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SCALE-UP/SCALE-OUT OF CELL AND GENE  
THERAPY MANUFACTURING

EXPERT INSIGHT

The cell therapy industrial 
revolution: current successes, 
existing challenges, and 
expansion into new domains 
Joel Gaston and Matthew Li

Cell therapies continue to demonstrate their clinical success in the oncologic realm. The 
field has developed significantly from the initial hematopoietic stem cell transplants over a 
half century ago through the curative potential of single treatment CAR-T therapies, to the 
most recent regulatory approvals for the first CRISPR gene-edited hematopoietic stem cell 
(Casgevy®) and first tumor infiltrating lymphocyte therapy for solid tumors (Amtagvi™). The 
expedited success of these relatively new modalities validates that industrialization is still 
lagging. Widespread platform production methods are challenging due to the differing bio-
logical, scale, and platform requirements that are highly dependent on cell type and disease 
indication. Addressing these challenges will enable developers to better focus on reaching 
patients, rather than continually re-establishing new manufacturing paradigms. Continued 
forward progress will ensure that the field will enter an even more productive phase within 
oncology and beyond to areas such as autoimmune disease once the current field and mar-
ket challenges abate. 
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PROMISE OF CELL THERAPY

Cell therapies utilize autologous or allogeneic 
cells as either topical or injectable treatments 
to address patient populations underserved 

by current modalities. These therapies include 
those designed to eliminate pathogenic cells 
(i.e., CAR-Ts) while others aim to replace 
cells that have been lost due to innate pathol-
ogy and/or as collateral to toxic therapeutic 
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agents (i.e., hematopoietic stem cell [HSC] 
transplants or dopaminergic neurons). To 
date, the US FDA has approved 22 cell ther-
apy products (Table 1) [1]. Recent successes 
of CAR-Ts and HSCs in the treatment of 
various hematologic cancers have been hard-
won, yet hundreds of cell therapy clinical tri-
als have yielded lackluster results, and patient 
response to proven therapies has not been as 
robust as expected [2].

Cell therapies offer several advantages over 
traditional small molecules and biologics: 

1. A dynamic drug that can sense, respond 
to, and influence their surrounding 
environment;

2. The ability to localize to diseased tissues 
and minimize off-tissue/target toxicity [3,4];

3. Self-renewing cells that can sustain a 
durable response [5];

4. The ability for single to low doses needed 
which can support needs of the patients, 
insurers, and medical centers. 

However, as we delve into the following 
sections, numerous challenges have been 
encountered and identified that need to be 
addressed prior to cell therapies cementing 
themselves as a true cornerstone of modern 
medicine.

AUTOLOGOUS VERSUS 
ALLOGENEIC

Autologous cell therapy is defined by remov-
ing cells from the patient, potentially perform-
ing alterations such as genetic manipulation 
to endow disease-specific enhancements, a 
possible expansion culture phase to reach req-
uisite cell numbers, formulation/finish, and 
then reintroduction to the patient. The pri-
mary benefit of autologous cell therapies is the 
lack of immune rejection and minimal graft 
versus host disease (GvHD) risk. Autologous 
therapies currently have the best track record 

of success, with 14 FDA approved therapies 
currently on the market. The key challenge 
in widespread adoption of currently approved 
therapies and expansion into other indica-
tions is cost; the high expense and complexity 
of scale-out manufacturing is a major hurdle 
for expanding autologous therapies into other 
treatment areas.

Allogeneic, off-the-shelf cell therapies 
employ a cell source derived from a sepa-
rate donor with clear advantages, including 
healthy starting material, potentially more 
scalable production, reduced lot variability, 
improved manufacturability, improved econ-
omies of scale, and decreased time to treat-
ment. However, allogeneic therapies come 
with inherent rejection risks, due to the 
immune mismatch between donor and recip-
ient (which can be potentially ameliorated 
through donor matching). Furthermore, 
interactions between the donor cells and 
host immune system frequently result in 
reduced potency of the cell therapy compared 
to potential autologous equivalents [6]. To 
address this challenge, many allogeneic ther-
apies currently under development include 
gene edits to evade the immune system [7–9]. 

CAR-T CELLS

The foundational autologous CAR-T thera-
pies targeting oncologic B-cell malignancies 
continue to demonstrate efficacy and promise 
through durable complete response (defined 
as curative in some cases), ever increasing des-
ignations for lines of therapy, and indication 
expansion into autoimmunity [10]. However, 
with extended time in clinic, several biolog-
ical, safety, and production hindrances have 
come more into focus that may impede wide-
spread adoption. 

Cytokine release syndrome and neurotox-
icity due to excessive CAR-T cell activation 
is well known to both developers and regu-
latory agencies alike [11]. The relatively high 
incidence of cytokine release syndrome is a 
key impediment to more widespread adop-
tion of CAR-T therapies, and new CAR 

  f TABLE 1
Current list of FDA approved cell therapies, encompassing both autologous and allogeneic products. Therapeutic areas range from oncology to regenerative medicine.

Product Manufacturer Indication Therapeutic area Cell type Autologous or allogeneic Use of genetic engineering 
technology

Abecma® Celgene Multiple myeloma Oncology CAR-T Autologous Yes
Amtagvi™ Iovance Biotherapeutics Metastatic melanoma Oncology Tumor infiltrating leukocyte Autologous Yes
Breyanzi® Juno Therapeutics B-cell lymphoma Oncology CAR-T Autologous Yes
Carvykti® Janssen Biotech Multiple myeloma Oncology CAR-T Autologous Yes
Casgevy® Vertex Sickle cell disease Regen med HSC Autologous Yes
Gintuit™ Organogenesis Inc Mucogingival Skin graft Keratinocytes and fibroblasts Allogeneic No
Kymriah® Novartis B-cell lymphoma Oncology CAR-T Autologous Yes
Lantidra™ CellTrans Type 1 diabetes Regen med Pancreatic cells Allogeneic No
Laviv® Fibrocell Nasolabial fold wrinkles Regen med Fibroblasts Autologous No
Lenmeldy® Orchard Therapeutics Early onset metachromatic leukodystrophy Regen med HSC Autologous Yes
Maci® Vericel Full thickness cartilage defects Regen med Chondrocytes Autologous No
Omisirge® Gamida Cell Ltd Hematologic malignancies Oncology HSC Allogeneic No
Provenge® Dendreon Corp Prostate cancer Oncology Antigen presenting cells Autologous No
Rethymic® Enzyvant Therapeutics GmbH Congenital athymia Regen med Thymic tissue Allogeneic No
Skyson™ Bluebird Bio Inc cerebral adrenoleukodystrophy Oncology HSC Autologous Yes
Stratagraft® Stratatech Corp Thermal burns Regen med Keratinocytes and dermal fibroblasts Allogeneic No
Tecartus® Kite Pharmaceuticals Mantle cell lymphoma and B-cell lymphoma Oncology CAR-T Autologous Yes
Yescarta® Kite Pharmaceuticals B-cell lymphoma and refractory follicular lymphoma Oncology CAR-T Autologous Yes
Zynteglo™ Bluebird Bio Inc ß-thalassemia Regen med HSC Autologous Yes
Allocord Glennon Children’s Medical 

Center
Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

Clevecord™ Cleveland Cord Blood Center Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

Ducord® Duke University Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

Hemacord® NY Blood Center Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

HPC, Cord blood Clinimmune Labs Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

HPC, Cord blood MD Anderson Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

HPC, Cord blood LifeSouth Community Blood 
Centers

Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

HPC, Cord blood Bloodworks Unrelated donor hematopoietic progenitor cell 
transplantation

Oncology HSC Allogeneic No

HSC: Hematopoietic stem cells.
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designs and additional gene edits are being 
considered to limit these effects. Additionally, 
the risk of secondary cancers has arisen, caus-
ing the application of a black box warning on 
all CAR-T therapies. It is currently unclear 
if this risk is due to the CAR-T cells them-
selves or the viral vector through which the 
CAR is inserted [12]. While concerning, 
developers and clinicians still support these 
therapies, pointing to the outsized benefit 
versus risk to patients in need, which the 
agency also acknowledges [13]. Nevertheless, 
the outcome of these recent findings may 
have significant effects on the adoption of 
CAR-T based therapies outside the realm of 
oncology. 

Manufacture of CAR-T therapies is diffi-
cult due to the differences between individual 
patients, process variability, and the technol-
ogy available for the GMP process. The start-
ing material quality and quantity of heavily 
pre-treated patients in oncologic indications 
affects the transduction efficiency, cell expan-
sion rate, and overall cell fitness [14–16]. The 
variable expansion rates between patients 
and processes directly impacts the final drug 
product, as is evidenced by the effective dose 
of Kymriah® varying between 0.6 to 6.0 × 108 
CAR-positive viable T cells [17]. It is also well 
known that scale-out manufacturing of autol-
ogous therapies is challenging [18]. Not only 
are the logistics challenging for these person-
alized medicines, but the economies of scale 
are directly tied to the ability of an organiza-
tion to efficiently operationalize their scale-
out approach. 

To address technical challenges surround-
ing scale-out manufacturing, the field is 
undergoing a boom in automation tech-
nologies. Flavors of systems include: GMP-
in-a-box (Miltenyi Biotech Prodigy, Lonza 
Cocoon, Adva X3), modularized systems (Ori 
Biotech Iro, Cellular Origins Constellation, 
Multiply Labs), through to device platform 
and service offerings (Cellares). The inherent 
goal of these technologies is to minimize the 
human workload that can be overtly oner-
ous in these complicated manufacturing 

processes. However, the strategies differ 
greatly, and it remains to be seen how the 
market will respond to and potentially adopt 
these technologies. Each strategy also has its 
own set of drawbacks. GMP-in-a-box systems 
require end users to adapt their cell type into 
a relatively locked device ecosystem and lack 
true unit-scale models to enable high-powered 
DOE studies. Modular systems continue to 
place the burden of development on the end 
user and currently still have limited systems 
in which modularity is possible. Full-service 
system and service offerings assume that a 
one stop shop will meet the needs of therapy 
developers from a cost, time, and technical 
requirements perspective. These platforms are 
also predominantly built off an autologous 
CAR-T paradigm and may not be readily 
adaptable as differing specifications arise from 
advancement of other cell types.

It is unlikely that there is sufficient mar-
ket space for all these technologies to coexist. 
While both late and early-stage companies 
appear to be assessing these technologies, the 
current evolving nature of the field makes it 
difficult to predict what a true enabling plat-
form technology will look like. The majority 
of these technologies are best suited for autol-
ogous scale-out therapies, yet with the heavy 
interest in allogeneic, off-the-shelf products, 
the field may see a dichotomy in manufac-
turing platforms to support scale-out versus 
scale-up therapeutics.

HEMATOPOIETIC STEM CELLS

HSCs are a cornerstone of modern medicine 
for both autologous and allogeneic cell ther-
apies for oncologic indications, with the first 
transplantations occurring in the 1960s [19]. 
Recently, HSCs were one of the first cell types 
identified as a candidate for genetic modifica-
tion (vector- and CRISPR-based) due to their 
capacity for self-renewal, multipotency, and 
established clinical record of transplantation 
[20,21]. Most recently, Casgevy® was approved 
for the treatment of sickle cell disease and 
β-thalassemia, both strictly for autologous 
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use only. Although currently approved exclu-
sively for autologous use, ongoing clini-
cal trials are investigating the possibility of 
using genetically modified HSCs for HLA 
donor matched allogeneic treatment [22,23]. 
Notably, gene editing cannot be used to solve 
the problem of HLA matching in HSCs; the 
engrafted donor HSCs would recapitulate 
all aspects of the blood organ system and 
would almost certainly be targeted by the 
host immune system, leading to engraftment 
failure or graft versus host disease [24,25]. A 
tremendous leap in biology and additional 
further development will be needed to achieve 
an off-the-shelf allogeneic therapy without 
HLA matching.

Autologous and allogeneic HSC treatments 
both suffer from the same industrialization 
hurdles that surround scale-out approaches 
for autologous CAR-Ts, and similarly, pro-
cesses using automation are becoming more 
common place. The larger challenges that 
surround HSC manufacturing lie in their 
innate biology. The therapeutic fraction of 
HSCs in the body, canonically labeled long-
term HSCs, reside in the bone marrow and 
do not undergo significant proliferation 
which clearly hinders an industrialized, off-
the-shelf approach [26]. Cytokine-driven 
methods for inducing proliferation ex  vivo 
often drive HSCs down the path of myeloid 
or lymphoid maturation, limiting their 
capacity to successfully engraft and repopu-
late the bone marrow in the recipient [27]. 
While acutely therapeutic, the loss of long-
term stemness leads to a loss in the durabil-
ity of the treatment [26]. Recent progress has 
been made using small molecules such as 
UM171, which allows for significant expan-
sion of HSCs ex vivo without loss of stemness 
[28,29]. It should be noted that UM171 is 
fully proprietary to ExCellThera and is cur-
rently in clinical trials for allogeneic use. If 
clinically successful, it would spur contin-
ued innovation from competitors, leading 
to further advances and a better understand-
ing of HSC expansion pathways, and bring 
about an evolution to the next stage beyond 

donor derived HSC transplants. As of today, 
scale-up to address a large patient population 
and maintain durable potency remains chal-
lenging. The creation of an HSC by means of 
induced pluripotent stem cells (iPSCs) could 
conceivably be one method through which 
scale-up could be achieved.

INDUCED PLURIPOTENT STEM 
CELLS

iPSC based therapies hold the possibility of 
an entirely different treatment paradigm: true 
off-the-shelf allogeneic treatment. At first 
glance, iPSCs are extremely attractive for two 
primary reasons: a nearly unlimited capacity 
for self-renewal, and the theoretical ability to 
differentiate into any cell type in the body. 
Combined, these characteristics appear to fill 
current holes in allogeneic therapies, capable 
of generating large cell banks and creating cell 
types that recapitulate functions that have 
been difficult for traditional therapies to treat. 
This has been capitalized by several compa-
nies already and clinical trials are recruiting 
for a wide variety of iPSC-derived cell types, 
including but not limited to NK cells, cardio-
myocytes, retinal pigment epithelium, dopa-
minergic neurons, T cells, and mesenchymal 
stromal cells (Table 2). 

iPSC-based therapies are highly amenable 
to the creation of GMP master and working 
cell banks. Gene edits, including insertions, 
deletions, or a combination thereof, can be 
performed on a bulk culture. Subsequently, 
a single cell with all desired edits can be 
picked from which to generate a cell bank 
[30]. By cryopreserving millions to billions 
of cells, a stable master cell bank (MCB) can 
be generated, which can be used for the cre-
ation of working cell banks and drug prod-
uct throughout the product life cycle, while 
reducing the risk of genetic drift. Creation of 
cell therapies from a qualified manufacturing 
process using cell banks results in not only a 
more reproducible product, but also greatly 
eases process development due to a robust 
and homogenous starting material.
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Despite these advantages, iPSC-based 
therapies have significant drawbacks due to 
both biology and current manufacturing par-
adigms. Much like CAR-T and HSC thera-
pies, the starting cell source has a significant 
downstream impact on the eventual drug 
product [31]. The iPSC donor, specific clone, 
reprogramming method used, and even the 
original tissue that the cell was derived from 
prior to reprogramming must be considered, 
even prior to gene editing [32,33]. The high 
proliferation rate and pluripotent state of 
iPSCs also means that mutations are rapidly 
acquired during cell division and subsequent 
culture, which can impact genomic stability 
and the safety profile of the final product. 
This is further compounded by gene editing, 
which can introduce a significant number of 
off-target effects. 

iPSC maintenance and clone selection 
require considerable manual labor. This is 
especially evident during clone selection 
where thousands of cultures must be grown 
and monitored prior to final clone selection. 
Several cell culture automation systems, such 
as the Freedom EVO 200 (Tecan) or the 
CellExpress AI (Molecular Devices) have been 
tested with iPSCs, but to date, no system has 
been built specifically for GMP iPSC culture. 
Furthermore, this cell culture is performed in 
an open system using standard tissue culture 
flasks, elevating the costly risk of contami-
nation during all parts of handling. A com-
mercially available, GMP compatible closed 
platform specifically built for iPSC culture 
and clonal selection would be a significant 
advantage for the development of iPSC-based 
therapies. To the potential benefit of develop-
ers, regulatory guidelines at present appear to 
suggest that starting material for MCBs (i.e., 
gene-modified iPSCs clones) may have the 
ability to be produced under good laboratory 
practice and good documentation practice 
(GLP/GDP), under the assumption that the 
appropriate safety testing along the produc-
tion path is performed. Therapy developers 
should perform appropriate risk-assessments 
and internal resourcing exercises to better 

understand if taking on clonal selection is a 
savvy decision. 

