the permeate flux [75].

Column volumes can also be reduced
by implementing continuous processing
for the afhnity capture unit operation. This
has been shown to contribute to 70% lower
resin requirements of the affinity capture
step in mAbs processes and has been imple-
mented at manufacturing scale by several
biopharmaceutical company for affinity cap-
ture operation alone, without end-to-end
process continuity. The major approach for
continuous affinity capture chromatography
currently implemented in the industry is via
multi-column or periodic counter-current
chromatography (PCC), a well-established
approach in which two aflinity columns are
connected in series during loading to increase
resin binding capacity while a third column
cycles through non wash, elution and clean-
ing steps [77-79]. A recent study evaluating
PCC for affinity capture of AAV2 showed
three-fold improvement in process produc-
tivity [72,77]. Overall, an SPTFF+PCC
operation would be able to process a 2,000 L
batch in <10 hours with 90% reduction in
resin requirements.

Alternatively, novel approaches to affin-
ity capture can be considered, such as
IsoTag™ AAV [80] and continuous count-
er-current  tangential  chromatography
(CTCC) [81]. In the former approach, a
self-scaffolding recombinant protein reagent
fusing an AAV-specific affinity ligand with a
stimulus-responsive biopolymer is used that
undergoes phase transition based on modifi-
cation of salt concentration, enabling effec-
tive affinity capture of AAV with reported
25% reduction in COGs for a clinical AAV
program [80]. In the CTCC approach, the
chromatography setup is re-engineered such
that resin beads recirculate across a flow
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path, enabling two- to four-fold decrease in
resin requirements [82]. However, both these
systems are not well-established in the indus-
try and require novel operational equipment
with limited scalability or robustness data.
Another approach to lowering COGs
of affinity capture is enabling resin reuse,
which would lower consumable costs as
well as manpower needed for column pack-
ing and qualification. Recent data from
the manufacturer on AVIPure AAV afhn-
ity resins suggest that these resins are caus-
tic stable, enabling cycling up to 50 times
with stable impurity clearance, potentially
enabling significant reduction of the cost
of affinity capture manufacturing processes.
However, the current standard in the indus-
try is to use a naive affinity column for every
run, and there is a paucity of literature data
on cleaning efficiency of AAV afhinity res-
ins and on the stability of the ligands across
cleaning cycles. A recent study purified
five different AAV1 preparations with bar-
coded transgenes consecutively on a 1 mL
POROS™ CaptureSelect™ AAVX column,
with regeneration and wash steps with 6 M
guanidine and 20% ethanol in each run
[83]. The results showed that 99.93% of the
genome in the elution pool of the fifth run
contained the correct barcode, with negligi-
ble cross-contamination of product and <2%
flow through loss across all runs. For larger
columns, binding efficiency was observed to
decline, but a more stringent cleaning pro-
tocol including 0.1 M phosphoric acid at
pH 1.0 was found to restore efhicient bind-
ing up to six cycles. In another study, affinity
chromatography cycles were carried out with
purified AAV9 model feeds as well as clari-
fied lysate feeds on POROS CaprureSelect
AAV9 and POROS CaptureSelect AAVX
resins [84]. It was found that the presence of
impurities in the latter feed led to increased
aggregate, host cell DNA and histone pro-
tein content in the elution pools over multi-
ple cycles, particularly for lower pH elutions.
Overall, more resin characterization studies
as well as advancements in resin engineering




to improve ligand stability and specificity are
required before resin reuse becomes a norm
in the industry.

Finally, as affinity capture resin is the
major contributor to COGs/dose of this step,
non-affinity methods to capture AAV can be
considered. One approach is cation exchange
(CEX) based capture, which was a standard
method for AAV purification in the early
stages of the industry, prior to the develop-
ment of AAV-specific affinity capture resins
[85]. CEX modalities specifically developed
for AAV capture include CIM SO3 mono-
liths, which enable 3- to 30-fold higher flow
rates than in resin-based systems along with
~100-fold lower costs [86]. Disadvantages
of CEX include the possibility of less clear-
ance of impurities compared to affinity
capture resins which are the industry-stan-
dard workhorse for impurity clearance, as
CEX processes have typically been used in
conjunction with ultracentrifugation at lab-
scale and thus residual impurities post-CEX
capture in non-ultracentrifugation-based
processes remains an open question. Other
non-aflinity capture methods are hydro-
phobic interaction chromatography (HIC)
with ammonium sulfate treatment of cell
culture lysate to enable separation of host
cell proteins and DNA [87], and aqueous
two-phase separation (ATPS) using polyeth-
ylene glycol to induce a two-phase system
where AAV capsids are enriched in the inter-
phase with reported 99% recovery [31,88].
Overall, though seemingly offering substan-
tially lower COGs/dose than affinity cap-
ture, these methods require further study to
ensure comparable AAV quality and process
robustness.

Lowering COGs of full/empty
separations

Separation of full and empty capsids is a
key process step in AAV production due to
the high proportion of empty capsids in the
range of 50-90% that are produced in the
upstream bioreactor [61]. The proportion

EXPERT INSIGHT

of empty capsids produced is dependent
on several factors including serotype, trans-
gene properties, plasmid ratios during trans-
fection, and bioreactor set-points during
growth, transfection and production phases
[89]. Genomic yields across the full/empty
separation step can range from 30 to 70%,
often impacted by the % full capsids pro-
duced in the upstream bioreactor but also
dependent on process optimization and
purity targets [25,90-92]. This three-fold
difference in yield is a direct contributor to
COGs/dose of the final AAV therapy.

Currently, there are two approaches for
full/empty capsid separations in the indus-
try: density gradient ultracentrifugation
(UC) and anion exchange chromatography
(AEX) [93]. UC is a well-established lab-
scale approach for full/empty separations,
leveraging the 1 MDa difference in weight
between empty and full capsids to drive
separations using ultracentrifugation with
iodixanol- or cesium chloride-based den-
sity gradients [94]. However, scale-up of UC
methods is well-known as an industry chal-
lenge because of limited volumetric capacity
per ultracentrifuge run [32].

In contrast, AEX uses the differences in
surface charge characteristics induced by
the presence of encapsidated DNA to drive
separations. The small pI difference between
empty (pI -5.8) and full (pI ~6.1) capsids
makes the separation more challenging,
especially due to the internalization of the
DNA driving the pl change restricting the
changes in surface charge one might expect
from such a pI difference. Furthermore, the
exact pl values, and more pertinently, the
capsid surface charge, are further impacted
by AAV serotype, divergent and stochastic
capsid stoichiometry, and post-translational
modifications as well as the nature and size
of the therapeutic transgene [25,95-97]. In
general, due to the low pl difference between
empty and full species, extensive optimiza-
tion is required to match the high yields and
purities typically obtained in UC methods as
well as to enable separation of partial capsids
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potentially containing truncated genomes or
other partial DNA fragments [92,98].

Ultracentrifugation based full/empty
separations

Scaling out batch UC operations is challeng-
ing due to long run times of 8-12 hours with
low loading volumes of <0.5 L of material per
UC at the largest available equipment scale.
Furthermore, batch UC at manufacturing
scale was found to be an operationally unfea-
sible approach in COGs models developed
for AAV processes in the literature [32]. An
alternative approach to batch UC is continu-
ous UC, a technique commonly used in vac-
cine manufacturing that is adaptable to AAV
processes [99]. Advantages of continuous UC
include the ability to reach high purity targets
of >90% full capsids across a wide range of
AAV serotypes without process optimization
for each new product. Further advantages
include sizing of the equipment based on pro-
cess flow rate, enabling a scalable alternative
to batch UC with similar yield and purity.
However, continuous UC is not yet indus-
trially established as a purification option for
AAV, and creation of a stable operation at the
large scale leads to operational challenges due
to inconsistencies in pouring of density gra-
dient media.

AEX-based full/empty separations

AEX methods significantly outperform both
batch and continuous UC in terms of impact
to COGs/dose, with AEX-based purification
trains resulting in 50% lower downstream
COGs/dose and 30% lower overall process
COGs/dose than UC-based processes [32].
A variety of chromatographic units suitable
to anion exchange are commercially avail-
able, including packed-bed resins such as
POROS™ HQ and Capto™ Q, monoliths
such as CIM QA and Prima T, and mem-
branes such as Sartobind® Q and Mustang™ Q.
Full/empty separations across these modali-
ties have been described in the literature and
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are widely used in the industry [100]. In gen-
eral, the highest resolution between full and
empty capsids is obtained from monoliths
or membranes due to elimination of pore
diffusion limitations impacting separations
of large AAV particles using conventional
AEX resins of 20-50 pm size developed for
separations of mAbs and smaller biologics
[101]. Recent studies using isocratic elution
blocks have been shown to enable excellent
resolution between full and empty capsids at
both the HPLC and preparative scales using
packed-bed resins, though such processes can
be quite sensitive to column loading, starting
% full, and exact buffer preparation condi-
tions at the preparative scale [91,92,102].

COGs for monolithic or membrane-based
AEX processes can be lower than for packed-
bed processes due to improved yields and
productivities [103]. Firstly, higher resolution
between full and empty capsids translates
into wider pool collection criteria resulting
in higher yields. Secondly, as monolithic sep-
arations rely on only convective rather than
diffusive mass transfer, process flow rates typ-
ically run at 1-5 column volumes (CV)/min,
compared to packed-bed processes which run
at 0.3-0.5 CV/min resulting up to 15-fold
higher productivities in terms of g produced
per minute, and enabling rapid cycling of
4-8 L monoliths with <2 hour run times to
process large volumes of material, rather than
requiring scale up to >20 L column volumes
with >20 hours of run time. Thus, switching
to monolith-based separations can be key pro-
ductivity enhancers for downstream AAV puri-
fication processes. However, a key issue with
polymethacrylate monoliths is lack of saniti-
zation stability with NaOH solutions which
limits their reusability, as this can impact their
binding capacity and cause elution profiles to
shift across cycles. Lot-to-lot in variability in
monolith structure has also been an issue faced
in the industry and limited the transition to
isocratic instead of linear gradient elutions,
although the recent release of CIM QA HR
‘high reproducibility’” monoliths in 2023 may
serve to mitigate this issue [104].




Lastly, with the continued titer improve-
ments in upstream bioreactor processes, as
well as the increase in AAV development
for indications requiring high-dose systemic
injections, the column scales required for
AAV purifications are likely to exceed the cur-
rent available commercial sizes. For example,
a 2,000 L bioreactor producing 1x10* cp/L
requires 2 4-8 L monolith to enable AEX
operations with loading of 1-2 x 10" cp/L of
monolith volume. These are already the larg-
est monoliths commercially available, with
costs in the range of US$50,000-100,000.
Further increases in bioreactor titer may
require a switch to very large packed-bed
columns with long operational times, or
an increase in the number of AEX cycles
required per batch. Alternatively, approaches
such as displacement chromatography have
been shown to be particularly effective for
high-loading full/empty capsid separations,
enabling 10- to 50-fold higher loadings in
the order of 1-5x10%® cp/L of monolith
volumes [105-107]. Displacement chroma-
tography can enable both higher yields and
purities than conventional bind-and-elute
chromatography as it leverages competitive
binding between capsid species. Overall, the
>10-fold increase in binding capacity without
impact on pool yield or purity can contribute

to 10-fold reduced COGs of this step.
CONCLUSIONS

Current high COGs of AAV therapies in
the range of US$0.5-1 million per dose
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What are the challenges the market faces today in viral vector
downstream processing and what trends to progress are available
in this field?

AT: To discuss AAV downstream processes, it is best to walk through a typical process.
Following cell culture and production, the downstream process usually begins with a lysis step
to release any intracellular virus from the production cells. As AAV can exist both inside and
outside the cells, achieving 100% yield requires cell lysis. The specifics of the lysis step depend
on the AAV serotype but typically involve detergent lysis. Subsequently, solid-liquid separation
is performed. However, due to the low concentration of the virus, some processes use a concen-
tration step such as tangential flow filtration (TFF), to reduce the load time on the subsequent
affinity capture step.

Afhinity capture involves using a specific antibody-based capture ligand to capture the
AAV. Following this, further separation via polishing chromatography is conducted, along
with the removal of host cell proteins and residual DNA. One significant challenge in AAV
manufacturing is empty-full separation. AAV contains a protein capsid around the DNA,
and distinguishing between empty and full capsids is crucial where the empty capsids do not
contain the desired DNA as opposed to not containing anything. The aim is to enrich the
full capsids while removing the empty ones, as empty capsids lack the target gene and can
contribute to immunogenicity and reduced potency. Afterward, a viral retentive filtration
step is employed to control adventitious viruses that may have contaminated the cell line.
Finally, a concentration and diafiltration (UFDF) step is performed to produce the desired
drug substance.

The primary challenge in downstream purification currently lies in achieving full-empty
separation as there is only a small difference in properties between the two types of capsids.
For example, if chromatography is used to separate the empty and full capsids, this may
not be expected to work due to the difference being in internal charge, however, a charge
rearrangement may occur, leading to surface change and a conductivity difference on elu-
tion. Efforts to address this challenge have moved away from chromatography columns and
toward monoliths and membranes to achieve a sharper separation, however, this has seen
lower loading.

Additionally, improvements are being made in upstream processes achieving higher vector
genome titer of 1x 10" vg/mL where TFF and concentration prior to affinity chromatogra-
phy, can be eliminated. Those solutions can lead to increased productivity in cell culture and
advancements in cost, time, and yield.

Further efforts are being made in lysis and clarification with novel filters, for example, chro-
matographic clarification devices that can remove part of the DNA. This allows for the reduc-
tion or elimination of endonuclease addition. During cell lysis, where free DNA is released,
endonucleases are added in high amounts to remove this free host cell residual DNA to aid
clarification and downstream processing. This can become quite costly and removing the free

residual DNA with the novel filters becomes advantageous.

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.060
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‘Apart from the scalability and robustness challenges, in gene
and cell therapy, rapid movement into clinical stages is crucial”

There are further opportunities to improve the affinity capture being explored, such as the
use of new devices to increase flow rates. Although these may have reduced capacity it should
be noted that capacity is not of great importance in the AAV process currently, but break-

throughs are happening that could potentially change the platform.

RL: | have a lot of experience with enveloped virus, a larger molecule that is far more
fragile and sheer sensitive than the AAV. This has created another challenge, not only on the
upstream but also on the downstream. The correct platform must be used to handle this with
low-shear stress and a very low hold-up volume to increase the recovery yield of the viral vector,
exosomes, and other fragile enveloped viruses.

Currently, there is a loss of almost 70% of the potent lentivirus during downstream pro-
cesses. Despite the virus not requiring lysis since it buds out of the cell, implementing a per-
fusion system on the upstream side allows for better virus collection and removal from the cell
environment. This results in a higher quality product and tighter yields downstream.

Instead of using an ion exchange resin, using affinity columns that run quickly with very
low residence time can improve process efficiency by preventing hold time and particles
aggregations. Apart from the scalability and robustness challenges, in gene and cell ther-
apy, rapid movement into clinical stages is crucial. If scalability is not achieved in a lin-
ear manner of recovery yield and product consistency, the variability becomes too high for
manufacturing.

In the expedited development step, the process must also be improved in terms of choosing
redesigned systems with low shear stress and low non recoverable hold up volume to address
these challenges and employing the right expertise for scalability. Another crucial aspect is
reducing aggregation by significantly decreasing the hold-up time of the viral vector. While
TFF is one method for concentration diafiltration to expedite downstream processing, other

methods and strategies can also be explored.

How can customers release vector demand while maintaining
reduced costs and without compromising product safety?

AT: Product demand with viral vectors is intriguing as, on one hand, several of the dis-
eases that they treat tend to be genetic conditions and are quite rare. Unlike drugs such
as Eylea, which treats thousands of patients, the drugs I work on typically target a smaller
number—around 100-1,000 patients per year. While the demand may be lower, the cost

per dose of viral vectors can be quite high due to their production in small amounts. This is
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especially true for systemic therapies where high doses are needed, such as injecting AAV to
treat Duchenne muscular dystrophy and hemophilia, for example.

When considering systemic therapies requiring high doses, the cost per batch can escalate
to hundreds of thousands of dollars in cost of goods per dose, specifically for AAV. This sig-
nificantly hinders access to treatment as the high cost per dose results in expensive single-dose
treatments. The cost of goods for AAV and other viral vectors is thus a major limiting factor,
along with ensuring a safe and efficacious manner of supply to market.

To address these challenges, considerable efforts have been made with robust practices to
ensure enough material is being produced while maintaining a good and safe quality. These
efforts have been made in the upstream side of the process where titers have significantly
increased from around 1 x 10" viral genomes per mL to routinely reaching 1 x 10'? vg/ml. This
100-fold increase in bioreactor production has been aided by new types of commercial cell
lines, specifically in HEK293.

Plasmid optimization has helped to increase productivity and the number of full-to-empty
capsids, having a knock-on effect on the purification yield. There have also been investigations
into alternative systems such as Sf9 due to its increased scalability. Overall, there have been a
lot of upstream changes that have decreased costs.

On the downstream end, there is a focus on analytics to better understand the characteristics
of AAV and its effects on safety, efficacy, and immunogenicity. This has enabled the design of
more robust processes and the use of quality by design principles. One aspect where the cost of
downstream processes has been reduced is the industry’s move away from ultra-centrifugation
separation to chromatography separation. This is significantly more scalable therefore making
the process cheaper.

A recent paper published by the National Institute for Innovation in Manufacturing
Biopharmaceuticals (NIIMBL) and Alliance Regenerative Medicine (ARM) called Project
A-Gene, outlines strategies for designing robust processes for a viral vector, providing valuable

insights for those in the field.

RL: In terms of bioprocessing, | completely agree with intensifying the vector. From the
biology side, the construct has been improved, resulting in higher yields. However, we must
continue with the intensifying efforts in bioprocessing to generate even more doses per batch.
In downstream processing, the focus is on developing a gentle and efhcient process to maxi-

mize the recovery and yield generating more doses per batch.

AT: As mentioned, the mode of administration is a significant factor. It is always a relief
when you have a process that does not put pressure on the cost of goods. For example, we have
one drug in the clinic to treat otoferlin mutations in deafness that is administered in small
doses into the ear. Programs like this alleviate the pressure on the cost of goods as fewer viruses
are needed, allowing to produce more doses per batch.

Looking ahead, the hope is for more efficacious AAV designs to be achieved through various
targeting approaches or evolution of the viruses, which could further reduce the required dos-

age. This is an area that we are actively working on.
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Considering trends in single use for end-to-end processes and how
companies are launching innovations to support manufacturers in
meeting these evolving requirements and ensuring product quality
and safety, what are the differences in addressing regulatory
requirements in gene therapy manufacturing versus traditional
biologics manufacturing?

RL: The complexity and the nature of the cell and gene therapy products—focusing
on quality, safety, cost, and speed to market—are the main driving forces behind the trend
toward single-use end-to-end bioprocessing. Open processing poses an increased risk of
product contamination from the environment or operator, which may render patient material
unrecoverable. Therefore, manufacturers are increasingly closing their processes to minimize
the risk.

Closing the manufacturing process not only reduces contamination risk but also allows for the
possibility of executing parallel batch manufacturing processes to meet the demand. Multiple
closed-system processes handling different batches can operate simultaneously within the same
manufacturing area, provided control measures are in place to prevent cross-contamination.

Unlike the standardized production of monoclonal antibodies, viral vector manufacturing
remains variable across the industry. Gene and cell therapy products are large, complex living
medicines involving viruses and human cells, making viral inactivation or removal steps impos-
sible. Therefore, robust risk mitigation strategies, including the use of single-use systems, are
essential for fragile enveloped vectors like lentivirus, VSV, and HSV.

Comprehensive analytics are crucial for both traditional biologics and cell and gene thera-
pies. However, due to the difficulty in fully characterizing cell and gene therapy products using
current analytical methods, there is a greater need for advanced analytics in this field.

Implementation of sterile single use closed systems and fluid management throughout the
entire process is necessary to reduce the risk of batch failure, increase overall process recovery
yield, obtaining real-time process data for robustness and consistency. For that, innovative
online analytical techniques must be adopted and integrated into the single-use flow path
during the process at all scales. For example, Repligen offers a TFF RPM system, a real-time
process monitoring and control management system using an in-line flow VPX analytical tool
that can be performed for plasmid DNA, mRNA, AAV, and other novel modalities.

Closed systems are also conducive to automation, reducing timelines, cost, and human error
while ensuring consistent product quality. This can be achieved due to automation permitting
higher process control and reproducibility. When selecting the vendor for single-use fluid man-
agement control systems and consumables, it is crucial to choose a solution designed to mini-
mize shear force and non-recoverable volume, ensuring gentle handling of complex molecules
throughout the process.

On the platform side, Repligen has developed a single-use KRM™ Chromatography System
and RS TFF systems designed to increase process efficiency and yield. Over molding, seamless

tubing connections, and compact valve designs minimize turbulence and maximize viral vector
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recovery. Other examples include tangential single-use self-contained flat sheet cassettes and
pre-packed OPUS® Columns for rapid setup, operational flexibility, and high recovery yields.
AVIPure® affinity resins and other single-use solutions further enhance process efficiency and
mitigate risk.

Opverall, single-use technology enhances sterility assurance, mitigates contamination risk,
ensures product purity and safety, and provides production flexibility for seamless adoption of
various cell-line gene therapy approaches and product production scales. Accelerated research
and developing efforts are essential to ensure that single-use solutions will be well-matched to
the viral vector process needs rather than fitting the process to the selected or current equip-
ment in manufacturing. It is also critical to engage partners with end-to-end single-use solu-

tions to scale up for commercial manufacturing needs.

AT: | fully support the use of closed systems, especially with enveloped viruses, where
activation steps or viral filtration are not feasible due to susceptibility to pH and detergent,
and larger size. Having a closed system really is imperative for these viruses, and single-use
technology can facilitate this effectively.

Considering shear force and the hold-up volume of the single-use systems, this is essential.
Shear force can cause aggregation of viral vectors, and the hold-up volume can significantly
impact batch yields, especially considering final pool volumes are often in the hundreds of
milliliters while working with processes in the liter range. It is essential to consider hold-up
volumes as processes are scaled.

Additionally, when considering a single-use system, ensuring the vendor has full extractable
and leachables data, as reccommended by the BioPhorum group, is crucial. This has become an
industry standard and is essential to ensure product safety.

Regarding regulatory requirements, specifically in the biologics field, focus has moved away
from the notion that the process is the product. There is now a better understanding of how
quality attributes affect safety and efficacy, making it an easier journey when implementing
changes to the process through analytical work. However, with AAV, regulators have released
guidance on comparability, which is still a significant concern. It is crucial to be aware of this
regulatory expectation when considering process changes, as demonstrating comparability may

require extensive studies.

Considering outsourcing and addressing the unigue needs of
gene therapy CDMOs, what are the trends seen in outsourcing
manufacturing versus in-house manufacturing for gene therapies?

AT: When | first became involved in gene therapy, one of the main drivers for the
establishment of my group was the perceived capacity crunch in outsourcing CMOs or
CDMOs. There was a bottleneck, and lining up a CMO could take a significant amount of

time.
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“The shift towards internal manufacturing may continue to be a
prevalent trend in the outsourcing landscape of the industry.”

However, this bottleneck has been somewhat alleviated recently. A contributing factor to
these relief is the industry’s recent reduced ability to secure financing, which has had a positive
impact on the availability of the CDMOs. Despite this, there are many larger biotechnology
companies, particularly those venturing into gene therapy, are now investing in building their
own manufacturing plants and rely less on CMOs.

This appears to be a growing trend that will persist even as the timeline for accessing CMO
services shortens, as it is often more efficient to work internally. While we have a good rela-
tionship with the CMOs we collaborate with, each step involves contractual negotiations, and
these facilities are often shared with other clients.

Speed is crucial for gene therapies, and eliminating the need for contracting can significantly
reduce timelines, allowing companies to focus on their top priorities without the need to
negotiate with other customers. The shift towards internal manufacturing may continue to be

a prevalent trend in the outsourcing landscape of the industry.

RL: It is worth noting that eight years ago, there were no gene therapy CDMOs in the
USA, which caused a significant bottleneck. However, now there is sufficient capacity, experi-
ence, and expertise in the CDMO landscape in the cell and gene therapy field.

It should be emphasized that there are small startup developers who lack the capital expendi-
ture and expertise to build their own manufacturing facilities. Additionally, they may not have
the necessary talent to process their manufacturing and scalability operations. As a result, there
is a trend among these small startups to seek out the right CDMO partners. Ensuring smooth
tech transfer is crucial in the process, allowing them to expedite their entry into the clinical
phase or potential acquisition by a larger company.

In the gene and cell therapy space, the trend among small startups is still to rely on CDMOs,
similar to how it was with monoclonal antibodies initially before larger companies started

building their own facilities.

In regard to supply chain, gene therapy manufacturers have unique
and specific raw material requirements. How are suppliers evolving
to meet the needs of this customer segment compared to advanced
biologic manufacturers?

RL: Managing supply chain complexity is not a new challenge for the pharmaceutical
industry. Every manufacturing process, including cell and gene therapy, requires start-

ing materials, raw materials, and consumables to produce the required product samples.
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However, cell and gene therapy add an additional complexity due to the immaturity of the
process.

As mentioned, cell and gene therapy necessitate transient transfection, requiring critical raw
materials such as plasmids and transfection reagents. These unique needs for biological raw
material pose challenges, particularly in terms of shipping under strict temperature control and
tight deadlines.

The cell and gene therapy industry faces specific supply chain challenges beyond those
used in traditional pharmaceutical production. One key challenge is ensuring the quality and
reliability of raw materials, including plasmids and viruses used in the process, lentivirus for
CAR-T or HSV. Additionally, expensive media supplements and enzymes, like Benzonase®,
must be sourced reliably to enable scalability and commercialization.

Variability in the quality and composition of the raw material can lead to inconsistent prod-
uct quality, which is especially concerning given the high cost of gene and cell therapies. Thus,
robust raw material sourcing and selection processes are essential, including developing dual
sourcing and validating critical components early on. It is very important to consider the scal-
ability of raw material suppliers as demands for the therapy increase when moving to Phase 3
and commercialization.

Establishing early-stage inventory management systems in the facility is crucial for business
continuity, as missing a single item can stop the manufacturing process, causing delays in going
to market. There are some key aspects that are needed to secure the material supply chain such
as implementing facility supply chain management and ensuring sufficient forecasting for the
raw material needed. The primary aspect is ensuring the supplier can consistently meet the raw
material requirements through clinical trials and into commercialization, robust supply agree-
ments, and transparent supply communication.

Transportation logistics are critical in cell and gene therapy, as environmental factors during
transit can damage sensitive GMP-grade raw materials irreversibly. Further, navigating inter-
national regulations and policies remains a challenge, however, improvements are underway as
regulatory frameworks evolve.

Talent acquisition is another critical aspect of supply chain management, as skilled pro-
fessionals are needed to navigate the complexities of establishing and managing supply chain
operations effectively.

By adopting an end-to-end approach that includes demand forecasting, stable formulation,
and flexible, cost-effective raw material supplies, companies can optimize their supply chain

and manufacturing capacity in the cell and gene therapy industry.

AT: It is worth noting that changing the process and ensuring comparability is particu-
larly challenging with gene therapies due to the difficulty in establishing the necessary attri-
butes for characterization. This complexity makes it much more challenging to make process
changes after development.

This reality adds significant stress to the importance of getting the material selection right
first time from the start. It is crucial to consider factors such as whether a material available

in research grade can also be obtained in GMP grade, or if the cost will become prohibitive
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when scaling up production. This consideration significantly heightens the importance of raw

material selection when designing processes for gene therapy.
SUMMARY

In short, the interview highlights the intricate landscape of viral vector downstream process-
ing and the evolving strategies to meet customer demands. From addressing challenges in
achieving an industrial and scalable full-empty separation to adopting better fit innovations
to complex new modalities such as single-use redesigned closed systems for enhanced sterility
and recovery functional product yield, the industry remains committed to advancing processes
with ensure product safety, efficacy, product intensification, and cost—effectiveness. It further
emphasizes the importance of continuous improvement in both upstream and downstream
processes, alongside careful consideration of raw material selection and supply chain manage-
ment. As the gene therapy space continues to grow, these efforts pave the way for improved

access to treatments and advancements in the field.
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VECTOR PROCESSING AND MATERIALS

INNOVATOR INSIGHT

AAV capsids separation is
critical for advancing gene
therapies

Timotej Zvanut, Andreja Gramc Livk, and Ale$ Strancar

AAVs are widely used vectors in gene therapy. During the process of AAV viral vectors pro-
duction, complex process and product related impurities are introduced. Anion exchange
chromatography is one of the most widely used downstream purification processes for sep-
aration of empty and full AAV capsids. However, to achieve baseline separation between
empty and full, as well as resolution of different AAV capsids, new approaches are required
to meet increasingly stringent safety and efficacy criteria. Although anion exchange chroma-
tography is a powerful tool in many rAAV manufacturing processes, it sometimes reaches
its limits in separation of the target entity from other product-related impurities. Therefore,
chromatographic methods that enable better separation between different AAV capsids are
sought after. In this paper, an improved anion exchange analytical method is presented.
It delivers enhanced separation of full AAV capsids from other common product-related
impurities such as aggregates, and empty, partially filled, high density, or damaged cap-
sids. The improved anion exchange analytical method has been shown to be applicable for
different AAV serotypes. Importantly, it exhibits linear elution properties. Favorably, the
improved anion exchange method can be used for both analytics and manufacturing of full

AAV capsids.
Cell & Gene Therapy Insights 2024; 10(3), 503-511
DOI: 10.18609/cgti.2024.063
AAV CAPSIDS SEPARATION complex process and requires innovative

approaches to meet safety and efficacy
AAVs are widely used vectors in gene ther-  requirements, clinical and market demands.
apy, primarily due to its safety profile and  Various chromatographic approaches have
efficient transduction to various target tis- already been implemented for separation
sues. Production of AAV viral vectors is a  of AAV capsids but each one with clear

e

|
>

BIOINSIGHTS www.insights.bio 503

AV



CELL & GENE THERAPY INSIGHTS

—» FIGURE 1

Model AAV8 sample analyzed by TEM.

Two different zoomed images, 50 nm and 200 nm, are presented
(Figure 1A and 1B respectively). Green arrows indicate possible
aggregates or surface impurities. TEM: transmission electron microscopy.

limitations such as non-scalability, poor
selectivity, and poor separation of different
sample entities [1].

Removal of complex process and product
related impurities from preparations of AAVs
and to maximize the ratio between full and
empty capsids is a particular goal of purifi-
cation to address safety and regulatory rec-
ommendations for AAV-based gene therapy
[2-4]. However, AAV capsids containing host
cells and/or helper DNA and product related
impurities may represent an immunologi-
cal risk to patients [5]. Therefore, the devel-
opment of robust, reproducible, scalable,
and selective chromatographic methods for
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monitoring and optimization of AAV purifi-
cation processes is required.

To separate empty and full AAV capsids,
anion-exchange (AEX) chromatography is
commonly used. However, there is just a small
charge difference between empty (E), full (F),
and partially filled (P) capsids. Full capsids
have almost the same size as the empty cap-
sids but have a slightly lower isoelectric point
(pl) than empty rAAV capsids (a difference in
the range of 0.4 pH units) [1,6]. Therefore,
removing the unwanted contaminants and
impurities by conventional methods often
leads to a loss of yield of the target entity.

The aim of this paper is firstly to compare
a conventional AEX method, which is also
commonly used AEX elution mechanism
with an improved AEX method for enhanced
AAVS capsids separation. Furthermore, the
aim is to test the robustness of the improved
AEX analytical method and to expand its
application also to other AAV serotypes.

CHARACTERIZATION OF MODEL
AAV SAMPLES BY ORTHOGONAL
ANALYSES

It is important to characterize samples before
any method optimization. In this study, the
model AAV8 sample, which represents a
pre-purified AAV8 fraction, obtained from
the cation exchange (CEX) capture step,
was characterized first by orthogonal anal-
ysis such as mass photometry (MP), den-
sity gradient ultracentrifugation and by
transmission electron microscopy (TEM)
as shown in Table 1 and Figure 1. The com-
mon characteristic for all three techniques is
their scalability - none of the used methods
can be applied to larger scale. Techniques
such as AUC, TEM and MP require sam-
ple purification and concentration to accu-
rately determine the empty/full rAAV ratio.
Moreover, MP is relatively new and innova-
tive experimental technique that needs bet-
ter understanding and validation especially
when it comes to different AAV capsids e.g.,
partially filled AAV.




The analyses of MP and density gradient
ultracentrifugation show comparable results,
where only empty (65% vs 70%) and full
(35% vs 30%) AAVS capsids were observed
(Table 1). The model AAV8 sample was fur-
ther characterized by transmission electron
microscopy (TEM), where some heteroge-
neity is observed. In particular, TEM results
(Figures 1A and 1B) implied possible aggre-
gates and additional impurities with some
viral particles expressing some amount of
material on the surface, mainly on empty
capsids. This could indicate the beginning
of particle disintegration or impurity on the
viral surface.

INNOVATOR INSIGHT

AEX METHOD FOR IMPROVED
SEPARATION OF EMPTY
AND FULL CAPSIDS

In initial experiments, a conventional AEX
analytical method with commonly used
increased linear elution of salt gradient
(0-100%) was applied to separate full and
empty AAVS capsids [7].

Relatively poor empty and full resolution
with considerable empty and full peak over-
lapping was obtained, shown in Figure 2. This
initiated a deep investigation of the mech-
anism behind AAVS capsids separation to
develop a chromatographic method capable

—» TABLE 1

ultracentrifugation

Model AAV8 sample

% E 65
% P 0
% F 35
% others 0

Characterization of model AAV8 sample by mass photometry and density gradient

MP: mass photometry; UC: ultracentrifugation; E: empty; P: partially filled; F: full; ‘others’ refers to the other
AAV-related impurities, e.g., aggregates, heavy or overfilled AAV capsids, etc.

—» FIGURE 2

Model AAV8 sample analyzed by the conventional and the improved AEX analytical method.

Conventional AEX method

E

Improved AEX method
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 Insufficient resolution E-F
e E and F capsids observed
* %E=70; %P=0; %F=30

AEX: anion exchange chromatography.

e Enhanced resolution E-F
o Additional AAV8 species observed
o %E=65; %P<5; %F=30; %others<5
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Fluorescence tryptophan

—» FIGURE 3

Chromatographic results of fractions collected, as depicted in Figure 2.

Fractions from conventional AEX method
Elution of E

of separating not only empty and full but also
other subpopulations of AAVS capsids.

By following the elution mechanism
of the conventional AEX method, new
approach to achieve enhanced separation of
AAVS8 empty/full capsids, and multiple sub-
populations was developed (Figure 2). Further
the improved AEX
method is presented in a webinar [8].

PATfix™ HPLC analytical system con-
nected to UV-Vis, fluorescence, and light

information about

scattering detector was used for analysis of

AAV species. Only fluorescence tryptophan
results are shown. The separation between
AAV species was achieved by the new line of
CIMac quaternary amine high reproducibil-
ity (QA HR) monolithic column, used for the
conventional and the improved AEX method
approach. HR stands for high reproducibility
between column batches and different scales.
CIM monolith QA HR provides reproduc-
ible purity allowing for enrichment of any
full AAV capsids and its chimeras, or surface
modified capsids, regardless of the batch or

Elution of F

Fluorescence tryptophan

Fractions from improved AEX method
Elution of E

Elution of F

All the fractions were diluted 15-times with loading buffer to enable the same binding conditions. Fractions were re-analyzed by
improved AEX method. AEX: anion exchange chromatography.

[\ [

% E

% P

% F

% others
PATfix
% E

% P

% F

% others

—» TABLE 2

Average percentage of AAV8 capsids present in collected fractions, analyzed by MP and improved AEX
method, as depicted in Figure 2.

Conventional AEX method

Improved AEX method

I = = I =S = =R =
95 30 N/A % E 100 90 10 30
0 0 N/A % P 0 0 0 0
5 70 N/A % F 0 10 90 70
0 0 N/A % others 0 0 0 0]
El E2 E3 PATfix El E1* E2 E3
95 20 N/A % E >95 25 0 0
0 0 N/A % P 0 70 0 0
0 70 N/A % F 0 0 95 15
5 10 N/A % others <5 5 5 85

AEX: anion exchange chromatography; MP: mass photometry; E: empty; P: partially filled; F: full; others: e.g. overfilled
or aggregates; N/A: value was under limit of detection. In the conventional AEX method; E1: empty; E2: full; E3: others;
‘others’ refers to the other AAV-related impurities, e.g., aggregates, heavy or overfilled AAV capsids, etc.
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—» FIGURE 4

Linearity of the improved AEX method for 8 different
loading amounts of model AAV8 sample, presented with
linear trendline and R2.

Area empty

Area full

AEX: anion exchange chromatography.

size of the column used. The new CIM QA
HR line features the same QA ligand as the
standard CIM QA columns but implements
an additional specialized testing procedure
with strict release criteria (detail information
about the new CIM QA HR line is available
on the Sartorius website.

A patent application for the improved
methodology has been filed and is pending.
Fluorescence tryptophan (FLD) profile was
monitored. Note: axes for both methods are
not unified.

Elution profiles of model AAV8 sample
obtained by conventional and improved
AEX methods, and their fraction collection
are shown in Figure 2. Fractions E1-E3 were
collected and further analyzed by orthogonal
methods, mass photometry (MP) and AEX.

Although percentage of empty and full
AAVS capsids for the model AAV8 sample
was comparable to both methods (Figure 2),
the multiple AAV8 subpopulations were only
observed with the improved AEX method.

The improved AEX method was used
to assess purity of collected fractions and
to check the presence of other capsid sub-
populations that cannot be observed by the

Linearity (empty)

R>0.99 4.
_-"—-—'
_—"""

Linearity (full)

L]
R>0.99 .-
_«“‘——
_-""’

Pre-purified AAV8 amount
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conventional method. Note: axes for both
methods are not unified.

Compared to the conventional AEX ana-
lytical method, the improved AEX method
delivers much purer full AAV capsids, see
comparison of E2 fractions shown in Figure 3
and Table 2.

Partially filled AAV8 capsids (P) are
expected to elute between empty and full
AAV8 which was evidently observed with the
improved AEX method shown in Figure 3.

Whereas aggregates, heavy or overfilled
capsids (all noted as others) are expected to
elute after full AAVS elution (E3 fraction in
Figure 3).

The heterogeneity of the model sample,
which was indicated by TEM (Figure 1),
was observed by the PATfix improved AEX
method, where different AAVS capsids can be
detected.

According to Table 2 marked deviation
between MP and PATfix orthogonal meth-
ods occurred in E1* fraction where 90%
of empty capsids is determined by MP and
only 25% empty by PATfix. Such deviation
might be due to the low titer of this fraction.
Limit of detection (LOD) for MP is consid-
ered to be at 500 counts which is approxi-
mate 5x 10" vp/mL. For the improved
PATfix AEX method, the LOD is approxi-
mate 1x10® vp/mL. Similar deviation was
observed in E3 fraction, where most capsids
were observed by MP as full (70%), whereas
by the PATfix method, the majority of cap-
sids (85%) were noted as others.

Linearity of the improved AEX method
was confirmed for different amounts of model

AAV8 sample (Figure 4).

SUCCESFUL SEPARATION OF
DIFFERENT AAV SEROTYPES

The strategy for separating AAV8 capsids
was implemented to other AAV8 samples
and other serotypes (AAV5). Each serotype,
as well as each sample of the same serotype,
may behave differently in AEX chromatogra-
phy. This may be due to sample heterogeneity
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—» FIGURE 5

Stacked chromatograms representing fluorescence signal
versus time, trace for three different in-house AAV8
samples by improved PATfix AEX analytical method.

1st AAV8

2nd AAV8

Fluorescence tryptophan

3rd AAV8

In blue, AAV5 in-house sample was analyzed by the same method.
AEX: anion exchange chromatography.

Time
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(impurities) and overall differences in pl or
amino acid composition, resulting in vary-
ing capsid surface charge profile and overall
structural characteristics of different AAV
serotypes [9]. To expand the improved AEX
analytical method for a broader application
and as a proof-of-concept this study, in-house
produced AAV8 and AAV5 samples were
used.

From the results obtained, the improved
AEX analytical method was applicable also
to other serotypes, specifically AAVS5. In
this case, only separation of empty and full
of AAV5 capsids was observed as shown in
Figure 5. Though it is necessary to optimize
the conditions for each serotype separately
to achieve enhanced AAV peaks separation,
while using the same core principles and con-
ditions of the original method.

A set of three different AAV8 samples, were
evaluated as shown in Figure 5. Each sample
showed two distinct peaks for empty and full
capsids. The retention times of both empty and
full peaks for all samples were consistent. This
indicates that the method performance is robust
and independent of different AAV8 samples.

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.063

SUPERIOR SEPARATION OF AAV
CAPSIDS BY THE IMPROVED AEX
METHOD

Chromatography has been proven to be a pow-
erful tool in separation and of target entities in
production process, also due to its scalability.

Most of the earlier conventional approaches
had resulted in only partial separation of empty
and full capsids, whereas the new method allows
to achieve baseline separation between these two
entities, detecting also some additional AAVS
capsids (e.g., partially filled, damaged, higher
density AAVS8 capsids and aggregates) indicat-
ing the heterogeneity of AAV samples.

The improved PATfix approach described
in this paper utilizes only linear gradient elu-
tion, which is preferable gradient overstep gra-
dient in liquid chromatography analytics. The
use of isocratic holds or steps was omitted due
to possible lower reproducibility or robustness
of the method.

Compared to the conventional AEX analyt-
ical method, almost 4-times higher resolution
was achieved by the improved AEX analytical
method, consequently resulting also in lower
peak overlapping and more accurate results of
capsids. Compared to the conventional ana-
lytical method (Figure 2), the improved analyt-
ical method delivers higher purity of full AAV
(Figure 2, Figure 3, and Table 2), which was
confirmed with also the collected fractions and
orthogonal analytics. In general, MP and AEX
methods show comparable results. However,
only with AEX analysis, is the separation of
additional product related impurities (espe-
cially partially filled AAV8 capsids) achieved.
Therefore, additional orthogonal methods are
required to gather more information about
these heterogenous impurities.

Performance of the improved method was
found to be robust and largely unaffected by
sample type changes (Figure 5). Additionally, the
improved AEX method shows linearity (Figure 4).

The improved PATfix analytical method
described above has shown to be suitable for
its intended purpose. It can serve as a valu-
able and powerful tool to achieve in-depth




characterization of AAV capsids, and most
importantly achieves better purity and
safety of AAV final products.

The improved methodology outlined in
this paper is patent pending and a forth-
coming detailed scientific publication will
be published and elaborated on the prepar-
ative scale-up process. This will be accom-
panied by various orthogonal methods,
stress studies and controls to accurately
distinguish and analyze all individual peaks
separated by the improved AEX method.

SUMMARY

Compared to the conventional method, the
improved AEX analytical method delivers
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enhanced separation of not only empty and
full AAV capsids, but also other impurities,
such as partially filled and heavy capsids, and
aggregates.

Higher purity of full AAV8 capsids was
obtained using the improved AEX method
compared to the conventional method. The
improved method offers a promising alterna-
tive for the development and production of
safer AAV-based gene therapies.

The improved AEX analytical method was
shown to be applicable for different AAV
serotypes such as AAV8 and AAV5.

The improved chromatographic approach
is scalable, an important advantage of liquid
chromatography, which is of great benefit,
especially when it comes to AAV purification.
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Expediting development and
manufacturing of advanced
therapies: critical starting
materials case studies

Andrew Frazer

With upwards of 30 FDA-approved cell and gene therapy products to date, plus many on
the horizon, plasmid DNA (pDNA) continues to play a crucial function within advanced ther-
apies medicinal product (ATMP) development. Plasmids are commonly used both as direct
therapeutic products and as critical starting materials where they contribute directly to the
quality and function of mRNA and viral vector-based drug products. This article discusses
the role of pDNA as a critical starting material and highlights the evolving regulatory guid-
ance to safeguard pDNA programs. Case study examples will demonstrate expedited devel-
opment and manufacture of ATMPs and highlight manufacturing and supply scenarios seen
for plasmid starting materials alongside the strategies implemented to support rapid deliv-
ery while maintaining focus on end product quality.

Cell & Gene Therapy Insights 2024; 10(3), 309-317
DOI: 10.18609/cgti.2024.046

PLASMIDS AS A CRITICAL ATMPs and play a key role as a critical start-
STARTING MATERIAL ing material for onward processing for a range

of different advanced therapy applications.
Plasmids are widely utilized for storage This includes viral vector-based cell and gene
and transfer of genetic information within  therapies, transient protein expression and
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as templates for linearization and mRNA
production.

Within their role as critical starting mate-
rials, plasmids can contain genetic informa-
tion used for the generation of viral vector
delivery vehicles but also therapeutic genes
that are incorporated structurally into drug
products. It is therefore critical to have high
levels of quality control to deliver safe and
effective treatments to patients however, from
a manufacturing and quality perspective, it is
important to differentiate between plasmids
used directly as medicinal products and those
used as critical starting materials.

Historically, regulatory guidance for plas-
mids has focused on use as a drug substance
wherein common benchmark specifications,
such as >80% supercoiled conformation and
<1% residuals for host cell genomic DNA,
RNA, and protein [1] have become com-
monplace for all types of plasmids produced
within the industry. In 2018, the EMA deter-
mined plasmid as a starting material rather
than raw material and added further guidance
around ID testing, in particular sequencing
of the therapeutic gene of interest (GOI) [2].
This was then taken further by the US FDA
in 2020 where additional guidance was pro-
vided for the manufacturing and testing of
plasmids used for gene therapy [3].

While the potential for the use of interme-
diate plasmid quality grades was introduced
in 2005 [4], guidelines were left open to inter-
pretation, with drug developers and plasmid
suppliers adopting a range of quality standards
related to processing, testing, and facility con-
trol making it challenging to clearly define
exact specifications and quality attributes for
plasmids used as critical starting materials. The
2021 EMA Q&A document on principles of
GMP [5] helped to address this issue by pro-
viding some clear guidance on the expected
quality standards for pPDNA used for advanced
therapies, advising that a product-specific, risk-
based approach is utilized to identify appropri-
ate GMP principles that must be implemented
for the manufacturing and testing of plasmid
critical starting materials. In addition, the US

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.046

Pharmacopeia (USP) chapter <1040> aims to
provide dedicated quality considerations for
pDNA as a starting material and will help to
further clarify and provide much needed align-
ment on pDNA manufacturing and quality
standards [6].

PLASMID PRODUCTION
AND EXPEDITED ADVANCED
THERAPIES

With plasmids continuing to play a key role
in many advanced therapy applications, their
high demand necessitates that manufactur-
ers and end-users review and clearly define
quality requirements for specific applications,
while also carefully considering key drivers
like cost of goods and speed to market.

To address these challenges, Charles River
launched the eXpDNA platform to deliver
industry-leading timelines while maintain-
ing a focus on process and product quality
attributes. The eXpDNA platform is based
on three core capabilities and over 20 years
of experience in the manufacture of pDNA:
an expanded plug-and-play screening toolbox
for complex plasmids, a standardized platform
manufacturing process to allow a streamlined
supply chain and documentation, and 100%
in-house analytics. Within the expDNA
platform, Charles River offers three grades
of pDNA (research, high quality [HQ], and
GMP) to support all stages of development,
clinical, and commercial supply.

In addition, a range of commonly used off-
the-shelf (OTS) plasmids are now available as
part of CRLs service offering to complement
the eXpDNA platform and they offer devel-
opers immediate supply and the opportunity
to standardize. The current portfolio of OTS
plasmids include VSV-G, Gag-Pol, and Rev
plasmids for third generation lentiviral vector
production, an AAV Helper plasmid and new
for 2024, AAV Rep/Cap plasmids for sero-
types 2, 5, 6, 8, and 9. All OTS plasmids are
manufactured from fully characterized mas-
ter cell banks (MCBs) with purified plasmid
products available in research, HQ or GMP




quality grades with associated testing and sta-
bility data.

To highlight some advantages of the
expDNA platform and usage of off-the-shelf
plasmids, two case study examples are pre-
sented below.

CASE STUDY 1:
PHASE-APPROPRIATE SUPPLY

The first case study uses the example of an
experienced product developer aiming to
build out their product pipeline and progress
manufacturing of multiple plasmid products
while performing development work at their
manufacturing site to fast-track their route
to the clinic. This includes a priority focus
on product quality and consistency, and
the desire to establish a replicable platform
approach for the rapid progression of future
pipeline products.

The strategy used raises some interesting
considerations for phase-appropriate supply
solutions and how they can be leveraged to
incorporate quality while accelerating time-
lines. In phase-appropriate supply, one gen-
erally considers quality standards to increase
as a product moves through development and
the various stages of the clinic. To ensure that
the transition between quality grades is as
simple as possible, the HQ plasmid offered
by Charles River is closely matched to the
GMP plasmid, particularly with regard to
process unit operations, raw materials, and
testing. This provides a solid option for fast
and cost-effective supply with a smooth tran-
sition to GMP at later stages, particularly
from a CMC perspective.

The supply approach is outlined in
Figure 1, wherein initially, a screening evalu-
ation and next-generation sequencing (NGS)
is used to mitigate the risk of instability as
the plasmids are all inverted terminal repeat
(ITR)-containing AAV constructs that are
inherently prone to recombination and dele-
tion. MCB pre-banking is performed to
ensure that the selected colonies from the
initial transformation contain plasmids with
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intact ITR regions. In this example, genera-
tion of the pre-banks provides the option to
manufacture HQ-grade plasmid to support
the clients internal R&D requirements, and
rapidly deliver multiple constructs without
incurring the high costs associated with full
GMP supply. At the point of candidate selec-
tion and progressing a construct to clinical
supply, the pre-MCB is progressed to a full
GMP master cell bank with full analytics and
release testing and the resulting MCB is used
to supply GMP-grade plasmid.

Key learnings from this case study include
the importance of maintaining a focus on QC
at an early stage, particularly for challenging
plasmid types such as ITR-containing plas-
mids. This establishes a foundation for future
production and helps avoid issues like the
detection of low-level ITR deletions later on
during manufacture that could result in sig-
nificant setbacks. Parallel tracking of multiple
constructs was critical to meet timelines and
in this example, an estimated 75% reduction
in overall project timelines could be realized
versus sequential production. In order to run
multiple products in parallel without incur-
ring financial challenges, phase-appropriate
quality grade supply with the HQ platform
was important. Finally, long-term progress
should always be part of decision-making.
The immediate cost and time benefits of a
phase-appropriate supply solution like HQ
are soon negated if there is a need to perform
extensive comparison studies at a later date
when moving to GMP. For a developer con-
sidering their plasmid supply and looking at
intermediate-grade plasmids, it is critical to
plan in advance and understand the quality
actributes of that supply and how to coordi-
nate with longer term program aims.

CASE STUDY 2:
OFF-THE-SHELF SUPPLY

This example once again focuses on pDNA
supply as a critical starting material for AAV
gene therapy. In this case, the focus is on a
relatively new developer aiming to progress
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—» FIGURE 1

Case study 1: phase-appropriate supply solutions.
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their AAV product to clinic with an empha-
sis on rapid delivery to maintain timelines
and a need to minimize cost. Manufacturing
requirements for the project include MCBs
and GMP-grade pDNA for the GOI, Helper,
and Rep/Cap plasmids with the supply
approach outlined in Figure 2. utilizing off-
the-shelf supply for Helper and Rep/Cap
plasmids and custom manufacture for the
GOI plasmid.

The first step focuses once again on deliv-
ery of the GOI plasmid, which would be the
most challenging to manufacture. In addi-
tion to the clone screening and QC, a host
cell line evaluation was performed. This step
only adds around 1 week to a manufactur-
ing program and has demonstrated the abil-
ity to deliver stable plasmid and significant
uplifts in productivity during production. At
the same time, research-grade off-the-shelf
Helper and Rep/Cap plasmids are supplied to
the customer to allow evaluation within their
chosen AAV platform while GOI MCB man-
ufacturing progresses.

To support additional reduction in time-
lines, the GOI MCB is progressed directly
to manufacture with prioritized testing prior

Cell & Gene Therapy Insights;

to full release. This supports the expedited
release of the GOI GMP plasmid in line
with the full MCB release. Finally, the deliv-
ery of GMP grade off-the-shelf Rep/Cap
and Helper plasmids is coordinated with the
GOI supply to support AAV manufacture
for clinic.

In this case study, there are clear time and
cost savings associated with the use of OTS
plasmids as, effectively only a single manufac-
ture for the GOI plasmid was required ver-
sus three custom batches. Importantly, there
are several additional advantages to the use
of OTS products. Pre-production activities
like slot allocation, supply of plasmid starting
material, documentation review, and approv-
als were only required for a single plasmid
versus three, which represents a significant
reduction in workload.

Looking at immediate post-production
benefits, the GOI plasmid is the only item on
the critical path for this campaign and as a
result, there is less risk of encountering man-
ufacturing or testing issues. Additionally, as
the Rep/Cap and Helper are manufactured
in advance, the delivery of all three plasmids
can be planned reliably and well in advance

DOI: 10.18609/cgti.2024.046
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—» FIGURE 2

Case study 2: off-the-shelf supply solutions.

OTS Helper

-
Gol plasmid ‘
\

and RepCap
L evaluation (RG)

Host cell line
evaluation and
clone screening

‘ OTS plasmid

~
‘ MCB
manufacture —
y,

Coordinated delivery

supply (GMP)

GMP grade
plasmid

MCB release

- Clinical supply

manufacture M

of the AAV manufacturing slot with the
required amounts of Rep/Cap and Helper tai-
lored specifically to the AAV production pro-
cess requirements to help avoid wastage. An
added benefit of OTS products is the option
of immediate resupply should the program
encounter an issue at a later manufacturing or
testing stage. A good approach for this type of
program could be to establish a contingency
stock for the GOI plasmid and order OTS
Helper and Rep/Cap on an as-needed basis
to help manage cost and mitigate the risk of
supply issues.

This case study highlights that overall
manufacturing effort should be considered
in addition to live processing requirements
which often receive the most attention. OTS
products can provide immediate cost and
time savings versus custom manufacturing
but also offer extensive secondary benefits for
wider advanced therapy programs.

SUMMARY

For plasmid critical starting materials, regu-
latory guidance is evolving and there is now

dedicated guidance for managing starting
materials versus drug substances. This will
support a greater range of manufacturing
options for developers and can ultimately
help with costs and timelines for advanced
therapies. To get the most out of what plas-
mid suppliers have to offer, it is important to
understand the necessary quality attributes
of the required plasmids and how they align
with a specific application. The use of inter-
mediate plasmid quality grades like HQ can
provide a viable option to support reduced
costs and shorten timelines with opportuni-
ties to parallel track development activities
for larger programs. Additionally, the utiliza-
tion of off-the-shelf plasmid products can be
highly advantageous in certain circumstances
and the use of platform screening and man-
ufacturing with proven delivery can also help
to embed quality at an early stage and avoid
delays later in a program. Engaging early and
working closely with your chosen plasmid
supplier is advised, as is planning ahead to
develop strategies that deliver the best options
for both immediate needs and for the success
of longer-term programs.
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Andrew Frazer

What has the biggest impact on timelines for plasmids?

AF: There are challenges across the CDMO industry regarding plasmid supply that can
impact timelines, including long wait times for slots and material procurement difficulties.
These barriers are related to the worldwide demand for plasmids. Charles River has put a lot
of focus into developing the ability to fully segregate our production lines, using single-use
materials, and holding on-site batch packed materials that are ready to go. This provides better
flexibility within scheduling and helps avoid upfront delays on timelines.