After generation of the gene edited iPSC 
MCB, the challenges shift to differentiation 
and manufacturing scale. First and fore-
most, the recapitulation of eons of evolu-
tionary development and condensing human 
development from months to weeks in a 
“dish” is a tremendous and astounding feat. 
Development of differentiation processes is 
difficult to scale; the fluid dynamics and mass 
transport of large-scale bioreactors is signifi-
cantly different from small culture plates in 
which differentiation protocols are typically 
developed. Achieving the ‘right’ cell type is 
a herculean effort between R&D and CMC 
to ascertain key critical attributes of the cell 
product and the desired impact on a specific 
disease indication. Depending on the stim-
uli needed, multiple different types of biore-
actors and culture media may be needed at 
various phases of the overall process, further 
increasing closed system complexity and pro-
cess failure points. The cost and complexity 
of chemically defined, GMP compatible cell 
culture media is also a significant consider-
ation, especially considering that most differ-
entiation processes take weeks to months to 
complete. Fortunately, the use of representa-
tive material and even the MCB itself allow 
the process to be developed and iterated doz-
ens to hundreds of times to develop the drug 
product. 

Despite the considerable promise of iPSC-
based therapies and ongoing clinical trials, 
none are currently approved for market use 
by regulatory agencies. The next few years 
will be crucial for determining if iPSC-based 
therapies are ready for the spotlight, or if fur-
ther development is needed. Navigating the 
IP landscape is also becoming increasingly 
complex as more patents are filed relating to 
iPSC technologies. This is not confined to 
just disease- or gene editing-specific appli-
cations; recent years have seen patent appli-
cations purely for differentiating iPSCs into 
a specific cell type. As iPSC-based therapies 
progress through clinical trials and possible 
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  f TABLE 2
Current list of ongoing and completed clinical trials using iPSC-derived cell therapies.

Sponsor Associated company iPSC derived differentiated cell type Indication Autologous or allogeneic Status Clinicaltrials.gov ID
HeartWorks HeartWorks Heart cells Congenital heart disease Autologous Recruiting NCT05647213
Beijing Tongren Hospital N/A Retinal pigment epithelium Macular degeneration Autologous Recruiting NCT05445063
University of Alabama at Birmingham N/A Mesoderm cells and CD34+CD45+ cells Diabetic retinopathy Autologous Recruiting NCT03403699
Zhejiang University Qihan Biotech CLL1 or CD33 targeted CAR-NK cells AML Allogeneic Recruiting NCT06367673
Century Therapeutics Century Therapeutics CD19 targeted CAR-NK cells

(CNTY-101)
CD19-positive B-cell malignancies Allogeneic Recruiting NCT05336409

Century Therapeutics Century Therapeutics CD19 targeted CAR-NK cells
(CNTY-101)

Refractory B cell-mediated autoimmune 
diseases

Allogeneic Recruiting NCT06255028

Shanghai East Hospital N/A Dopaminergic neural precursor Parkinson’s disease Autologous Not yet recruiting NCT06145711
National Eye Institute N/A Retinal pigment epithelium Age-related macular degeneration Autologous Recruiting NCT04339764
Institute of Hematology & Blood Diseases 
Hospital, China

Qihan Biotech CLL1 or CD33 targeted CAR-NK cells AML Allogeneic Not yet recruiting NCT05987696

National Institute of Neurological Disorders 
and Stroke

N/A Dopaminergic neuron Parkinson’s disease Autologous Enrolling by invitation NCT06422208

Zhejiang University Qihan Biotech CLL1 or CD33 targeted CAR-NK cells AML Allogeneic Recruiting NCT06367673
Zhejiang University Qihan Biotech CLL1 targeted CAR-NK cells AML Allogeneic Recruiting NCT06027853
Help Therapeutics Help Therapeutics Cardiomyocytes Ischemic heart failure Allogeneic Recruiting NCT05566600
Cynata Therapeutics Cynata Therapeutics Mesenchymal stromal cell (CYP-001) Respiratory failure Allogeneic Completed NCT04537351
Masonic Cancer Center Fate Therapeutics Non-cleavable CD16 NK cells (FT536) Recurrent ovarian, fallopian tube, and primary 

peritoneal cancer
Allogeneic Recruiting NCT06342986

Allife Medical Science and Technology Co Allife Medical Science and 
Technology Co

Endothelial progenitor cells Critical limb ischemia Allogeneic Recruiting NCT06359912

Fate Therapeutics Fate Therapeutics NK cells Advanced solid tumors Allogeneic Completed NCT03841110
Fate Therapeutics Fate Therapeutics BCMA targeted NK cells (FT576) Multiple myeloma Allogeneic Active not recruiting NCT05182073
Fate Therapeutics Fate Therapeutics Non-cleavable CD16 NK cells (FT516) Ovarian cancer Allogeneic Completed NCT04630769
University of California, San Diego Sumitomo Pharma America Dopaminergic progenitor (CT1-DAP001) Parkinson’s disease Allogeneic Recruiting NCT06482268
Heartseed Heartseed Cardiomyocyte spheroids (HS-001) Heart failure Allogeneic Recruiting NCT04945018
Anhui Provincial Hospital Mesenchymal stromal cell Steroid refractory graft versus host disease Allogeneic Recruiting NCT06321198
Aspen Neuroscience Aspen Neuroscience Dopaminergic neuron (ANPD001) Parkinson’s disease Autologous Enrolling by invitation NCT06344026
Cynata Therapeutics Cynata Therapeutics Mesenchymal stromal cell (CYP-001) Steroid refractory graft versus host disease Allogeneic Completed NCT02923375
Eyestem Research Pvt. Ltd Eyestem Research Pvt. Ltd Retinal pigment epithelium (Eyecyte-RPE) Age related macular degeneration Allogeneic Recruiting NCT06394232

AML: Acute myeloid leukemia, iPSC: Induced pluripotent stem cells, NK: Natural killer.
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FDA approval, extended freedom to oper-
ate investigations will need to be carried out 
for the editing performed, the disease being 
investigated, and the differentiation pathways 
used in the manufacturing process. 

Manufacturing considerations 

A key consideration is the internalization or 
externalization of manufacturing. With a cur-
rent emphasis on the ‘process is the product’, 
guarding of trade secret production methods 
is a point for consideration. The complexity 
of manufacturing methods and specific needs 
for varying cell types means that a unified 
set of process specifications that span the 
industry does not exist. This complicates tech 
transfer and manufacturing campaigns due 
to constant training of new methods and is 
compounded by the relatively high turnover 
rate of manufacturing operators. Thus, much 
of the intent of internalized cGMP manufac-
turing at earlier phases is due to the increased 
control of the sponsor on the final production 
and testing of the drug product. In the rela-
tively recent cash-flush years of cell and gene 
therapy, numerous companies built internal 
facilities with demand models that justified 
their cost effectiveness.

Yet, the variable and fixed costs to design, 
build, commission, qualify, potentially vali-
date, and fully operationalize a cGMP facility 
cannot be underestimated. During this cur-
rent industry consolidation phase, it will be 
interesting to compare the predicted demand 
and success that companies forecast in com-
parison to the realities currently being faced. 
In the foreseeable future market, it would be 
highly prudent for sponsors to perform their 
cost-benefit and break-even calculations with 
an overly conservative lens to ensure that 
resources are deployed as efficiently as possible.

TRANSLATION INSIGHT:  
ARE WE THERE YET?

Although we are in the midst of a tumultuous 
period of market consolidation, cell therapies 

at large currently reside in a predictable phase 
within the Gartner® Hype Cycle (Figure 1) 
[33]. This cycle is a graphical depiction of 
the maturity, adoption, and application of a 
given technology.

While the majority of the current crop of 
therapies generally target cancer or autoim-
munity, progression through this lifecycle 
will begin to unlock the next phases of cell 
replacement therapy, regenerative medicine, 
and potentially even tissue engineering. All of 
these therapeutic verticals fundamentally rely 
on the ability to be able to manufacture cells 
in a consistent, robust manner, the founda-
tions of which are being built today. 

The field is currently working through the 
‘Trough of Disillusionment’: funding conser-
vatism, shifts in marketability of early-stage 
high risk technologies, focus on clinical assets, 
frequent company closures, and near daily 
reports of layoffs. Whether or not we have 
reached the nadir of the phase is still to be 
seen. This phase, while unfortunate for many 
living through it, is important for the field to 
progress. Through this period, therapy devel-
opers, tool developers, service providers, inves-
tors, and partners are forced to prioritize on 
the promises that have been touted. Curative 
and biological potential has been demon-
strated, but without a reality in which accessi-
bility exists, these therapies will be unable to 
reach their full potential to the detriment of 
patients in need. At the moment, the ques-
tion is not ‘are we there yet?’ (which we clearly 
are not) but rather is ‘what will it take?’ For 
the remainder of this article, we highlight sev-
eral considerations that may lead to the next 
phase: the ‘Slope of Enlightenment’.

Competing modalities

As repeatedly stated, the efficacy of cell ther-
apies is beyond doubt. While the field is still 
uncovering biological aspects that continue to 
make them successful, the multi-modal abil-
ity of a ‘living therapy’ likely contributes to 
their success and their complexity as a treat-
ment. We have herein expounded allogeneic 
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therapies and the potential of this modality to 
bring treatment to the masses. However, until 
this is realized, more traditional modalities 
may still provide an advantage from a prod-
uct concept and commercialization angle. 
The most direct competitor to cell therapies 
are their in  vivo gene therapy counterparts, 
which aim to deliver the engineering pay-
load within the body rather than outside [34], 
reducing the complexity of the manufacturing 
process. Progress from in vivo CAR-T com-
panies such as Umoja, Capstan, Kelonia, and 
Orna will be closely watched. Parallel path 
modalities such as antibody drug conjugates, 
which bring cytotoxic payloads to their tar-
gets, or cell engagers, which attempt to bring 
target and activated effector cells together to 
facilitate cell-mediated killing, are showing 
significant impact and are expected to have 
a USD$27BN market share by 2033 [35,36]. 
The commonality of these non-cell therapies 
lies in the ability, maturity, and/or relative 
simplicity of manufacturing a drug product 
at relatively sizeable commercial scale (bio-
logics, nucleic acids, etc.). A major potential 
benefit of cell therapies is the possibility for a 
durable, one-time therapy requiring no redos-
ing as compared to other modalities. While 
all these modalities can coexist, the existence 
of cheaper and more scalable methods could 
impinge on the reach of cell therapies in the 

current and/or future markets when near-
ing commercial scale (assuming comparable 
potency). 

Expanding market potential

The potential to effectively address a large 
patient population is attractive to larger 
pharma companies due to the high profit-
ability of these products. At the moment, 
the oncology markets, namely B-cell malig-
nancies, are showing upside with a target 
market size of ranging from $7–55BN by 
2030 [37,38]. By comparison, recent wins 
in the GLP-1 space have expectations of 
over $130–170BN by 2030 [39,40]. With 
the recent push of CAR therapies into the 
CD19 and BCMA-driven autoimmune 
disease space and the associated necessity 
to treat more patients than the currently 
oncologic indications by orders of magni-
tude [41,42], the path to commercial-scale 
levels of quality and productivity become 
more paramount and challenging. This 
shines an even more critical spotlight on 
enabling technologies for both scale-out 
and scale-up. Both autologous and alloge-
neic modalities for autoimmune diseases are 
still being proven; forthcoming clinical trial 
data in the next couple years will be closely 
watched by companies and investors alike. 

 f FIGURE 1
Several key cell therapy inflection points are presented along a Gartner hype cycle. Historical, contemporaneous, and future 
predictions/opinions on what the next may entail along the next leg of the cell therapy journey.
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With the mechanism of action being repeat-
edly demonstrated, late-stage development 
and commercial market drivers may act as 
the catalyst to usher cell therapies into their 
industrialization revolution era.

Product maturation  
and market development

How would one expect these catalysts to 
manifest during the ‘Slope of Enlightenment’ 
period? Simply put, continued therapeutic 
success in more and increasingly larger mar-
kets, and subsequently, understanding how 
to manufacture these products at scale. In an 
ideal scenario, platform production methods 
also arise with application to future cell types. 
This applies to the current commercial ther-
apies as they begin to move beyond ‘last line 
of defense’ and increase patient access, the 
emerging potential of cell therapies to treat 
autoimmune diseases, and applications and 
developments of autologous and allogeneic 
modalities. 

While a world will likely exist in which 
autologous and off-the-shelf allogeneic ther-
apies coexist, off-the-shelf treatments are the 
only hope in which a patient could receive 
a diagnosis and even conceivably receive 
treatment the literal or figurative ‘same day’. 
However, this type of therapeutic availabil-
ity is still years away, requiring advances in 
nearly every aspect of cell therapy design 
and logistics. Some of the developments on 
this front will undoubtedly be prioritized as 
allogeneic cell therapies reach the ‘Plateau 
of Productivity’, while others will simply 
become necessary over time. Interestingly, 
the COVID-19 pandemic led to considerable 
improvements for cold-chain logistics, stor-
age, and distribution; an essential aspect of 
making cell therapies widely available [43,44].

Cost

The current cost of cell therapies is eye-water-
ing, as is demonstrated by the representative 
long and expensive road of CAR-Ts. Insurance 

coverage for expensive gene and cell therapies 
is expected to vary, with many current health 
plans not covering existing cell and gene ther-
apies [45]. The insurance approval process can 
take several weeks, not including additional 
contracting time between the medical center 
and the patients insurer [46]. Following that, 
if approved, the insurance provider will pro-
vide a care package including T  cell collec-
tion, CAR-T manufacturing, and inpatient 
and outpatient care. The costs associated 
with cell isolation, gene editing, and expan-
sion, along with specialized facilities, equip-
ment, and trained personnel, are reflected in 
the overall price with most CAR-T therapies 
priced between US$350,000–$500,000. The 
overall cost-effectiveness of current CAR-T 
therapies may be palatable for their current 
indications as a life-saving measure or sec-
ond-line treatment for oncology; it remains 
to be seen if the pricing will be acceptable for 
current clinical trial indications such as lupus 
and other autoimmune disorders. 

Although reduction in manufacturing 
costs through more efficient processes, decen-
tralized manufacturing, or decreased cost of 
goods have the ability to drive lower pricing 
of CAR-T and adjacent therapies, patents, 
legal disputes, and R&D costs associated with 
reaching a successful therapy can be large 
market forces behind the high costs asso-
ciated with these products [47]. Allogeneic 
iPSC-based therapies may provide some relief 
on pricing structure as edited master cell 
banks could theoretically be used indefinitely 
for a variety of indications, somewhat defray-
ing the costs associated with lengthy R&D 
processes. Nevertheless, there is a distinct lack 
of evidence that competition for small mole-
cule drugs actually reduces price; it remains 
to be seen if cell-based therapies will also fol-
low this trend [48].

Current pricing models of cell and gene 
therapies are value-based, ostensibly set-
ting the price of the drug at a value that the 
patient is willing to pay as opposed to the 
costs purely associated with development, 
manufacturing, and baseline profit. The cost 



EXPERT INSIGHT 

  1189 ISSN: 2059-7800; published by BioInsights Publishing Ltd, London, UK  

of these therapies has been priced through 
a combination of manufacturing cost, mar-
ket size, patent longevity, and cost that the 
patient would be paying over their lifetime 
with existing treatment options. The bottom 
line is that the single treatment, potentially 
curative nature of cell and gene therapies 
does not fit within the current framework 
of the healthcare model practiced in most 
of the developed world, which is sustained 
by repeated administration of therapies. 
Undoubtedly, the cost of developing a new 
cell therapy, currently estimated to be roughly 
US$1.94BN, must be recouped, with an 
additional profit margin [49]. However, with 
current pricing models, the overall adop-
tion and market penetration of cell therapies 
remains to be seen.

Costs are also related to the reach of these 
therapies. The field is exploring methods of 
disseminating accessible CAR-T therapies to 
relatively under-resourced areas of the world. 
Initiatives such as those from Caring Cross 
and the Brazilian Ministry of Health exem-
plify needed efforts to democratize lifesav-
ing, yet highly complex therapies [50]. While 
every nation will have their own pricing 
and reimbursement structure, learnings and 
innovations should be taken into account 
across all global products and markets. Spain 
provides an interesting case study of a hos-
pital-brewed CAR-T that has received regula-
tory approval and supportive reimbursement 
by their national healthcare system at slightly 

less than US$100,000—roughly a quarter 
of commercially-priced competitors [51,52]. 
Innovative and collaborative efforts such as 
these that synergize developers, clinical cen-
ters, payers, and regulators have the ability 
to make a tremendous impact for patients in 
need globally.