In terms of process and release, the testing side of things has often had the biggest impact on
timelines for plasmid supply. This is an area where we have seen significant improvements by
bringing all our testing in-house within the Charles River network. We are looking to further
reduce timelines by bringing more of the historically longer lead tests like GMP sequencing
directly into our manufacturing sites.

s it possible to provide small samples of off-the-shelf plasmids so
they can be tested at a customer’s lab?

AF: Yes, we have small volume research samples available for testing in external labs or
production platforms. With our handling and use of the plasmids, we find that they perform
favorably versus similar commercially available products.

For our customers to get the most out of them, we can provide technical support from our
plasmid and vector subject matter experts to help optimize performance with offsite evalua-
tions in our customer labs.

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.046
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Do you have any advice for a risk-based approach to plasmid-
critical starting materials?

AF: This is something that we routinely support for our customers. This is an important
step in deciding which plasmid grade to use and how this will develop through the life cycle of
a product. We have tried to make our platform as standardized as possible, making compara-
bility assessments between quality grades as easy as possible.

For a risk-based approach to the use of plasmids as critical starting materials, the general rule
is that the closer the plasmid is to the patient, then the higher the quality grade needs to be.
There is good existing guidance in the form of the EMA Q&A document to provide support
for product-specific risk-based approach and this is also expected to be covered in the upcom-
ing USP chapter on plasmid critical starting materials.

What manufacturing production scale do you have and what is a
typical batch size?

AF: At Charles River’s Keele GMP manufacturing site, we offer plasmid manufactur-
ing scales of up to 50 L GMP. Yields vary depending on plasmid type but we have process
solutions to deliver batch sizes from milligrams through to multigram quantities. At Alderley
Park, there are a range of different process options that we can implement depending on the
plasmid amounts that are required, typically with a 15 L bioreactor for high-quality plasmids.
Both GMP and HQ production use aligned testing, vendor-approved and fully traceable raw
materials and single-use process equipment throughout.
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VECTOR PROCESSING AND MATERIALS

COMMENTARY

Combining best practices
and analytical reference
materials to tackle challenges
in AAV manufacturing

Mark Verdecia

The gene therapy industry is booming, as evidenced by the hundreds of AAV-based gene
therapies in clinical trials and even more in development. This rapid increase creates a high
demand for plasmids and other starting materials. However, manufacturing challenges and
compressed development timelines, compared to traditional biologics, make scaling pro-
duction difficult from early development stages. Despite these challenges, gene therapy
products must still comply with existing regulations. Yet, the absence of standards and vali-
dated reference materials in this field complicates the development and implementation of
methods to achieve compliance in a quality control environment. Standards-setting organi-
zations, like the National Institute of Standards and Technology (NIST) and the United States
Pharmacopeia (USP), are well-equipped to address these complex issues by developing tools
to ensure the quality of AAV-based gene therapies. This article discusses the ongoing efforts
by these organizations to create documentary standards and reference materials, facilitating
consistent and predictable manufacturing processes for AAVs.
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INTRODUCTION

In the field of gene therapy, adeno-associ-
ated viral (AAV) vectors have emerged as
the leading choice for delivering therapeu-
tic genes into cells. They are favored for
their low immunogenicity and ability to
transduce both dividing and non-dividing
cells. Currently, AAV-based gene therapies
are being used to treat various genetic and
acquired human diseases, including lipopro-
tein lipase deficiency, hemophilia type A and
B, spinal muscular atrophy (SMA), and ret-
inal dystrophy [1-3]. With numerous AAV-
based gene therapies in clinical trials and
many more in development, we can antici-
pate an increase in treatments based on these
promising vectors [4-6].

To meet the expected future demand for
AAV-based gene therapies, manufacturers
will need to increase their production scale.
However, there are still many challenges in
purifying AAV vectors, which makes scaling
up difficult [7]. For instance, lysates contain-
ing AAV are often contaminated with host-
cell DNA and host-cell proteins, which can
foul filtration media and limit the concentra-
tion of the drug substance [7]. These impuri-
ties also pose immunogenic risks to patients
and can degrade the product if not removed
to sufficiently low levels [8,9]. The current
manufacturing process can also produce AAV
vectors that lack the necessary genomic infor-
mation [10,11].

In addition to manufacturing challenges,
gene therapies face compressed develop-
ment timelines. While traditional biologics
can take up to a decade to develop, gene
therapies have accelerated timelines of only
3 to 5 years from the start of clinical trials
to regulatory approval. Therefore, consider-
ing manufacturing and scale from the early
stages is critical, since attempting to fix a
manufacturing process later in development
can significantly impact submission time-
lines. Early planning should include imple-
menting a wide range of process testing for
every viral vector lot manufactured; and the
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analytical assays used should be rapid, accu-
rate, and support validation, document con-
trol, and reproducibility [12].

Currently, gene therapy products must
comply with applicable sections of the Code
of Federal Regulations Title 21, Parts 211
and 610. However, the lack of standards hin-
ders the development and implementation
of methods to achieve compliance in a qual-
ity control environment. Manufacturers are
forced to use multiple orthogonal methods to
examine the same attribute, leading to a vari-
ety of analytical approaches without consen-
sus on best practices for analysis. Addressing
this lack of harmonization requires indus-
try-wide collaborations that go beyond the
scope or expertise of any single manufacturer.
However, standards-setting organizations
like the National Institute of Standards and
Technology (NIST) and the United States
Pharmacopeia (USP) are well-suited to tackle
these complex issues and facilitate the devel-
opment of tools for ensuring the quality of
AAV-based gene therapies.

BUILDING STANDARDS
THROUGH STAKEHOLDER
ENGAGEMENT

Developing and implementing standards
for AAV vectors presents its own set of chal-
lenges. Global manufacturers and regulators
must first come to a common understanding
of the most suitable standards. Then, after
reaching a broad consensus, there remains
the technical challenge of producing highly
purified and validated materials. Overcoming
these barriers requires collaboration between
industry, academia, and regulatory bodies to
establish and create globally accepted stan-
dards that not only ensure the safety and efh-
cacy of AAV-based therapies but also drive
innovation and excellence in the field.

To achieve these goals, NIST collaborates
with the US Food and Drug Administration
(FDA) to host events focused on developing
global standards underpinned by a robust
measurement infrastructure. For example,




in November 2023, NIST and the FDA
jointly hosted a series of consecutive work-
shops for advanced therapy. The NIST-FDA
Workshops on Measurements and Standards
for Advanced Therapy brought together
stakeholders from other federal agencies,
industry, and academia to provide perspec-
tives on identifying measurement challenges
and innovative technology solutions, as well
as standards to promote manufacturing inno-
vation, improve supply chain resilience, sup-
port characterization and testing to facilitate
regulatory approval, and explore opportu-
nities for cross-consortia collaboration. The
workshops validated the need for continuing
efforts to develop standards and resulted in
the launch of a new working group (WG) on
gene delivery systems [13].

USP is also dedicated to working with all
stakeholders and actively participates in facil-
itating discussions on these topics. In March
2023, USP co-hosted the AAV Analytical
Characterization Workshop with the Alliance
for Regenerative Medicine. This event pro-
vided a platform for manufacturers and reg-
ulators to discuss important issues in AAVs,
such as evaluating process-specific impurities,
measuring genome titer, assessing empty cap-
sid titers, and developing best practices to
meet regulatory expectations.

This kind of regular engagement enhances
understanding of industry needs, informing
the development of comprehensive standards
that support analytical methods. While not
all challenges can be solved through discus-
sion alone, stakeholder dialogue helps estab-
lish consensus on best practices and identify
opportunities for guidelines and analyti-
cal control standards for AAVs. This article
describes some of the work that has resulted
from these outreach efforts.

DEFINING MATERIALS
AND BEST PRACTICES

Defining various aspects of a manufactur-
ing process is crucial for understanding how
to apply quality control and develop best
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practices. However, this may not always be
straightforward when dealing with complex
products like gene therapies. For example,
determining what should be treated as a start-
ing material can be challenging. Traditionally,
starting materials are significant structural
fragments incorporated into the drug sub-
stance. However, manufacturers use multi-
ple plasmid constructs to make AAV vectors.
The plasmids contain structural and helper
genes, as well as a therapeutic transgene to
be packaged in each particle. Each plasmid
can significantly impact the final drug prod-
uct’s quality, but they are not part of the final
AAV product. But given their impact on final
product quality, recent regulatory guidance
suggests treating plasmid DNA as starting
materials [14].

Since plasmid DNA is considered a starting
material, it should be produced using a phase
appropriate GMP quality system and char-
acterized using assays defined in a risk man-
agement strategy [14]. These assays should
include tests for identity, sterility, endotoxins,
and levels of host cell genomic DNA (gDNA)
and protein. Regardless of whether the DNA
plasmids are made by the sponsor or a con-
tract manufacturer, all information on the
manufacturing procedures and reagents used
must be included in the Investigational New
Drug (IND) submission. This is particularly
important because many gene therapy devel-
opers outsource the production of plasmid
DNA, and there is a lack of harmonization
among suppliers in terms of manufacturing
approaches and specifications.

To promote standardized practices for
plasmids, USP has published <1040> Quality
Considerations of Plasmid DNA as a Starting
Material for Cell and Gene Therapies in
Pharmacopeial Forum (PF) and General
Chapter <1047> Gene Therapy Products in
the USP-National Formulary (USP-NF).
These non-compendial documentary stan-
dards aim to describe considerations for the
manufacture and testing of various vectors
used in gene therapy products, including
AAVs. <1040> provides guidance on building
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a control strategy for plasmid DNA, discuss-
ing sourcing and residual impurities testing,
while General Chapter <1047> emphasizes
the application of well-defined decision cri-
teria for key in-process intermediates and the
use of in-process controls to monitor produc-
tion and specific activity.

Apart from starting materials, there are
numerous ancillary materials that come into
contact with product intermediates but are
not intended to be present in the final prod-
uct. Examples of ancillary materials include
fetal bovine serum, enzymes (e.g., trypsin,
collagenase, DNase/RNase, restriction endo-
nucleases), growth factors, cytokines, mono-
clonal antibodies, antibody-coated beads,
antibiotics, media, media components, and
detergents. These reagents can impact the
safety, potency, and purity of the final drug
product by introducing adventitious agents
or other impurities. Therefore, manufacturers
need to consider how to validate them. For
the qualification and testing of ancillary mate-
rials, USP has published General Chapter
<1043> Ancillary Materials for Cell, Gene,
and Tissue-Engineered Products to provide
guidance on the development of appropriate
material qualification programs.

ANALYTICAL REFERENCE
MATERIALS (ARM)

According  to  guidelines  from  the
International Council for Harmonisation of
Technical Requirements for Pharmaceuticals
for Human Use (ICH), it is crucial to
develop and validate assay performance using
high-quality, authenticated reference mate-
rials. This ensures reliable, reproducible,
robust, and comparable results. A high-qual-
ity and validated analytical reference material
(ARM) can be an invaluable tool for compli-
ance with ICH regulations when combined
with best practices.

Unlike reference standards, ARMs are not
linked to compendial methods and can be
used at various stages of the product lifecy-
cle, including research and development, raw
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material testing, and system suitability. ARMs
give manufacturers more flexibility, which is
especially important for AAV developments
where there are not many compendial meth-
ods yet.

Reference materials can serve an import-
ant role in the development and commercial-
ization of viral vector-based gene therapies.
ARMs enable comparability of different viral
vector preparations for physical and infec-
tious titer measurements. They also greatly
enhance the reliability of results obtained
from analytical procedures used to moni-
tor AAV production, even across multiple
locations, which is particularly important in
today’s manufacturing environment. This is
especially relevant when production occurs
at multiple sites. Finally, ARMs can help
reduce barriers to entry for early-stage bio-
technology companies. These companies may
lack the necessary manufacturing experience
to produce high-quality AAVs, and ARMs
can provide them with the tools to establish
their own production capabilities or support
partnerships with contract manufacturers.

To develop ARMS, NIST is collaborating
with the FDA and other industry partners to
characterize the next generation of viral vector
reference materials. NIST is currently work-
ing on multiple reference material projects,
including developing physical titer methods
to quantitatively measure loaded viral particle
state and developing advanced measurements
by imaging and flow cytometry of infectious
titer to correlate with physical titer measure-
ments [15]. USP is also developing several
high-quality ARMs to assist manufacturers
with AAV  manufacturing. These include
ARMs for host cell gDNA, genome titer,
residual plasmid, and empty/full capsid ratio.

RESIDUAL GENOMIC DNA

One of the main concerns when using complex
expression systems to produce AAV vectors
is the potential presence of residual host cell
gDNA in the final product. Contamination
of the final product with host cell gDNA




can pose safety risks, such as immunogenic-
ity and oncogenicity, and therefore it must
be removed. Regulatory agencies such as the
FDA, European Medicines Agency (EMA),
and World Health Organization (WHO)
have established criteria for the maximum
allowable amount of residual host gDNA in
products [16-18]. It is the responsibility of
the manufacturer to demonstrate that they
have effectively removed gDNA impurities
using accurate and sensitive methods.

Many manufacturers use quantitative PCR
(qPCR) to monitor residual host cell gDNA
levels, which requires well-calibrated standard
curves. Due to the high sensitivity of these
tests, even small changes in kits, whether
from different lots or vendors, can signifi-
cantly impact the assay results. The method
of quantifying the standard for value assign-
ment can also affect the results. To ensure reli-
able and consistent results, it is important to
validate and run the methods with high-qual-
ity controls that have been authenticated [19].

To address this need, the USP has col-
laborated with the American Type Culture
Collection (ATCC) to provide high-quality,
accurately quantitated gDNA controls for the
detection of residual DNA in cell lines com-
monly used for manufacturing gene thera-
pies, including HEK293. The USP-ATCC
gDNA reference materials have been manu-
factured, evaluated, and precisely quantitated
using robust processes. In addition, PCR-
based protocols in USP-NF General Chapter
<509> Residual DNA Testing support lab-
oratories in accordance with current ICH
guidelines.

GENOME TITER

Clinical trials have demonstrated that high
doses of AAV vectors can induce antigen-
specific memory CD8* T cells, antibod-
ies, and interferon-y production in certain
patients [20,21]. Lower doses of AAV vectors
may reduce these immune responses, but
could potentially result in decreased efficacy
[22]. Therefore, it is crucial to determine the
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minimal effective and maximum tolerable
dose of a candidate vector before conducting
clinical trials to ensure the success of gene
therapy [23]. To minimize the risk of under-
or over-dosing manufacturers typically focus
on quantifying the genome present in the
capsid, since this is effectively the active
pharmaceutical ingredient (API) [24,25].

qPCR and digital PCR (dPCR) are com-
monly used to determine AAV genome titers
[26]. While qPCR results can vary due to
different protocols, reagents, and standards,
dPCR offers absolute quantitation without
relying on amplification efhiciency, making
it more precise and accurate than qPCR.
However, manufacturers must still validate
their dPCR methods and ensure consistency
across production sites due to the potential
variability of PCR-based assays across labo-
ratories. Regardless of the analytical method
used there can still be significant variability
in titer measurements across laboratories, or
even within the same site among different
analysts, instruments, and methods. This
highlights the need for standardization in
quantification methods. Having a reliable
reference material for genome titer measure-
ments is critical to enable result standardiza-
tion [27]. But establishing standards for AAV
genome titer quantification is challenging
due to variations in AAV vector constructs,
host cell lines, and titer determination meth-
ods, making accurate inter-laboratory com-
parisons difficult [28].

One crucial consideration when develop-
ing a standard for AAV genome titer is the
conformation of the DNA. DNA topol-
ogy can hinder assay performance, lead-
ing to overestimation of absolute titers and
increased result variability [29]. If the plasmid
DNA used as a reference standard for AAV
genomic titer exists in different conforma-
tions, it can affect the accessibility of PCR
primers to the target sequence, resulting in
variations in primer binding efficiency and
target amplification [29]. This variability not
only impacts the accuracy of AAV titer cal-
culations but also prevents cross-comparison

ISSN: 2059-7800; published by Biolnsights Publishing Ltd, London, UK

277



CELL & GENE THERAPY INSIGHTS

278

of individual AAV samples. To address this
problem, USP has developed a linearized
plasmid DNA containing the inverted ter-
minal repeat (ITR) regions found in all AAV
genomes. This approach capitalizes on the fact
that regardless of the AAV serotype, the viral
genome encapsulated within the most com-
monly used recombinant AAV systems con-
tains the same ITRs. Quantification is based
on amplification of the ITRs using primers
designed to avoid any secondary structural
elements that could hinder primer annealing.
This approach can be used to assess system
suitability or assay performance regardless of
the specific AAV drug substance.

In a complimentary effort, NIST is also
developing techniques and protocols to eval-
uate the viral vector genome integrity. For
instance, NIST is developing physical titer
methods to quantitatively measure loaded
viral particle state to provide manufacturers
quality attributes on their viral vector prepa-
ration. These assays can potentially reduce
the sample handling time and variability and
improve the reproducibility of viral vector
titration.

RESIDUAL PLASMIDS

The same plasmids used to produce AAV's can
also contaminate the final product. Removing
residual plasmid DNA impurities in AAV vec-
tors is complicated because even with nuclease
treatment during vector purification, frag-
ments of DNA may remain packaged in the
AAV vector, making them resistant to nucle-
ase treatment [25]. This poses potential safety
risks as residual plasmid DNA packaged into
the capsid may contain bacterial sequences
and antibiotic resistance genes, which could
be harmful to patients. Additionally, residual
plasmids may trigger an immune response in
the patient, neutralizing the AAV vectors and
reducing their effectiveness.

Measuring residual plasmid DNA is cru-
cial to minimize adverse effects and ensure
Therefore,

manufacturers must demonstrate control over

consistency between batches.
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residual plasmid DNA levels in their products
to obtain regulatory approval for clinical tri-
als or commercialization. PCR methods such
as qPCR and dPCR are commonly used to
detect and quantify residual plasmid DNA
in the final product. Given the sensitivity of
these assays, manufactures need to develop
them carefully. For example, the selection of
representative target amplicons is an import-
ant consideration. Furthermore, optimizing
and validating PCR workflows against ref-
erence materials with known residual DNA
profiles is important for standardizing purity
tests across laboratories and AAV products.

To address this need, USP has developed
an ARM for residual plasmid that contains
the kanamycin resistance gene (KanR), com-
monly found in plasmids used for AAV pro-
duction. PCR primers specific to this gene
can be used to assess the level of residual plas-
mid in the drug substance. The USP residual
plasmid reference material is useful for cre-
ating a standard curve for qPCR, validating
system suitability, training personnel, and
piloting transitions in manufacturing scale;
making it useful for tackling some of the
challenges faced in commercial production of
AAV-based gene therapies [30].

FULLAND EMPTY
CAPSID STANDARDS

The objective of any AAV manufacturing
process is to maximize the production of
full AAV capsids in the final product. This
is accomplished by separating particles con-
taining the desired construct from empty
vectors that lack the therapeutic gene.
Unwanted capsids can be completely empty
or contain small fragments of DNA, such as
AAV inverted tandem repeats (ITRs), host
cell DNA, or plasmid DNA. These defective
particles do not contribute to potency and
increase the risk of immunogenicity by deliv-
ering antigenic DNA fragments to patients.
Therefore, it is necessary to characterize
and monitor empty capsids, as they have
the potential to elicit an undesired immune




response without providing the intended
therapeutic benefit [31].

To address this issue, NIST is collaborat-
ing with the FDA and industry partners to
develop and characterize an adenovirus sero-
type 5 reference material. The original source
for this material is a plaque isolate from a
serially plaqued sample of adenovirus, type 5
(VR-5, ATCC). The amplified plaque isolate
was used to manufacture a virus bank [32].
The adenovirus was cultured on microcarriers
seeded with HEK 293 cells from a certified
Working Cell Bank. The reference material
was further developed under the guidance of
the Adenovirus Reference Material Working
Group (ARMWG) and the FDA [33,34].
NIST has recently performed final stability
testing and is coordinating interlaboratory
testing for physical and infectious titer to
bridge measurements between the original
material and this new reference material.

In addition to acquiring validated refer-
ence materials, there is also the challenge of
determining which analytical technologies
are best suited to provide the most informa-
tion about AAV capsids. There are several
possible approaches, including UV spectros-
copy which uses the A260 to A280 ratio to
determine the ratio of empty to full capsid.
This method is simple but vulnerable to inter-
ference from sample components that absorb
light in the UV spectrum. Another approach
involves using a combination of gPCR and
ELISA to quantify the viral genome and viral
capsid proteins. However, this method may
lack precision and requires a well-calibrated
standard curve to accurately calculate the
DNA component.

Analytical ultracentrifugation (AUC) is
widely regarded as the gold standard method
for determining the empty/full AAV capsid
ratio [35]. It offers high-resolution separa-
tion, allowing for quantitation of empty, par-
tial, and full capsids, and is independent of
serotype. However, it requires a larger sam-
ple volume for routine analysis compared to
other technologies. Anion exchange chroma-
tography (AEX) is another commonly used

COMMENTARY

method for determining the empty/full cap-
sid ratio. AEX relies on differences in surface
charge to distinguish between the different
capsids. The empty/full ratio is obtained by
integrating the peaks representing empty and
full capsids and comparing their areas. AEX
offers lower resolution compared to AUC but
is suitable for GMP testing and requires a rel-
atively small sample volume. However, this
approach is serotype dependent, necessitating
method optimization for each of the 13 AAV
serotypes.

To establish best practices for these
methods, USP, NIST, and the National
Institute for Innovation in Manufacturing
Biopharmaceuticals (NIIMBL) have part-
nered in an effort to develop tools that will
allow better assessment of AAVs. NIST’s
long-standing experience with measurement
sciences and USP’s established role in the
application of measurement to the develop-
ment of methods and associated reference
standards is a great combination to advance
the field of testing biopharmaceuticals [36].
Also, NIST and USP both have extensive
experience  conducting multi-laboratory
studies, and NIIMBL has a diverse member-
ship across industry, academia, and govern-
ment. Together, they are well-equipped to
carry out an interlaboratory study aimed at
improving the measurement of AAV qual-
ity attributes, with a particular focus on the
empty-full capsid ratio [37,38]. The methods
currently being investigated by this collab-
oration include charge detection mass spec-
trometry (CDMS), capillary electrophoresis
(CE) immunoassays, and isoelectric focusing
(IEF). Each of these techniques require min-
imal amounts of material and can provide
information on the mass and charge of cap-
sid populations, as well as a relative quantifi-
cation of capsid content.

CONCLUSION

Many organizations, including NIST and
USP, are committed to addressing indus-
try-wide concerns regarding the purity of
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AAV vectors and are taking a collaborative
approach by bringing together stakehold-
ers from academia, industry, and regulatory
bodies to establish consensus on the critical
quality attributes for gene therapies. This
collective wisdom can then be translated
into universally applicable best practices and
reference materials for assessing AAV vector
quality that play a crucial role in improving
the manufacturing and quality control of
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Accelerate time to clinic for advanced therapies with a platform approach

John Lee, Global Head of Cell and Gene Therapy, Cédrick Rousseaux, Innovation, Analytical, and Process Development Director,
and Dana Cipriano, Global Head of Testing and Analytical Services, SK pharmteco

As the advanced therapies sector advances, the importance of adaptable and scalable platform solutions to reduce expenses and make patient access more
widespread grows significantly. Covering areas from viral vector manufacturing to cell therapy processing, as well as plasmid production and associated analytics,
many hurdles to establishing resilient platforms for cell and gene therapies must be addressed. This FastFacts poster outlines crucial insights for utilizing
state-of-the-art technologies and streamlining unit operations, aiming to accelerate the advancement and production of advanced therapies.

LENTISURE™ AND AAVELOCITY™:

SCALABLE AND HIGHLY PRODUCTIVE
MANUFACTURING

LentiSure* for lentivirus and AAVelocity* for AAV man-
ufacturing are two platform approaches developed to
address current challenges in the cell and gene therapy
space. Both are plug-and-play, robust, and scalable and
can release a clinical batch within 12 months of receiv-
ing plasmids.

These platforms consistently achieve high titers, regard-
less of batch size, and productivity remains steady at cell
culture harvest, whether at 250 mL or 200 L as seen
in Figure 1. With LentiSure, titer yield after harvest
reaches up to 5.9 x 10’ IG/mL, and with AAVelocity, up
to 2x 10" VG/mL.

AAVelocity can achieve up to 80% full particles, making
the manufacturing process highly productive. Addition-
ally, total yields range between 30% and 50%, with the
possibility of reaching a final titer yield after purifica-
tion of 1 x 10" VG/mL, and a proven scalability of up to
1,000 L.

Both platforms have a strong track record, with over
100 batches produced each. For LentiSure, this includes
40 cGMP batches and 14 different transgenes, while for
AAVelocity, it is 55 and 5, respectively.
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AAV AND LENTIVIRUS PLATFORM ANALYTICAL
CAPABILITIES AND ASSAY DEVELOPMENT

Accurate characterization and testing of cell and gene
therapies is crucial for minimizing regulatory delays. The
AAVelocity and LentiSure platforms are are equipped
with analytical procedures suitable for testing the
quality attributes of various products without signifi-
cant changes to their operational conditions, system

Figure 1. Titers at cell culture harvest for lentivirus and
AAV titers using LentiSure and AAVelocity platforms at
250 mL and 200 L.
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suitability, and reporting structure. They enable rapid
and specific testing across five key domains through-
out the manufacturing process and product lifecycle:
potency, purity, identity, safety, and stability. The AAV
method platform package supports CDMO clients and
external testing, reducing GMP batch usage and release
times, particularly for safety assays like replication-com-
petent virus and adventitious agents testing. Similarly,
for lentivirus, many required assays are provided as a
platform service. As the technology expands for lentivi-
rus, safety testing for cell-based replication-competent
lentivirus GMP will be introduced in 2024.

The Assay Development and Testing approach revolves
around creating and implementing complex assays to
support various modalities of cell and gene therapy. The
four-step approach to assay development and analytical
testing of platform assays is outlined in Figure 2.

SUMMARY

LentiSure and AAVelocity are proven and robust platform
approaches that tackle the challenges currently faced by
the cell and gene therapy space. With the integration of
their key features, they provide production efficiency for
viral vector manufacturing and release analytics.

*Proprietary information of Yposkesi SAS, an SK pharmteco
company.
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Figure 2. The four-step approach to assay development
and analytical testing of platform assays.
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Accelerating AAV process
development with a
PAT-driven TFF system

Teva Smith

Ultrafiltration/diafiltration represents a crucial step in bioprocessing, but traditional meth-
ods can pose a range of challenges. Some of these issue stem from current mass-dependent
methods used in tangential flow filtration (TFF) systems. This article describes streamlined
process development with a system uniquely controlled by real-time titer measurement
acquired through in-line variable pathlength spectroscopy. AAV case study data from real
users demonstrate automated process control, exhibiting the system'’s efficacy across vari-

ous final endpoints.
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CURRENT TFF CHALLENGES

In gene therapy manufacturing, traditional
methods  of  ultrafiltration/diafiltration
(UF/DF) often pose challenges related to
variability and lack of real-time monitoring.
Some key issues stem from reliance on mass
balance calculations, which have potential to
introduce and propagate errors throughout

www.insights.bio

the TFF process. Errors may also arise during
volume hold-up calculations or any of the
steps requiring human interaction with the
system, creating multiple opportunities to
compromise accuracy before, during, and
after the process (Figure 1).

Addressing these challenges are an indus-
try-wide priority. In a survey of 207 quali-
fied biopharmaceutical professionals [1],
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—» FIGURE 1

Traditional TFF system challenges.

real-time, in-line product testing, auto-
mation instrumentation, and continuous
bioprocessing were identified as key new
product development areas of interest to
address process analytical technology (PAT)
needs.

COMBINING TECHNOLOGY
SOLUTIONS TO ACHIEVE A
PAT-DRIVEN TFF PROCESS

The KrosFloo KR2i Real-time Process
Management (RPM™) is first in the Repligen
PAT-driven TFF System. Repligen is address-
ing the needs of the industry by integrating
the KrosFlo KR2i TFF System with the
CTech™ FlowVPX' in-line variable path-
length UV-Vis technology. The integrated
system provides UF/DF process monitoring
and control through real-time concentration
measurements and set points.The KR2i sys-
tem is an automated lab-scale TFF system
used in downstream applications. It is a turn-
key, benchtop TFF system that enables walk-
away automation. There are 13 automated
process control modes, mainly comprised of
combinations of concentration and diafiltra-
tion. With robust processing and highly con-
figurable flow paths and setups, processing
volumes as low as 10 milliliters or as high as
10 liters are possible.