SUMMARY

We are living in a challenging yet excit-
ing time. Cell therapies have progressed 
a tremendous amount from the early days 
of stem cell transplants and yet regulatory 
approval is not necessarily an indicator of 
strong commercial success, which is ulti-
mately driven by patient supply and reach. 
Furthermore, the current market consoli-
dation and scrutiny on resourcing necessi-
tate focus on delivering beyond the science 
and making a product. Industrialization 
will be the key to the next era of cell ther-
apies ranging from increased automation of 
autologous treatments, the continued rise 
in allogeneic off-the-shelf therapies (healthy 
donor- and stem cell-derived), and unleash-
ing the promise of iPSCs, as well as further 
increasing alignment of automated and scal-
able manufacturing akin to more traditional 
cell-line based biologics manufacturing. The 
field at large wishes to pass through this con-
solidation phase quickly, but the reassess-
ment of priorities and efforts is necessary to 
reach the field’s full potential.
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SCALE-UP/SCALE-OUT OF CELL AND GENE  
THERAPY MANUFACTURING

INNOVATOR INSIGHT

Navigating cold chain 
complexity to enable  
clinical-to-commercial transition 
of advanced therapies
Susan Li 

Cell and gene therapy (CGT) products often require ultracold temperatures for both man-
ufacturing and distribution, which poses significant challenges, especially when transition-
ing from clinical to commercial stages. To maintain product integrity and manage complex 
global logistics, efficient supply chains, integrated end-to-end services, and compliance 
with evolving regulatory requirements are crucial. In this article, the benefits of leveraging 
a global network and innovative cold chain solutions to address these hurdles and ensure 
successful commercialization and global distribution of CGT products will be discussed. 
Specific aspects ranging from the implementation of precise temperature-controlled pack-
aging to late-stage customization will be examined. Finally, an illustrative case study of the 
transition of a first-in-class allogeneic cell therapy from clinical to commercial stages will 
be shared. 
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NAVIGATING SUPPLY CHAIN 
CHALLENGES IN THE  
EVOLVING CELL AND GENE 
THERAPY MARKET

Medicinal products that are dependent on 
cold chain maintenance, especially cell and 
gene therapies (CGT), have experienced 
double-digit CAGR in recent years, with this 
trend of strong growth expected to continue 
as more and more products receive market-
ing approval. However, significant challenges 
arise with the rapid increase in the number 
of products with ultra-cold chain (UCC) 
requirements that are transitioning from clin-
ical to commercial stages (Figure 1).

ADDRESSING GLOBAL 
CHALLENGES IN CGT  
CLINICAL TRIALS 

Maintaining the integrity of UCC CGT 
products demands close attention, especially 
regarding the infrastructure and logistics 
required for global distribution. 

When considering commercialization, it is 
crucial to ensure there is proper infrastructure 
and support for global operations, whether a 
centralized or a decentralized manufacturing 
model is selected.

Aside from the manufacturing itself, effi-
cient and secure logistics are vital to the success 
of geographically complex clinical trials. When 
setting up a global supply chain network, it is 
important to select an appropriate service pro-
vider that supports production and patient 
distribution both globally and regionally. For 
example, manufacturers of CGT products 
often require regional infrastructure that allows 
for the maintenance of −80 °C and cryogenic 
cold chains all the way to the point of care.

The solution to this challenge is select-
ing a service provider that offers the global 
infrastructure to support ultracold prod-
ucts in clinical trials and their distribution 
around the world. This involves access to a 
global network of CGMP facilities equipped 
with −80 °C and cryogenic storage, regional 

distribution centers with the same cold stor-
age capabilities, and a global network of qual-
ified couriers that can ensure rapid delivery 
and reduce the risks  from complex multina-
tional shipping regulations. 

For example, Thermo Fisher Scientific is 
part of the Patheon global network, which can 
support UCC clinical and commercial prod-
ucts worldwide through a network of GMP-
compliant facilities for storage, distribution, 
manufacturing, packaging, and labelling.

OVERCOMING LATE-STAGE 
CUSTOMIZATION HURDLES

Late-stage customization of CGT products 
presents another challenge to cold chain 
management. Autologous cell therapies, allo-
geneic cell therapies, and AAV-based in vivo 
gene therapies each have distinct supply chain 
models designed to minimize both the num-
ber of steps required and the associated risks. 

For autologous cell products, packaging, 
labelling, and distribution typically occur at 
the manufacturing site to shorten the vein-
to-vein timeline. In contrast, off the shelf 
allogeneic cell and gene therapy products 
often require late-stage customization such 
as patient-specific dosing, human leukocyte 
antigen (HLA) typing, and packaging and 
labelling while the products are still in a cryo-
genic state to maintain their stability. 

Precise, temperature-controlled packag-
ing and labelling for clinical and commercial 
products, including custom and patient-spe-
cific labels, are a prerequisite for off the shelf 
CGTs. For example, when a patient is identi-
fied and a specific dosage needs to be prepared 
at late notice, it is crucial to have procedures 
in place to manage the short timeframe while 
minimizing temperature excursions in order 
to maintain product integrity and viability.

NAVIGATING COMPLEX 
REGULATORY REQUIREMENTS

As a relatively young industry, the CGT field 
faces evolving regulations that differ across 
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countries and regions, making compliance 
something of a moving target. Regulatory 
requirements involve many complexities, 
depending on the market where the prod-
uct is manufactured and sold. For example, 
UCC CGT products have unique regulatory 
requirements for packaging, distribution, 
import, export, customs clearance, duties, 
and taxes, all of which may vary from one 
country or region to another.

To overcome these challenges, it is crucial 
to involve a partner with expertise in imple-
menting comprehensive Standard Operating 
Procedures (SOPs) based on both regional 
regulations and international best practices for 
robust Quality Management Systems (QMS) 
and the management of cold and UCC mate-
rials. For example, there are specific require-
ments for UCC Advanced Therapy Medicinal 
Products (ATMPs) in the EU market, includ-
ing documentation to support the Qualified 
Person (QP) declaration.

ADDRESSING COMMERCIAL 
INFRASTRUCTURE CHALLENGES 
FOR SCALABILITY

The infrastructure required for the commer-
cialization and distribution of UCC CGT 
products is not yet fully developed in terms 
of the scalability needed by the rapidly grow-
ing industry. While there are many service 

providers operating in the CGT commercial-
ization and storage spaces, traditional supply 
chain and distribution networks are often 
inadequate for the specific needs of these 
products.

The key to overcoming this challenge is 
to start early in the clinical stage by engag-
ing with a service provider that has a proven 
network and infrastructure for bringing UCC 
products to the market. Additionally, given 
the low volume and high value of CGT prod-
ucts, it is critical that they have experience 
in scaling up or down as needed. This flexi-
bility is crucial both for adapting to fluctu-
ating market demand and ensuring efficient 
operations. 

An additional important aspect to consider 
is the implementation of integrated solutions 
to ensure efficient operations. Product hand-
offs can be minimized with an end-to-end 
solution. Having a one-stop shop for prod-
uct receiving, importation, storage, late-stage 
customization, and distribution is beneficial 
in reducing unnecessary handoffs and associ-
ated risks. 

Furthermore, such an integrated solu-
tion means that a service provider not only 
offers end-to-end services, but also leverages 
the entire supply chain. This may include 
the supply chain management of critical 
raw materials, consumables, and equipment. 
Such an integrated network provides better 

 f FIGURE 1
Considerations for temperature-sensitive CGT products transitioning from clinical to commercial stages.
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visibility and planning, and again, reduces 
risks associated with extra handoffs. 

KEY STEPS IN PARTNERING WITH 
A GLOBAL UCC PACKAGING AND 
LABELLING SERVICES PROVIDER

Firstly, the complexities of transitioning to 
the commercial stage mean that it is opti-
mal to select a global UCC packaging and 
labelling partner as early as Phase  2 clinical 
development (especially if the product is on 
a fast-track regulatory pathway) and certainly 
no later than the commencement of piv-
otal clinical trials. It is advisable to then stay 
with the same service provider from clinical 
to commercial stages in order to reduce the 
learning curve and minimize handoffs.

Working with a service provider in this 
space generally begins with the project setup. 
During this phase, order requirements are 
gathered, including packaging materials, 
shipping lanes, and shippers (Figure 2). 

Next, during the tech transfer stage, 
the batch record, master batch record, 
specific packaging, and SOPs are devel-
oped. Validation of necessary documenta-
tion for regulatory submissions is carried 
out, whether it is for an US FDA Biologics 
License Application (BLA) or other specific 
regulatory agency requirements. This process 
typically takes 6–9  months, depending on 
the complexity of the supply chain process. 
Another crucial element to consider is seri-
alization: while serialization may not be the 
main focus during preclinical or early clini-
cal development work, certain gene therapies 
and allogeneic cell therapies require serializa-
tion during tech transfer unless a waiver is 
obtained.

Next, once the Process Performance 
Qualification (PPQ) runs have been carried 
out and the documentation and process val-
idation are finalized, the preparation for site 
inspection readiness occurs. 

Once the site is inspection-ready and all 
regulatory documentation has been submit-
ted, it is time to seek final approval from a 

regulatory body, which may inspect either 
the entire supply chain or select service pro-
viders within it. Once regulatory approval is 
granted, commercial execution commences.

INNOVATIONS IN COLD CHAIN 
PACKAGING AND LABELLING

To address the specific manufacturing and 
supply chain needs for UCC CGT products, 
unique packaging and labelling solutions are 
required. 

For example, gene therapy products face 
challenges in the requisite minimization of 
exposure to CO₂ (particularly dry ice). This 
issue may arise during the packaging, label-
ling, and distribution processes. To address 
this issue, Thermo Fisher Scientific has devel-
oped CO₂-free labelling and packaging at 
−80 °C without the use of dry ice. 

Another example involves the choice of 
packaging materials for UCC CGT prod-
ucts. Labels, cartons, and other packaging 
materials such as foam inserts must with-
stand UCC temperatures for extended 
durations in order to qualify for com-
mercial application submissions. Thermo 
Fisher Scientific has developed proprietary 
validated packaging materials designed to 
ensure product integrity and performance at 
UCC temperatures.

Lastly, as previously mentioned, one of 
the most challenging aspects of the delivery 
of off the shelf CGT products to patients 
is the requirement for late-stage customiza-
tion. In order to apply or update a label for a 
product that is already in a frozen state with-
out compromising temperature integrity, 
Thermo Fisher Scientific has developed UCC 
product labelling to eliminate temperature 
excursions.

CASE STUDY: A FIRST-IN-CLASS 
ALLOGENEIC CELL THERAPY 
APPROVED IN THE EU

Thermo Fisher Scientific supported the tran-
sition of an allogeneic cell therapy product 
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from clinical to commercial stages and pro-
vided clinical support for the developer’s 
global trials. This process involved sup-
porting the developer’s Phase  3 open-label 
studies, which required just-in-time (JIT) 
packaging and distribution to clinical sites 
in both the USA and the EU. More specif-
ically, the requirements included JIT pack-
aging in a 3-day turnaround time, variable 
information on secondary package labels, 
multiple doses and shipments per patient, 
and packaging in cryotemperatures such as 
−196 °C.

In order to meet these requirements, 
Thermo Fisher Scientific applied the innova-
tions and solutions mentioned above, com-
pleting JIT late-stage packaging, labelling, 
and distribution to support the client’s global 

 f FIGURE 2
Timeline of commercial packaging development for UCC CGT products to support clients in the USA and EU. 
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clinical trials in the USA, EU, and other 
regions. 

Beyond clinical support, Thermo Fisher 
Scientific collaborated on the tech transfer 
process, identified critical steps, supported 
SOP development, designed processes, and 
conducted validation during PPQ runs to 
ensure site readiness. Ultimately, Thermo 
Fisher Scientific successfully supported the 
product’s commercial launch in the EU, 
beginning patient shipments in early 2024.

In summary, the cold chain innovations 
developed by Thermo Fisher Scientific 
ensured on-time delivery for every shipment 
with zero time spent outside of the required 
product temperature range, thus enabling the 
commercial success of an allogeneic cell ther-
apy product. 
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 Q Do you provide secondary packaging and labelling for products at 
dry ice or liquid nitrogen (LN2) temperatures?

SL: At Thermo Fisher Scientific, we provide secondary packaging and labelling services 
for clinical and commercial CGT products at −80 °C and cryogenic temperatures to reduce 
temperature excursions. We also provide labelling services for primary vials, if needed.

 Q Can you provide real-time data visibility for the product and its 
transportation?

SL: When dealing with patient-specific materials that are precious or irreplaceable, it is 
crucial to have real-time visibility throughout the transportation and distribution process. 
We have developed a proprietary platform that provides in-house tracking for all global ship-
ments. Regardless of which service provider you use, our network includes over 40 providers 
and integrators.

All shipments have visibility through our real-time track-and-trace platform, including GPS 
tracking and temperature sensors. This ensures we know the exact location of the product at 
all times, allowing us to make quick decisions to deliver the products to patients in the most 
efficient way. 

 Q What services do you offer for commercialization and in which 
markets?

SL: Currently, we provide packaging and labelling services for commercial products in 
the USA and EU markets, but these locations can also support other market needs following 

Q&A

 
Susan Li 
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detailed discussions. Our commercial services include primary and secondary packaging, 
labelling, storage, distribution, and QP services.

All of our sites have distribution and third-party logistics provider licenses, enabling direct 
shipment from the manufacturing site to the patient location. Additionally, we offer transpor-
tation services.

 Q What regulatory services do you provide for ATMPs in the EU?

SL: We offer ATMP QP services, including the appropriate licenses and permits for 
importation and conducting relevant activities onsite. We also support important export 
duties, tax management, and provide regulatory consulting services. Additionally, our tech 
transfer process ensures the required documentation for regulatory submissions.

Finally, we partner with experts for artwork design and management, and handle serializa-
tion requirements to support a successful CGT product transition from clinical to commercial 
stages.
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INTRODUCTION

The pharmaceutical landscape is rapidly 
evolving with the advent of advanced ther-
apies, including gene and cell therapies. 

These therapies, heralded as game-chang-
ers, are transforming the treatment of a 
wide range of diseases, from hematologic 
malignancies and monogenic disorders 
to autoimmune diseases. The promise of 

“A concerted effort must be made to 
decentralize manufacturing, particularly 

for autologous products, and to 
adapt the regulatory framework to 

reflect the unique nature of 
[cell and gene] therapies.”
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personalized, highly targeted treatment 
options has garnered substantial interest 
from researchers, clinicians, and patients 
alike. As of today, the US FDA has approved 
over 30 advanced therapies, with expecta-
tions that this number will continue to rise 
in the coming years [1]. 

However, as this field continues to mature, 
especially in the context of autologous ther-
apies, a crucial question remains: How can 
we ensure the timely and consistent supply of 
these life-saving therapies to those who need 
them? To address this challenge, many stake-
holders have begun advocating for the decen-
tralization of manufacturing, particularly for 
autologous products. The ability to decentral-
ize, coupled with regulatory flexibility, may 
be key to unlocking the full potential of gene 
and cell therapies.

CHALLENGES IN THE CURRENT 
MANUFACTURING LANDSCAPE

Gene and cell therapies, particularly those 
based on autologous starting material, 
present a unique set of challenges that tra-
ditional pharmaceutical supply chains did 
not evolve to handle. Unlike small mole-
cules and biologics such as antibodies and 
recombinant proteins, which are produced 
in large batches for multiple patients, autol-
ogous products require individualized man-
ufacturing for each patient. This process is 
time-sensitive, expensive, and logistically 
complex, often resulting in delays that could 
critically affect patient outcomes [2].

A significant example of the impact 
of these challenges is the current state of 
BCMA CAR T-cell therapies. Studies have 
shown that only 40% of patients sched-
uled for commercial BCMA CAR T prod-
ucts receive their therapy within one year, 
and tragically, 25% of patients die before 
receiving the product [3]. These stark figures 
underscore the urgent need for faster access 
to life-saving products and build the case for 
alternative models that can fulfill the grow-
ing demand.

THE CASE FOR 
DECENTRALIZATION

Decentralized manufacturing models offer a 
potential solution to some of these challenges. 
By bringing the manufacturing process closer 
to the patient or at the point-of-care, this 
could reduce logistical burdens and improve 
the timeliness of therapy delivery, with 
potential for cost savings. The question then 
becomes, how can a product commercialized 
under a single trade name be deemed of com-
parable quality across a decentralized network 
of manufacturing sites? 