The FlowVPX System is the only in-line
UV-Vis spectrophotometer that utilizes vari-
able pathlength technology to allow for real-
time, continuous concentration measurement
throughout the UF/DF process. Variable
pathlength technology yields a broad dynamic
range, as the system adjusts to the right path-
length range to achieve accurate measure-
ments regardless of the molecule of interest.

These two products are unified with a com-
mon software platform, allowing the user to
utilize the FlowVPX not just as a monitoring
system, but as a control and management sys-
tem, by using the data that is created and cap-
tured by the FlowVPX System. This enables
all of the familiar TFF automation control,
but now based on in-line concentration. This
integrated system gives real-time data at every
step of the filtration process, and automatically
generates graphs, charts, and trends, providing
all of the inputs and outputs that are crucial to
understand for optimising a process. It is also
a flexible plug-and-play technology that can be
set up as needed for specific applications.

TRADITIONAL UV-VIS VERSUS
VARIABLE PATHLENGTH
SPECTROSCOPY

UV-Vis spectroscopy is based on the Beer-
Lambert law where absorbance (A) is directly

e \
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proportional to the concentration (c), path-
length (I), and extinction coefhicient (€)
(Figure 2). In traditional UV-Vis, the path-
length is a fixed value; sample dilution is
therefore required to ensure the absorbance
falls within the linear range of the spectro-
photometer. In variable pathlength spectros-
copy, the system rapidly measures absorbance
at muldiple pathlengths to produce a lin-
ear regression in accordance with the Beer-
Lambert law. Concentration can then be
collected neat, as the need for sample dilution
is eliminated.

KROSFLO RPM SYSTEM SETUP

The RPM system setup (Figure 3) is similar to
that of a traditional TFF system, and various
configurations are possible depending on the
concentration and diafiltration requirements
of the process. What distinguishes the RPM
system is the integration of the FlowVPX
instrument, strategically positioned in-line
immediately after the feed tank. This place-
ment is pivotal, as it provides the best repre-
sentation of the material concentration inside
the feed vessel. In contrast, the material in
the retentate line would appear more concen-
trated, as it most recently passed through the
filter; however, this concentration would not

INNOVATOR INSIGHT

reflect the entire batch, as it has not yet mixed
with the material in the feed tank.

AAV CASE STUDY DATA

Case study 1: viral titer
determination—AAV2

In the first case study, the objective was to
evaluate a variable pathlength spectroscopy
method for AAV viral titer monitoring. The
assessment utilized the FlowVPX system to
monitor the concentration of AAV2 during
a UF/DF run (Figure 4). Each stage in the
UF/DF was compared to ddPCR, ddPCR
GO, and ELISA, as shown in Table 1.

The results illustrate that this approach is
able to accurately capture real-time titer and
is comparable to offline methods. The run
met expected values and the final UF2 tar-
get, and the FlowVPX System results were
successfully acquired in real time. In contrast,
off-line methods were generated by two dif-
ferent users in the analytical group with a
2-week turnaround time. The final product
testing is highlighted in the data table. The
average variation was found to be >15% for
capsid titer and >7% for genome titer. At the
final UF2 stage, this was within 5% of other
methods with a high linearity, demonstrating

—» FIGURE 2

Traditional UV-Vis versus variable pathlength spectroscopy.
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—» FIGURE 3

Example KrosFlo RPM system diagram.
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UF/DF AAV titer process monitoring using in-line VPT technology: AAV2 TFF run.
UF1 DF UF2
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TABLE 1
UF/DF AAV?2 titer process monitoring—KR2i RPM system results versus ELISA and ddPCR.

KR2i KR2i ELISA: ddPCR: ddPCR: % % %

RPM: RPM: capsid DNA GOl Difference Difference Difference
DNA capsid (vp/mL) (vg/ml) (vg/mL) capsid ddPCR ddPCR
(vg/ml) (cp/ml) GOl

UF1 6.39x 102 1.48x 10 | 9.91x10%2 | 4.94x 102 | 4.99x10*
DF 7.93x 102 1.85x 10%* 1.65x 10 | 7.94x 102 | 8.17x 102
Mid-UF2 1.16x 10% 2.58x10% | 2.34x10% 1.15x 10%® 1.18x 10%
End-UF2 | 2.19x 10 | 4.77x10% | 4.54x10% | 2.08x 10 | 2.14x 10%®
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TABLE 2

consistency during the process of collection

with the FlowVPX.

Case study 2: viral titer
determination—AAV5

A second study was performed using AAV5
to assess robustness of the FlowVPX System
for in-line titer measurement of another stan-
dard serotype. This assessment utilized the
FlowVPX System to monitor the concentra-
tion of AAV5 during a UF/DF run (Figure 5).
Each stage in the UF/DF was compared to
ddPCR, ddPCR GOI, and ELISA (Table 2).
As with the first case study, FlowVPX
System results were successfully acquired
in real time. Off-line methods were gener-
ated by two different users in the analytical
group with a 2-week turnaround time. In this
study a higher percent difference was seen
between methods. However, this remained
consistent and linear with the data it was
capturing throughout the entire process. This

INNOVATOR INSIGHT

shows trackability and comparability to other
methods.

Case study 3: comparing different
off-line methods

The third example used AAV2 and compared
different offline methods: qPCR, Octet, and
Repligen’s own at-line SoloVPE method. As
shown in Figure 6 and Table 3, the FlowVPX
and the SoloVPE both collected AAV titer
successfully and the real-time process insight
allowed for the run to be modified. In the
diafiltration stage, the variable pathlength
instruments detected a decrease in concentra-
tion that was not registered by the other ana-
lytical methods. This suggested a gel layer was
forming during the diafiltration stage.

The solution to this issue was to reduce the
flux, i.e., lowering the transmembrane pres-
sure to allow for better mixing throughout
the process. However, this issue could only be
detected using real-time, in-line analytics.

—» FIGURE 5

UF/DF AAV titer process monitoring using in-line VPT technology: AAV5 TFF run.
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UF/DF AAVS5 titer process monitoring—KR2i RPM system results versus ELISA and ddPCR.

UF1

DF
Mid-UF2
End-UF2

KR2i KR2i ELISA: ddPCR: ddPCR: % %

RPM: RPM: capsid DNA GOl Difference Difference
DNA capsid (vp/mL) (vg/ml) (vg/mL) capsid ddPCR
(vg/ml) (cp/ml)

8.24x 10*? 1.54x 10 1.60x 10 6.35x 10*? 5.86x 102 | -4.03 -22.92
9.66x 10*? 1.79x 10 1.50x 10%® 6.88 x 10*? 7.68x 10*? 19.19 -28.78
1.65x 10 2.93x 10 2.50x 10 1.21x10% 1.37x 10 17.09 -26.56
3.23x 10 548x 10 | 4.80x 10*° 2.19x 10% 2.44x10% 14.08 -32.15

%
Difference

ddPCR
GOl

-28.86
-20.50
-16.84
-24.40
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—» FIGURE 6
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SUMMARY

The KR2i RPM system seamlessly integrates
the in-line FlowVPX spectrophotometer with
the automated KR2i TFF System, estab-
lishing a first-of-its-kind PAT-driven system
control by real-time titer measurement. This
integration strengthens process control and
ensures high-quality, reproducible results.

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.051

Real-time data collection enhances process
efficiency by reducing cycling time, while
in-line measurement minimizes process risk
by eliminating dependence on error-prone
calculations.

Repligen is paving the way towards PAT-
driven TFF systems and plans to expand the
RPM product line with larger-scale systems
in the near future.

Capsid %
difference
VPE vs VPX
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Teva Smith

How does the in-line titer value from the FlowVPX measured
during TFF differ from the traditional offline titer measured after
product recovery?

TS: We are using the UV-Vis with the relationship between capsid and genome titers.
The output is going to be comparable to your ELISA, ddPCR or qPCR. The only difference
here between the offline and the on-line is that we're able to provide a much more efficient out-
put so you can have this information instantly, instead of taking a week or 2 to actually collect
those offline data points. This reduces how many data points you have to collect, whether it’s
having to collect for DF for your TF1 and then your TF2. Here, you can just take your final
sample and test it offline with your AD group or QC group.

ls there a single-use version of FlowVPX?

L4 . . . .
TS. Yes, the single-use flow cells are available now and they can come X-ray irradiated.
This can be implemented into your own setup or within our custom flow paths to optimize
your process.

ls the addition of a DF buffer to be used manually, or is it an
automated calculation based on concentration input/output?

TS: We have two KR2i ‘minis’ as we call them, and they are the automated pumps that
will pump in the diafiltration buffers so you can run two DFs if that’s your process. I have
some AAV clients that go with this approach, and it will be done automatically and based on

ISSN: 2059-7800; published by Biolnsights Publishing Ltd, London, UK
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volume. We will capture the titer for your TF1 and TF2, but use volume exchange for the
diafiltration.

Does this UV concentration utilize one or multiple wavelengths?
Additionally, is multiwavelength measurement possible, and how
does that impact the measurement time?

TS: This equation requires multiple wavelengths, so it’s going to capture 260 and 280.
We use four extinction coefficients, and this is based on a paper with an equation on UV-Vis
with AAV [2]. We use those inputs to essentially generate automatic extinction coeflicients for
your capsids. If you have a custom capsid, youd have to put that extinction coefficient in for
260 and 280, but we use the ratio within that paper to generate both capsid and genome titer
output. So it does do multiwavelength and the range is 190 to 1,100 nanometers. If you had
other modalities that you are interested in and you wanted to input this VPX technology to
record a different process as well as your AAV process, you can do that.

Can you elaborate more on how the FlowVPX can quantify total
capsids and viral genomes just by absorbance?

TS: How it does this is not just by absorbance—it’s the ratio between the absorbances
at 260 and 280, so it would actually give you an output of empty/full. It doesn’t capture just
the raw overall titer of your process or overall amount of capsid. It gives you the in-line titer.
Your in-line titer would be how youd be able to process your amount of mLs that you have in
that solution. When we talk about the in-line mass collection, that’s more regarding chroma-
tography where everything is flowing through at once and you can capture that. This is going
to be a recirculation, so it'll give you the titer, but not overall capsid number.

What is your minimum process volume using both VPX and KrosFlo
RPM systems?

TS: For our AAV clients, we have been able to optimize even custom flow paths down to
4 mL, using L14-size tubing and a hollow fiber from Repligen. The output is really based on
what our clients need. We have varying sizes based on the quantity that you're starting with.

Can you control concentration to specific ranges with a specified
minimum and maximum?

o . . . . .
TS. For titers, you won't control for range. The beauty of having an in-line PAT is that
you can actually target your target—you can set it to your ideal number, instead of having to
overshoot it like in traditional mass balance and then having to re-dilute it after.
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Does the VPX use disposable fibrettes, and have you seen issues
with protein absorption onto the probe during processing? Could
this be recovered by clean in place (CIP)?

TS: Yes, this does not use the flow cell other than the single-use model, which would
be just the disposable whole flow cell. The stainless steel model is CIP, and you would do
0.5 NaOH for 30 minutes followed by a water flush. We've found this to be below the 500 ppb,
which is in the pharmacopeia standards.

In the TFF, what are the limits of sample in terms of viscosity, solid
content, and protein titer?

TS: In your traditional process, viscosity doesn't affect the FlowVPX reading, besides
micro-bubbling. If it does have a known micro-bubbling effect, that can impact UV-Vis. But
traditionally, as long as the filter can support the level of viscosity you are working with and
doesn’t gel up, you would be able to get accurate readings in-line.

What are the limits of operation of the TFF regarding sample
viscosity and protein titer?

TS: Regarding viscosity for the titer for AAV clients, one of them can be gel layer for-
mation on your hollow fibers. AAV is notorious for forming a gel layer. You'll see this drop
in titer during the diafiltration that actually jumps back up after the diafiltration once you
have recirculation going and pulling things off of that filter. The viscosity itself isn't as much
of an issue—it’s more so if you are having an even distribution with mixing in your process.
Definitely having a stir bar and making sure that your flux is optimized in order to get the best
output. Using this PAT also allows you to optimize these other aspects of your process.

How robust is the UV measurement with regard to precipitants
which can occur during TFF?

TS: Precipitants can affect the system. Where you would see this impact would be through
a failing R-squared value. The VPX and the SoloVPE both have this indicator, R-squared, that
lets you know that the collection is not collecting linearly, which can happen if a precipitant
comes through the solution that’s not in the next collection. So you would have an indicator
to let you know something is precipitating in your solution.
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If you have a continuous manufacturing process, would it be better
to place FlowVPX in the feed or retentate line?

TS: If you're working at that scale it is better to place it on the retentate. Your target of
interest for the titer or the concentration reading is where you'd want the VPX. The reason that
we have it on the feed side is because the target in this RPM system, the smaller scale, is your
feed vessel. If it’s passing on to another spot, you move it to where your target is. This is similar
to chromatography, where you're going to have it post-column to collect the information that’s
going into your next stages.

Is there any flow rate limit range for optimized measurement?

TS: No—we do have a maximum flow rate, but this can collect even at zero flow rate as
well. It is really based on what is required to optimize your mixing in your setup. There is no
optimized flow rate, it’s based on your actual molecule. A flow rate that prevents any settling,
any precipitants or any gel layer from fully forming are how we would work with that. That is
something we would provide to the client, and work with them to help optimize what their
process is and get the best in-line readings possible.
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toxicology assays, showcasing a diverse skill set in PCR, SDS-PAGE, Western Blotting, and
high-throughput research methodologies. Teva Smith emerges as a driven scientific profes-
sional, blending comprehensive expertise in bioprocessing with a commitment to advancing
research and development in the field.
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On March 4, 2024, David McCall, Senior Editor, Cell & Gene Therapy Insights, spoke to
Joseph W Graskemper, Director of External Network Strategy at Biogen, about recent trends
in the gene therapy CDMO sector and what these mean for the industry as a whole. This arti-
cle is based upon that conversation. The views expressed in this article belong exclusively to

the author and not to Biogen, Inc.
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PAST TO PRESENT: THE CURRENT
STATE OF THE GENE THERAPY
CDMO INDUSTRY

Before outlining the current state of the field,
it’s important to firstly acknowledge some key
events in our industry throughout the past
several years.

The COVID-19 pandemic triggered a
significant shift in the industry, creating a
‘perfect storm’ of factors that resulted in a sub-
stantial increase in demand for raw materials,
consumables, and drug manufacturing, along
with the corresponding capacity thereof. This
had a huge impact on cell and gene therapy
(CGT) supply chains. Companies without
strong dual-sourcing strategies and robust
business continuity plans were in a tough
position as previously readily available mate-
rials became hard to find. At the same time,
there was also great excitement building
around advanced therapy technologies, with
multiple recent gene therapy approvals and
mRNA beginning to show promise in the
first COVID-19 vaccines. This exacerbated
the difficulties already facing gene therapy
supply chains. As skyrocketing investment
and fundraising efforts funneled into CGT,
those working in the area battled challenges
including severe shortages of single-use con-
sumables and critical raw materials that were
being diverted to vaccines manufacture, an
insufficient talent pool due to the novelty of
the field, and practically non-existent manu-
facturing capacity.

In early 2021, there was a reactionary
phase that saw contract development and
(CDMOs)
building out capacity as quickly as possible

manufacturing  organizations
to meet demand for advanced therapies. And
at the same time, sponsors built or were con-
sidering $100+ million facilities of their own,
preferring to keep their processes internal to
retain control and safeguard IP.

Fast forward from this surge in activity and
investment to today, and we see that the mar-
ket did not hold up. The last 2 years have been
characterized by a challenging environment
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for CGT biotech fundraising, especially for
early-phase companies that built their own
facilities. Those investments in ‘build’ ver-
sus ‘buy’ led to negative consequences for
some, where the overhead of maintaining an
advanced therapy manufacturing facility may
not have been fully considered. If early-phase
programs did not pan out as hoped, com-
panies became stuck with expensive, empty
facilities. The March 2022 deal between
Oxford Biomedica and Homology Medicines
to form Oxford Biomedica Solutions is just
one example of a CDMO coming in and pur-
chasing a facility from an innovator company.

The extra capacity that was being built out
in 2020-2021 has now come online—how-
ever, the tough financial climate means that
the demand is not what it once was, resulting
in unfilled capacity at CDMO:s. For example,
some CGT developers are no longer moving
multiple assets forward in parallel and are
rather focusing on a smaller, re-prioritized
portfolio to progress. We are just now seeing
this capacity starting to be taken up and uti-
lized based on the investment environment
improving.

In addition, the introduction of man-
ufacturing platforms has brought about a
profound shift in the field. For example, in
2020, AAV vector production platforms were
not established or widely being offered by
CDMO:s. Just a few years later, new platforms
covering several different AAV serotypes are
coming out that developers can plug into.
With the industry having largely completed
its move towards the suspension culture-tran-
sient transfection model and away from
adherent cell culture, the field is now feeling
cautious optimism that industrialization may
soon be a reality.

HOW TO FIND THE RIGHT
CDMO PARTNER

With these recent trends having strength-
ened both the hand of the CDMO sector
through the offering of manufacturing plat-
forms, and the hand of the CGT sponsor by




way of increased availability of manufactur-
ing capacity, the question of how companies
should approach CDMO selection is more
important than ever. There are myriad pitfalls
to avoid. But where to start?

For example, as a company works to
advance an asset from the preclinical to clin-
ical stage, a common misstep is not starting
the search for a CDMO early enough. Once
there is a particular asset in R&D with a
nomination in sight and the beginnings of
a target product profile, it is vital to discuss
internally the external manufacturing strat-
egy, and the costs, dosages, and amount of
material required in a variety of scenarios. By
the time the point of nomination is reached,
assumptions must have been pressure-tested
internally. So, start early, go through scenario
planning, and determine what you require
in a partner before formally beginning your
CDMO search. You may miss the mark if you
do not align internally on your target product
profile, dose, potential volumes, and prospec-
tive multi-year plan. It is vitally important
to go in knowing what you need in terms of
high-level capabilities.

The process to find the right CDMO starts
with an initial landscaping assessment, and
there could be many CDMOs that meet all
your high-level criteria. At that point, you
will send out a Request for Information (RFI)
to help you figure out a given CDMO’s tech-
nical capabilities, quality capabilities, and site
history on a deeper level. That RFI can then
be escalated to a request for proposal (RFP)
once the range of target companies has been
narrowed down. An RFP shares with the
CDMO exactly what you want them to do
for you. This is typically sent to a maximum
of three to five CDMOs.

As part of this process and of your due
diligence, you must do a site visit of any
CDMO that you are seriously considering.
Walking the floor, seeing the facility, and
meeting the site leadership are all critical.
Importantly, you also need to present and
sell your company to that CDMO. If you
look at this relationship on a transactional

VIEWPOINT

level, you will lose. To establish a fruitful
partnership, you need to look at the rela-
tionship with the CDMO as being an exten-
sion of your team, and vice versa. On site
visits, you can gauge the CDMOs interest in
working with you. Through face-to-face dis-
cussions, you can tell if they share the same
excitement as you, and use such subjective
cues to potentially walk away from that rela-
tionship, if needed.

When you find a CDMO that wants to
partner with you, the next step is to establish
a strong foundation for a business relation-
ship that will get you where you ultimately
need to go. In other words, you must con-
sider what this relationship and asset life-
cycle will look like from clinical through to
commercial. Ask yourself: is this CDMO a
potential one-stop shop all the way through
to commercial manufacturing, or is it more
specialized on the clinical side? There is no
perfect answer or preference; it is dependent
on the holistic manufacturing strategy for the
innovator company.

Having selected your preferred CDMO
and awarded it your business, you may
encounter difficulties when you begin negoti-
ating the Master Services Agreement (MSA).
At that stage, you may realize that you are not
aligned with the CDMO on aspects such as
IP or batch failure. Suddenly, there is the need
for a monstrous negotiation, which isnt in
the interests of either party. It is therefore crit-
ical that during the RFP process, you either
obtain a copy of the CDMO’s MSA or share
your company’s template MSA to facilitate an
initial discussion to understand the terms and
conditions that will need to be negotiated.
Terms and conditions and contracts with the
CDMOs should be a key component of your
selection process.

As discussed previously, a further import-
ant consideration in defining the strategic
direction of a modern CGT development
company is that manufacturing platforms
now exist. Today, not every company has to
build its own homegrown production process
with the required internal resourcing thereof.
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There are processes out there that can be
tapped into at CDMOs, meaning you only
need a relative few subject matter experts in
each department for a single asset. It is pos-
sible to be a virtual company through the
early-phase delivery of clinical trial material.
CGT companies should carefully evaluate
just how much they need to build in the way
of internal assets and capabilities, especially at
a time when capital is still relatively difficult
to raise. More and more biotech companies
are now taking this virtual approach and rely-
ing on CDMO platforms.

However, this method does come with its
own risks. There are a few items to bear in
mind with CDMO platforms, such as IP and
transferability. This will be a different situ-
ation with each individual CDMO, so it is
important to look at those terms and con-
ditions in detail. Understand how locked in
you could potentially be and what alternative
options are available.

FUTURE DIRECTIONS

We are starting to see more partnerships
between CDMOs and innovator companies.
They represent a great way to take the pressure
off raising capital in the current environment.
This can also provide a win-win for both bio-
tech companies and CDMOs, as the biotech
companies can try out CDMO platforms and
by doing so, help to refine and improve them.

The industry landscape is rapidly chang-
ing. Recently, there have been two major
occurrences that could have a consider-
able impact on the CGT industry. Firstly,
Novo Holdings acquired Catalent, the larg-
est gene therapy CDMO in the world, for
US$16.5 billion—an unprecedented deal
driven by the monumental demand for
GLP-1 receptor agonist drugs, including
Ozempic® and Wegovy®. Novo Holdings
has taken the decision to acquire Catalent
in order to secure capacity and capability,
which is something that nobody predicted.
Consequently, from a risk management
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perspective, gene therapy companies should
be thinking differently about the business
continuity of their supply chains and try-
ing to understand if this is a one-off deal,
or part of a larger trend. Considering this,
CGT biotech companies may wish to build
a greater degree of flexibility into their con-
tracts with CDMOs moving forward and/or
modify manufacturing strategies.

Secondly, the BIOSECURE Act, which
was introduced in late January 2024, is
another key story to watch, as it may restrict
the ability to work with certain named com-
panies in China. This carries a wide range
of implications that may affect the overall
sourcing of raw materials, intermediates, and
products from China. Here, current geopo-
litical tensions are creating an environment
that poses further difficulties to those who
are outsourcing to other regions because of
the pandemic. This is a serious consideration
that needs to be accounted for in manufac-
turing strategy and business continuity.

It is also important to acknowledge
that there is tremendous pressure on pric-
ing for CGT products in general. This is a
long-standing talking point in the industry,
with key figures like Dr Peter Marks of the
US FDA saying that we need to do better.
Currently, gene therapies are the most expen-
sive medicines in the world, potentially cost-
ing millions of dollars per patient. We need
process intensification (and policy negotia-
tion) to get these prices down. This is where
advances in platforms can potentially come in
to help lower the cost of goods.

A final point to consider around pricing is
the Inflation Reduction Act—a result of the
tremendous pressure on the pricing of these
products. The biopharma industry is still fig-
uring out exactly what this means, but while
it is not likely to have as severe an impact
as it may on the small molecule drug space,
it is likely to make strategy and planning
somewhat more difficult for CGT develop-
ers, especially those working in non-orphan
indications.
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Harnessing producer cell lines
and process intensification

to address the AAV process
productivity conundrum

In the battle to drive AAV process productivity to the lev-
els required to ensure a successful commercial future, gene
therapy developers are increasingly exploring non-tradi-
tional tools and methodologies. David McCall, Senior Editor,
Cell & Gene Therapy Insights, talks to Ying Cai, Executive Director,
Manufacturing Sciences and Technology, Ultragenyx, about the
growing impact that producer cell lines and perfusion processes
are having on manufacturing yields and consistency.

Cell & Gene Therapy Insights 2024; 10(3), 299-307
DOI: 10.18609/cgti.2024.045

Q What are you working on right now?

YC: My team and | are currently working on process validation activities for several late-
phase AAV programs. One of our programs is called UX111 (also referred to as ABO-102).
It is an AAV9 gene therapy used to treat patients with a rare genetic disorder—Sanfilippo
syndrome type A. Ultragenyx announced data in February 2024 that treatment with UX111
resulted in rapid and sustained reduction of heparan sulfate in cerebrospinal fluid, which
correlated with improved long-term cognitive development. Our main focus right now is to
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partner with Andelyn (CDMO) to execute a process performance qualification (PPQ) cam-
paign and prepare for biologics license applications and marketing authorization applications
for commercial launch.

Ultragenyx has a robust pipeline of AAV gene therapies at different clinical phases, and has
relied solely on CDMOs to produce clinical materials previously. However, it became clear that
internal manufacturing was necessary to enable our long-term success. We finished construc-
tion of our 110,000-square-foot Gene Therapy Manufacturing Facility (GTMF) in Bedford,
MA last year. This facility is capable of manufacturing AAV with multiple platforms. We have
already produced clinical materials using our proprietary Pinnacle producer cell line (PCL™)
platform. Several early products with transient transfection process will also be made at GTME
This GMP facility is well positioned to deliver both clinical and commercial materials, with an
ultimate goal of providing low-cost and high-quality gene therapies to patients.

Where have improvements been made recently in terms of boosting
yields in viral vector manufacturing, and how far do we still have to
go in this regard?

YC: It has been a keen industry focus to boost viral vector titer responding to increased
clinical demand and the steep cost of approved therapies. Recent approval of Elevidys for
the treatment of Duchenne muscular dystrophy also emphasized this need. My company is
addressing this issue from three different angles.

First of all, scaling out or scaling up is the most straightforward approach with less burden
on process development. We applied this approach to different AAV platforms, and strongly
encourage other companies to consider it. For example, pooling 4 x 30 HYPERStacks® (HS)
into one downstream process is a lot more efficient than individually processing 30 x HS into
drug substance (DS), as in-process sampling and DS testing consumes a large portion of drug
product (DP) that could otherwise be destined for patients. Scaling up the suspension culture
from 200 L bioreactor to multiple 500 L bioreactors might require scale-up optimization and
facility planning. Typically, a manufacturing suite may only have two production bioreactors,
but the clarified harvest pool can be concentrated with tangential flow filtration and held fro-
zen before pooled into the downstream process. For new products using the PCL process, we
started at the commercial scale (2,000 L) for Phase 1/2 clinical manufacturing and will keep
the same process for commercial supply (thus reducing the burden of comparability testing). In
short, scaling the upstream scale out or up should be the first consideration to improve overall
productivity.

Second, cell line engineering has been our unique strength, particularly on the PCL.
Through genome modifications and iterative clone screening, the latest PCL clones showed
50- to 100-fold titer increase compared to the earliest clones. There is also enhanced prod-
uct quality such as increased full particles and decreased impurities. This has been crucial for
enabling Ultragenyx’s pathway towards commercial success.

Lastly, process development teams made great strides in applying process intensification
techniques to AAV. We have always used perfusion for N-1 stage before the AAV production,
but we are now taking it one step further to continue pushing for cell growth post-infection
and to optimize/extend AAV production. We demonstrated a >10-fold increase of volumetric
titer not only in process development, but also at the pilot scale, and plan to tech transfer to
GMP manufacturing soon.
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“..the PCL approach demands more effort up front on
cell line engineering and offers less flexibility for the
candidate screening phase. But it offers major reward
to a product with commercial viability.”

Ultragenyx is working diligently on all these fronts, leveraging advancements in cell line
engineering, process innovation, and different tools to lead and drive improvements in viral
vector manufacturing. We believe process intensification coupled with Pinnacle PCL will pro-
vide a means to realize truly affordable AAV gene therapies in the near future.

Can you tell us more about Ultragenyx’s PCL?

YC: The Pinnacle PCL platform was initially derived from the HelLa S3 cell line sourced
from the American Type Culture Collection. This initial iteration was a polyclonal packaging
cell line with truncated inverted terminal repeats (ITRs) and a truncated P5 promoter. We
constructed a single plasmid with all the components—rep, cap, and transgene—and put that
into the cell line.

We enhanced that iteration with the next-generation Pinnacle PCL Platform. This version
underwent significant genome modifications, incorporating full-length ITRs and transitioning
to a biotype P5 promoter for improved stability and performance. Through rigorous screening
and genetic optimization, we advanced to a monoclonal cell line, ensuring greater genetic sta-
bility across multiple programs.

More recently, we have updated the platform with several tools that enable transient or
stable knockdown/knockout of multiple genes. Knocking out these nonessential genes further
enhanced AAV production capacity. We have applied the Pinnacle PCL platform to several pro-
grams requiring high-dose applications targeting diseases like Duchenne muscular dystrophy.

How does the PCL compare with transient transfection- and
helper virus-based approaches, particularly in terms of improving
productivity? What are the relative pros and cons of the different
platforms as they currently stand?

YC: Transient transfection provides flexibility and speed, being a lead choice for funda-
mental and exploratory research applications. Therapeutic transgenes flanked by AAV ITRs,
AAV rep and cap genes, and helper function genes are delivered via plasmids to transfect human
cell lines during the production phase. Cells can also be optimized to insert requisite helper
genes in the genome, for example, current HEK-293 genome contains stable E1A and E1B
genes because it was derived from cell transfection with sheered adenovirus type 5 genes [1].
Major disadvantages of transient transfection process are low titer and high impurities. It lacks
the intricacies of a natural viral system, to maintain proper balance of helper gene expression,
capsid protein expression, and transgene replication. It often leads to a high percentage of
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“We are still at the early stage of understanding
and characterizing the AAV product and process, due to
several challenges including a lack of industry reference

standards, complex analytical methods, and limited
knowledge sharing in the CMC field.”

defective viral capsids, adding burden to downstream purification or leading to higher capsid
dose (to achieve desired genome dose) in clinical studies.

In contrast, the PCL approach demands more effort up front on cell line engineering and
offers less flexibility for the candidate screening phase. But it offers major reward to a product
with commercial viability. With the genetic makeup of the PCL already tailored to include
necessary elements such as rep/cap genes and the transgene flanked with ITRs, there is no
need to supply plasmids during production. Although a helper virus bank is needed, it can
self-replicate, so only a small volume is required; it is also one time only and generic to all AAV,
therefore more favorable in cost than plasmids. Most importantly, AAV production via Ad5
infection resembles natural viral infection, which is the outcome of billions of years of evolu-
tion. I think it is still far more eflicient than newly developed systems, at least for now, as we
don’t truly understand all the viral replication and packaging details at the molecular level. We
have compared the same AAV product made with transient transfection and PCL processes—
the latter showed much higher productivity and full AAV capsid percentage.

Transient transfection and the PCL platform each offer distinct advantages and limitations,
and it is unlikely one will replace another in the near future. Understanding the tradeoffs of
each platform is crucial to selecting the right process for a given product, ultimately advancing
therapeutic developments for various medical conditions.

Where do we stand as an industrializing sector in terms of enabling
process intensification? What are the key remaining issues and
challenges here?

YC: Despite rapid clinical progress, advancements in AAV bioprocessing are limited,
and clinical supply remains a bottleneck. Regarding all of the four manufacturing platforms
(baculovirus, HSV, transient transfection, and Ad5 helper), the baculovirus platform reported
the greatest improvement in scaling up and high-yield production, in addition to optimizing
Bac-vector system at the molecular design level [2]. Ultragenyx focused on the advancement
of PCL/Ad5 system and started to apply process intensification techniques to PCL platform.

While process intensification was extensively studied with traditional biologics, adapting
to AAV production is not easy. There is a key difference of AAV production compared to
antibodies or enzymes that are secreted to extracellular environment: viral infection triggers cell
autophagy and autophagy-triggered caspase activity leads to adenovirus-mediated cell lysis [3].
Cell death is just the beginning—build-up of cell debris and increased culture viscosity (from
host cell DNA) will quickly compromise oxygen transfer and decrease AAV productivity of
remaining viable cells.
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Ultragenyx has studied different phases of PCL process and put effort into optimizing
growth conditions pre-infection and for a short duration after cell infection. We used per-
fusion at multiple stages and achieved 10-fold increase of volumetric titer. There is ongoing
effort to optimize media components and feeding strategy. Downstream also has opportunities
in terms of overall yield, automation, and smaller scale. Charged membranes and monolith
columns can replace packed columns for efficiency gain. Even recently, simulated moving bed
is being considered for viral purification. We also explored continuous chromatography for
anion exchange chromatography: with a small column and optimized loading, we achieved a
significant yield increase and improved full/empty separation.

Process intensification is a holistic approach to maximize overall cell productivity. As an
industry of AAV manufacturing, I think we are just at the beginning of the journey. Merten ez al.
reported 10° vg/cell for HeLa+Ad system, with a cell density of 107 VCD/mL. We could
achieve a potential of 10" vg/ml [4]. Realizing such productivity necessitates a paradigm shift
and a concerted effort across the industry. A more ambitious goal is to transform a batch pro-
cess to a continuous process, which I will talk about later.

Regarding the reduction of batch-to-batch variability, what are
the key processing steps to take to improve repeatability and
robustness in AAV manufacture? How is Ultragenyx addressing this
particular issue?

YC: My current role in MSAT is developing PPQ strategies for late-phase AAV programs.
As such, I am a strong advocate for understanding and reducing batch-to-batch variability at
the manufacturing scale.

As described in the FDA guidance [5], a successful validation program requires the manu-
facturer to understand the sources of variation, build tools to detect the presence and degree
of variation, understand the impact, and finally apply controls commensurate to the risk level.
It is a lot more challenging to apply this guidance to AAV than traditional well-characterized
antibodies or biosimilars. We are still at the early stage of understanding and characterizing
the AAV product and process, due to several challenges including a lack of industry reference
standards, complex analytical methods, and limited knowledge sharing in the CMC field.
Companies are independently investing in process development, but it often competes with
company goals (speed to market and R&D cost reduction). I hope to see more knowledge
sharing and industry collaborations in this area, as well as more understanding and flexibility
from health authorities (especially for rare disease programs).

Regarding variation, I think it is important to firstly distinguish special cause variation from
normal process variation. The former is associated with deviations and can be removed when
root causes are identified. The latter is the outcome of many manufacturing variables including
production environment, equipment, raw materials, analytics, personnel, and manufacturing
procedures. We often focus on controlling critical process parameters, but the other variables
should also be considered as well.

Regardless of the complexity of manufacturing variations, there are a few common approaches
to consider during process design stage for a more robust process. Firstly, cell growth rate
and AAV production rate differ from batch to batch, so it would be beneficial to use growth
indicators (such as viable cell density and cell viability) as controls instead of a fixed harvest
time. Secondly, upstream titer may vary by several-fold (more for transfection than PCL), so
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‘One area | would like to highlight is the continued optimization
of cell lines. Whilst most focus in the AAV space has been on
capsid engineering for tissue tropism, we could apply these
approaches to improve AAV productivity.”

downstream design could be tailored to the lowest titer and enable multiple cycles for higher
titer harvest stream. More specifically, if column loading impacts yield and purity, we could
design a smaller column, keep a tight optimal loading range, and vary cycle number by load.
Having multiple sizes of tangential flow filtration is another practical approach to better con-
trol DS concentration and increase step yield. These approaches can be applied to any AAV
manufacturing platform.

It is more difficult to investigate equipment, analytical methods, and raw materials for their
contributions to variability. For instance, variations in analytical methods can sometimes be
mistaken for process variability. Rigorous method validation and continuous monitoring are
essential to ensure the reliability of analytical data. Raw materials also introduce significant
variability into the manufacturing process. Any change in the grade of a raw material can have
profound implications, as evidenced by our own experience of having to reject multiple GMP
batches due to a change in the grade of transfection reagent.

To summarize, Ultragenyx employs a multifaceted approach to reduce the sources of vari-
ation in AAV manufacturing. We have invested significant effort in process characterization
studies to define critical process parameters and critical raw materials, and implemented exten-
sive sampling and rigorous process monitoring while preparing for a PPQ. We are committed
to high quality standards from raw material release to personnel training/qualification in the
facility. By implementing all these strategies, we can have a high assurance of delivering consis-
tent and reliable gene therapies to patients.

What are the key questions and considerations around adding
perfusion to suspension-based production of viral vectors?

YC: We have been actively exploring the integration of perfusion into suspension-based
production processes, which is a crucial element of process intensification.

The primary consideration revolves around how to overcome the ‘cell density effect’. That is,
in the mAb space, process intensification leads to increased cell numbers as well as a higher pro-
ductivity. But enriching cells or infecting cells at high cell densities could result in a lower AAV
yield [6]. Therefore, there are more variables to study to truly increase viral vector titer. Our
current approach involves using alternating tangential flow systems for perfusion, although
we are closely monitoring advancements in this area, such as the innovative perfusion devices
being developed by Repligen [7].

I also think there is potential in leveraging this technique throughout the entire produc-
tion process, especially the vector production phase, by re-engineering traditional alternat-
ing tangential flow devices and by further advancing and refining perfusion-intensified AAV
production. With proper membrane pore size, it would allow for continuous extraction of
viral vectors from the permeate while simultaneously removing cell debris. One step further, a
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feedback loop to supplement fresh cells from N-1 into the production bioreactor would main-
tain a healthy cell population and allow continuously removing spent cells. This system could
operate indefinitely, thus creating a likely continuous cell culture process for AAV. It will be an
intricate system to maintain a steady state, but the reward is paramount in terms of efficiency
and facility usage.

While this vision may seem ambitious, I think it represents the future of viral vector manu-
facturing—one product is made from a small-scale single-use bioreactor to supply all patients
in the world, and one GMP facility can make hundreds of products at the same time with
a small footprint. By pushing the boundaries of perfusion technology and exploring novel
approaches of process integration, we can unlock new levels of efficiency and scalability in AAV
production.

What will be some future directions for technological innovation
for both upstream and downstream processing?

YC: One area | would like to highlight is the continued optimization of cell lines. Whilst
most focus in the AAV space has been on capsid engineering for tissue tropism, we could
apply these approaches to improve AAV productivity. Researchers like David Schaffer from
UC Berkeley have demonstrated the effectiveness of directed evolution in improving clini-
cal efficacy [8,9], and it is possible to apply similar methodology to optimize rep/cap genes
and other components affecting the production process. It has been reported that modifying
the rep gene and optimizing the transgene cassette and ITRs can benefit AAV production.
Modifying certain codons in these genes could lead to improvements by modulating mRNA
transcription and balancing AAV and adenovirus production.

I have already discussed the potential of continuous AAV production. It has been success-
fully applied to therapeutic proteins leading to a commercial product nearly ten years ago [10].
If it is realized for AAV, downstream processing may become the new bottleneck. Therefore,
we need to place a focus on downstream innovations. Continuous chromatography, mem-
brane-based techniques, and new separation methods tailored to subtle differences of AAV
species will transform downstream processing. By seamlessly integrating upstream and down-
stream operations and leveraging continuous processing strategies, we can streamline manufac-
turing workflows and reduce variability, ultimately improving product consistency and yield.

Lastly, can you sum up one or two key goals and priorities that you
have for your work over the foreseeable future?

YC: My team and | have two important goals. Firstly, Ultragenyx research and devel-
opment teams have spent years improving our AAV analytical methods and manufacturing
processes. My team is dedicated to advancing our programs towards commercialization. In
the next 23 years, we are looking to bring 3—4 programs to the finish line for both biologics
license applications and marketing authorization applications submissions, which is something
we are really excited about. My priority is to ensure that we successfully execute the PPQ
campaigns and ultimately, to help bring these important therapies to market. It is incredibly
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meaningful to see years of research and collaboration culminate in therapies that can make a
real difference in the lives of patients.

Secondly, I am committed to addressing the issue of high drug prices in the cell and gene
therapy industry. We recognize the challenges associated with the high cost of manufacturing
these therapies, and my goal is to contribute to efforts aimed at reducing CMC-related expense.
We are actively working on incorporating innovations such as process intensification, automa-
tion, and second-generation processes to drive down the manufacturing cost. For example, I
led CMC development for an AAV9 gene therapy for Wilson Disease. We have successfully
reduced clinical cost per patient by ten-fold compared to traditional transient transfection
processes. This accomplishment brings us one step closer to making AAV gene therapies more
accessible and affordable for patients who need them.
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Challenges and benefits in
harnessing platform processes
for viral vector manufacture

As the demand for AAV and lentiviral vector-driven gene therapies continues to grow,
the manufacturing space must overcome manufacturing challenges including issues of
cost, scalability, and consistency. David McCall, Senior Editor, Biolnsights, spoke with
Dark Horse Consulting Group’s Scott Cross, Christina Fuentes, and Jacob Staudhammer
(pictured left to right) about the current utility and future potential of platform technologies
and processes for viral vector manufacturing.

Cell & Gene Therapy Insights 2024; 10(3), 339-344
DOI: 10.18609/cgti.2024.049

e

BIOINSIGHTS www.insights.bio 339

AV

§>



CELL & GENE THERAPY INSIGHTS

Q What are you each working on right now?
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CF: As part of our consulting practice, | support a range of product types in the cell and
gene therapy space with particular emphasis on viral vector and gene editing based technol-
ogies. I also support companies across various stages of development, with more recent focus
on early-stage companies, providing embedded support ranging from vector design, regulatory

writing, and process development.

JS: My role involves providing support to AAV and LVV gene therapy companies across
various stages of development, spanning early preclinical development through to late-
phase and Biologic Licensing Application (BLA) submissions.

Much of what I have been working on lately involves the middle and late stages of clinical
development, where companies are characterizing their processes and planning for BLA sub-
mission, and require support with process validation, commercial planning, and comparability

assessments.

SC: My main focus so far this year has been running diligence for companies and assets,

ensuring companies have robust CMC strategies, and supporting my team.

Canyougive usyourhigh-levelcommentary onthekeycurrentissues
and trends across both AAV and lentiviral vector manufacturing,
including those being driven by regulatory guidance evolution?

CF: One of the key challenges across the viral vector manufacturing industry is the
complex biological systems involved. Compared to monoclonal antibodies, viral vectors are
much larger and more complex modalities, consisting of multiple proteins, lipid bilayers,
and nucleic acids; unlike mRNA therapeutics, these systems do not simply involve eas-
ily scalable enzymatic reactions. The products we work with are complex and require deep
process knowledge and good characterization. This poses challenges in terms of costs and
timelines.

However, thanks to evolving analytical methods, our understanding of these products con-
tinues to grow. For example, we recently submitted a proposed draft guidance to the US FDA
on the measurement and reduction of empty capsids in AAV products. Empty capsids are
increasingly becoming a part of the conversation. The recognition of potential safety impacts of
these impurities, particularly in high doses and large indications, underscores the importance
of refining analytical methods and enhancing product quality control.

Scalability is another crucial consideration in the space at the moment. It is essential to
design processes that are not only effective in small-scale production but also scalable for

large-scale manufacturing to meet the needs for commercialization as well as of larger patient
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“We are frequently asked to provide support when
processes are moving into later-stage trials, and the
processes are not scaling appropriately.”

populations. Investing upfront in scalable processes can yield long-term benefits as the demand

for these therapies grows.

How do you gauge progress in terms of ongoing efforts to develop
platform technologies and processes for viral vector manufacturing?

JS: The answer to this question involves assessing the evolution of gene therapy CDMOs’
capabilities, and the alignment between CDMOs and sponsors in supporting the develop-
ment of safe and effective products.

Currently, many CDMOs have developed, or are developing, platform processes for AAV
and lentiviral vectors, which helps streamline sponsors™ speed to the clinic and drives down
early-stage manufacturing costs. However, these platform processes still require customization
to fit each new product, such as particular transgenes or serotypes. Therefore, custom develop-
ment work is still necessary to tailor the platform processes to the unique needs of each prod-
uct. Some groups are attempting to develop a one-size-fits-all platform process that requires
less individual development, or removes it all-together, but such endeavors have not yet come
to fruition. Additionally, sponsors should consider the impact of using a platform process
to their commercial COGs—it’s important to negotiate commercial and technology transfer
terms into your manufacturing agreements early on, ensuring future royalties and milestone
payments are clearly agreed upon before clinical manufacturing begins.

As these platform processes continue to become more common, it is even more important
to have robust process analytical technology and automation to ensure that nuances within

products can be appropriately tailored to each platform in real-time.

What are the pros and cons of building these platforms? Firstly,
what are some of the key risks, challenges, and considerations in
undertaking this work?

SC: The platform process is meant for speed, which often comes at the cost of optimi-
zation. However, one size does not always fit all, so spending some time and money early on
in the optimization process can pay big dividends later. We are frequently asked to provide

support when processes are moving into later-stage trials, and the processes are not scaling
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‘Platforms provide a starting point rather than a one-size-fits-all
solution, but they do serve as a structured foundation for
process development, guiding the way forward.”

appropriately. This problem requires reoptimization or performing the optimization that was
skipped early on, along with potential comparability exercises. All of these extra steps incur

additional expenses and additional time, delaying clinical trials.
And what are the key benefits of taking a platform approach?

CF: It is essential to understand that your process is not your product. Platforms provide
a starting point rather than a one-size-fits-all solution, but they do serve as a structured foun-
dation for process development, guiding the way forward.

This approach is particularly advantageous for programs targeting rare indications, where
resources, patient populations, and timelines may be limited. While these programs still require
an investment of time early on in the process for optimization purposes, having a starting point
is hugely beneficial.

Furthermore, platforms leverage prior knowledge from other product types, accelerating
development and providing insights into scalability. When leveraged appropriately, this could

lead to cost savings and faster timelines, especially in the early stages of development.

Reducing batch-to-batch variability is a key point of focus for the
field. Moving forward, what tools and strategies offer the potential
for advancement in this area?

JS: There are a few important aspects to consider in terms of controlling batch-to-batch
variability, but before we can control it, we must firstly understand it and measure it accu-
rately. A highly-characterized reference standard that could be used across multiple platforms
and products would be hugely beneficial, but has proven difficult due to the physical differ-
ences in serotypes and transgenes. It is also crucial to have reliable and consistent analytics to
take those measurements, ensuring consistent repeatability.

Once you can accurately measure batch-to-batch variability, the focus shifts to reducing it.
Having a robust and highly automated process that takes out as much variability as possible is
important. Utilizing process analytical technology also allows for real-time control and adjust-

ment of the process, allowing more consistent product quality.
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“..we still have a long way to go before we have a truly
reproducible and automated viral vector manufacturing process.”

While we have been seeing gradual advances in this area, with both CDMOs and sponsors
making progress, we still have a long way to go before we have a truly reproducible and auto-

mated viral vector manufacturing process.

Lastly, can you each pick out one or two key goals and priorities
that you have for your work over the coming 12-24 months?

CF: I am looking forward to continuing to support clients across multiple programs,
providing expertise in areas where we have seen repeat challenges or barriers to success.
I am particularly interested in supporting clients in the gene modification field, whether that
is with knock-out, knock-in, upregulation, or downregulation. There is a lot of exciting work

coming out of that space, and I am eager to see that work advance.

JS: We have seen a lot of advancements in the AAV analytics and manufacturing tech-
nologies over the past few years, including the analysis of various types of product-related
impurities and heterogeneity in AAV. T have supported a lot of clients in these types of requests,
and I am excited to continue to support these programs and help advance the field.

At Dark Horse, we are expanding our service offerings to provide clients with additional
support and capabilities for analyzing their AAV products and interpreting the results. I am
looking forward to continuing to support clients right from the early stages of their programs

and help carry them through commercialization.

SC: Our primary goal every year is to advance the field by progressing these products
through clinical stages and increasing access for patients. To support this, my team will con-

tinue to expand our offerings and expertise in the viral and non-viral gene therapy space.
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Delivering on a vision of a
digitally enabled future for
viral vector manufacturing

Consultants Sonke Brunswieck
and Tania Chilima share their
thoughts on the need for a holistic
approach to product and process
development in the gene therapy
space—an objective that can only
be achieved by correctly harness-
ing the power of digital tools.
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Q What are you working on right now?

TC: Currently, my focus lies in providing strategic consulting services to companies across
various domains. I specialize in enhancing product and portfolio value propositions, identi-
fying opportunities for cost optimization in goods and services. In addition to my consult-
ing work, I am collaborating with Sénke on a groundbreaking project. We are spearheading
the establishment of a new company (Newco) aiming at transforming the decision-making

processes within the bioprocessing industry. By empowering bioprocessing companies with
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data-driven insights and predictive models, ultimately enhancing their operational efficiency,
productivity, and overall success.

This endeavor aligns perfectly with my passion for innovation and my expertise in leveraging
technology to drive transformative change. I'm excited about the potential impact our project

could have on the bioprocessing sector and beyond.

SB: About 2 years ago, | founded 7AlpsBio, a company with a focus on strategic, opera-
tional, and capex project consulting especially aimed at companies and organizations in the
field of cell and gene therapy. In this short time, my new environment has enabled me to get to
grips with new developments at breathtaking speed. And there were and are more than enough of
them in cell and gene therapy spanning various areas, whether it is facility engineering and related
strategies, process technologies and manufacturing platforms, or the development of new and
optimized cell and gene therapy products. These three pillars are still almost always only consid-
ered or developed in isolation from each other, but we take a holistic approach to them through
Newco. In addition, we also focus on the networking of all information and knowledge within
a company right down to the patient level. This represents a quantum leap, so to speak, from
decision-making based on faith. In other words, moving to quantifiable analyses and predictable
decisions based on facts and knowledge rather than possibilities and feelings. With the help of
this approach, it is possible to map reality and scenarios in advance and plan optimal strategies.
The breadth of benefits from this approach is probably unforeseeable at the moment, but it
will hopefully help to successfully translate the immense potential of these highly innovative
therapies into products that reach the market, thus helping the many patients who need them

to finally get a chance to actively participate in life again.

How would you describe the recent history and evolution of viral
vector bioprocessing tools, particularly in the digital realm—what
have been the key developments, for you?

TC: The recent history of viral vector bioprocessing tools has witnessed remarkable
advances across all domains, from upstream to downstream processing and analytics, with
a notable emphasis on digitalization. In upstream processing, there has been a surge in the
development of improved cell lines boasting >ten-fold increases in titer, alongside efforts to
enhance stable producer cell lines, particularly in the lentivirus sector. Companies still relying
on transient transfection have seen progress in the utilization of multi-gene plasmids to address
issues related to process robustness and cost efficiency. Moreover, novel transfection reagents
and additives have emerged, promising increased transfection efhciencies and higher yields and
better product quality. Moreover, the shift towards suspension cell-based processes has gained
momentum to augment capacity and process understanding.

Advances in downstream processing have centered around boosting yields and refining

full/empty capsid separation techniques. Analytical tools for characterizing viral vectors have
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“By leveraging digitalization, bioprocessing companies
can achieve greater efficiency, agility, and precision in
developing and scaling up viral vector production.”

evolved to meet industry needs, with a steadfast focus on identity, strength/potency, purity,
safety, and stability. Techniques such as PCR, genome sequencing, and mass spectrometry
have become indispensable for confirming genetic and protein identities, ensuring product
consistency and safety. Moreover, Advanced methods like droplet digital (dd)PCR are gaining
traction for their enhanced sensitivity and reproducibility in quantifying viral genomes.

In recent years, the implementation of digital tools has been pivotal across various axes of bio-
process operations, extending from personalized medicine management to mechanistic modeling
aimed at elucidating and optimizing critical process steps such as transfection. Digital twins, in
particular, have emerged as powerful predictive models, facilitating simulation and optimization
of bioprocessing workflows. By leveraging digitalization, bioprocessing companies can achieve

greater efficiency, agility, and precision in developing and scaling up viral vector production.

Can you characterize the current state of implementation in the
gene therapy space, as you see it?

TC: The current state of implementation underscores the critical importance of digita-
lization tools. There is widespread recognition within the gene therapy industry that digitali-
zation is not just advantageous but essential to its growth and success. However, a significant
challenge lies in accessing and utilizing data effectively. Many companies face hurdles in data
sharing due to intellectual property protection concerns, necessitating the generation of data
in-house. This process can be both costly and time-consuming. Particularly in the context
of gene therapies where high-throughput scale-down models and inline measurement tools
for data collection and analysis are lacking. As a result, technology gaps persist in this area,
presenting challenges for viral vector developers who are often constrained by both financial
resources and time. Balancing immediate priorities with the investment required for advancing

digitalization efforts remains a formidable task in the gene therapy space.

SB: If you look at the current status of the sector, which is about further optimizing
processes, increasing the safety and effectiveness of gene therapies, and harnessing auto-
mation and robotics to reduce costs and increase quality, you can’t help but realize that all
of this together can only be achieved with the help of digitalization. Actually, there is much
deep-dive expertise and many platforms coming from the biologicals industries, but relatively
little of this meets the specific development requirements of personalized medicines, such as

the circumstances that must be dealt with when working with living cells of our own immune
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‘Artificial intelligence and democratizing data-driven
decision-making will be critical to success.”

system and cell signaling cascades. Furthermore, we have to consider that cell and gene ther-
apies, or any other personalized medicines, will need to combine an understanding and deep
knowledge not only of medicine, but also of physics, chemistry, and biology. Artificial intelli-
gence and democratizing data-driven decision-making will be critical to success.

Without new approaches such as ours, my fear would be that we would lose many years,
many investments, and many opportunities. In all likelihood, we would even end up in despair
if we had to recognize that we are not sufficiently able to process all the information efficiently

and use it successfully to provide the best possible therapies.

What are the key learnings that you would draw to help carry the
industry forward towards harnessing the full potential of these
tools?

TC: Investing early in high-throughput, representative scale-down models and develop-
ing inline analytical methods are crucial steps to harnessing the full potential of digitalization
tools in the gene therapy industry. Firstly, these investments allow for a deeper understand-
ing of bioprocessing dynamics, enabling companies to identify critical process parameters and
potential bottlenecks more effectively. This understanding is essential for optimizing processes
early in development, ultimately leading to improved efhiciency and productivity. Additionally,
inline analytical methods facilitate real-time monitoring of key variables, enabling process con-
trol and ensuring process consistency and quality. By prioritizing the development of such
tools, the industry can overcome current challenges and pave the way for more streamlined and

cost-effective gene therapy manufacturing processes.

What is your vision for a future where viral vector manufacture
makes full use of available and forthcoming vector bioprocess
technology, and what will be the key steps towards harnessing this
power?

TC: The key lies in harnessing the power of advanced digital tools and fostering collabo-
ration across the industry. My vision entails the creation of anonymized data libraries encom-
passing diverse variables present in the gene therapy landscape, including patient characteristics,

capsids, vectors, cargo, and more. These data libraries would serve as invaluable resources for
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rapid product development and optimization, facilitating informed decision-making and
reducing the need for costly experimentation.

Advanced digital tools, such as real-time monitoring systems and mechanistic modeling
platforms, will play a central role in this future scenario. These tools enable precise control of
critical process parameters, optimize workflows, and empower predictive simulation of process
behavior, ultimately accelerating development and scale-up. Additionally, seamless data inte-
gration and collaboration facilitated by digital platforms foster transparency and innovation
across cross-functional teams, enabling knowledge sharing and accelerating collective progress.

Furthermore, advanced analytics and decision support tools, powered by machine learning
algorithms, will drive continuous improvement by optimizing processes and enhancing yields.
Automation and robotics will streamline workflows, enhancing efficiency and reproducibility
whilst minimizing human error. By embracing digitalization and fostering collaboration, the
gene therapy industry can unlock unprecedented levels of efficiency, agility, and productiv-
ity, ultimately expediting the development and delivery of life-saving therapies to patients

worldwide.