Establishing minimum quality criteria 
focused mainly on an equivalent safety profile 
for the products could be a reasonable ask. On 
the other hand, setting parameters for product 
identity, viability, and biological activity could 
be more challenging. Validation of the compa-
rability of the process instead of the products 
could be an approach to qualify the sites, prov-
ing that all the products are produced using the 
same process. The current generation of auto-
mated manufacturing platforms might strug-
gle with these requirements, as there is still a 
chance of operator variability and human error 
when interacting with the machine. This will 
become much easier with the implementation 
of several novel technologies that incorporate 
robotic arm approaches into the manufactur-
ing process of these therapies. Cellares’ Cell 
Shuttle is an example of a robotic arm unit 
that can be deployed in a decentralized model, 
eliminating operator variability from the pro-
duction process [4]. Multiply Labs’ robotic arm 
system could also be an answer for implement-
ing these units within hospitals without the 
need for a clean environment. 

THE US REGULATORY 
ECOSYSTEM: 
UNIQUE CHALLENGES

The reimbursement system in the US differs 
significantly from that of other countries due 
to its reliance on a combination of private 
insurers and government programs, rather 
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than a national health insurance model. 
This multi-payer structure and open-market 
dynamics introduce complexities in imple-
menting decentralized manufacturing, cre-
ating both logistical challenges and financial 
barriers. While the FDA has taken steps to 
adapt its regulatory framework for advanced 
therapies, there is room for advancement in 
decentralized manufacturing adoption.

One of the primary obstacles is that gene 
and cell therapies are still viewed through the 
lens of traditional biologics manufacturing. 
While gene and cell therapies share simi-
larities with biologics, they also incorporate 
key elements from transfusion medicine and 
transplantation. To truly unlock the potential 
of gene and cell therapies, the pharmaceu-
tical industry, regulatory bodies, and payers 
must recognize the fundamental differences 
between these therapies and traditional 
biologics. 

THE EVOLVING LANDSCAPE 
OF DECENTRALIZED 
MANUFACTURING WORLDWIDE

To ensure the success of decentralized man-
ufacturing, national support and large-scale 
initiatives are essential. Several countries are 
already moving toward a national imple-
mentation of decentralized models. The 
UK’s Medicines and Healthcare products 
Regulatory Agency (MHRA) has adopted 
a policy to implement point-of-care man-
ufacturing [5]. In Canada, a coalition has 
been formed under the Canadian-led 
Immunotherapies in Cancer (CLIC) to pro-
duce locally manufactured CAR-T prod-
ucts [6]. A program was launched in the 
European Union to expand academically 
developed decentralized manufacturing to 
other EU countries. The CAR-T cell product 
(ARI-0001), which was successfully developed 
at the University of Barcelona and is currently 
manufactured in a network of hospitals across 
Spain under the hospital exemption, became 
one of the drugs participating in this EU 
pilot program [7]. Additionally, Caring Cross 

has partnered with the Fundação Oswaldo 
Cruz (Fiocruz) Foundation in Brazil and 
ImmuneAct in India to deliver locally man-
ufactured, affordable CAR-T cell therapies.

INDUSTRY-DRIVEN 
DECENTRALIZATION 
OF MANUFACTURING

A growing question is whether there is a com-
mercial case for decentralized manufactur-
ing. Can the pharmaceutical industry evolve 
this model to improve access and maintain 
the commercial viability of products? A few 
companies are beginning to test this model, 
including early movers like Galapagos, which 
is working on implementing decentralized 
manufacturing approaches on a commercial 
scale. The company has been running several 
clinical studies across Europe and the United 
States. Early results indicate a significant 
reduction in turnaround time, achieving a 
seven-day vein-to-vein turnaround time [8]. 
However, the question remains as to how well 
such an approach can be implemented on 
a wider scale, given the requirement of set-
ting up a dedicated space within a healthcare 
facility or a local manufacturer to manage the 
operations and implement the quality man-
agement system.

CONCLUSION: 
A CALL FOR CHANGE

Gene and cell therapies represent one of the 
most promising areas of modern medicine, 
with the potential to treat and even cure pre-
viously untreatable diseases. However, the cur-
rent centralized manufacturing model, coupled 
with the regulatory environment, might limit 
their accessibility and scalability. A concerted 
effort must be made to decentralize manufac-
turing, particularly for autologous products, 
and to adapt the regulatory framework to 
reflect the unique nature of these therapies.

The international successes in point-of-care 
manufacturing demonstrate that this 
approach is both feasible and beneficial. Now, 
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it is up to regulators, pharmaceutical compa-
nies, and healthcare providers to embrace this 
model and work collaboratively to bring these 
life-saving therapies to more patients, faster. 
As gene and cell therapy continues to evolve, 

so must the systems that support it. Only 
then can we ensure that these groundbreak-
ing treatments are accessible to all who need 
them, regardless of geographic or financial 
barriers.
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SCALE-UP/SCALE-OUT OF CELL & GENE  
THERAPY MANUFACTURING

INNOVATOR INSIGHT

Mastering AAV production:  
best practices for small to  
large-scale manufacturing 
success and reduced 
development times
Emily Jackson-Holmes

The article discusses the optimization and scalability of AAV production, highlighting the pri-
mary challenges in small-scale AAV production, such as long lead times, low titers, and high 
costs. The article further discusses the scalability of AAV production to commercial scales 
while maintaining performance and quality, and it presents best practices for achieving high 
AAV titers with a particular focus on the transfection step and optimizing plasmid ratios.

Cell & Gene Therapy Insights 2024; 10(8), 1101–1119

DOI: 10.18609/cgti.2024.126

ADDRESSING THE CHALLENGES 
IN SMALL-SCALE UPSTREAM  
AAV PRODUCTION

AAV vectors are widely used in in vivo gene 
therapies due to their efficient gene delivery 
and scalable manufacturing, which enhances 

accessibility for patients. However, specific 
considerations related to the manufacturing 
process must be addressed in order to opti-
mize AAV production.

The first key challenge in small-scale AAV 
production is the long lead times required 
to establish the AAV production process. 
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This challenge can be mitigated through 
fit-for-purpose solutions specifically designed 
for AAV manufacturing, together with 
pre-optimized and streamlined protocols for 
rapid implementation

The second common challenge is obtain-
ing low titers and a low percentage of full par-
ticles from the upstream process. To address 
this issue, it is necessary to implement a 
complete production system with integrated 
components that work together to deliver 
maximal AAV titers.

Thirdly and finally, cost remains a signif-
icant concern. Manufacturing costs can be 
reduced by increasing productivity and low-
ering the amount of DNA used during tran-
sient transfection.

The Gibco™ AAV-MAX Helper-Free AAV 
Production System (AAV-MAX system) is 
a complete system for scalable, high-titer 
AAV production. It contains critical compo-
nents required for AAV production through 
suspension-based transient transfection in 
mammalian cells. Additionally, all of these 
components are fit-for-purpose for gene ther-
apy applications.

SHORTENING DEVELOPMENT 
TIMELINES AND OPTIMIZING 
COST–EFFECTIVENESS IN  
SMALL-SCALE AAV PRODUCTION

Establishing a new AAV upstream process can 
be both time-consuming and expensive due to 
the necessity of identifying, testing, and opti-
mizing each component to achieve high vector 
quality while minimizing cost. The AAV-MAX 
system addresses these challenges by ensuring 
all system components are optimized to work 
together seamlessly, with streamlined protocols 
that are easy to implement.

Figure 1 illustrates the components of the 
AAV-MAX system. The first component is the 
GibcoTM Viral Production Cells 2.0, a clonal 
293F-derived suspension cell line. These cells 
are cultivated during cell expansion and AAV 
production in the GibcoTM Viral Production 
Medium. This medium is animal-origin-free, 
chemically defined, and protein-free, avail-
able in liquid and Advanced Granulation 
Technology™ (AGT) options.

The AAV-MAX system utilizes several 
key components for the plasmid DNA 

 f FIGURE 1
Components of the AAV-MAX system.
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transfection step. The primary compo-
nents include the Gibco™ AAV-MAX 
Transfection Reagent, which is a cationic lip-
id-based reagent. Alongside this, the Gibco™ 
AAV-MAX Transfection Booster works with 
the transfection reagent to enhance the entry 
of the plasmid DNA into the cells. During 
this step in the protocol, the GibcoTM Viral-
Plex Complexation Buffer is employed for 
the dilution of the plasmid DNA. This buffer 
is chemically defined and animal-origin-free. 
Additionally, the Gibco™ AAV-MAX 
Enhancer is introduced into the cultures at 
the time of transfection to further amplify the 
production of AAV.

At the end of a production run, the Gibco™ 
AAV-MAX Lysis Buffer is used to extract 
the AAV from the cells. This Polysorbate 
20-based buffer is also animal-origin-free and 
chemically defined.

Increasing AAV productivity in the 
upstream process remains of critical impor-
tance due to the high dose requirements 
for in  vivo-based gene therapies, especially 
for systemically administered therapies and 
those targeting large patient populations. The 
AAV-MAX system was specifically developed 
to meet the productivity needs of gene ther-
apy developers. The graph in Figure 2 depicts 
AAV titers measured in crude samples via 
droplet digital (dd)PCR across five AAV sero-
types. The titers are in the 1011 vg/mL range 
for all five serotypes. 

High titers were consistently achieved 
across various bench-scale production vol-
umes, alleviating concerns about titer loss 
during scale-up. However, it is not just titer 
that matters: the key quality attributes of the 
particles are also crucial, including the per-
centage of full particles. 

The data set in Figure 3 provides an 
in-depth analysis of titer and percentage 
full capsid across four AAV serotypes, com-
paring the performance of the AAV-MAX 
Transfection Kit to other available AAV trans-
fection reagents.

The left column of graphs shows titers from 
crude samples measured using ddPCR. The 

right column of graphs shows the percentage of 
full particles measured by mass photometry. All 
studies were conducted in 24 deep-well plates 
in triplicate. In each graph, the AAV-MAX 
condition is the bar to the far left. For this 
condition, the complete AAV-MAX system 
was used per the recommended protocols. For 
each of the three other conditions (FectoVIR-
AAV, PEIpro, and TransIT-VirusGEN), the 
AAV-MAX Transfection Kit was replaced with 
the respective reagent, following the vendor’s 
recommendations.

Additionally, a Design of Experiments 
(DOE)-based approach was used to identify 
the optimal plasmid ratio for each transfec-
tion reagent. The data presented in Figure 3 
reflects the optimized plasmid ratio for each 
reagent for each stereotype. It can be further 
seen that the full AAV-MAX system achieved 
the highest titers across all four serotypes 
compared to the other transfection reagents. 
In terms of percentage full particles, the 
AAV-MAX system achieved approximately 
20–50% full particles in crude samples, 
depending on the serotype. These values were 
equivalent to or higher than those obtained 
with other transfection reagents. This study 
demonstrates that the AAV-MAX system 

 f FIGURE 2
AAV titers measured in the crude samples of five serotypes 
in the 1 × 1011 vg/ml range.
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 f FIGURE 3
Bar graph analysis of AAV titers (determined by ddPCR) and percent full particles (determined by mass photometry) across 
four AAV serotypes.
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improves both productivity and percentage 
full particles compared to other available 
transfection reagents. 

Further, the impact on manufacturing and 
development costs, which are crucial consid-
erations for AAV researchers and gene ther-
apy developers alike, can be considered. The 
aforementioned increases in productivity and 
quality result in cost savings in two key areas: 
firstly, the cost per amount of AAV produced 
in the upstream process is reduced; secondly, 
downstream costs associated with purify-
ing out empty particles are also lowered. 
Together, these factors lead to a reduction in 
the cost per AAV therapeutic dose. 

Additional cost savings can be achieved as 
the AAV-MAX Transfection Reagent uses up 
to 25% less plasmid DNA than other trans-
fection reagents. Lastly, using a pre-optimized 
system reduces the lead time required to 
establish a new AAV process, further lowering 
development costs. 

OPTIMAL PRACTICES FOR HIGH 
AAV TITERS: TRANSFECTION

The transfection step is critical in the upstream 
workflow and significantly impacts overall 
process performance. For the complexation of 
the transfection reagent with plasmid DNA, 
key parameters include the method of mixing 
the transfection reagent, the temperature of 
the reagents during this step, and the timing 
of the incubation of the reagent and DNA 
before adding the complex to the cell culture.

For small-scale AAV production, such as in 
multi-well plates and shake flasks, the trans-
fection step should be performed at room 
temperature with the AAV-MAX Transfection 
Kit. Gentle mixing of the AAV-MAX 
Transfection Reagent with the DNA is rec-
ommended, with a 20–30-minute incuba-
tion time. Figure 4 shows data demonstrating 
relative performance of various methods for 
gentle mixing of the AAV-MAX Transfection 
Reagent and AAV-MAX Transfection Booster 
with the DNA, including swirling, inver-
sion, and gentle pipetting. The titer data 

 f FIGURE 4
Impact of various mixing techniques on AAV2 titer, viable 
cell density, and viability.
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indicated that all gentle mixing techniques 
were effective except for longer periods of 
vortexing, which can disrupt the transfection 
reagent/plasmid DNA complex. 

Another critical aspect of transfection that 
significantly impacts both titers and percent-
age full particles is the ratio of plasmids used 
in the process. For triple transfection, opti-
mizing the ratio of plasmids specific to the 
application is crucial. 

Figure 5 depicts the impact of plasmid ratio 
on the AAV2-GFP production using the full 
AAV-MAX system in 24  deep-well plates. A 
DOE study was performed with 24 conditions, 
evaluating titers via ddPCR and percentage full 
capsids via mass photometry, respectively. This 
data is shown in the bar graphs. Subsequently, 

statistical modeling software was utilized to 
analyze the experimental results and determine 
the plasmid ratio that optimized both titer and 
percentage full capsids. The outcomes of that 
modeling are presented in the table at the bot-
tom of Figure 5. The plasmid ratio identified 
by the model closely resembled condition 16, 
which exhibited the highest titer and a favor-
able percentage full capsids. 

ADDRESSING LARGE-SCALE  
AAV PRODUCTION NEEDS

Scaling-up an upstream process whilst maintain-
ing performance and reproducibility remains 
challenging. As a result, Thermo Fisher Scientific 
has made significant investments in addressing 

 f FIGURE 5
Effects of varying plasmid molar ratio of AAV2 titer and percentage full capsids, and the 
subsequent optimal ratios.
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scalability challenges through product design, 
recommended protocols, and making compre-
hensive technical support resources available.

From the outset, the AAV-MAX system 
was designed with an inherently scalable, sus-
pension-based upstream process in mind. The 
system features a clonal 293F-derived cell line 
that is known for robust growth and scalabil-
ity. Additionally, consumable components are 
available in configurations suitable for large-
scale production. This includes off-the-shelf 
formats capable of supporting production up 
to 100 L, as well as larger-scale formats with 
further customization options. Furthermore, 
the media are made available in both liq-
uid and proprietary Advanced Granulation 
Technology (AGT™) medium format, specif-
ically designed to support large-scale manu-
facturing needs.

Scalability in a GMP manufacturing 
environment requires protocols that offer 
flexibility without compromising robust-
ness. Two examples of this flexibility can be 
seen in Figure 6. Firstly, with the AAV-MAX 
Transfection Kit, studies were conducted 
demonstrating that certain steps can be pre-
pared in advance, such as diluting plasmid 
DNA and mixing the AAV-MAX Transfection 
Reagent and Booster. The bottom graph of 
Figure 6 illustrates that titers of AAV9-GFP 
remain consistent, whether these steps are 
performed at the time of transfection or up to 
72 hours beforehand.

Secondly, flexibility was demonstrated in 
the timing of AAV-MAX Enhancer addition. 
This enhancer, added at the transfection stage 
to enhance titers, can be introduced one hour 
before transfection or up to six hours after, 
as depicted in the top two graphs of Figure 6. 
This flexibility maintains consistent titers 
across different timing scenarios.

OPTIMIZATION OF A SCALABLE 
COMPLEXATION PROCESS:  
CASE STUDY 1

Another critical aspect to be addressed is 
the transfection step, which, while pivotal 
to achieving high titers, can be challenging 
to scale effectively. A series of studies was 
conducted to explore the optimization of 

 f FIGURE 6
Flexibility without compromise of robustness in premixed 
transfection kits and the timing of enhancer addition.
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large-scale transfection using the AAV-MAX 
Transfection Kit with the broader AAV-MAX 
system. 