SB: | share Tania’s vision that the future of viral vector manufacture will be one where
we can guarantee the highest levels of safety and efficacy, combined with the highest
level of quality and the ability to limit cost of goods at any scale and manufacturing site.
Considering the need for scalability and consistency from laboratory-scale onwards while
maintaining the quality of the product will have to be a routine pathway for all from early
in development, independent of the size and funding of the R&D project. As Tania pointed
out, the creation of anonymized data libraries is crucial to enabling that, and overall, the
implementation of digital tools will be the central key that unlocks all doors for gene therapy

manufacturing.
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Over the last decade, hematopoietic cell transplantation (HCT) and the demand for cell ther-
apies have expanded significantly due to their potential to treat various hematological and
non-hematological malignancies [1-4]. The successful implementation and standardization
of cryopreservation and cold chain management will be crucial in this context. What is the
importance of cryopreservation in the era of new cellular therapies? What are the critical

factors to manage?
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Cryopreservation is the primary method
for long-term cell preservation, significantly
extending cell viability and providing ample
time for quality control and regulatory test-
ing, thereby facilitating clinical application
of the product. This procedure must ensure
that the cells maintain their viability and
functionality after thawing and facilitate
rapid and durable engraftment in the days
following infusion, leading to an effective

www.insights.bio

and safe transplant procedure. Several cryo-
preservation protocols are employed world-
wide. Cells products should be processed
and stored in accordance with the relevant
Medical Council, responsible local, overar-
ching authorities, as well as scientific society
guidelines [5] and cell therapy companies.
Despite the widespread adoption of reg-
ulatory standards, quality control measures,
and testing protocols for frozen products




CELL & GENE THERAPY INSIGHTS

across all processing laboratories, several
challenges persist, including cell viability loss
following thawing, adverse events induced
by cryoprotectant toxicity, and the standard-
ization of cold chain management. These
factors are of significant importance for
ensuring reproducibility, patient safety, and
optimizing cost—effectiveness. Additionally,
the commercial or academic development of
cell therapy products, such as CAR-T cells,
presents further challenges. These products
can serve as both starting material (interme-
diate product) and post-production drug.
In either case, suboptimal cryopreservation,
transport, and storage can have a detrimental
impact on the quality and efficacy of these
specialized and costly products.

The complexity of current and future cold
chain that support the transport of live cells
and engineered tissues, organs has been high-
lighted by the worldwide SARS-Cov-2 pan-
demic experience [6]. For more than 2 years,
the COVID-19 pandemic has had a signif-
icant impact on HCT. During this period,
transplant centers have implemented notable
alterations to their procedures, including the
adoption of alternative donor types and the
unprecedented utilization of cryopreserva-
tion for allogeneic hematopoietic progenitor
cell grafts [7].

Despite documented adverse reactions
associated with its use which can range from
mild to life-threatening [8-13], dimethyl
sulfoxide (DMSO) remains the gold stan-
dard for cell cryopreservation and is the most
widely utilized cryoprotectant for hemato-
poietic stem cells (HSCs) and it is universally
used as a cryoprotectant in clinical adoptive
cell-therapy settings to treat hematological
malignancies and solid tumors [14]. What are
the current strategies and actions to mitigate
cryoprotectant-associated adverse events?

Cryopreservation can  damage  cells
through cryoinjuries caused by osmotic
shock, dehydration, solution effects, and
mechanical damage from ice crystal forma-
tion during freezing and thawing. However,
two key strategies can mitigate these injuries:
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cryoprotectants (CPAs) and controlled-rate
cooling.

At present, the primary cryopreservation
strategies are freezing and vitrification. They
are typically classified based on whether ice
crystal formation occurs during sample cool-
ing or is effectively suppressed, respectively
[15]. The preservation of cells through freez-
ing necessitates a delicate equilibrium of
protective measures to counterbalance the
detrimental effects of ice formation and tem-
perature fluctuations. This balance must also
safeguard the efficient recovery and viability
of cells, as well as minimize adverse reactions
in patients induced by cryoprotectants.

In most cell therapy processing facilities,
technologists constitute freezing media or
solutions using various reagents and concen-
trations per institutional and cell product
policy. There is no current ‘standard’ or uni-
form solution used across the cell processing
field for cryopreservation [16-18].

DMSO is a commonly used cryopro-
tectant, but it can cause dose-dependent
adverse events during and after transplanta-
tion. These adverse events can stem from the
DMSO itself, DMSO-induced histamine
release, or cell debris and lysis products pres-
ent in the thawed HPC grafts [19,20]. Studies
have shown a link between the amount of
DMSO in the HPC graft and/or the granulo-
cyte content, and the occurrence and severity
of these adverse reactions [19-24].

Several techniques can be employed to alle-
viate adverse events associated with DMSO:

=

Pre-freezing methods:

»  Decreasing the initial concentration of
DMSO used in the cryopreservation
solution

» Adding a second cryoprotectant to the
solution to dilute the concentration of
DMSO

»  Changing ice pattern formation

»  Using alternatives to DMSO




2. Post-thawing methods:

» DMSO removal

»  Extended infusion time of the HPC graft
[25]

»  Hydration after reinfusion of HPC [26]

PRE-FREEZING METHODS

Decreasing the initial
concentration of DMSO used in the
cryopreservation solution

Cryopreservation of cells is generally per-
formed using a solution containing a final
concentration about 10% DMSO. This
technique was established in the 1950s
[27] and is now commonly used in cell
banks. The European Society for Blood and
Marrow Transplantation (EBMT) hand-
book reports that the final product con-
tains 5-10% dimethyl sulfoxide (DMSO)
as a cryoprotectant and 0.05-0.25 mL of
acid-citrate dextrose (ACD-A) stabilizer solu-
tion per milliliter of transplant. Freezing at a
controlled rate of 1-2 °C per minute is rec-
ommended. Cells need to be stored in vapor
or liquid phase nitrogen at a temperature of
<-140 °C [5]. Recently, ultra-low tempera-
ture freezers are replacing liquid nitrogen
tanks [28].

Several studies have investigated the impact
of DMSO concentration on HSC cryo-
preservation [29-35]. A clinical study showed
faster white blood cell recovery for patients
receiving autologous transplants with PBSC
cryopreserved in 7.5% DMSO compared
to 10%, but the frequency of adverse events
(AEs) was unchanged among two groups [30].
A similar neutrophil and platelet engraftment
was also observed for PBSC cryopreserved
with 5% and 10% DMSO [33,35]. Instead,
Fry et al’s research on cord blood (CB) cryo-
preservation found that using a 5% DMSO
concentration resulted in cell loss compared
to samples frozen with 10% DMSO. Their
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findings suggest a 7.5-10% DMSO range as
optimal for CB cryopreservation, with a maxi-
mum exposure time of less than 1 hour before
freezing and 30 minutes after thawing [36].

A prospective randomized study of
Mitrus et al. showed reduction in DMSO
concentration had no impact on engraft-
ment, but adverse reactions were lowest in
patients who received cells had been frozen in
5% DMSO [31]. A recent review of preclin-
ical and clinical trials suggests that reducing
the concentration of DMSO to 5% could
become the new standard for hematopoietic
stem cell cryopreservation [30,31,37].

Adding a second cryoprotectant
to the solution to dilute the
concentration of DMSO

Complementation of DMSO with sugars or
alternative CPA can now be used to reduce
his concentrations and minimize the DMSO
side effects for patients and cytotoxicities.

The inclusion of macromolecules, such as
polymers, proteins and/or polysaccharides,
in cryopreservation solutions is widespread
[38]. For example, hydroxyethyl starch (HES)
[39-41], autologous plasma and human
serum albumin [42], dextran, PEG and tre-
halose [43] (amongst others) are added into
cryoprotectant solutions.

In vitro studies of Stiff et al [41] and
McCullough ez al. [39] explored the use of
HES mixed by DMSO to enhance HSCs
cryopreservation. Both studies showed that
in vitro measurements indicate that HSCs
can be successfully frozen and stored using a
combination of DMSO and HES providing
smaller amounts of DMSO. Rowley ez a/. [40]
performed a single-blinded, randomized study
comparing these cryoprotectant solutions for
patients undergoing autologous peripheral
blood stem cell transplantation. A total of
294 patients were evaluable; 148 received cells
frozen with 10% DMSO and 146 received
cells frozen in 5% DMSO/6% HES. In this
study they found that patients who received
cells frozen with this combination recovered
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their white blood cell count faster (median of
10 days) compared to those who received cells
frozen with the standard method (DMSO
alone). This difference was statistically sig-
nificant (p-value=0.04). The benefit was even
greater for patients who received a higher
number of stem cells. However, there was no
significant difference in platelet recovery time
between the two groups. Additionally, the
number of red blood cell and platelet trans-
fusions needed were similar for both groups.

Smagur er al. [42] investigated whether
autologous plasma (AP) could replace human
albumin (HSA) in cryopreservation solu-
tions containing 7.5% DMSO prediluted
with 5% HSA or AP. Their findings showed
that median recovery of nucleated cells and
the number of colony-forming units did not
differ between tested cryoprotective mixture,
and clinical part of the study found no sig-
nificant difference between the two groups in
terms of WBC and platelet engraftment.

In another study, Chen ez al. [43] com-
pared the effects of different cryoprotectants
on stem cells from umbilical cord blood. The
cryoprotectants tested were: 10% ethylene
glycol and 2.0% dimethyl sulfoxide (DMSO)
(vlv), 10% DMSO and 2.0% dextran-40,
2.5% DMSO (v/v) + 30 mmol/L trehalose,
and a group with no cryoprotectant. The data
showed that solutions containing trehalose
exhibited higher cell viability and CFUs and a
lower apoptosis rate after thawing than either
group.

These findings suggest that it is possible
to reduce DMSO concentration by adding
macromolecules to the CPA solution. There
is growing interest in discovering new syn-
thetic and natural polymers that can replace
or reduce the amount of organic solvents and
increase post-thaw yields, including those
that do not have specific ice binding or ice
recrystallization inhibitory activity [38].

Using alternatives to DMSO

Trehalose and sucrose emerged as the most
prevalent alternatives to DMSO in the
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context of HSC cryopreservation. Trehalose is
a small disaccharide of glucose that does not
permeate mammalian cell membrane, it is con-
sidered an osmolyte that can stabilize proteins
and cell structures during freezing and it pro-
tects cells by stabilizing membranes and pro-
teins by direct interactions through the water
replacement hypothesis [44,45]. Trehalose has
been approved for human consumption and
has demonstrated a good safety profile, with
no adverse effects reported up to a maximum
oral dose of 50 g [46]. It has been explored in
cryopreservation protocols for various human
cell types [47-51]. Notably, research suggests
its potential use in alternative cryopreserva-
tion methods for clinical applications involv-
ing stem cells derived from CB, bone marrow,
mobilized peripheral blood (PB), and non-mo-
bilized PB [52-55].

Mantri et al. study’s results revealed
0.5 M trehalose and DMSO 5% showed
the highest viability of 91.8+2.8% of HSCs;
5% DMSO inclusion to trehalose (0.5 M)
ameliorated hematopoietic colonies such as
erythroid and myeloid colonies with no signif-
icant difference from that of 10% DMSO [56].

Studies have demonstrated their ability
to directly interact with cellular membranes
during the freezing process. This direct interac-
tion, along with their capacity to influence ice
crystal formation patterns, has rendered them
promising additives or standalone cryoprotec-
tive agents [55,57].

Other DMSO
ment of new commercial solutions in the
likes of  CryoSoFree™ (MilliporeSigma),
CryoNovo™ (Akron Biotech), StemcellKeep™
(Diagnocine), CryoProtectPure™ (AdInfinitum

develop-

alternatives:

Cell Preservation Technologies—Spectacular
Diagnostics) and Pentaisomaltose” (PIM) has
been investigated in the context of hematopoi-
etic stem cell grafts [58-61].

Moreover, amino acids and derivatives such
as poly-L-lysine , glycine and isoleucine have
been studied in different type of cells [62-66].
The carboxylated €-poly-L-lysine exhibited
remarkable cryoprotective properties, enabling
the recovery of viable mouse fibroblast cells in




the absence of DMSO [42] and demonstrat-
ing potential for preserving human mesen-
chymal stem cells [62], and natural killer cells
for cancer immunotherapy [67]. Rami ez al.
demonstrated the preservation of human cyto-
kine-activated natural killer (NK) cell viabil-
ity and function following cryopreservation
using a cocktail of biocompatible, bioinspired
cryoprotectants (i.e., dextran and carboxyl-
ated €-poly-L-lysine). Results showed that the
recovered NK cells after cryopreservation and
rewarming maintained their viability imme-
diately after thawing at a level comparable to
controls (dimethyl sulfoxide-based cryopres-
ervation). However, their viability dropped in
the first day in culture compared to controls.
Nevertheless, the cells grew back to a level
comparable to controls after 1 week in culture
[67].

Changing ice pattern formation

Changing ice pattern formation can influence
the freezing response. Wu ez al. reported that
the supplementation of the cryoprotectant
solution with mono- and di-saccharides pos-
sessing the ability to inhibit ice recrystallization
improved the post-thaw viability of CD34*
cells from cryopreserved UCB [68]. A category
of small molecules, ice recrystallization inhibi-
tors (IRIs), has been identified that can control
ice growth or recrystallization. These molecules
have been shown to be effective cryoprotectant
additives for HSCs and UCB [68,69].

IRIs, which are carbon-linked antifreeze
glycoprotein analogs, block ice recrystalli-
zation during freezing and thawing. This
reduces the average ice crystal size in frozen
samples, ultimately protecting cells from
cryoinjury [38,69,70].

POST-THAWING METHODS

DMSO removal

Previous washing for purposes of DMSO
depletion is not routinely performed, as
the loss and damage of HSCs are regarded
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as too high. According to a survey among
transplantation centers by the Cellular
Therapy and Immunobiology Working
Party of the European Society for Blood
and Marrow Transplantation (EBMT) and,
only a minority of responding institutions
remove DMSO before infusion [71]. Several
methods for removal of DMSO before infu-
sion have been developed, ranging from
centrifugation to dialysis-like filtration, and
diffusion-based approaches [72-74].

Centrifugation methods can be either
manual or automated. Manual centrifu-
gation methods were found to reduce the
occurrence of AEs, but also to reduce post-
wash CD34* counts, to increase time to
platelet (PLT) engraftment in some series,
and to raise overall cost [75].

Automated washing methods include
commercially available washing devices,
such as the CytoMate™, Sepax™, and Lovo™,
which have been developed to automate the
washing process. Studies have demonstrated
high recovery of viable CD34* cells with
good engraftment potential after automated
washing using these devices [76-78]. These
devices need a medium. Recent reports [79]
described the validation of the use of a col-
loid solution of succinilgelatine (Gelfusine™)
as an alternative to 10% dextran for wash-
ing thawed HSCs products with removal of
DMSO.

Several new methods of DMSO removal
without the need for centrifugation are cur-
rently being investigated. These methods
include filtration using spinning membranes,
DMSO extraction through diffusion in
microfluidic channels and dilution through
hollow-fiber membranes. They present sev-
eral limitations, including the processing of
large volumes of products, cell loss, and high
costs [37].

Ensuring accurate representation of the
overall quality and viability of the product
using the vials associated with the product
is a critical issue that is often highlighted
during regulatory inspections. What are the
main perspectives on this issue?
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Consensus on the optimal methods
for assessing post-cryopreservation viabil-
ity of HPC products remains unclear [80].
While culture-based clonogenic assays, flow
cytometry, and image-based approaches
offer viability insights, each method pres-
ents limitations. Culture-based assays are
time-consuming and subjective [81], flow
cytometry techniques lack standardization
[82], and image-based approaches risk mis-
interpretations. Furthermore, no established
viability or cell recovery threshold exists
to predict successful engraftment, hinder-
ing clinical decision-making based on these
values. Despite the requirements of volun-
tary accreditation organizations, such as the
Association for the Advancement of Blood
and Biotherapies (AABB) and the Foundation
for the Accreditation of Cellular Therapy
(FACT), for a written HPC stability program
for cryopreserved products [83,84], a lack of
a consensus test to predict HPC engraftment
contribute to the challenges of establishing
such a program [85].

The EBMT recommended that a reference
sample (vials) must be cryopreserved under
identical conditions as the cell product and
assessed for CD347/CD45* cell viability prior
to product release. Moreover, during the pan-
demic, the WMDA strongly recommended
that conditioning not be commenced until
the viability of the cryopreserved HPC prod-
uct is established using an attached segment
or retention/pilot vial [86]. This would enable
the compromised products to be identified
in a timely manner and a second graft to
be collected from the donor. However, this
precautionary measure has not been widely
implemented in the past [82], and accord-
ingly, there is limited data on how well it cor-
relates with product viability [87].

Although a standard test for baseline prod-
uct viability hasn’t been established, the CFU
assay offers insight into the function of spe-
cific stem cells and progenitor cells. However,
current methods based on the morphology
of colonies and cells for evaluation have lim-
itations. Despite the importance of this test,
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the subjectivity of colony identification due
to user variability and differences in inter-lab-
oratory formation may hinder reproducibil-
ity [88-91]. The EBMT recommended that
performing a clonogenic assay (e.g., colony-
forming assay) of the vials is not considered
a release criterion and should only be con-
ducted during process validation procedures
or in the event of extended cryostorage
(>2-5 years) [5].

The scientific literature has not yet reached
a consensus on the precise correspondence
between cryopreserved viability of the product
and its reference samples. Some studies report
that pilot vials exhibit lower colony formation
after cryopreservation and thawing compared
to the corresponding product [82,92-94]. This
discrepancy between viability and poor colony
formation could be attributed to the way the
vials are prepared at the end of the product
preparation process, the stratification of the
content in a small container compared to the
bag, which would impact the penetration of
DMSO inside the cells, the type of pilot vial
or attached sample (vial, segment, microsac)
and their exposure to faster freezing rates due
to their smaller size (1-2 mL).

As is known, a major cause of cellular
injury during cryopreservation is attributed
to the growth of ice crystals during the thaw-
ing process in a phenomenon known as ice
recrystallization. Ice recrystallization leads to
an increase in the mean ice crystal size which
can cause mechanical damage to cell mem-
branes [68].

Thawed HSC cells are particularly vul-
nerable and require careful handling. Slow
thawing can lead to mechanical damage. This
occurs when intra- or extra-cellular ice crystals,
instead of melting, grow larger during the pro-
cess (recrystallization). This enlargement can
rupture cell membranes, causing irreversible
damage and cell death. To prevent this, rapid
thawing is crucial to minimize ice recrystalli-
zation. Studies have shown that thawing HSC
cells at around 100 °C/min using a 37 °C water
bath yields the best results in terms of post-
thaw recovery and viability [95].




Another way to prevent the discrepancy
could be improving the handling of pilot
vials intended for functional evaluation
could contribute to greater reliability. For
example, storing pilot vials in racks and fre-
quently removing them from the freezer to
store samples could expose them to repeated
reheating cycles, compromising their viabil-
ity. The use of dedicated vial freezing con-
tainers could mitigate this issue by slowing
the rate of vial freezing [96]. In addition, it
is necessary to periodically (at least annually)
perform correlation studies between vials
and their respective products by comparing
the viability of cells in the vials and the cells
in the infused product. However, some stud-
ies support the correspondence between vials
and product viability [97-100], and other
suggest that neither the type of container
(bag or vial) nor the freezing temperature has
a major impact on how well HPCs survive
cryopreservation [97].

Some studies have suggested a negative
effect on the quality of the biological material
caused by an increase of cell concentration
[101,102]. These authors suggested a relation-
ship between the quantity of nucleated cells
in the graft and delayed engraftment. What
are the detrimental factors to the quality and
functionality of the cryopreserved product?

According to the literature and EBMT
guidelines, adherence to stringent collection
parameters and intermediate storage condi-
tions prior to cryopreservation is critical for
successful cryopreservation outcomes [74].

The collection goals are: concentration
of nucleated cells (NC): <2x108 NC/ml,
with a maximum of 5x 108 NC/ml; volume:
100-400 ml; hematocrit <5%, with a max-
imum of 10%. Intermediate storage con-
ditions are: storage temperature: +2 °C to
+6 °C, NC concentration: <2 x 10® NC/ml,
time between collection and cryopreservation
<48 hours (strong recommendation), with a
maximum of <72 hours [5,103]. Any devia-
tion from these goals can have detrimental
effects on the product’s functionality and,
consequently, on the engraftment [104].

EXPERT INSIGHT

Cell concentration is an important param-
eter that requires careful consideration before
freezing, as a low cell concentration is asso-
ciated with more DMSO usage, higher cost,
and greater patient toxicity [37]. Despite
these factors, the influence of cell concentra-
tion on cryopreservation outcome is not well
studied [105].

As suggested by two study a cell concen-
tration of 2x 108 cells/mL still yielded high
recovery of viable cells and excellent engraft-
ment after autologous PBSC transplantation
[105,106].

A significant found

between delayed engraftment and the num-

correlation  was

ber of granulocytes in the product greater
than 2 x 10¥ NC/ml. The authors suggest that
this negative effect is due to the damage to
the homing of stem cells caused by the pro-
inflammatory cytokines and metalloproteases
produced by granulocytes. Iz vivo persistence
of metalloproteases has a negative feedback
effect on stromal-derived factor-1 (SDF-1),
which plays a key role in homing via the
CXCR4 receptor. The increase in cytokines
(IL-8, IL1B, IL6) and metalloproteases
(MMP-9) would therefore lead to a delay in
engraftment [102].

Even an earlier study indicated a cell con-
centration of 3.7t1.9x10® for cryopres-
ervation of PBSCs did not result in loss of
engraftment potential [107].

However, it is important to note that high
cell concentration in cryopreserved products
can be detrimental, potentially leading to cell
loss, clumping after thawing, or even seizures
during cell infusion. Therefore, special han-
dling is crucial for products with high cell
concentrations [108,109].

Cold chain compliance for cellular prod-
ucts is a series of meticulously managed steps
to ensure temperature compliance within
specific parameters throughout the entire
supply chain. What are the main challenges
in maintaining an efficient cold chain?

Cold chain compliance for cellular therapy
products is essential to preserve the biological
characteristics, viability, and functionality of
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the product throughout all phases of manu-
facturing, cryopreservation, storage, trans-
portation, and distribution.

Key elements of an efficiently, safely,
and tightly monitored cold chain include
[110-113]:

1. Understanding product stability under
processing, storage, preservation, and
distribution conditions: it is important to
generate data to support the stability of
the product within the temperature range
it will be exposed to during distribution.
Typical temperature ranges for cellular
therapy products are: i) controlled ambient
temperature (15-25 °C) or refrigerated
(2-8 °C), both of which require just-in-
time delivery of cells to patients after
manufacture of the cellular product;
or ii) cryogenic temperature (vapor
phase of liquid nitrogen [LNZ2]) for cells
cryopreserved or for transportation via dry
shipper;

2. Another critical factor is the freezing rate.
Two main approaches exist: controlled-
rate freezing and uncontrolled-rate
freezing in a mechanical freezer at
-80°Cor -135°C [39,114-116]. The
chosen program significantly impacts cell
viability. Excessively rapid cooling can
lead to intracellular ice crystal formation,
potentially rupturing cell membranes.
Conversely, overly slow cooling promotes
extracellular ice formation, causing cellular
dehydration through osmosis [117,118].
Regardless of the freezing method,
storage of HPCs typically occurs between
-80 °C and -196 °C;

3. The effect of storage in vapor-phase
nitrogen versus liquid nitrogen was
studied and no differences in total WBC
recovery were found between storage in
vapor phase or liquid nitrogen [116, 119];

4. Courier qualification: couriers must be
qualified and trained to ensure that
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transport temperatures are maintained
throughout the journey. They must also
ensure the safety and traceability of the
product, such as by avoiding exposing the
product to X-rays;

Container qualification: containers must
be qualified through validation testing
and must ensure the maintenance of
transport temperatures and the integrity
of the product contained therein. This
point includes qualification of shipping
containers for both temperature
maintenance and physical protection
(dry shipper). It also encompasses post-
shipping or post-thaw container/closure
integrity testing to guarantee sterility and
maintain production quality;

Product monitoring during shipment: it is
important to monitor all shipments using
portable temperature recorders to confirm
the quality conditions of the shipment.

The main challenges in maintaining an effi-

cient cold chain for cellular products include:

Temperature excursions and Interruptions
in the cold chain: frozen cell products

are not stable when exposed to ambient
temperature despite their frozen
appearance. Transient warming events
(TWES) are defined as brief exposures of
a cryopreserved product to temperatures
above a recommended critical storage
temperature [60]. TWESs can result in the
growth of small ice crystals into larger
ice crystals (re-crystallization) which can
irreversibly damage cells. TWE can occur
during routine operational activities

such as the retrieval of vials for quality
testing or during retrieval of a HPC from
the liquid nitrogen (LN2) dewar storage
tank for shipping and distribution. Poor
cryopreservation procedures or TWEs
have been reported to reduce the viability
and potency of lymphocyte [120], PBMC
[121], and MSC [122,123] products;




2.  Human error: human error, such as
mishandling of products or incorrect
temperature monitoring, can also
contribute to cold chain failures.

To mitigate these challenges, it is import-
ant to implement a comprehensive cold chain
management program that includes:

1. Thorough training of all personnel
involved in the cold chain;

2. Use of validated processes and
equipment;

3. Regular monitoring of temperature
compliance;

4. By taking these steps, healthcare
organizations can help to ensure that
cellular products are delivered to patients
in a safe and effective manner.

Processing and Cryopreservation Facility,
part of a comprehensive transplantation
program, is subject to regular inspections to
ensure adherence to established guidelines,
certifications, and national regulations. In
particular, manipulations and cryopreserva-
tion laboratories must maintain and present
comprehensive documentation to demon-
strate compliance with these requirements.

EXPERT INSIGHT

What specific documentation does a
manipulation and cryopreservation labora-
tory need to maintain and provide to regu-
latory inspectors to demonstrate compliance
with applicable regulations and guidelines?

Within the Processing and Cryopreservation
Facility, comprehensive documentation of all
processing and preparation steps, from receipt
from the collection facility to release to the
clinical unit, must be maintained in either
paper or electronic format and readily acces-
sible for review [84]. A comprehensive product
dossier must include, at a minimum, the fol-
lowing documentation:

1. Receipt and eligibility: consent for
manipulation, eligibility documents, release
documents from the collection facility;

2. Characterization and qualification:
virological qualification exams, collection
yield report, storage location records,
treatment documentation, traceability
records, and evidence of manipulations;

3. Release and transport: suitability for
clinical use, release and transport
documents, and receipt confirmation by
the clinical unit;

4. Outcome documentation: granulocyte and
platelet engraftment data.
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INTERVIEW

Achieving scalability: strategic
insights into avoiding the
pitfalls of the cell and gene
therapy supply chain

Abi Pinchbeck, Commissioning Editor, Cell & Gene Therapy
Insights, speaks to Donna Rill, Chief Technology Officer,
Triumvira Immunologics. The discussion delves into the cur-
rent state of the art in scaling the cell and gene therapy sup-
ply chain, emphasizing the importance of securing critical
reagents, ensuring scalability for custom supply, and achieving
the required scales for cGMP vector production.

Cell & Gene Therapy Insights 2024; 10(3), 205-210
DOI: 10.18609/cgti.2024.031

Q What are you working on right now?

DR: Triumvira is currently focused on our ongoing clinical trial targeting Claudin 18.2

and the final optimization of our automated manufacturing process.
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What is the current state of the art in scaling the cell and gene
therapy (CGT) supply chain?

D R: Several factors contribute to the scaling of the CGT supply chain. To successfully
secure a consistent source of critical reagents and consumables with a standing lot reservation
order, you must be able to understand and reasonably predict what your needs will be over the
next year. This facilitates vendors in planning to meet the expectations of the field. Recently,
there have been many back orders that have occurred for various reasons. Providing the vendors
with a reasonable expectation of what you will need over the next year lets them manage their
manufacturing process to not over or underestimate.