The initial focus was on optimizing the 
mixing of the AAV-MAX Transfection 
Reagent and Transfection Booster with plas-
mid DNA. Various approaches were studied, 
including mixing in bioprocessing bags on a 
rocker platform and mixing in stirred-tank 
bioreactors. Mock transfections were first 
conducted using colorimetric reagents to 
identify strategies that achieved homogenous 
mixing. Subsequently, real transfections were 
performed under optimized conditions to 
validate the findings. 

Throughout these studies, key parameters 
such as agitation conditions, container head-
space, reagent temperature, and incubation 

timing, were carefully considered and adjusted 
as necessary.

In the first series of studies, transfection 
reagent-plasmid DNA mixing was conducted 
in bioprocessing bags on a rocker platform. 
In these studies, 5 L complexation reactions 
were carried out, which corresponds to the 
volume required for a 50 L AAV production 
run. Figure 7 depicts two mock complexa-
tions with colorimetric reagents, which were 
instrumental in determining the best strategy 
to achieve homogenous mixing.

The images on the top row of Figure 7 
follow a 5  L mock complexation that was 
performed in 5 L bags. Firstly, 4.5 L of Viral-
Plex Complexation Buffer was added to a 
5 L bioprocessing bag (step 1). Next, a solu-
tion of phenol red was used to simulate the 

 f FIGURE 7
Mock transfections using colorimetric reagents in 5 L (top) and 10 L (bottom) bioprocessing bags for a 50 L AAV production 
scale run. 
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dilution of DNA in a Viral-Plex Complexation 
Buffer. The DNA was added at a flow rate of 
400  mL/minute (step  2). Following DNA 
addition, the platform was turned on to mix at 
12 °C and 20 RPM for a minute (step 3). The 
mock DNA was not adequately mixed imme-
diately after pumping, and even by the end of 
the rocking period, the mock DNA remained 
visibly unevenly distributed, as evidenced by 
the non-uniform red color in the image. 

Next, a solution of 1N NaOH was pumped 
in to mimic the AAV-MAX Transfection 
Reagent and Booster (step 4). This was done 
under the same settings followed by rocking 
for one minute. If homogenous mixing has 
occurred, the color should have transitioned 
from red to magenta. However, after rocking 
was complete, the solution mainly remained 
red with only some magenta visible at the 
corners of the bag (step 5). Overall, this mock 
complexation study revealed that performing 
a 5 L complexation in a 5 L bag under these 
conditions did not achieve optimal mixing. 

In the bottom row set of images in Figure 7, 
a mock complexation of the same 5 L volume 
was performed; however, this time in a 10 L 
bioprocessing bag. Firstly, 4.5 L of Viral-Plex 
Complexation Buffer was added to a 10  L 
bioprocessing bag (step  1). The second and 
third images show the addition of mock 
DNA to the buffer (steps 2–3). The third and 
fourth images depict the subsequent addition 
of the mock transfection reagent and booster 
to the diluted mock DNA (steps  3 and 4). 
In both sets of steps, the initial pumping step 
achieved better distribution of the reagents 
compared to the 5 L bag study. Once rocking 
began, performed 5–10 times, a homogenous 
mixture was fully achieved as indicated by the 
color changes. After the addition of the mock 
DNA solution, the solution appears homo-
geneously red. Following the addition of the 
mock reagent booster, the color shift from red 
to magenta indicated complete mixing.

Overall, through this mock complexation 
study, optimal mixing conditions using a bio-
processing bag on a rocking platform were 
identified. The increased headspace provided 

by the 10  L bag enabled superior mixing 
results.

OPTIMIZATION OF A SCALABLE 
COMPLEXATION PROCESS:  
CASE STUDY 2

In a second set of studies, the use of a stirred-
tank bioreactor for mixing the transfection 
reagent and booster with the plasmid DNA 
was investigated. Similar to the previous 
studies, this was firstly performed with mock 
transfections using colorimetric reagents to 
optimize mixing conditions before proceed-
ing to real transfections.

In this experiment, a 2  L complexation 
reaction was performed in a 3  L stirred-
tank bioreactor, a reaction volume suitable 
for a 20  L AAV production run. Firstly, 
a mixture of plasma DNA and Viral-Plex 
Complexation Buffer was added to the reac-
tor. The Viral-Plex was added first before the 
drive shaft was turned on and mock DNA 
was pumped into the reactor via the bottom 
siphon with a 12-second transfer time.

Subsequently, the AAV-MAX Transfection 
Reagent and Booster mixture were intro-
duced through the bottom port. Throughout 
this step, the drive shaft remained on. As 
the mixture was added, cloudiness began to 
form, indicating the formation of the trans-
fection reagent and DNA complex. After one 
minute of AAV-MAX Transfection Reagent 
and Booster mixture addition, the mixture 
underwent an additional minute of mixing. 
Following this, the drive shaft was turned off 
to allow static incubation. 

To validate the successful mixing strat-
egy demonstrated in stirred-tank bioreac-
tors, a time course study was performed. 
Two complexation mixing experiments were 
performed using 2  L and 3  L reactors with 
reagents maintained either at cold (4  ºC) 
or room temperatures. Cold reagents were 
brought to room temperature immediately 
before use. The addition of the AAV-MAX 
Transfection Reagent and Booster and plas-
mid DNA, followed by mixing, was executed 
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exactly as in the previous study. As a control, 
complexation was also conducted in 50 mL 
conical tubes. 

At four intervals spanning one hour in 
total, complexes were removed from the 
reactor and analyzed using Dynamic Light 

 f FIGURE 8
Complexation kinetics in a 3 L stirred-tank bioreactor.
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Scattering (DLS) to assess particle size and 
polydispersity. In parallel, complexes from 
the same time intervals were used to trans-
fect 125 mL cultures for evaluation of both 
transfection efficiency and AAV6-GFP 
titers. 

The 3rd graph in Figure 8 illustrates parti-
cle size and polydispersity for the two com-
plexation conditions. Particle size increased 
over time (represented by the dark blue bars), 
while polydispersity indices (shown as light 
blue dots) remained below 0.5 for both cold 
and room temperature reagents.

Transfection efficiency and crude titers are 
depicted in the 2nd and 4th graphs of Figure 8. 
Complexes collected at the 20- and 40-minute 
intervals produced the highest titers and had 
particle sizes ranging from 700–1,000 nm. A 

decrease in transfection efficiency and AAV 
titers was noted at the 60-minute time point, 
correlating with the highest complex particle 
size diameter.

This study confirmed the optimal mixing 
conditions for complexation in stirred-tank 
bioreactors. Furthermore, it demonstrated 
that both cold and room temperature reagents 
can be effectively used, with a 20–40-minute 
incubation period following mixing yielding 
the highest titers. 

IMPACT OF PUMPING ON 
PARTICLE SIZE AND AAV 
PRODUCTION

One final aspect of large-scale transfection to 
consider is the strategy for pumping the trans-
fection reagent-DNA complex into reactors. 
As excessive fluid shear stress during pumping 
could potentially disrupt the complexes and 
negatively impact transfection efficiency and 
titers, this was investigated. 

Both peristaltic pumps and low-shear 
pumps could be used for pumping. However, 
peristaltic pumping was chosen as a worst-
case scenario in terms of fluid shear stress. In 
this study, transfection complexes were gen-
erated in 50  mL conical tubes and samples 
were taken. These samples were then pumped 
at various flow rates using a MasterFlex L/S 
digital drive peristaltic pump, a MasterFlex 
EasyLoad  II pump head, and MasterFlex 
C-Flex Ultra size 16 tubing (1/8'' ID).

Subsequently, particle size was examined 
via DLS, and AAV production was per-
formed by transfecting shake flask cultures 
in parallel. The graph on the top in Figure 9 
shows particle sizes observed at different 
peristaltic pumping flow rates. Although 
the data shows some variability inherent in 
such experiments, the particle sizes gener-
ally ranged between 700  nm and 900  nm 
across the tested flow rates. The graph on 
the bottom of Figure 9 illustrates consistent 
crude titers observed across the tested flow 
rates. Collectively, these data demonstrate 
that within the range of flow rates tested, 

 f FIGURE 9
Impact of pumping on particle size and AAV production.
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peristaltic pumping did not negatively 
impact the transfection complex. 

SCALING AAV PRODUCTION TO 
COMMERCIAL SCALE: 
CASE STUDY

Following large-scale complexation charac-
terization and optimization studies, the next 
step involved leveraging these protocols for 
large-scale AAV production runs. For these 
large-scale runs, AAV6-GFP was produced 
at both 500 L and 1,000 L scales using the 
Thermo Scientific™ DynaDrive Single-Use 
Bioreactor (SUB). The reagent volumes were 
scaled up proportionately to accommodate 
these larger production scales. The procedure 
focused on optimizing the seed train strategy, 

bioreactor conditions, and the transfection 
procedure. Key outputs included assessment 
of cell growth, metabolite profiles, AAV titers, 
and the percentage of full vs empty capsids.

Figure 10 depicts the procedure used for 
the 1,000  L production-scale run, with 
accompanying data on viable cell densities 
and viability. In this study, cell expansion 
began 10 days prior to transfection in a 50 L 
SUB, seeded at 0.6 million cells/mL. The first 
expansion step to 50 L was conducted seven 
days pre-transfection.

At 5  days pre-transfection, a 5,000  L 
DynaDrive bioreactor was inoculated with 
300 L at a cell density of 0.6 million cells/mL. 
A final expansion step was performed 1 day 
pre-transfection, increasing the culture vol-
ume to 900 L. On the day of transfection, cells 

 f FIGURE 10
Procedural schematic used for the 1,000 L production scale run (top) and accompanying data on viable cell densities and 
viability (graph, bottom).
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were targeted at a density of 3 million cells/mL, 
although in this specific study, they were 
actually transfected at slightly more than 
4 million cells/mL. 

The transfection reagent-DNA complex-
ation mixture was prepared in bioprocessing 
containers, manually mixed, and added to the 
bioreactor using a low-shear pump. Following 
complex addition, AAV-MAX Enhancer was 
introduced. Cultures were harvested at the 
72-hour time point before undergoing lysis, 
with samples taken for subsequent processing 
and analytics. 

The graph in Figure 10 illustrates the 
trends in viable cell density and viability 
percentage throughout the production run 
for both the large-scale run and controls 
in the 125 mL shake flasks. The data indi-
cates robust scalability of cell growth in 
bioreactors, with viable cell density closely 
aligned with that for the shake flask con-
trols. Additionally, following transfection on 
day  0, the observed drops in viability and 
viable cell density are indicative of a success-
ful transfection process. 

Samples collected from the 1,000  L pro-
duction run were analyzed for genome 
titers, infectivity, and percentage full capsids, 
alongside data from a similarly performed 
500  L run. Genome titers were quantified 
using ddPCR, infectivity was assessed with 
HT1080 cells, and percentage of full cap-
sids was measured in crude samples via mass 
photometry.

The graphs presented in Figure 11 show 
data from the large-scale bioreactors in light 
blue, while corresponding shake flask controls 
are depicted in dark blue. For both the 500 L 
and 1,000  L runs, crude titers approached 
1012  vg/ml and were comparable to those 
obtained in shake flasks. Infectivity showed 
similar levels across both large-scale runs 
and their corresponding shake flask controls. 
Notably, the percentage full capsids ranged 
from 50–60% for both 500 L and 1,000 L 
runs, with bioreactors showing a slight trend 
towards higher percentage full capsids com-
pared to shake flask controls.

Overall, these findings demonstrate the 
robust scalability of the AAV-MAX-based 
upstream process to commercially relevant 

 f FIGURE 11
AAV6-GFP productivity (genome titers), infectivity, and 
percentage full capsids in a 500 L and 1,000 L run of shake 
flask controls versus large-scale bioreactors (DynaDrive).
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scales whilst maintaining both high produc-
tivity and quality.

CLINICAL AND COMMERCIAL 
SCALE AAV MANUFACTURING: 
SUPPLY CHAIN AND  
REGULATORY SUPPORT

A final critical aspect for consideration in 
AAV manufacturing pertains to the key 
requirements associated with the clinical and 
commercial stages of gene therapy manu-
facturing, and how the field is equipped to 
address those needs. Two crucial areas of this 
are supply chain and regulatory support.

The importance of establishing and 
maintaining a robust supply chain for the 
raw materials used in a manufacturing pro-
cess is widely understood. This need can be 
addressed in multiple ways with one solu-
tion being CGMP-compliant products that 
are made available both as off-the-shelf cata-
log items and also as customizable products. 
This flexibility allows for tailored options 
such as side samples and customized packag-
ing to align with specific commercial man-
ufacturing needs. Additionally, leveraging 
extensive global reach and an established 
GMP-compliant supply chain, such as that 
of Thermo Fisher Scientific, can facilitate 
streamlined sourcing to ensure products reach 
clinical settings and beyond successfully.

On the regulatory front, established spe-
cialized expertise enables product design and 
accompanying documentation to meet the 
rigorous demands of gene therapy applica-
tions. Selecting products under the Thermo 
Fisher Scientific Cell Therapy Systems 

(CTS) brand ensures they are equipped 
with the necessary features to support gene 
therapy manufacturing seamlessly through 
clinical and commercial stages. 

SUMMARY

In summary, challenges in small-scale AAV 
production, including the extended time 
required to establish production processes, 
low titers, and high costs, can be mitigated 
by using specialized, pre-optimized products 
and streamlined protocols. 

The AAV-MAX system is a compre-
hensive solution for scalable, high-titer 
AAV production due to the inclusion 
of pre-optimized components for sus-
pension-based transient transfection. 
Furthermore, the challenges of main-
taining performance and reproducibil-
ity in large-scale AAV production can be 
addressed through optimized mixing and 
transfection techniques to achieve consis-
tently high titers and quality across differ-
ent production scales. The presented case 
studies showcase the AAV-MAX system’s 
flexibility, allowing for various prepa-
ration and timing adjustments without 
compromising robustness. Additionally, 
the impact of different transfection meth-
ods and plasmid ratios on AAV produc-
tion efficiency and the optimization of 
these parameters to maximize titers and 
percentage full capsids were demonstrated. 

Overall, the AAV-MAX system meets the 
key needs of AAV gene therapy developers 
by addressing challenges in productivity, 
product quality, scalability, and cost.
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Q&A

 
Emily Jackson-Holmes

 Q Have you looked at the residuals such as host cell DNA and host 
cell protein?

EJH: The data for this was previously presented in a webinar and at a conference. In 
general, we see that residual host cell DNA and host cell protein levels are at or below industry 
standard levels. The same applies for residual plasmid DNA. 

In one data set that we have shown previously, we assessed AAV6-aCD19 CAR constructs 
at a 50 L scale. We performed purification and examined the residuals both post-affinity and 
post-anion exchange. For those samples, regarding host DNA, we observed less than 10 ng per 
1012 viral genomes. As for host cell protein, the levels were below the lower limit of quantifica-
tion, thus the results showed good levels.

 Q Could you provide more information on how the AAV-MAX 
Transfection Booster and Enhancers supplement the AAV-MAX 
Transfection reagent?

EJH: The AAV-MAX Transfection Booster is a reagent that forms a complex with the 
Transfection Reagent and the plasmid DNA. Its primary function is to facilitate the entry of 
DNA into the cells. We observe at least a two-fold increase in productivity when using the 
booster in conjunction with the reagent. 

The AAV-MAX Enhancer is a reagent added to the cells at the time of transfection. As shown 
in the data, there is some flexibility in the timing of its addition, but whether you add it an 
hour before transfection or a couple of hours after, for example, the enhancer increases titers 
on average two-fold compared to not using it. Together, these three components—the booster, 
the enhancer, and the transfection reagent—work synergistically at the time of transfection. 
We have optimized them to achieve the best possible performance in terms of productivity.
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 Q Can you assess whether the AAV vectors are loaded with the 
correct DNA?

EJH: Mass photometry will only distinguish between AAV vectors that are loaded ver-
sus those that are not, but will not distinguish whether the AAV is loaded with the target 
DNA or an incorrect fragment or fragments. The data presented in the article was obtained 
using mass photometry to assess the percentage full capsids. However, we have used other 
methods in the past. With mass photometry specifically, we know the theoretical mass of an 
intact particle with the correct genome. This method provides a high confidence measure, 
although it is not direct evidence of having a full-length genome. To confirm the presence of 
the correct DNA, you would need to perform next-generation sequencing (NGS) or multi-
primer PCR targeting different points along the genome.