It is important to build out your material specifications with defined critical quality attri-
butes. The field has often been faced with only having one source of critical materials. It is
important to understand what aspect of a component, or a reagent, makes your manufacturing
process successful. Once understood, the process involves qualifying backup sources of those
critical materials. There are many more vendors in the field than in previous times, but switch-
ing does not happen immediately. It requires qualification and ensuring that any backup source
of critical material is as effective and does not compromise the quality of your product.

With respect to custom supply, for example a viral vector, it is important to work with a
reliable vendor with a slot reservation program and scalability. In the early stages before proof
of concept, you do not want a 500 L vat of virus because you do not yet know whether that
construct will work well going forward. It is key to have a vendor that can do both the small
and large scales, from 20 L to 50 L to 100 L to 500 L. Then, when rolling into Phase 3 and a
potential commercial launch, you will know that you are working with a company with a path
that can take you to that commercial stage.

It is key to ensure that a vendor has that breadth of capabilities in addition to a slot reserva-
tion system so that you as a company can make predictions. If you are seeing real success in a
Phase 1 clinical trial, you can plan ahead for Phase 2/Phase 3, and likewise going forward. You
can reserve the slot to have another batch made in advance to be ready for that next stage clin-
ical trial. Equally important is to develop a manufacturing process that incorporates cohesive,

interconnected automation and is scalable to meet current and future manufacturing needs.

Specifically, how can the required scales for cGMP vector production
be achieved?

DR: From the perspective of a small biotech company, the same considerations as
previously mentioned are still true. Having a reliable path forward to take you to commercial-
ization is key. There are many more viral vector companies now than there used to be in the
field, and many companies in the early stages produce small amounts of GMP plasmids for

vector production without yet having a scale-out plan for larger production. Timing is critical

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.031
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“Small companies that start with their own vector
production must be especially cognizant of scalability.”

to ensure that while you may not need commercial launch-type volumes of vector for several
years, knowing that you can have a consistent, reliable, quality source of vector that can take
you to that point without switching vendors is hugely important. It is critical to be aware of
the ultimate scalability of a viral vector production company.

A company producing its own vectors is a different matter entirely. Small companies that
start with their own vector production must be especially cognizant of scalability. Most would
never be able to do a full-scale commercial launch of viral vectors initially. They should con-
sider having the means and awareness to transition to a viral vector company if needed to move

forward with larger productions.

Where do the key challenges remain in ensuring the scalability of
varying CGT supply chains? Where are the greatest pressure points
right now?

D R: The greatest pressure points now are the continual back orders of critical materials,
as well as logistical shipping issues. Staying ahead of your demands and having a consistent
influx of material becomes important. It is critical to have the ability to set up standing lot
reservations with key vendors. This requires a company to understand their workflow, espe-
cially from R&D to process development and optimization to clinical production. A company
must make a reasonable projection of how much material they need on hand, in addition to
the absolute minimal stock and the maximum that can be stored. Then, set up those standing
orders so that stock is coming in on a consistent basis, minimizing the possibility of reaching a
crisis point. There will be times when there are major back orders or recalls of a critical reagent.
That is where it is important to build out backup sources of critical reagents in the event you

cannot get your preferred reagent or consumable.

What are some issues you have faced in terms of leukapheresis
shipping specifically?

° . . .
DR. Throughout my years involved in CGT, there have been manufacturing successes
and failures. It is important to understand the root cause of those failures. Often, the failures
are rooted in the actual leukapheresis material from the subject. Learning what the problems

are to better optimize the seed material coming into your facility as well as how to best process
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“If you start out using GMP reagents and optimize
your processes for those, it can be very helpful

that material before manufacturing is hugely important. Maintaining conditions that support
the immunological function of T cells is important for Triumvira, thus utilizing controlled
room temperature shipping provides the best scenario. We have performed many stability stud-
ies to learn that functionality starts falling off after 36 hours. To ensure that we get the best
quality material for our manufacturing, we ship at controlled room temperature and all mate-
rials are delivered within 24 hours.

Pre-COVID, logistics were much easier as flight logistics were more stable. The large deliv-
ery companies, such as FedEx, World Courier, DHS, and UPS, were consistent with their
ability to turn around 24-hour deliveries. Post-COVID, it has become increasingly difficult
for these companies to meet overnight demands. Triumvira currently works with a company
that utilizes retired flight attendants and pilots who hand-carry leukapheresis. They pick it up
from the apheresis center, take it to the airport, and can manage if a flight is canceled to get
on the next available flight. They hand deliver it to the cell processing center of the manufac-
turing facility. Since we have been using this company, we have had no issues with delivery

within 24 hours.

With your three decades of extensive CGT clinical and research
laboratory experience, do you have any key pieces of advice for
those starting out in CGT lab development, and those seeking to
scale their supply chains robustly?

D R: Across the board, most smaller companies are coming out of academic technolo-
gies and are familiar with the supplies they need in their early stages of development. Issues
arise at the stage of scaling up, which can be avoided by understanding sources for GMP prod-
ucts for your manufacturing process. Even in the early R&D stages, using reagents and con-
sumables that you can translate straight into a manufacturing GMP environment saves a lot
of time. Too frequently, a research use-only reagent does not translate to an equivalent GMP
reagent, even within the same company. If you start out using GMP reagents and optimize
your processes for those, it can be very helpful.

Also, it is important to understand the lot-to-lot variability in reagents and consumables.
Establishing a program where you can ensure that as you transition from one lot to another
the quality attributes are maintained is essential. One should establish critical quality attributes
early in development and build an internal process control seed bank of cells for testing each
lot. This can be done easily by establishing a prior preserved bank of cells that can be taken

into an assay or manufacturing scenario with two lots to show equivalency. This way, you have
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established expectations with your current lot or reagent and can check that you get an equiva-
lent output with a new lot of that same reagent. Many smaller companies often are not engaged
in these kinds of programs. As you establish those internal process controls, you get a running
history of what a specific reagent and/or a lot of that reagent does. Once you feel comfortable
that a company has good internal controls and lot-to-lot consistency after working with them
for several lots, these programs can be relaxed. Instead of having to run in parallel, you can
then bring in that new lot and simply run it and use data to show that this new lot is equivalent

without having to duplicate, which is a cost-saving measure.

How do you imagine the CGT supply chain will differ from now in
a decade’s time?

DR: There are many newer vendors with reagents that work as well as some of the
reagents provided by more established companies. The durability of those companies over
time must be considered as the market becomes more competitive. Part of what has plagued
the field for a while is only having a single source for many critical reagents. Now, it has become
a field with a few more supply chain options for vendors, but the question of how durable they
are remains.

One hugely important aspect is being able to manufacture critical reagents in a manner that
is more compatible with full automation. As an example, most of our reagents are in valves
and are manually drawn out with a syringe and injected into our automated system. To fully
automate in the future, being able to have critical reagents in a manner that can be aseptically
docked into a system will become much more important. This is one way the field should
move to minimize hands-on time to further reduce costs and be able to turn out products at a
commercial cell in a more feasible, cost-effective manner. Much of the expense of CGT manu-
facturing comes from labor, and the less necessary physical activities there are, especially those
that require a biological safety cabinet, the more efficient the workflow. Seeking out sources
that provide materials that can be built directly into a workflow path for manufacturing with

minimal human intervention.

What are your key goals and priorities in your work and for Triumvira
over the next 1 to 2 years?

D R: I hope to see the field of CGT move forward more effectively to efficient successful
commercial launches. There are still many hurdles to tackle in the field, which I want to priori-
tize and spend more time on. For Triumvira, our main objective over the next 12 to 24 months
is to have successful proof of concept clinical trials and to be able to move forward into pivotal

studies.
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Insights into advanced therapies
in the context of evolving
funding and M&A environments

David McCall, Senior Editor, Biolnsights, spoke to Lee Brown,
Healthcare Sector Global Team Leader, Third Bridge Group, on
Tuesday, February 6, 2024 to gain his insights into the fast-mov-
ing market landscape of advanced therapies. The discussion
outlines key recent news and strategic moves from prominent
pharma and biotech companies in the field, as well as the pros-
pects for specific technologies such as CRISPR-based genome
editing and next-generation CAR-T therapies.

Cell & Gene Therapy Insights 2024; 10(3), 223-229
DOI: 10.18609/cgti.2024.034

Q What are you working on right now?

LB: As always, the news flow in healthcare is fast-moving. The industry is currently
advancing at a breakneck speed, especially on the heels of the recent JP Morgan Healthcare
Conference that kicked off the new year, and which was bookended by a spate of announced
strategic mergers and acquisitions (M&As). That is a good sign as we discuss the thawing of
the biotech funding market.

I am fortunate to lead a talented global healthcare team at Third Bridge with analysts in
Shanghai, London, and Manhattan. My team covers healthcare across the entire capital struc-

ture, including public equities as well as the credit and private markets, and I'm excited to
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discuss where we are focusing our time in terms of our strategic coverage of the healthcare

industry.

How would you summarize the current state of affairs in biotech
funding for the sector?

LB: After a tricky 2023 for advanced therapies, and the fallout seen in the CRO, CDMO,
and life sciences tools markets, there are reasons to be optimistic as we enter 2024. This is
largely due to the recent M&A activity as well as several recent successful IPOs.

We saw Bristol Myers Squibb acquire Karuna Therapeutics for $14 billion, a strategically
savvy deal that strengthens the big pharma company’s central nervous system franchise. We
also saw AbbVie acquire Cerevel Therapeutics in an $8.7 billion deal. Cerevel’s lead asset is
emraclidine, a potential best-in-class next-generation antipsychotic to treat schizophrenia and
Alzheimer’s disease psychosis. With two huge deals in the space, we are seeing an evolving
competitive landscape in schizophrenia, as well as in Parkinson’s disease and Alzheimer’s disease
psychosis.

Late last year, we also saw AstraZeneca announce the acquisition of Gracell Biotechnologies
for $1.2 billion, adding GCO12F to its cell therapy clinical pipeline. This is a FasTCAR-
enabled BCMA and CD19 dual-targeting autologous CAR-T therapy that is being evaluated
as a potential new treatment in multiple myeloma and other hematologic malignancies and
autoimmune diseases. The deal highlights the significant interest in next-generation CAR-T
therapies.

Turning to the reopening of the IPO window, CG Oncology recently brought in
$380 million in the first biotech IPO of the year. The stock was priced at $19 per share, above
the forecast $16 to 18 range. Today, CG Oncology stands at $39 per share with a market cap of
$2.5 billion, speaking to the current enthusiasm in the space. CG Oncology’s lead candidate,
cretostimogene grenadenorepvec, is a targeted oncolytic intravesical immunotherapy agent

currently in two Phase 3 trials for the treatment of bladder cancer.

What other recent company news have you seen in the advanced
therapies field that stands out for you?

LB: Just this morning, Kyverna Therapeutics announced that it increased its IPO deal
size by offering 14.5 million shares in the range of $20 to 21 per share, around a 50%
increase on the previous filing to offer just 11.1 million shares in the range of $17 to 19.
The IPO is expected to close this week with a valuation of around $850 million. This Gilead-
and Bain Capital Life Sciences-backed company is focused on developing cell therapies for

autoimmune diseases. Its lead program is KYV-101, an autologous CD19 CAR-T cell therapy
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‘Companies with interesting technology that can offer new
approaches and accelerate pipeline candidates could be
of interest to the large-cap biotech and pharmas.”’

being evaluated in rheumatology and neurology. The initial rheumatology development is for
lupus nephritis (LN), which will be followed by systemic sclerosis (SSC). The company plans
to conduct two trials of KYV-101 in patients with LN and has received IND clearance for a
Phase 1/2 study in SSC. In neurology, Kyverna has received IND clearance for Phase 2 studies
in both myasthenia gravis and multiple sclerosis.

Metagenomi is a testing point for the market’s appetite for preclinical companies. This is an
interesting company that has many industry eyes on it at the moment—the large-cap biotechs
and a few mega-cap pharmaceutical companies are increasingly interested in bolt-on deals.
They are battling exclusivity challenges and Inflation Reduction Act pricing issues with some
blockbuster drugs that have enjoyed market dominance, so they are looking for opportunities
to bridge the gap. Companies with interesting technology that can offer new approaches and
accelerate pipeline candidates could be of interest to the large-cap biotech and pharmas.

Tome Bioscience emerged with around $210 million in funding between Series A and B
rounds in mid-December. The firm has licensed a CRISPR-based genome editing technology
that was developed by its co-founders, formerly of Massachusetts Institute of Technology’s
McGovern Institute. They are looking at monogenetic liver diseases and cell therapies for auto-
immune diseases. The CEO recently made a bold statement that we will be able to finally
reprogram the human genome with an elegance and efficiency previously unimagined. That
gets those following healthcare, especially cell and gene therapy, excited. For patients with rare
monogenic diseases, Tome could offer potentially curative treatments with a single drug per
disease approach, regardless of genetic heterogeneity. For patients with more common disor-
ders, this is an exciting time.

Beam Therapeutics uses CRISPR technology to change single bases in the genome with a
technique called base editing. This breaks only one strand of DNA and therefore, may result
in a higher cell survival rate. Its lead programs include sickle cell disease, T cell cancers, and
glycogen storage disease Type 1A. In September 2023, Beam reported positive preclinical data
from its BEAM-302 program, which was designed to treat both lung and liver manifestations
of a-1 antitrypsin deficiency.

Caribou Biosciences is a clinical-stage biotech company looking at gene-edited allogeneic
cell therapies to treat cancer. In July 2023, Caribou reported positive early-stage trial data
from its most advanced program, CB-010, for treating relapsed or refractory B-cell non-Hod-
gkin’s lymphoma. Of its other programs, CB-011 is aimed at treating patients with relapsed
or refractory multiple myeloma, while CB-012 targets relapsed or refractory acute myeloid
leukemia. Caribou has a differentiated approach to gene editing and cell therapy production,
with innovation around manufacturing. Often, analysts’ focus is on preclinical and clinical

development and innovation, but it can be important to focus on manufacturing to drive
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‘In terms of the already approved and commercialized
CAR-Ts, we have seen a market embrace that
was well below early expectations.”

down costs, including reducing batch-to-batch variation in cell therapy manufacturing. This will
enable companies to meet the needs of larger markets efhiciently with scalable manufacturing and
without a lot of waste, which is a common issue in earlier-stage manufacturing,

In December, Vertex Pharmaceuticals and CRISPR Therapeutics announced the FDA
approval of Casgevy™, a CRISPR/Cas9 genome-edited cell therapy for the treatment of sickle cell
disease in patients 12 years and older with recurrent vaso-occlusive crises. Casgevy offers the real
potential of a one-time transformative therapy for eligible patients. This requires specialized stem
cell transplantation, so Vertex is engaging with experienced hospitals and establishing networks
of independently operated authorized treatment centers throughout the USA. In terms of the
already approved and commercialized CAR-Ts, we have seen a market embrace that was well
below early expectations. However, the development of authorized treatment centers is build-
ing momentum and will help drive much better performance, not only in newly launched cell
and gene therapies but also in already-approved ones. With Casgevy, the FDA surprised us and
approved the treatment of transfusion-dependent B-thalassemia (TDT). TDT is a very serious
life-threatening genetic disease. It requires frequent blood transfusions and iron chelation—a
therapy that is required throughout a person’s life—so this is big news.

I also want to highlight bluebird bio’s gene replacement therapy, Lyfgenia™, to treat sickle-cell
disease. This has a black box warning, noting that in rare cases, the therapy could cause certain
blood cancers. The US FDA added the warning after two patients who had received Lyfgenia in
a clinical trial died from a form of leukemia. The FDA stated that it is unclear whether Lyfgenia
itself or another part of the treatment process, such as chemotherapy, caused the cancer. However,
the black box warning along with a higher wholesale acquisition cost of $3.1 million, which is
40% higher than the $2.2 million list price for Casgevy, tempers our view of Lyfgenia.

I recently had the honor of hosting an interview on BioMarin, focused on its gene therapy,
Roctavian™, to treat adults with severe hemophilia. The expectations for Roctavian’s uptake
should be conservative despite a sizable market opportunity of approximately $7+ billion in the
USA alone. The market is fantastic, but Roctavian’s experience in Europe did not get off to a good
start due to its high cost and the need for patient education. It is predicted that Roctavian will
experience a similarly slow start in the USA, with a metered uptake. The Pfizer-Sangamo hemo-
philia A therapy may be more selective than Roctavian, with a potentially more efficient serotype
that could require a lower dose.

InJanuary 2023, Sarepta Therapeuticsannounced positive datafrom Part Bofis MOMENTUM
study—a global Phase 2 multi-ascending dose clinical trial of SRP-5051, a next-generation pep-
tide phosphorodiamidate morpholino oligomer (PMO) treatment for patients with Duchenne
muscular dystrophy (DMD) amenable to skipping Exondys 51™ (vesleteplirsen). However, the
top-line data from Sarepta’s Phase 3 EMBARK confirmatory study of Elevidys failed to meet its
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primary endpoint. When the data was announced on October 30, 2023, Sarepta’s stock plunged
by over 40%. On December 22, 2023, the company filed an efhicacy supplement to expand the
Elevidys label to include all DMD without age or ambulatory status restriction. Sarepta has also
submitted the EMBARK post-marketing requirement that the FDA sought in converting the
Elevidys accelerated approval to a traditional approval. Sarepta released preliminary Q4 results
on January 8 and Elevidys generated Q4 sales of around $131 million as the first approved gene
therapy for treating DMD.

Regarding AbbVie and Regenxbio’s ABBV-RGX-314, positive interim data from the Phase 2
AAVIATE trial was recently announced. This is for wet age-related macular degeneration, which
is a huge and growing market given our aging populations. Eylea is the market leader right now,
which requires regular injections. ABBV-RGX-314A would be hugely advantageous as a one-

time cure.

You mentioned that the approved CAR-T’s performance to date has
been underwhelming compared to initial predictions. How do you
see that space developing further?

LB: Bristol-Myers Squibb’s Abecma® and Johnson & Johnson’s Carvykti® are both approved
for relapsed or refractory multiple myeloma. It will be interesting to see how this large market
develops. Bristol Myers’s Breyanzi® and Gilead’s Yescarta® are for large B-cell lymphoma includ-
ing diffuse large B-cell lymphoma. Meanwhile, Novartiss CAR-T, Kymriah®, is for treatment of
relapsed or refractory follicular lymphoma, as well as acute lymphoblastic leukemia and mantle
cell lymphoma.

These commercialized products have perhaps not received the market embrace some might
have hoped for, but I am excited to learn about innovations in next-generation CAR-Ts. The
whole idea is to improve efficacy while reducing toxicity. Another important aspect, as we get

smarter about manufacturing, is how we can drive down the cost at large-scale.

What are the key takeaways from this recent news as we move
further into 20247

LB: Personally, | would like to spend more time looking at longevity studies. There are dif-
ferences in the current approaches to curative therapies. For example, Recursion Pharmaceuticals
approaches curative therapies from the cellular level and works backward (although this can cre-
ate challenges in terms of defining the mechanism of action with the FDA). There needs to be
an evolving paradigm shift in terms of how the FDA looks at this because mechanistically, we
will become stuck in a single approach if we do not expand our view, especially as we better

understand how things are functioning at the cellular level.
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I think the most important takeaway is that healthcare innovation is alive and well. We are
fortunate to have the human capital that is driving this. We are accelerating at an exponential
rate in terms of our understanding. We are seeing a thawing of the IPO window as well as
increased M&A. We have many smart people working on things at both preclinical and clinical
stages. All in all, it is one of the most exciting times to be a part of cell and gene therapy right

now. The future is now.
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Over the last decade, the development of innovative medicines has experienced exponen-
tial growth, with the move towards more personalized medicines and the introduction of
scalable and tailored approaches to cell and gene therapies. In more recent years, the poten-
tial benefits of Al in drug development have provided a new challenge for developers and
regulators alike and as newer, more complex medicines begin to emerge, there is an unde-
niable shift towards incorporating these medicines as the new standards of care. Genome
editing technologies are an example of a new, complex niche of gene therapies that are now
realizing their potential to cure previously untreatable diseases.
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Genome editing (GE) incorporates many dif-
ferent techniques and technologies, from the
earlier introduced methods such as zinc fin-
ger nucleases (ZEN), which are less specific in
their approach to introducing changes to the
DNA sequence, to clustered regularly inter-
spaced short palindromic repeat (CRISPR)-
associated (Cas) nucleases, which are targeted
to a specific site of interest. The diversity of
GE technologies in addition to the mecha-
nism of action (i.e., nuclease-dependent or
independent) further adds to the complexity
and difficulty in creating regulation to sup-
port development of this sub-class of gene
therapies.

Due to the inherent nature of how GE
technologies work, through the ability to
definitively treat the root causes of life-threat-
ening and life-altering diseases, they provide
the opportunity to move beyond the capabili-
ties of more traditional gene therapy method-
ologies. However, with great potential comes
great risk and where GE offers the ability to
fundamentally alter a patient’s genetic makeup
for the better, there is also the possibility that
these irreversible genetic changes could extend
to unknown off-target effects of an unpredict-
able magnitude. It is therefore understand-
able that GE development, at least in medical
research, has taken years to get to the point of
commercialization. However, with the rapid
advancement of innovative technologies and
scientific approaches, developing GE technol-
ogies to a scalable and reproducible standard
has been demonstrated on multiple occasions
by academic researchers. Furthermore, now
that the theoretical possibilities of GE have
been proven—for example, with CRISPR
winning the Nobel Prize for Chemistry in
2020—there has been significant interest and
investment from the pharmaceutical sector to
further build on the work of academics and
take GE technologies from bench to bedside.

Whilst the physical development of these
technologies is increasing at an unprecedented
rate, there are still many hurdles to navigate
before successfully reaching the intended
patient population, not least the ability to
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demonstrate safety and efficacy to the regu-
lators. Due to the inherent complexity of GE
products, there are also still many limitations
in the production of GE products, including
the ability to manufacture to cGMP stan-
dards in a reproducible and scalable manner
[1]. The validation of methods used to man-
ufacture and test GE products also presents
significant challenges due to the complexity
and relative novelty of the methods required.
Due to the lack of existing case studies in
clinical and real-world settings, in addition
to the challenges with manufacture, there is
little precedent for regulators to draw upon
in order to develop appropriately insightful
and supportive guidance for development of
GE products and eventual licensure. As such,
there is much discordance between regulators
on what constitutes the definition of a GE
product—for example, the US FDA defines
GE as “a process by which DNA sequences
are added, deleted, altered, or replaced at
specified location(s) in the genome of human
somatic cells, ex vivo or in vivo, using nuclease-
dependent or nuclease-independent GE tech-
nologies,” whereas the European Medicines
Agency (EMA) currently incorporates GE
under the umbrella definition of a ‘gene ther-
apy’ product. Furthermore, some regions have
not yet defined GE products as a separate class
of medicine, let alone come to a harmonized
agreement on recommendations for the most
suitable course of development. However,
with the increasing number of GE products
in development, there is a broad recognition
from the major global regulatory agencies that
the development of guidelines and legislation
specifically for GE technologies is required.
Improvements have been made by some
regulators to support developers of GE tech-
nologies through the introduction of draft
guidance documents and concept papers, in
addition to raising awareness through webi-
nars and the creation of dedicated working
groups. However, it is important to note
that this is very much a first step towards
the development of a regulatory framework,
rather than a definitive output. Additionally,




when a dedicated regulatory framework is
developed for GE products, it will most likely
be national or at best, regional, rather than
harmonized global frameworks.

Despite the current lack of specific reg-
ulations, or harmonized approaches, 2023
was a landmark year for the development
of GE therapies. The first ever CRISPR-
based technology was approved by a regu-
lator—the UK MHRA, in November, just
3 years after the technology won the Nobel
Prize in Chemistry. Casgevy™ (exagamglo-
gene autotemcel), a CRISPR-Cas9 GE tool
developed through a collaboration between
and CRISPR
Therapeutics, is designed to treat B-thalassae-

Vertex  Pharmaceuticals
mia and sickle-cell disease, two rare, inher-
ited genetic diseases caused by mutations in
the gene (BCLI11A) that encodes hemoglo-
bin [2]. Other regulatory agencies followed
suit shortly afterwards with both the EMA
and US FDA also approving the same prod-
uct in subsequent months (December for
both the EMA and FDA approving Casgevy
for the treatment of sickle-cell disease, but
January 2024 for the approval of Casgevy to
treat 3-thalassaemia).

There are, however, many caveats to using
this ‘n=1" as a benchmark for other GE devel-
opers; most notably the precedent is limited to
a positive benefitrisk profile for patients with
a rare disease associated with a poor prognosis.
Furthermore, as the number of GE products
in the clinic increases and knowledge of long-
term side effects becomes more apparent,
there may be a change in approach to regula-
tion, so what may have been acceptable for the
approval of the first GE products may not be
applicable as scientific and technical knowl-
edge of these products increases. Similarly, as
experience with these products grows within
each regulatory agency, new guidance and
legislation specific to GE technologies will
become available and potentially, even new
regulatory pathways and/or initiatives may
appear to support GE developers.

Although there is currently only one
approved GE product on the market, there

VIEWPOINT

are many more in clinical development and
with the momentum of such a monumen-
tal approval, there is much excitement and
interest from the industry in what 2024 may
bring. The GE industry has a predicted worth
varying between $10.8 billion in 2028 [3] to
$19.9 billion in 2030 [4] which, given the
current $2.2 million price tag of Casgevy and
an estimated annual revenue of $2.6 billion
[5], provides an attractive prospect to poten-
tial investors. As of March 2024, there are
97 publicly listed active clinical trials involv-
ing GE products, with seven in Phase 3 devel-
opment and many more in the earlier phase
of clinical development [6]. The development
of GE products is spanning multiple indica-
tions, with >50 disease types currently being
studied in clinical trials, although more than
a quarter of these are devoted to blood dis-
orders and just less than 20% are focused on
oncology. This breadth and diversity reflect
a healthy pipeline that is possibly capable of
supporting the estimated market worth in
just a few years.

2024 promises to bring new highlights to
the GE space, with the first prime editing
therapy (a new type of CRISPR technique)
expected to reach the clinic just 5 years after
the technology was first published [7-9]. At
the other end of the development spectrum,
Intellia Therapeutics was granted access to the
EMA’s PRIME scheme for its CRISPR-Cas9
technology at the end of 2023, which is cur-
rently in Phase 3 clinical trials for the treat-
ment of transthyretin amyloidosis [10].

Interest, investment, and opportunities in
the GE space are set to continue their rapid
growth throughout 2024. However, the true
potential of these products may only be fully
realised if the regulatory framework is there to
support it. Therefore, alongside the increas-
ing efforts of GE developers, there is also a
need for regulators to focus on the process for
review and approval of GE products.

Aside from the obvious need to demon-
strate safety and efficacy of any new ther-
apeutic, additional critical areas for GE
regulation include determining the potential
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for off-target effects and the magnitude of
these. The true impact of altering a genome
may only be realised with long-term follow
up studies and these take time to complete.
Furthermore, regulators need time to under-
stand how these technologies work in order to
regulate them effectively, further highlighting
the importance of collaboration and informa-
tion sharing between industry and regulators.

Despite the regulatory challenges that exist
for GE products, there has been an increased
output in support from regulators. The start of
2024 has already marked the introduction of
a final guidance from FDA incorporating spe-
cific information on genome editing [11] and
this has been followed by a dedicated webinar
to provide further context to the guidance and
support GE developers. There has also been
strong communication from the US regulator
that all applications for GE products should be
placed under accelerated approval pathways,
demonstrating the importance and prioritisa-
tion of these products. Although there is not
yet anything similar from EMA or MHRA,

with the increased clinical pipeline for GE
products, it is highly likely that they will follow
suit and start implementing their own versions
of similar guidelines and initiatives to support
GE developers to accelerate approvals.