In our experience, mass photometry offers a good trade-off, allowing us to process many 
samples efficiently. When conducting studies with numerous samples, we have found it to be a 
very effective method for saving time while measuring the percentage full capsids.

 Q How did the optimal plasmid ratios vary from AAV serotype to AAV 
serotype?

EJH: In the DOE study presented in this article, AAV2 was used as an example—specif-
ically, AAV2-GFP. We have also looked at other serotypes, such as AAV6, 8, and 9. We found 
that the optimal plasmid ratios for these other serotypes were very similar, if not identical. This 
similarity is due to the rep/cap plasmids being very similar in size.

However, if you are swapping out the serotype but not the gene of interest (GOI), it is still 
recommended to perform a DOE study to determine the best process output. Additionally, for 
different GOIs, we recommend conducting DOE studies to optimize the process, as GOIs can 
vary in size and may behave differently.

 Q Can the CTS Viral Production Cells 2.0 be licensed?

EJH: Yes, we have both RUO and GMP banks of these cells. The RUO cells can be 
purchased off-the-shelf and used for internal research activities without a license, and they 
accompanied by a limited-use label license that allows for this. Licensing for RUO cells typi-
cally becomes relevant for service providers who wish to use the cells for their clients. In such 
cases, we offer multiple flexible licensing options.

For the CTS Viral Production Cells 2.0, a license is required to purchase them. We provide 
multiple flexible licensing options for these cells to ensure that our clients can access them and 
start working with them quickly. This license includes access to the cell line documentation 
package—a regulatory support package containing all requisite details of the qualification test-
ing and traceability of the cells.
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 Q What kind of customizations are available, either for product or 
packaging?

EJH: For customizations, we offer a wide range of options through our custom media 
channel. In our catalog, we have products available in bottles, bioprocessing bags, and different 
pack sizes up to 100 L. Through the custom channel, clients can customize volumes (including 
larger volumes), formats, containers, and tubing connections. Additionally, you can modify the 
QC testing and add side samples.
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SCALE-UP/SCALE-OUT OF CELL & GENE  
THERAPY MANUFACTURING

INTERVIEW

Shifting to non-viral in vivo 
therapies to enhance  
global patient access to  
genetic medicines

David McCall, Senior Editor of BioInsights, talks to Hari Pujar, 
Chief Operating Officer, Tessera Therapeutics and Operating 
Partner, Flagship Pioneering, about current trends in the cell 
and gene therapy field aimed at addressing long-standing is-
sues of manufacturing scalability, complexity, and high cost of 
goods.
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 Q What are you working on right now?

HP: I have spent much of my more than two decades in industry in the vaccines space, 
including recent work on mRNA vaccines. However, in the past few years, I have shifted my 
focus more towards gene therapy and gene editing. Additionally, I have lately been working on 
developing nucleic acid delivery technologies to enable genetic medicines.
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 Q What for you are the key current trends in the cell and gene therapy 
space, and what do they say about the general direction in which 
the field is heading? 

HP: The cell and gene therapy field has been advancing in line with the central dogma 
of molecular biology, which is that DNA within the cell is transcribed into RNA, and RNA is 
then translated into proteins. The industry initially focused on small molecule drugs that act 
on proteins before the concept of using proteins as drugs emerged around four decades ago, 
establishing a significant and valuable industry. 

Following this, the development of RNA medicines began, leading to the development of 
more than half a dozen RNA-based therapies. Subsequently, the industry ventured into DNA 
medicines, although we are still in the early stages. The first wave of DNA medicines, collec-
tively termed gene therapy and gene editing, utilized viral vectors. These methods have been 
effective in treating various diseases, as evidenced by the success of CAR-T cell therapy for 
hematological malignancies and the initial accomplishments in AAV gene therapy. However, 
the use of viral vectors and the complex ex  vivo cell therapy manufacturing model impose 
severe limitations on the full potential of gene therapy and genetic medicine.

So, the industry is now transitioning from viral vectors to non-viral delivery methods, and 
from ex vivo to in vivo therapies. Additionally, there is a focus on expanding the range of tissues 
that can be targeted with these medicines. Another significant technological trend is the shift 
towards highly specific genomic modifications, such as targeted edits of a mutation or precise 
insertion of nucleic acids into the genome. These developments represent the future direction 
of genetic medicine.

 Q Let’s dive into a couple of specific areas of importance to the 
investor community and the sector as a whole. Firstly, where are 
you seeing progress in addressing longstanding issues of high cost 
of goods in cell and gene therapy manufacturing?

HP: The same trends previously mentioned apply here. Ex vivo manufacturing and the 
use of viral vectors result in high production costs. By transitioning from ex vivo to in vivo meth-
ods, and from viral vectors to non-viral delivery vehicles, there can be a significant reduction 

“By transitioning from ex vivo to in vivo methods,  
and from viral vectors to non-viral delivery vehicles,  

there can be a significant reduction in the cost of medicines.”
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in the cost of medicines. This shift would also enable broader distribution, making these treat-
ments accessible to a larger population, beyond the few individuals who can currently afford 
them or access them in specialized centers in developed countries.

 Q And how do you see insufficient capacity and scalability issues 
being resolved?

HP: There are currently some highly effective medicines that, unfortunately, are not 
widely accessible due to limited capacity. A prime example is Carvykti® from Janssen, which 
has shown significant clinical benefit in relapsed and refractory multiple myeloma. However, 
patients are on waiting lists to receive it as there is insufficient capacity to treat everyone. This 
limitation arises largely from using viral vectors in ex vivo settings.

If these two factors can be addressed, the capacity would be significantly increased. We know 
that over a billion individuals worldwide were vaccinated with mRNA vaccines during the 
COVID-19 pandemic. By leveraging similar manufacturing capabilities for genetic medicines, 
we would be able to address such capacity limitations.

Similarly, once the field has moved away from ex vivo and viral vectors, scalability becomes 
much easier. This is not a criticism of ex vivo techniques or viral vectors, as they have suc-
cessfully demonstrated the effectiveness of their mechanisms of action. However, we are now 
learning from these successes and are developing improved methods to achieve the same goals 
more efficiently.

Currently, there are at least two companies, Intellia and Verve Therapeutics, that have human 
clinical data demonstrating the use of non-viral delivery methods to edit the genome in vivo. 
Intellia Therapeutics has achieved protein knockout in the liver for two diseases, while Verve 
Therapeutics has utilized base editing of a gene in the liver. These advancements are gaining a 
lot of traction and are now extending beyond liver applications. 

Notably, Tessera Therapeutics has recently announced promising non-viral delivery data 
that could enable in vivo gene editing for sickle cell disease. Tessera’s proprietary LNPs were 
shown to efficiently deliver a reporter gene in vivo in non-human primates to an average of 
~95% of long-term hematopoietic stem cells in bone marrow. Although human clinical trials 
are still forthcoming, this represents a groundbreaking development. Currently, the treat-
ment for sickle cell disease involves a stem cell transplant, which requires mobilizing stem 
cells, manipulating them ex vivo, and then reintroducing them to the patient after ablating 
the existing stem cells with toxic chemotherapy. This complex process could potentially be 
circumvented with a simple IV injection of a lipid nanoparticle that targets hematopoietic 
stem cells. 

The progress in non-viral delivery is substantial, and in  vivo treatment becomes feasible 
with these advancements. Some companies are also exploring in vivo viral delivery, although 
non-viral approaches appear to have a number of significant manufacturing advantages.
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 Q The ‘build vs buy’ debate around manufacturing capabilities has 
swung back and forth over recent years for biotechs in the cell 
and gene therapy field. Where do venture organizations like 
Flagship Pioneering currently stand on this question, and how do 
you see the picture continuing to evolve moving forward? 

HP: The ‘build versus buy’ question is approached as follows: if a platform company has 
the potential to develop multiple medicines from their platform, and if that manufacturing 
platform is novel with limited maturity in the external market, then building is the preferable 
option. Newer platforms are presumably simpler to manufacture and thus require minimal 
capital investment to establish manufacturing capabilities. Therefore, if a platform company 
anticipates multiple products and does not require a lot of capital investment, building is the 
recommended approach. Tessera Therapeutics exemplifies this strategy.

At Tessera, a platform company focused on Gene Writing™, we anticipated the development 
of multiple product candidates with the platform, which has proven to be true. The required 
capital investment was relatively modest, so we proceeded with building our manufacturing 
capabilities. This decision has been highly beneficial, as it allows us to control our manufactur-
ing process both technologically and in terms of scheduling.

Conversely, Generate Biomedicines’ modality-agnostic platform, which designs proteins 
using generative AI, poses a different manufacturing context. This leads to a preference for 
outsourcing in the early years. The ‘buy versus build’ strategy will evolve as Generate’s pipeline 
matures. Ultimately, the decision depends on the specific circumstances, of course. 

Capital efficiency is crucial in either scenario. The examples of Tessera Therapeutics and 
Generate Biomedicines illustrate different approaches to achieving capital efficiency. However, 
capital efficiency does not always equate to buying, as outsourcing can lead to manufacturing 
errors or delays, which can undermine the anticipated efficiency. Thus, the decision must be 
carefully evaluated based on the specific situation at hand.

 Q Tell us more about Tessera Therapeutics and how the trends we 
have discussed so far are reflected in your strategy

HP: Tessera Therapeutics aims to address various genomic changes needed to treat or 
cure diseases through Gene Writing. Our Gene Writing platform is designed to introduce 
therapeutic messages into the genome by efficiently changing single or multiple base pairs, 
thereby precisely correcting or rewriting the genome, or adding longer exon-length sequences 
or even whole genes.

Equally as important as the Gene Writing platform is Tessera’s proprietary delivery platform. 
This is being developed to facilitate in vivo delivery of the Gene Writing cargo to different cell 
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types within the body. We believe that the combination of these two platforms will enable the 
creation of transformative genetic medicines for a wide range of diseases. 

At two different recent conferences—ASGCT and FASEB—we presented a significant 
amount of transformative data on therapeutic candidates that we believe can alter the course 
of many diseases. For instance, we shared data in a-1 antitrypsin deficiency demonstrating 
an estimated 56% rewriting efficiency in hepatocytes in the liver in non-human primates, 
effectively reaching potentially curative editing levels with a single dose of a lipid nanoparticle. 
Similarly, for sickle cell disease, a single delivery of a lipid nanoparticle achieved therapeutically 
relevant levels of rewriting in the HBB gene responsible for sickle cell disease. Additionally, we 
described a T cell delivery vehicle combined with our Gene Writers that has the potential to 
enable in vivo CAR-T cell therapy in the future.

Tessera is actively implementing these concepts and demonstrating proof of concept in 
non-human primates. It is well known that successfully demonstrating proof of concept in 
non-human primates in genetic medicine significantly increases the probability of success in 
clinical trials. Unlike small molecule drugs, where Phase 2 clinical success does not guarantee 
further success in Phase 3, positive data for genetic medicines in non-human primates often 
translates well to humans.

 Q Lastly, please can you sum up one or two key goals for both Tessera 
Therapeutics and Flagship Pioneering over the foreseeable future? 

HP: Tessera’s foremost priority is to advance these innovative medicines into clinical 
trials. Additionally, a significant focus of mine, in collaboration with Tessera, is the continued 
expansion of non-viral delivery methods beyond our current capabilities. We are still in the 
early stages of delivering nucleic acid medicines, reaching only a limited number of target 
areas within the body—much of the body remains untapped. Within Flagship, I have been 
heavily involved in nurturing an effort to enhance the delivery of nucleic acid medicines to 
other parts of the body and improve the efficiency of delivery to areas we have already targeted. 
I am excited about creating this capability and building out the organization to support this 
endeavor.

“We are still in the early stages of delivering nucleic acid 
medicines, reaching only a limited number of target areas  
within the body—much of the body remains untapped.”
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Leveraging the baculovirus-
insect cell expression system 
for optimal AAV scale-up

David McCall, Senior Editor, BioInsights, speaks to VectorY Therapeutics’ Barbara Sanders, 
Co-founder and CTO, and Femke Hoeksema, Director of Process Development, about 
their innovative work on gene therapies for neurodegenerative diseases, including vector-
ized antibody treatments for amyotrophic lateral sclerosis. They also discuss the consider-
ations and advantages in utilizing a baculovirus-based AAV production system versus other 
upstream viral vector production platforms.

Cell & Gene Therapy Insights 2024; 10(8), 1147–1152

DOI: 10.18609/cgti.2024.129

SCALE-UP/SCALE-OUT OF CELL & GENE 
THERAPY MANUFACTURING

 Q What are you working on right now?

BS: At VectorY, we focus on developing gene therapies for neurodegenerative dis-
eases. More specifically, we are working on vectorized antibody treatments for amyotrophic 



CELL & GENE THERAPY INSIGHTS 

1148 Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.129

lateral sclerosis (ALS) by utilizing viral vectors to express intracellular antibodies in diseased 
cells that can bind to disease targets for therapeutic effect. For ALS, this means targeting and 
clearing misfolded, toxic TDP-43 aggregates. By binding and removing TDP-43 toxic species, 
we aim to restore diseased motor neurons to health, providing a therapeutic approach with 
disease-modifying potential for patients with ALS. 

We are highly experienced in combining antibodies and vectors, which makes VectorY 
unique. Our team includes scientists with expertise in antibody development, protein deg-
radation, while Femke and I develop strategies for the large-scale production of gene therapy 
vectors for patient populations worldwide.

FH: We also focus on developing our platform process to secure in-house production 
of AAVs, and a robust platform for further scale-up and clinical manufacturing in order to 
support all our pipeline programs, especially our lead program in ALS. 

 Q Tell us more about VectorY Therapeutics’ platform and R&D 
pipeline—what differentiates it?

BS: Firstly, not many researchers in the field are developing antibodies that are vec-
torized, especially intracellular antibodies. Additionally, the focus on targeting proteinopa-
thies in CNS diseases with intracellular antibodies is a major differentiating factor for VectorY. 
While ALS is our lead indication, many neurodegenerative diseases can be addressed with our 
approach such as Huntington’s disease, Parkinson’s disease, and Alzheimer’s disease. 

Neurodegenerative diseases are very complex and often multifactorial—and the CNS is 
very challenging to reach, of course. AAV vectors are the most established delivery method for 
gene therapies, and we use them to develop vectorized antibodies for one-time CNS delivery. 
However, to add to the complexity and the challenge, in order to target CNS diseases, we need 
to be able to manufacture large volumes of high-quality, highly concentrated AAV vectors.

As I alluded to earlier, the blend of experts from various fields, including protein degra-
dation, antibodies, and vector production, is a further differentiating factor. We also contin-
uously make strategic investments in process development, meaning we invest in a scalable 
process from molecular design through all unit operations in order to deliver our platform. As 
previously mentioned, our ultimate goal is to treat large patient populations, so we must scale 
up production to 1,000 L and beyond. Unlike the smaller indications common to the AAV 
gene therapy space, which might only need a 50-liter bioreactor to cater for a clinical trial, we 
must scale-up to a considerably larger degree in order to deliver treatments to a much greater 
number of patients in need. 

Additionally, we invest in technology, including manufacturing and analytical technology, 
and different capsid technologies to improve vector delivery. We also invest in technologies to 
improve our binders’ ability to target multiple cells, and enhance their efficacy in degrading 
toxic protein species. 

FH: We recently launched an observational trial for ALS in collaboration with the 
University of Utrecht in the Netherlands. This trial, led by one of the University’s Professors, 
will help us validate biomarkers and enable efficacy readout strategies, which is important as 
we advance our lead program to clinical development. 
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 Q Talk us through the pros and cons in utilizing a baculovirus platform 
for viral vector production—for instance, versus HEK293? 

FH: The transfection-based HEK293 system is currently the most widely used method 
for AAV production because it is fast and straightforward. With the right transfection reagents 
and plasmids, it enables the speedy generation of AAV materials at small scales. While it can be 
a good platform of choice for young companies in the discovery phase that are testing various 
AAV vectors, it might not be sufficient if high quantities of AAV vector are required. This is 
where the enhanced scalability of the baculovirus-insect cell expression system is advantageous. 
For example, gene therapy products for some retinal diseases typically require relatively low 
doses of approximately 1 to 1.5 × 1011 vg, whereas ALS and other CNS indications often need 
much higher doses, especially for treatments involving systemic delivery, where dosages can be 
1,000-fold higher.