Undoubtedly, GE technologies have expe-
rienced significant progress into the clinic
over a remarkably short period of time; how-
ever, there is still much work to be done to
bring these innovative therapies to market.
Regulators must play their part in ensuring that
GE products have access to accelerated routes
of approval in addition to early and frequent
collaboration with developers to understand
the risks of such products. Balancing patient
safety with the provision of curative, one-time
therapies is understandably challenging for
regulators, but is critical in ensuring patients
have access to these life-saving treatments. The
coming years will define a new era of medicine
and consequently, regulation, and whilst 2023
marked the start of this new era, it is 2024
that holds the greatest promise in building on
the momentum of change.
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As a biotech company, accessing the right
human capital and financial capital in a
timely manner determines your success.
Both entities are key to building your com-
pany. They also depend on each other in a
way that creates a bit of a ‘Catch 22’ for any
growing company in need of venture fund-
ing. Without the right team, your struggle to

www.insights.bio

raise financial capital will be even more bru-
tal. And without the latter, you might not be
able to enroll the sharpest minds. For com-
panies in new therapeutical areas such as cell
and gene therapy that are already perceived
as high-risk, you might be faced with an even
tougher challenge to convince investors that
you and your co-workers have what it takes.
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As part of their due diligence, investors will
look into your management team, your board
of directors, and your ability to attract key
talent over the growth years ahead.

Opver the last few years of ups and downs in
the industry, the intertwined relationship of
human and financial capital has become even
more impactful on companies prospects of
success.

The point of this article is to share some
hands-on advice on how to cruise through
the waves of access to capital through a clever,
yet highly ethical way of dealing with human
capital (with an emphasis on the ‘human’ part
of this somewhat unempathetic term). As a
Nordic-based recruiter specialized in life sci-
ences, this is close to my heart.

THE CHALLENGE MANY OF YOU
ARE FACING, OR HAVE JUST
FACED

You staffed up in 2022 based on the ways
things were during the pandemic years. Access
to capital in 2021 was extraordinarily high
and while this was not entirely unexpected,
few were genuinely prepared for the sudden
drop that came in 2022 when capital costs
increased. For service providers, always lag-
ging one or two steps behind the capital-eat-
ing R&D companies that they depend upon,
there were less of an excuse to not hit the brakes
in time. They should have seen it coming, but
many continued staffing up well into 2022
with continuous growth in mind. However,
by then, financial capital had become rel-
atively costly and scarce, and the only way
to stay in the game until the next inflection
point and keep your investors happy was to
cut down on human capital. This strategy was
pursued with a sense of urgency that might
not have permitted you to think twice about
how it would affect your company, once (and
if) the wheels started spinning again.

This is a scenario that will be all too famil-
iar to many in the biotech space.

In some countries, cutting down on staff
is a costly matter in the short run. Yert it is

Cell & Gene Therapy Insights;

nothing compared to the cost of brain drain—
of losing the key competences that you really
needed to reach the long-term goals of the
company. Having to let people go is awful, I
know. It always is when we are affecting peo-
ple’s lives in a way that is likely to be upsetting
at the very least, and sometimes even devas-
tating, and many people in this business have
a loyalty with the company and its mission
that goes beyond what could be expected. You
most likely did not have a choice at the time.
But how you did it mattered, and still does.

If your company is among those that are
still standing, you might have to start think-
ing about bringing in key competence again
sooner than you expected. Maybe your inves-
tors have already grasped that their whole
investment is at stake unless the team is
adequately staffed. However, your ability to
attract talent moving forward will depend on
how your company handled the recent down-
sizing. This is because human capital comes
with a memory.

I believe this holds true regardless of whether
you are operating in a hire-and-fire labor mar-
ket such as the US, or a more regulated ‘flex-
icurity’ market such as that in the Nordic
countries. It is also about ethics, of course. The
following is advice for the various situations
you might be facing when dealing with either
downsizing or attracting human capital.

WHEN YOUR TEAM HAS TO BE
DIMINISHED...

Provide transparency as far as possible.
Explaining the underlying reasoning of the
cut in human capital and what will have to
be stripped in terms of activity builds trust.

Ensure a clear process. Set a timeline and
stick to it. If you deviate from the process,
explain why. Do not make promises you can-
not keep.

Communicate! It is human nature to shy
away from communicating in tough situa-
tions as people feel they do not have some-
thing constructive to say, or simply do not
know how. Therefore, seck professional




help if needed to be clear on your messages.
Communicate even when there is no defini-
tive news to impart. This is the ultimate stress
test of your internal information cascade. Staff
members who are kept well informed, and
who trust that they will continue to be, don’t
spend as much time and energy guessing.

Avoiding discrepancies in access to infor-
mation is key. However, there will be sub-
stantial discrepancies in both the detail of
information that various parts of your team
access, and the timing with which they
receive critical information. This means that
processing bad news occurs at different speeds
in different parts of the company. Although
this is somewhat inevitable, it is possible to
avoid unwanted loss of competencies by stay-
ing close to the information reality of your
co-workers. Using emotional quotient will
sharpen your senses and has nothing to do
with being soft (or maybe soft is being sharp?)

It might seem contradictory to work with
employer branding during a downsizing, but
that is exactly when you should stay true to
your ethics and policies. Walk the talk.

WHEN YOUR TEAM IS
GROWING...

When wheels are spinning fast in the other
direction, you might tend to focus on the
final candidates of your recruitment pro-
cess and forget about the rest. How you deal
with all candidates, or how your recruitment
firm deals with them, will impact on your
employer branding. And before you know
it, a candidate who was turned down in your
most recent recruitment drive might pop
up again as the ideal one in the next, or at
a client/partner company. It is important to
remember that human capital does not only
come with a memory—it has a voice as well.

Make use of your investors experience in
building teams. If you don’t have the full
team already, share what competences you

VIEWPOINT

need and ask your investors to help through
their vast networks. Additionally, the buy-in
generated through this approach might prove
helpful down the line.

Make every head count! Many start-ups are
led by a CEO who is also the C-everything,
tasked with taking on an international mar-
ket while reporting to a Board of Directors
of approximately seven members. Those men
and hopefully, some women, should be stra-
tegic players on this mission, too.

That leads us to diversity of perspectives.
What is the use in having seven pairs of
cloned eyes, all with the same experience,
background, and reasoning when facing
challenges? You could make do with just one
set of those particular eyes and cut down on
cost significantly. Although this is most likely
something that is not within your control,
keep in mind that the more diverse your board
is, the more likely you are to find the strategic
advice needed on the complex, ever-changing
journey of building a biotech company.

AND AT ALL TIMES...

Being respectful will take you far. You are
dealing with people, not digits!

Consider whether those of your key com-
petences that normally come at a high cost
could be made available through part-time
positions or interim consultants. In the
Nordic life science ecosystem, the use of
shared C-level staff and specialists is growing
popular. For instance, a CFO of a start-up
normally carries out a crucial role for oper-
ations and will matter when investors carry
out their due diligence. You want your books
in order and processes in place. So, how about
hiring half a senior CFO, supported by junior
staff, and splitting the cost with another com-
pany? For smaller ecosystems such as the
Nordic one, this also opens up the possibility
for knowledge-sharing and enables them to
punch above their weight.
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Evaluation and performance of
an AAV affinity resin: a CDMO
case study

Spyridon Gerontas and Buzz Lobbezoo

Often referred to as the gold standard for in vivo gene therapy, the adeno-associated virus
(AAV) has seen a huge increase in its use in clinical trials over the last few years, with vari-
ous serotypes used depending on the target tissues and cells. There are now six AAV-based
gene therapy products on the market, with many more in the R&D pipeline. This has led to
an increased demand for the development of efficient and robust downstream purification
processes to ensure the production of high-quality AAV vectors for clinical applications. The
performance of the affinity capture step of AAV as a scalable unit operation is of particular
importance to deliver high purity and recovery.

This article introduces POROS™ CaptureSelect™ AAVX affinity resins for the scalable
downstream purification of a range of AAV serotypes for gene therapy applications. A case
study from Pharmaron, a leading CRO/CDMO, provides an analysis of the performance of
the resin under varying conditions at both small and large scales, from early development
runs to assess the resin capabilities to the affinity capture of 22 L of AAV harvest material.

Cell & Gene Therapy Insights 2024; 10(3), 397-413
DOI: 10.18609/cgti.2024.053

INTRODUCING POROS™
CAPTURESELECT™ AFFINITY
RESINS

for linear pressure drop versus flow curves
up to very high pressures and flow rates.
The POROS backbone has large through

pores and a large internal pore volume for
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Designed for improved process perfor-
mance and productivity for a wide range of
biomolecules, POROS CaptureSelect affin-
ity resins are highly rigid and both chem-
ically and mechanically stable, allowing

www.insights.bio

improved mass transfer, in addition to a
50 pm bead size for improved separation
whilst retaining high flow rates. The pore
structure of the POROS bead enables efhi-

cient purification of large molecules such
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as plasmid DNA, viruses, viral vectors, and
virus-like particles.

The CaptureSelect technology platform
has a structure derived from the heavy chain
antibodies found in Camelidae. The VHH
domain, a small (12-15 kDa) fragment, is
reverse-engineered into an animal origin-free
nanobody, which is produced in yeast and
is highly selective to its target—in this case,
adeno-associated virus (AAV) serotypes.
POROS CaptureSelect AAVX resin has an
affinity to a wide range of serotypes, includ-
ing both natural and chimeric vectors, with
high binding capacity, purity, and recoveries.

The performance of POROS CaptureSelect
AAVX resin is serotype-specific, so process
development is critical to obtain optimal
process performance. Despite commonalities
between different serotypes, each step in the
process should be optimized to improve per-
formance, including loading, washes, elution,
and clean-in-place.

Intermediate wash optimization conducted
by Thermo Fisher Scientific has been shown
to improve the clearance of process-related

impurities. A wash study was performed
looking to remove additional non-specific
DNA and host cell protein (HCP) binding
employing low and high concentrations of
NaCl washes with no salt and 1.5 M salt, and
an increased pH wash at pH 9.0. With the
washes, the levels of residual DNA and HCP
were four times lower in the elution.

Optimization of elution conditions is
also required to maximize AAV recovery. A
study conducted by Thermo Fisher Scientific
demonstrated the recovery of AAV6 was opti-
mal at pH 2.5 yielding a recovery of around
90%. Figure 1 shows the recovery of AAV6
from POROS CaptureSelect AAVX resin
using various elution conditions. This study
shows that additives can be used in the elu-
tion buffer to improve recoveries at higher
pH conditions.

Analytics also play an important role in
ensuring accurate results. One important fea-
ture of POROS CaptureSelect AAVX is its
high binding capacity for multiple serotypes
at short residence times. As demonstrated
in Figure 2, capacities have been shown to

—» FIGURE 1

POROS CaptureSelect AAVX elution optimization study.
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—» FIGURE 2

Breakthrough as a function of capsids loaded per mL of resin.

Data generated by Thermo Fisher Scientific.
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exceed 1x 10" viral capsids (vp)/mL of resin,
achievable with no breakthrough in the case
of AAVS [1]. POROS CaptureSelect AAVX
has also been shown to give consistent chro-
matographic performance and yield over
35 reuse cycles [2].

PHARMARON'’S MULTI-SEROTYPE
AAV PLATFORM PROCESS

Pharmaron is a leading fully integrated phar-
maceutical R&D  services platform with
global operations. It has a well-established
team of over 20,000 employees working in
21 different sites worldwide. Pharmaron’s
mission is to support their partners in dis-
covery, development, and commercialization
of innovative medicines with the vision to
become the world-leading life science R&D
service company.

Pharmaron Gene Therapy, Liverpool,
focuses on viral vector development and
clinical manufacture, delivered through our
80,000 sq ft MHRA-licensed cGMP facil-
ity. Notably, Pharmaron is embarking on
an ambitious plan for the expansion of the
Liverpool facility with a £151 million invest-
ment in the project, supported by a grant

from the UK Governments Life Sciences
Innovation Manufacturing Fund (LSIMEF).
This expansion will lead to a significant
increase of Pharmaron’ s gene therapy opera-
tions to 400,000 sq ft, facilitating the accom-
modation of viral vector, DNA, and RNA
drug substances, along with drug product
formulation.

In terms of AAV development and man-
ufacturing, Pharmaron has established an
AAV platform and purification toolbox to
ensure the production of multiple AAVs,
alongside a secure supply of the critical start-
ing materials for these products. Pharmaron’s
upstream processing consists of a seed train
and a production bioreactor, in which the
AAV product is expressed following triple
transfection of the human embryonic kid-
ney 293 (HEK293) cells. During the seed
train, the cells are expanded to inoculate
the production single-use bioreactor. Then,
they proliferate in a controlled environment
to a target concentration, in preparation
for the triple transfection, a step which has
been optimized to maximize AAV yields and
quality. Following harvest, the Pharmaron
downstream processing (DSP) team uses its
downstream purification toolbox to purify
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the viral vector to formulated drug substance.
The downstream processing is adapted to the
serotype. In general, the clarified product is
captured by affinity chromatography. The
purification process may require an interme-
diate chromatography step to further reduce
the impurity levels. The product is then
loaded onto the polishing chromatography
step to separate the genome containing or
full capsids from the genome-free or empty
capsids. Using ultrafiltration and diafiltra-
tion, the purified product becomes drug
substance.

PHARMARON'S CASE STUDY

ON EVALUATING THE POROS
CAPTURESELECT AAVX AFFINITY
RESIN

This case study focused on the capture step
of the AAV platform and Pharmaron’s work
on evaluating the POROS CaptureSelect
AAVX

affinity  resin.  Pharmaron’s

assessment of the capabilities of the
POROS CaptureSelect AAVX resin began
through a series of milliliter-scale exper-
high-throughput
(HTP) robotics were integrated with a

iments. Subsequently,
design of experiments (DoE) approach to
screen capture conditions using POROS™
CaptureSelect™ AAVX RoboColumns™.
The focus then shifted to estimating the
POROS CaptureSelect AAVX
dynamic binding capacity (DBC) and

resin’s

determining how much the resin could
handle in terms of processing volume.
Finally, findings were verified at larger scale
by using manually packed columns filled
with POROS CaptureSelect AAVX resin to
capture AAV from a 22 L cell harvest.

FEASIBILITY RUNS TO ASSESS
POROS CAPTURESELECT AAVX

An exploration into the capabilities of

the POROS CaptureSelect AAVX resin

—» FIGURE 3
AAVX capabilities.
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.
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—» FIGURE 4

HTP robotics/DoE contour plots showing the effect of POROS CaptureSelect AAVX process parameters on AAV monomer

content and AAV elution titer.
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Similarly to SEC-UPLC analysis,
low residence times give high
AAV titre in the eluate pool

The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.

was initiated by conducting experiments
on a small scale using 1 mL pre-packed
columns connected to a Cytiva AKTA™
avant 25. The performance of the POROS
CaptureSelect AAVX resin was compared
in terms of recovery against a control affin-
ity resin. Both resins were loaded at their
recommended linear velocity for the same
duration. The POROS CaptureSelect
AAVX resin was shown to handle signifi-
cantly higher linear velocities resulting in
an 8-fold increase in loading volume. To
ensure consistency, identical buffers were
used for capturing material using both the
control and POROS CaptureSelect AAVX
resin. The effect of buffer composition on
AAV recovery was investigated by testing
two different elution buffer compositions.
AAV recovery values, measured by cap-
sid enzyme-linked immunosorbent assay
(capsid ELISA) and droplet digital poly-
merase chain reaction (ddPCR), are shown
in Figure 3. POROS CaptureSelect AAVX
resin demonstrates similar recoveries with
an 8-fold increase in load compared to the
control resin. To enhance efliciency, the

wash and elution buffers were fine-tuned to

reduce the quantity of AAV in the strip.

UTILIZING HIGH-THROUGHPUT
ROBOTICS AND DESIGN OF
EXPERIMENTS TO OPTIMIZE
POROS CAPTURESELECT AAVX
FOR AAV CAPTURE

Following the feasibility runs, the use of
HTP robotics and DoE was explored in the
optimization of AAV capture parameters.
Automation facilitated by HTP and DoE
significantly streamlines product develop-
ment processes. The HTP studies were con-
ducted using POROS CaptureSelect AAVX
200 pL robocolumns in combination with
a Beckman Biomek® i7 automated worksta-
tion. An experimental plan, based on the
central composite design, was implemented
using JMP® software to guide experiments.
The focus was on optimizing titer and mono-
mer content by exploring loading pH, load-
ing density, and residence time. The success
criteria for the HTP experiments comprised
achieving a DBC>1x 10" vp/mL of resin, a
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—» FIGURE 5

Loading profiles obtained by capturing AAV from post clarified material using 1 mL prepacked
POROS CaptureSelect columns with and without UF/DF utilization before the affinity step.

No UFDF, 1 mL CV, 1 min residence time 1.82 x 10" vp/mL of resin
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.
UF/DF: ultrafiltration/diafiltration.

residence time <3 min, an AAV recovery rate
>70%, and aggregate content <5%.

Analysis was conducted on the data pro-
duced from HTP robotics/DoE using con-
tour plots (Figure 4). Residence time was
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shown to have little impact on the percentage
monomer whilst higher loading densities were
optimal for monomer in the eluate (left plot
of Figure 4. Loading density and residence
time were found to impact the titer of the
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—» FIGURE 6

Elution profiles obtained by capturing AAV from post clarified material using 1 mL prepacked
POROS CaptureSelect columns with and without UF/DF utilization before the affinity step.

No UFDF, 1 mL CV, 1 min residence time 1.82 x 10** vp/mL of resin
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.
UF/DF: ultrafiltration/diafiltration.

eluate when explored together, and a higher
titer in the eluate pool was obtained for low
residence times (center plot of Figure 4).

The AAV titer was measured by multi-an-
gle dynamic light scattering using a Malvern
Panalytical Zetasizer® Nano ZSP system in
relation to loading density and residence

time (right plot of Figure 4). This analyti-
cal method serves as an orthogonal method
to size exclusion ultra-performance liquid
chromatography (SEC-UPLC) for quantify-
ing AAV using a Waters SEC column affixed
to a Thermo Fisher Scientific Vanquish™
Horizon UHPLC. Some differences between
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—» FIGURE 7

utilization before the affinity step.
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.

the two analytical methods emerge at low
loading densities, although these variations
did not affect the conclusions drawn from the
contour plots. As with SEC-UPLC analysis,
low residence times yield higher AAV titer in
the eluate pool.

To summarize the HTP results, the loading
density has the greatest impact on generating
monomeric AAV, and low residence times are
essential in achieving high recoveries.

ESTIMATION OF POROS
CAPTURESELECT AAVX DYNAMIC
BINDING CAPACITY

To assess the dynamic binding capacity of the
POROS CaptureSelect AAVX resin, 1 mL

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.053

POROS CaptureSelect AAVX columns were
loaded at a concentration of 2 x 10" vp/mL of
resin with a 1 min residence time using har-
vest material. Conditions in which the har-
vest material underwent buffer exchange and
concentration using ultrafiltration/diafiltra-
tion (UF/DF) were explored to reduce load-
ing time from 1180 to 200 min and to avoid
exposing the harvest material to extended
periods at ambient temperature before load-
ing onto the resin (Figure 5). The ratio of
UV260 to UV280 was also reduced indicat-
ing the removal of DNA-related impurities
during the UF/DF step (Figure 5).

The POROS CaptureSelect AAVX elution
profiles with and without UF/DF utilization
before the affinity step were also analyzed.




In both cases, symmetrical AAV peaks were
observed without any pre- or post-peaks, and
minimal AAV loss was detected via capsid
ELISA (Figure 6). Notably, in the absence of
UE/DE a peak was evident in the strip, indi-
cating the presence of impurities during affin-
ity load. These impurities were potentially
non-specifically absorbed by the POROS
CaptureSelect AAVX resin.

The percentage breakthrough of loaded
capsids is shown in Figure 7, against the
total viral particles loaded onto a 1 mL col-
umn for three distinct loading conditions. In

INNOVATOR INSIGHT

the initial condition, the percentage break-
through was assessed without using UF/DF
to concentrate the material before loading,
maintaining a residence time of 1 min. Even
when loading POROS CaptureSelect AAVX
at 1.82x10" vp/mL of resin, no break-
through was observed. Subsequently, the
impact of residence time on the condition
in which the cell harvest was concentrated
using UF/DF was investigated. At a residence
time of 1 min, the UF/DF condition showed
a 0.5% breakthrough at 2x 10" vp/mL of
resin (Figure 7). The residual host cell DNA

—» FIGURE 8

POROS CaptureSelect AAVX elution profile from 22 L clarified material.
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.
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and HCP levels were <4 ng/1x10" vp and  capability of POROS CaptureSelect AAVX
<8 ng/1x10" vp respectively for all runs resin to capture AAV at high loading densities
(Figure 7). These experiments underscored the  and low residence times.

—» FIGURE 9

Monomer content of POROS CaptureSelect AAVX eluate from loading 22 L clarified material.
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The chromatography runs and data analysis were performed by Pharmaron Gene Therapy.
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AFFINITY CAPTURE OF 22 L OF
AAV HARVEST MATERIAL

After small-scale runs, an evaluation of the
performance of the POROS CaptureSelect
AAVX resin was performed at a larger scale.
The large-scale run began with manual
packing of the AAVX resin following the
Thermo Fisher Scientific Instructions [3].

Two columns were packed (2.6 cm diame-
ter Cytiva HiScale™ 10/40 and 1 cm Cytiva
AxiChrom™ 50) with POROS CaptureSelect
AAVX resin and asymmetry results and the
number of theoretical plates per meter met
requirements [4].

The harvest material (22 L) was processed
using a Cytiva AKTA avant 150 with a 2 min
residence time, running at the linear veloc-
ity of 450 cm/h. Figure 8 shows the operating
conditions and elution profile. the recovery
rates validated via capsid ELISA and ddPCR
were high. The UV elution profile show-
cased a single, sharp peak devoid of pre- or
post-peaks, which supports the high recovery
result. This result confirmed the optimized
host and elution buffering conditions derived
from the feasibility and DoE runs.

Additionally, analytical assessment was
conducted to characterize the product qual-
ity. The findings are shown in Figure 9. The
monomer content of POROS CaptureSelect
AAVX eluate was estimated by dynamic
light scattering (DLS) and SEC-UPLC. The
DLS analysis was performed on a Malvern
Panalytical Zetasizer Nano ZSP and pro-
vided an estimate of the large-size aggregates

(typically, those >0.2 pm). The SEC-UPLC

INNOVATOR INSIGHT

analysis estimated the small-size aggregates
(typically AAV dimers, trimers, and tetramers)
and it was performed using a Waters SEC col-
umn connected to a Thermo Fisher Scientific
Vanquish Horizon UHPLC. A monomer
content of 99% was measured by DLS and
93% by SEC-UPLC. The residual host cell
DNA and HCP levels were <4 ng/1x 10" vp
and <2 ng/1x10"% vp respectively. These
large-scale run results confirmed the findings
of the development work at small scale.

SUMMARY OF THE POROS
CAPTURESELECT AAVX
ASSESSMENT

The POROS CaptureSelect AAVX affinity
resin is designed to address the high selectiv-
ity and capacity requirements for the large-
scale downstream purification of a wide range
of both natural and chimeric AAV serotypes.
The use of Pharmaron’s HTP robotics and
DoE expertise in combination with POROS
CaptureSelect AAVX RoboColumns deliv-
ered a rapid screening of AAV capture con-
ditions. This helped Pharmaron to develop
AAV capture conditions that enable low
processing times and increased processing
volumes, resulting in shorter development
times for large-scale batch production. The
POROS CaptureSelect AAVX rigid matrix
facilitates column packing, ensuring align-
ment with specifications for both asymmetry
factors and plates/meter, enabling Pharmaron
to perform robust and repeatable large-scale
affinity runs, achieving high AAV recovery
and impurity clearance.
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What is the binding capacity of the AAVX resin? Can this resin be
reused?

B L: The binding capacity for the AAVX resin is variable and dependent on serotype. We
have used a multitude of different serotypes and have achieved binding capacities in the region
of 1x 10" vp. There are a few serotypes where slightly lower capacities are seen, so we recom-
mend the completion of DBC evaluation work or breakthrough studies.

The resin can be reused. The number of times it can be reused depends on how you treat the
feedstock and the resin. When the resin is treated with the right amount of cleaning material
and regenerated with low pH strips, as well as a denaturant like urea guanidine, we have been
able to reuse the resin for over 35 cycles.

What is the best approach to improving elution recovery on POROS
CaptureSelect AAVX?

B L: The short answer is low pH. The best approach is to perform an optimization study
looking at a range of pHs and additives. We also recommend the addition of pluronic in the
elution. It is important to be confident in your analytics, so you can look at different orthogo-
nal steps and assays to ensure that you are achieving accurate values.

Why does the lower residence time give a higher purification yield?

L] . . . .
SG. AAVs can aggregate until they are loaded onto the resin. Low residence times may
result in higher purification yields of AAV monomers, as they translate into shorter material
hold times at ambient temperature, consequently minimizing the drop in purification yield
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due to AAV aggregation. Furthermore, optimizing the buffer composition of the AAV feed
solution can prolong the time AAVs remain in the monomeric state at ambient temperature,
thereby achieving high purification yields of AAV monomers. Developing formulation recipes
for in-process steps can be performed in-house or in collaboration with a CDMO.

BL: In our studies, we have seen that in some instances, reducing the residence time
can be beneficial both from a stability standpoint and to reduce the amount of entrapment.
When running at much lower flow rates, you can run the risk that some of the particles
becoming trapped, leading to a reduction in recovery. It is worth investigating and optimizing
residence times.

How does the low pH affect the infectivity of the virions?

B L: We have seen that lowering the pH, especially down to pH 2.0, can increase aggre-
gation. This effect can be serotype-dependent. We also recommend performing the elution
promptly to neutralize rapidly.

Can we apply cell lysate on POROS CaptureSelect AAVX resin
directly without UF/DF buffer replacement?

SG: Yes, this can be done. It depends on the approach to retrieve AAVs from cell culture
material. If the AAVs are retrieved through cell lysis, there can be more impurities, so a UF/
DF step may be needed. The Cost of Goods (CoGs) must also be considered here, as the addi-
tion of a UF/DF step may increase DSP costs. The development team should perform a CoGs
analysis to estimate whether it is better to load the AAV material directly onto the aflinity resin
without the UF/DF step, even though the capacities will be slightly lower.

What were the main challenges experienced in Pharmaron’s
platform process development?

SG: The main challenges were linked to the complexity of AAV vectors. The process
must be looked at holistically; it is not as simple as optimizing the upstream process, and then
passing the material to the downstream processing team for purification. It is crucial that the
upstream and downstream processing teams work together to transform the material into a
drug substance with low impurities, and to ensure a highly productive process. Achieving this
goal required support from the Pharmaron analytics team, to provide high-sensitivity, low-vol-
ume analytical methods.
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What is, in your experience, the best analytical method to detect
the empty, partially full, and incomplete AAV capsids from the full
capsids?

SG: The gold standard is analytical ultracentrifugation (AUC), which we use routinely
at Pharmaron. We also employ mass photometry, another accurate method, to achieve higher

throughput analysis with lower sample volumes for development purposes. Other methods
include anion exchange-high performance liquid chromatography (AEX-HPLC) and ddPCR/
capsid ELISA.

Why do the UF/DF versus non-UF/DF methods have different
DBCs?

SG: This is due to the feed. It is key that the development team optimizes the feed compo-
sition. The preceding step always plays a huge role in what will happen, not only to the affinity
step, but to the following downstream processing steps. When a team optimizes a chromatog-
raphy step, for instance, they need to consider all preceding steps

B L: Different setups have different binding capacities due to how you have lysed cells
and what is present in your feedstock. A high level of impurities can lead to a steric hindrance,
an effect on the binding capacity, or some non-specific interaction. Washes can help with this.
Potentially dirty feeds can reduce your DBC and the ability to reuse the resin. How you treat
the feeders is key.

When evaluating purification vields, is it correct that both capsid
ELISA and ddPCR methods are used, but only ddPCR measured
the filled capsids?

SG: Yes, ddPCR measures the filled capsids. In the aflinity step, we do not expect to have
different recoveries by capsid ELISA and ddPCR, because we do not have separation of the
full from empty capsids. However, ddPCR is used as an orthogonal method in this case to be
sure that any buffers used do not cause rupture of the capsid surface and therefore ejection of
the transgene.
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