As companies transition from the clinical phases to commercialization, it is important to use 
easily scalable production systems that allow for high yields while maintaining product quality. 
To accommodate these needs, some gene therapy companies switch from HEK-based plat-
forms to different systems that are capable of commercial manufacturing capabilities. However, 
this transition can be challenging as it requires proving comparability between the two systems, 
which can lead to development delays. At VectorY, we made a deliberate choice to use the bac-
ulovirus-insect cell platform because our founders, including Barbara and Sander van Deventer 
(CEO), have extensive experience with it. From the very start of the company, we decided to 
invest in this scalable platform alongside our discovery activities. This was with the end-goal in 
mind of developing a high-yielding and robust platform that can streamline CMC activities in 
our product pipeline and ensuring product availability for larger patient populations. 

The baculovirus-insect cell platform is quite straightforward to scale up. Furthermore, hav-
ing a scalable stirred-tank bioreactor allows one to optimize cell growth conditions and scale to 
2,000 L and beyond. Then, after a few days’ growth in the bioreactor, a simple infection step is 
needed, which is also relatively easy to achieve. 

We already have substantial data showing that scaling up with the baculovirus-insect cell 
platform is linear due to fully characterized seed stocks. In contrast, scaling up the HEK-based 
system is more challenging, as it requires optimizing mixing conditions to ensure consistent 
quality and yield at large scales, which can make it more difficult to achieve high consis-
tency. Additionally, the HEK-based system has higher costs due to the need for expensive 
GMP-compliant plasmids and transfection reagents.

Apart from scalability, another benefit of the baculovirus-insect cell system is consistency, 
which again is thanks to the availability of fully characterized seed stocks. Utilizing the same 
seed stock as the biological starting material for multiple productions ensures high consistency 
in the upstream vector product. This in turn leads to high reproducibility in the downstream 
process, resulting in consistent yield and product quality. 

“Our team includes scientists with expertise in antibody 
development, protein degradation, while Femke and I 

develop strategies for the large-scale production of gene 
therapy vectors for patient populations worldwide.”



CELL & GENE THERAPY INSIGHTS 

1150 Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.129

According to our internal data, the baculovirus-insect cell platform shows very consistent 
upstream yields of more than 1015 vg/L, with <1% residual host cell DNA present. Following 
downstream purification, the large majority of the purified AAVs are filled with full-length 
transgene products, showing very high product integrity. 

In comparison, HEK-based production systems typically deliver AAV vectors with only 
approximately ≤15% full particles, resulting in a higher level of process-related impurities such 
as empty capsids. In gene therapy, the dose is determined by the number of full viral genomes 
that the patient receives. Therefore, if a manufacturing batch contains a large percentage of 
capsids filled with truncations or contaminants such as the helper plasmid, the patient would 
need to receive far more viral particles in their dosing regimen, which may compromise the 
treatment’s safety and efficacy. In essence, utilizing a baculovirus-based system has allowed us to 
keep these impurities as low as possible throughout our development trajectory and scale-ups, 
significantly improving the quality and safety of the final gene therapy products, and providing 
promise for eventual commercial manufacturing success. 

Finally, our investments in high-quality baculovirus starting materials also support the via-
bility and scale-up of the product. At VectorY, we demonstrated that these materials are very 
stable over multiple passages.

BS: The baculovirus-insect cell system offers an additional significant advantage from 
a safety perspective. Because we use insect cells and baculovirus, any residual DNA is inert 
in humans, meaning that even the very low residual levels are completely non-functional in 
human cells. Furthermore, insect cells do not propagate human viruses, adding another layer 
of safety. In contrast, the HEK-based system theoretically has more residual DNA, including 
human DNA and helper plasmids with antibiotic-resistance genes, which could negatively 
impact the product’s safety. 

 Q How is the baculovirus-insect cell system continuing to evolve? 
How is it being improved and optimized?

BS: The baculovirus-insect cell system has come a long way since the initial designs such 
as the triple baculovirus system with a split Rep gene, developed by Urabe, et al., in 2002, 
which was extremely genetically unstable upon passaging [1]. Furthermore, using three seeds 
introduced significant variability in the process. AAV is a mammalian virus, not an insect 
virus, meaning the molecular splicing that occurs in HEK cells differs from that in insect cells. 
Therefore, molecular adjustments to the insect cells are necessary to produce the same particles 
as with the HEK system. Unfortunately, there are only a few effective options for molecular 
modifications, including artificial introns and attenuated Kozak sequences. 

“From the very start of the company, we decided to invest in this 
scalable platform alongside our discovery activities. This was with 

the end-goal in mind of developing a high-yielding and robust 
platform that can streamline CMC activities in our product pipeline 

and ensuring product availability for larger patient populations.”
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However, transitioning from a triple system to a dual baculovirus system has been a mas-
sive improvement. At VectorY, we have also eliminated the pre-production steps by utilizing 
highly characterized frozen seed stocks. As a result, the production process is more robust and 
consistent.

 Q What are the remaining critical issues with, and needs for, virus-
based production systems at large-scale? 

BS: As we have already mentioned, our biggest challenge is the need to produce high 
yields for genuinely large-scale AAV production. AAV is one of the hardest viruses to produce 
because it does not replicate on its own, requiring helper viruses or helper genes for efficient 
production. Then, once the AAV vector has been produced, there are downstream processing 
challenges, such as distinguishing empty capsids from full capsids, which makes it even more 
complex and challenging to move towards high-volume commercial production. Unlike the 
production of antibodies or viruses such as Polio that replicate easily, allowing a single biore-
actor to produce millions of doses, an AAV bioreactor might only provide enough doses for 
18 to 30 patients. 

However, these challenges could be solved by developing a scalable and high-yielding pro-
cess. Furthermore, reducing COGs to make large-scale treatments more affordable is also an 
important goal for us and for the gene therapy field at large. Gene therapy companies and pay-
ers face complex processes and significant investments to produce viral vectors, which impacts 
pricing. For example, one of the latest US FDA-approved gene therapy products, Hemgenix, 
costs USD$3.5 million per dose to reimburse. Our objective is to lower COGs significantly by 
achieving higher yields and increasing recovery during downstream processing, thereby allevi-
ating the need for such high price points.

 Q What are some key goals and priorities, both for yourselves in your 
own roles and for VectorY as a whole, over the foreseeable future?

BS: VectorY’s primary focus is getting our first product to the clinic. Simultaneously, we 
are developing multiple research programs, such as working on new binders for other CNS 
diseases. We plan to leverage the platform we have built over the years to help speed up the 
development of these programs as soon as they are validated in research. 

FH: My ultimate goal is to be an internal facilitator to ensure our product pipeline 
progresses as efficiently as possible. In the meantime, Barbara and I will also focus on main-
taining and further optimizing our platform with second-generation process optimizations 
and technology development. For example, more efficient capsids can lead to lower doses and 
reduced COGs, as we have previously discussed. 
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Analytics for cell and gene 
therapy products in early 
development: points to consider 
before preparing an IND for  
a first-in-human clinical trial
William E Janssen and Scott R Burger

In the transition from research lab to formal pre-clinical studies and initial clinical trial, man-
ufacturing and testing of novel cell and gene therapy products must undergo significant 
development. Often, however, more effort is devoted to scaling, closing, and automating pro-
duction methodology than to development of supporting analytical methods. Yet well-con-
trolled, consistent testing is crucial to ensure product quality. Here, we address the feasibility 
and benefit of early development of analytical methods, and discuss the product quality attri-
butes that must be addressed by process control and release analytics, the quality attributes 
of assays, and critical analytical considerations such as sample size and management, and 
sampling method.

Cell & Gene Therapy Insights 2024; 10(8), 1237–1245

DOI: 10.18609/cgti.2024.140

Analytical characterization is fundamental 
to the development and production of all 
cell and gene therapy (CGT) products [1].  

The analytical methods available for CGT 
applications grow ever-more sophisticated 
and powerful. However, the capabilities of 
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any analytical method can be undercut by 
inadequate control or poor application, ham-
pering CGT product development. In our 
experience, characterization testing prob-
lems are especially evident when transfer-
ring CGT products from R&D laboratory 
settings, in industry as well as academia, 
and reflect limited understanding of proper 
analytical development and application, and 
the misperception that analytical rigor is 
less necessary before the transition to GMP 
manufacturing for Phase 1. Here, we discuss 
considerations for characterization testing 
development and control as an integral part 
of the earliest proof-of-concept development 
and testing. We submit that not only will this 
enhance the scientific integrity of the early 
pre-clinical studies, but, crucially, will facil-
itate the conduct of later-stage development 
and efforts to secure regulatory approval. In 
fact, some aspects of analytical method devel-
opment necessarily must be addressed in the 
course of clinical development, but much of 
the analytical foundation can be built during 
preclinical R&D. In the following sections, 
we will address the critical elements of ana-
lytical methods, noting those that can feasi-
bly be developed at the earliest phases of the 
product lifecycle (Table 1). 

Novel concepts for CGT products have 
their roots in R&D laboratories. Thus, ini-
tial characterization of these products, and 
the underlying assays from which the charac-
terization is derived, have been developed in 
the service of research aims. While these early 
assays, which we may refer to as ‘pre-qualifica-
tion assays’, are the starting point for product 
characterization, process control, and prod-
uct release analytics, there are multiple layers 
of control that must be developed, as well 
as possible additional assays, before a novel 
product may be considered for initial clini-
cal development. Prior to initiation of clini-
cal trial, the analytics must become ‘qualified 
assays’. Many aspects of product analytics that 
will be of significant consequence through 
the development lifecycle [2] may feasibly be 
more fully developed and transitioned from 

pre-qualification to qualified during preclin-
ical R&D. 

Throughout this discussion, we will use 
cell counting as an example to illustrate key 
analytical concepts. Cell counting is perhaps 
the most commonly performed test of CGT 
intermediates and products, and whether the 
intended product is a cell-based therapy or 
viral vector, accurate and precise measure-
ment of cell concentration is essential [3]. 

ASSAY METHODOLOGIC 
CONSIDERATIONS: PROCEDURE

Within the framework of CGT, procedures 
for the conduct of analytics are driven sub-
stantially by the procedures employed in the 
manufacturing of a CGT product, and the 
intermediate products within that manufac-
turing that may be sampled for process con-
trol or product characterization purposes. For 
example, prior to an extended incubation for 
cell expansion, the number of cells present is 
small, and removal of any poses a risk of com-
promising the final product. Similarly, the 
media in which an intermediate product is 
suspended may produce matrix effects within 
an assay, requiring that assays be developed 
using that same media matrix.

In laboratories where novel CGT products 
are developed, cell counting is among the 
most routine analytical procedures. Often, 
this is done manually, with little control other 
than performing the count twice and check-
ing to see whether a similar result is obtained 
both times. This is, obviously, an inadequate 
level of control. 

The cell counting standards published by 
the International Standards Organization 
(ISO) provide a useful framework for estab-
lishing well-controlled methods for deter-
mining cell concentration [3,4]. FDA and 
ISO standards require a written procedure for 
performing cell counts and that every person 
who performs cell counts must be trained on 
and follow that procedure [2–4]. The proce-
dure must identify the specific steps that must 
be performed for the counting procedure, the 
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details of the sample to be tested, materi-
als and equipment to be used, and possible 
sources of error and how to mitigate them. If 
more than one counting method is available 
in a facility, there must also be a procedure 
for determining which counting method is 
correct for the cells being counted.

In this example, if a manual counting 
method is employed, the type of counting 
chamber, stain, microscope, and power of 
both eyepiece and objective must be specified. 
The written procedure must describe how the 
sample is prepared, such as dilution(s), stain-
ing method, and maximum time post-stain-
ing, as well as how the microscope is prepared 
for cell counting, including cleaning, and 

adjustment of the microscope’s illumination 
system, substage diaphragm, and determina-
tion of correct focus. Criteria for valid test 
results should be specified as well. For exam-
ple, how many times should the count be 
repeated, and what is the acceptable range of 
results? 

Similarly, if an automated counter is 
employed, the manufacturer and model 
must be identified, along with how, and how 
often, it is calibrated, and specifications for 
acceptable results. The description of cali-
bration must include the source of controls. 
Consumable reagents required for the count-
ing instrument must be identified, along 
with how they are qualified for use, and the 

  f TABLE 1
CGT product development lifecycle.

Development stage Typical features of manufacturing Analytics development recommendations
Conception: laboratory 
observation/experimental result

Specific product not identified; 
process described in lab notebooks 
but may be one-off

Lab developed assays

Early gestation: functional 
demonstration that a selected, 
cultured, or gene-modified collection 
of cells or gene/vector pairing can be 
produced that has potential to treat 
a pathologic condition

Continued use of methods from 
basic research; non-qualified or 
minimally-qualified materials; 
procedures written down, but may 
still be altered on the fly

For most commonly used assays begin 
quality attribute measurements (specificity, 
linearity, accuracy, precision); create written 
procedures

Late gestation: proof of principle 
studies in animal model(s)

Continued use of existing methods; 
written procedures may be 
maintained in a methods notebook

Begin development of analytics for SISPQ 
elements not addressed with existing assays

Pre-clinical development: 
preparation for production for early 
phase clinical trial

SOPs created, batch record forms; 
larger product vessels and reagent 
volumes

Ensure that SOPs are complete and 
quality attributes have been determined 
for all assays; stage-appropriate sampling 
specified; preparation for method 
qualification

Phase 1 clinical trial: production of 
small lots for administration to very 
small number of trial participants

Formal SOPs and batch record forms 
used; manufacturing performed in 
areas with environmental monitoring 
and control, closed manufacturing 
systems where practical/possible; 
CDMO may be employed

Qualification of analytical methods prior 
to manufacturing clinical trial material; 
evaluate candidate potency assays; ensure 
that all analytics are included in tech 
transfer to manufacturer 

Phase 2 clinical trial: production of 
small lots for administration to a 
much larger (10-fold) number of trial 
participants

More extensive automation, more 
extensive use of closed-system 
processing

Refine and develop analytic methods 
as necessary to accommodate evolving 
manufacturing methods and lot sizes

Phase 3 and clinical trial Need to increase production to 
support commercial scale

If any analytics employed are compendial, 
verification studies must be performed; for 
all assays, compendial and non-compendial, 
expand quality attribute testing for full 
validation, including measures of robustness

Licensure and commercialization Locking in of CMC manufacturing 
methods

Locking in of CMC analytics methods
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instrument itself must have been qualified, 
and the qualification along with all routine 
maintenance, cleaning and calibration that 
the manufacturer specifies must be docu-
mented so that personnel using it can check 
to see that it is in compliance prior to each 
use.

As with the above cell counting example, 
these basic details of procedure, consum-
able materials, and required instrumentation 
must be identified for any analytic procedure, 
whether employed for process control, for 
final product release, or both. And, as with 
the cell counting example, these details can 
be defined at the same time as early proof-
of -principle experiments are being conducted 
with the associated intended therapeutic 
product [5]. Having a detailed, clearly writ-
ten procedure for any analytic method, with 
this information defined and adhered to each 
time that analytic test is performed, strength-
ens the quality of the proof of principle 
experiments and data generated. Moreover, 
the documented presence of such procedural 
integrity and discipline strengthens ensuing 
regulatory submissions, as qualification of 
both manufacturing and associated analytic 
methods must be performed prior to initiat-
ing GMP manufacturing for Phase 1 clinical 
trial.

ASSAY METHODOLOGIC 
CONSIDERATIONS: SAMPLING

It can be argued that sampling receives insuf-
ficient attention, given its potential to affect 
analytical results. Not all aspects of sam-
pling methodology lend themselves to being 
defined early in product development, as 
some changes in product manufacturing—
such as transitioning from an open to a closed 
production system—will necessitate adjust-
ments in sampling. There are, however, meth-
odological details of sampling that can and 
must be determined early in development [2].

The first of these is sample size. This can 
be particularly challenging when sampling 
cellular starting material, as any material 

removed for testing reduces the amount of 
material available for product manufacturing, 
and there are limits to the amount of cellular 
material that can be safely taken from a single 
donor. For this reason, sample size typically 
is determined as a volume small enough to 
avoid excess loss of product. Although this is 
an important consideration, it is not the only 
factor to bear in mind and can risk compro-
mising the test for which the sample is being 
obtained. Continuing with the cell counting 
example, consider a counting method that has 
a lower limit of detection of 1,000 cells/mL. 
To minimize sample volume, a 0.25 mL sam-
ple is withdrawn and then diluted up to a full 
1 mL for the count, If the cell concentration 
of the originally sampled cell suspension is less 
than 4,000  cells/mL, then the final diluted 
sample will have less than 1,000 cells/mL, and 
may not show a count at all.

Compounding the problem, in this exam-
ple, is that while the limit of detection may 
be 1000 cells/mL, the lower limit for accurate 
quantitation may be 10,000  cells/mL, and 
so even if a non-zero count is obtained, it is 
likely to be inaccurate. It is imperative that 
the specified sample size ensures that suffi-
cient analyte is obtained, from concentrations 
likely to be encountered, to allow the test to 
produce an accurate result.

Sample size determination must be based 
on considerations of the intermediate or final 
product being sampled and the assay quality 
characteristics discussed below. Another crit-
ical element of sampling methodology is the 
need for consistency. The procedure for per-
forming the test, or the manufacturing pro-
cedure, or both, must describe the sampling 
device, how to use it, and how to manipulate 
the intermediate or product prior to sample 
collection. The sampling methodology must 
be described in the procedure(s) in sufficient 
detail that every operator can understand 
exactly how to take the sample correctly, 
enabling consistent sampling and analytical 
precision. 

Because terminal sterilization is not possi-
ble for CGT products, sampling methodology 
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must be in keeping with the overall require-
ment for aseptic methods throughout manu-
facturing of the intended product. Generally, 
this requires consideration of the environ-
ment within which the sample is obtained, 
whether closed or open system manufactur-
ing is employed, and how much sample is 
actually required. 

Finally, sample management must be 
defined. This requires well-defined and clearly 
readable sample labeling. It also includes the 
container and closure system that will contain 
the sample between removal from the prod-
uct and initiation of the analytic procedure, 
the maximum time interval between sam-
pling and test initiation, and range of tem-
peratures within which the sample should be 
maintained. If the test is to be performed by 
a contract laboratory, the external packaging 
for shipping, carrier(s) that may be used for 
sample transit, and how temperature moni-
toring during shipment will be conducted 
and documented must be defined. If the sam-
ple is in a liquid form, primary and second-
ary containers as well as absorbent material 
in case of leakage must be defined. Finally, 
if the sample is being transported through 
any publicly utilized passageway, including 
public hallways in a hospital or other multi- 
occupant building, public sidewalks, road-
ways, and utilizing couriers, trucking, rail or 
air carriers, then necessary biohazard labeling 
must be defined.

ASSAY QUALITY 
CHARACTERISTICS

Analytical methods have essentially three 
main applications in CGT development and 
manufacturing. The first is characterization 
of the product, i.e., establishing an analytical 
understanding of the product’s composition 
and function. Product characterization is crit-
ical early in development, though understand-
ing of the product continues to be refined. 
Product characterization serves as the bench-
mark for the other two applications—process 
control and product acceptance for release 

and monitoring of stability. In process con-
trol testing, test(s) are used to measure critical 
process parameters, determine whether spe-
cific process intermediates meet pre-defined 
criteria, and support process validation. 

In product acceptability determination, 
testing serves to establish whether the final 
product is suitable for release, distribution, 
and administration. Product acceptability is 
also applied when monitoring product stabil-
ity during post-release storage. The qualities 
of the product that are required to be mea-
sured for these purposes are safety, identity, 
strength, and purity [6], identified here by the 
acronym SISPQ [7]. Some of the analytical 
methods used may evaluate more than one 
of the SISPQ qualities, but all will address at 
least one.

There are in turn critical qualities of each 
analytical method that must be determined 
to ensure that the method performs cor-
rectly. These qualities are specificity, linear-
ity, accuracy, precision, range, quantitation 
limit, and detection limit [2,8]. It is imper-
ative that assessment of all of these measures 
be performed using samples derived from the 
manufacturing of the specific product that 
the analytic methods are designed to assess, 
and that testing is performed using the same 
sample matrix as would be in place during 
manufacturing runs for products for clinical 
use. Detailed methods for measuring each of 
these quality attributes are beyond the scope 
of this paper, but are readily available from 
regulatory, compendial and scientific litera-
ture sources, including ICH Q2(R2) [8–10].

Specificity

Specificity is the measure of how well the 
analytic method measures only the intended 
analyte and not other components of the 
sample being tested. Using our example 
of cell counting, the specificity of a count-
ing method would be defined as the num-
ber of true cells counted divided by the 
count obtained, where the count obtained 
might include pieces of debris, leftover cell 



CELL & GENE THERAPY INSIGHTS 

1242 Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.140

separation beads, or other impurities that are 
not actually cells. Thus, if a sample contains 
90,000  cells/mL, and our counting method 
yields a result of 100,000 cells/mL, the speci-
ficity of that method would be determined to 
be 90%. This simplified description of what is 
implied by specificity is in no way intended to 
a prescription for measuring specificity. In the 
likely situation that a sample with a precisely 
known analyte concentration is not available, 
there are multiple approaches to determining 
specificity of an analytic method. Inasmuch 
as assay results support furtherance of a prod-
uct concept into continued development, 
the specificity of analytic methods can and 
should be determined early in the product 
development lifecycle.

Linearity, range, limits of detection, 
and quantitation

Linearity measures the proportionality of 
assay results relative to the amount of ana-
lyte present in a sample. Returning to the 
cell counting example, if four samples con-
tained 90,000, 180,000, 270,000, and 
360,000  cells/mL, and our cell counting 
assay yields results of 100,000, 200,000, 
300,000, and 400,000  cells/mL, respec-
tively, then our assay is linear over the range 
of 90,000–360,000 cells/mL. In other words, 
the result of the assay over that range can be 
described as result=specificity × actual-con-
centration. Generally, analytic methods will 
have a range of analyte concentrations within 
which the assay is linear, but at very low or 
very high analyte concentrations, results will 
not be linear. This is illustrated in Figure 1. 
The range of analyte concentrations that pro-
duce linear results with the analytic method is 
referred to as the linear range, and generally 
can be thought of as the assay’s quantifiable 
range. The quantifiable range of an analytic 
method refers to the interval between the 
lowest and the highest analyte concentrations 
in which the procedure has a suitable level of 
response, accuracy, and precision, to be dis-
cussed in more detail below. If the anticipated 

concentration of an analyte to be measured is 
likely to be outside of the assay range, then that 
analytic method cannot be considered suitable. 
Referring back to our cell counting example, 
if a particular cell counting instrument has a 
quantification range from 10,000 cells/mL up 
to 200,000 cells/mL, but cell concentrations 
are anticipated to routinely be 5,000 cells/mL 
or less, then that instrument cannot be con-
sidered satisfactory, even if the lower limit of 
detection is 1,000 cells/mL, since at that lower 
level, the counts are not sufficiently accurate. 
The quantitation limits for a given analytic 
method are, in fact, the lower and upper ends 
of the range. That is, the limits within which 
quantitation of an analyte has been docu-
mented to be accurate. The detection limits, 
usually applied to the lower detection limit, 
refer to the lowest concentration of the analyte 
that the method can consistently detect, albeit 
without consistent accuracy.

Accuracy

Accuracy is the measure of how close to the 
correct measure of an analyte results from 
the analytic method when it is applied to a 
sample with a known amount of the analyte, 
generally through use of known reference 
material or spiking of the sample matrix with 
a fixed amount of the analyte. Accuracy is 
defined to be the mean percent recovery of a 
known amount of analyte over multiple tests. 
The tests should include multiple concentra-
tions of analyte, and multiple replicate tests at 
each concentration.

While accuracy is often described as a 
stand-alone measure, it must be pointed out 
that it is, in fact, closely interrelated with 
linearity and quantifiable range for an assay. 
Thus, by extension, these measures are also 
interrelated with specificity. 

Precision

Precision is the ability of the analytic method 
to produce the same result from multiple 
tests of the same sample. Precision may be 
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reported as either the coefficient of variation 
(%CV) from multiple tests, that is, the stan-
dard deviation divided by the mean, or as 
the 95% confidence interval from the same 
repeated tests. Beyond simple measurements 
of precision, that is, same sample, same testing 
conditions, advanced precision testing should 
be performed. Intermediate precision, goes 
beyond simple precision in that additional 
factors including anticipated typical variations 
such as different personnel conducting the 
assay, different days of the week, and differ-
ent items of small equipment (e.g., pipettors) 
employed will be introduced. Reproducibility 
of the assay goes to another level of precision 
through conduct of an interlaboratory trial to 
demonstrate that the assay is generalizable.

Robustness

All of the above measures of analytic quality 
characteristics can be measured and deter-
mined early in the CGT development lifecy-
cle, as they will not change as long as the assay 
procedure, materials and instrumentation 
remain unchanged. Having these measures in 
hand will serve to enhance developer confi-
dence in the product that is being developed, 
and will also strengthen regulatory submis-
sions through all phases of the product devel-
opment lifecycle. 

Robustness of an analytic method, however, 
cannot be determined early in development. 
Over the course of product development, the 
robustness of analytic techniques should be 
assessed. That is, as different samples from 
different products, possibly produced in dif-
ferent facilities or by different personnel, or 
using different starting materials (as is the 
case with any type of cellular therapy), the 
performance of the analytic technique using 
the measures described above should be 
assessed and documented [8].

ADDITIONAL CONSIDERATIONS 

In the development of analytics for CGT, a dif-
ficulty that is faced by all product developers 

is obtaining cellular material that is the same 
as will be used for the intended product. 
This is particularly problematic when devel-
oping products which will be for autologous 
use. Fortunately, there are now several com-
mercial entities that can provide ‘healthy 
donor’ cells, including apheresis products 
and bone marrow aspirates. Material from 
patients who have a medical condition that 
is the intended indication for the product in 
development requires IRB approval, which 
may be difficult to obtain for the purpose of 
collecting cells without benefit to the subject 
patient. It is important, however, that effort 
be made to obtain such materials for analytics 
development.

Once an analytic method has been qual-
ified, it becomes imperative to continue to 
apply quality monitors to ensure that the 
assay is continuing to function. Specific con-
trols must be defined, and the assay must be 
run with these controls on a routine basis. 
The results of these controlled runs must be 
followed and analyzed for outlier results and 
trends that may indicate problems with the 
assay.

TRANSLATIONAL INSIGHT

The development of robust analytic methods 
is crucial for the successful transition of cell 
and gene therapy (CGT) products from basic 
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research to clinical trials and eventual mar-
ket approval. The authors, in their capacity 
as consultants assisting product developers 
with chemistry, manufacturing and control 
(CMC) development and with regulatory 
applications, have often seen problems arise 
in the course of product development that are 
linked to shortcomings in the analytic meth-
ods for characterization of manufacturing 
intermediates or final products. These ana-
lytical limitations, in turn, lead to regulatory 
problems and delays. 

Early attention to the development of ana-
lytic methods can significantly enhance the 

quality and reliability of both process control 
and product release testing. By addressing key 
elements such as written procedures, sampling 
methodologies, and assay quality characteris-
tics early in the development lifecycle, devel-
opers can ensure that their products meet 
regulatory requirements and are well-posi-
tioned for successful clinical and commercial 
outcomes. Effective, proactive development 
of analytics is feasible and desirable even at 
early stages of CGT product development, 
strengthening the scientific foundation of the 
product and facilitating smooth navigation of 
the regulatory pathway. 
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INTERVIEW 

Advancing CAR-T therapies: 
navigating innovation,  
challenges, and the future  
of biopharma analytics 

Abi Pinchbeck, Editor, Cell and Gene Therapy Insights, speaks to 
Adam Fung, a CMC and quality strategy and operations leader 
in cell and gene therapy with over 15 years of experience. The 
discussion emphasizes the importance of automation, inno-
vation, and strategic planning in shaping the future of bio-
pharma analytics, particularly in the development of CAR-T cell 
therapies.

Cell & Gene Therapy Insights 2024; 10(8), 1091–1097

DOI: 10.18609/cgti.2024.124

 Q You have spent over 15 years in the biopharma analytics field. Can 
you take us on a journey through your time in the field and the 
changes you’ve witnessed, particularly in cell and gene therapies 
(CGT)? What have been the key inflection points for the area over 
this period?

AF: The commercial approvals for genetically modified CAR-T cell therapies over the 
last years, especially for B cell malignancies, clearly demonstrates the promise of these cell 

ANALYTICS CHANNEL
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therapies in oncology. Building on those CAR-T approvals serves as both a foundation and 
an inflection point. We are now in an era of diversity and differentiation. For instance, there 
is significantly more diversity beyond autologous and allogeneic CAR-T cell therapies, includ-
ing the use of different cell types like natural killer (NK) cells, induced pluripotent stem cells 
(iPSCs), and tumor-infiltrating lymphocytes (TILs), which are advancing in clinical develop-
ment and even receiving commercial approvals.

Therapies have expanded beyond treatment options to include products that can at least 
partially mitigate genetic irregularities, such as those for sickle cell disease and b-thalassemia, 
as well as therapies that are potentially curative. There has also been a growing diversity in how 
genetic material is transferred to cells, whether in vivo or in vitro, and an increase in non-viral 
delivery mechanisms and gene editing technologies. Additionally, there is substantial interest 
in using these therapies for diseases beyond oncology. This explosive growth highlights the 
differentiation happening in the field.

The approved CAR-T products are moving into earlier lines of therapy and broader indi-
cations, thereby increasing demand. However, manufacturing capacity and vein-to-vein 
turnaround times remain significant bottlenecks. Sponsors developing CGTs are now more 
cognizant of these common bottlenecks and are taking steps to secure manufacturing capac-
ity and reduce costs. They are designing manufacturing processes to reduce or eliminate cell 
expansion steps or yield more potent drug products, introducing more automation for bio-
processing and analytical testing, and exploring ways to minimize safety risks and make autol-
ogous cell collections less invasive to improve the patient experience. These considerations will 
shape the future of the field because while being first to market is coveted, the ability to deliver 
products reliably, quickly, at lower cost, and with improved safety profiles can heavily influence 
the delivery of therapies to patients and shape market potential. 

Finally, there are now numerous guidance documents published by health authorities spe-
cifically focused on CGTs. These guidance documents, while imperfect and more applicable to 
more mature CAR-T cell therapies, provide baseline roadmaps for managing product life cycles 
and health authority expectations. The availability of these guidance documents aligns with the 
rapid pace of CGT development, highlighting the growth of the field.

 Q There’s lots of excitement in the CGT space surrounding applications 
of cell therapies in autoimmune disease—can you elaborate on the 
promises seen here?

AF: There is significant excitement around the potential of cell therapies to treat dis-
eases beyond oncology. There is substantial potential for cell therapies to treat autoimmune 
diseases, and this is reflected in the number of investigational therapies being developed for 
neurological, skin, muscular, and other autoimmune diseases associated with autoreactive 
B cells in both adults and pediatric patients. 



INTERVIEW  

  1093 ISSN: 2059-7800; published by BioInsights Publishing Ltd, London, UK  

Numerous publications and presentations at conferences have summarized ongoing clinical 
studies demonstrating that B cells can be successfully depleted with anti-CD19 CAR-T cell 
therapies, leading to remission in refractory diseases like lupus (systemic lupus erythematosus), 
myositis, and other autoimmune diseases. The promise of these therapies is their potential to be 
curative and penetrate tissues that monoclonal antibodies cannot. Following B cell depletion, 
healthy B cells are produced, potentially resetting the immune system. A range of autoimmune 
diseases, both rare and with large patient populations, could potentially be treated using these 
therapies. One key to success will be mitigating the CMC challenges to deliver products to 
patients, given that the patient populations for autoimmune diseases could far surpass those 
seeking treatment with cell therapies for oncology. 

 Q On the CMC and analytics side, what are the current main limitations 
and challenges being faced in the development of commercial 
CAR-T cell therapies?

AF: On the CMC side, having a solid baseline end-to-end roadmap to support the prod-
uct development lifecycle is a key challenge. Product development is a process that spans 
numerous years and likely involves multiple changes. Being able to map out and align the 
CMC and clinical development plans with clear strategies for managing changes is essential for 
a smoother path from proof of concept to commercial readiness. The more lifecycle manage-
ment is incorporated early on, the simpler it can be during later stages of development. 

Moreover, it is incredibly important to define the quality target product profile (QTPP) as 
early as possible, using the QTPP to drive development efforts towards achieving a product 
quality profile that ensures patient safety and maximizes clinical benefits in accordance with 
the patient population. This requires early investment in developing a simple yet robust process 
that minimizes manual manipulations and open operations, alongside QC-friendly methods, 
and a clear plan for managing changes, as it is rare to employ a commercial-ready platform 
process during the early stages of development.

Change management is perhaps the Achilles’ heel of product development. Changes are 
inevitable, but thoughtful implementation and ensuring lineage across the development life-
cycle will reduce obstacles later on. Sometimes going slower early on helps accelerate progress 
later. 

Finally, manufacturing capacity and alignment between securing the necessary capacity for 
clinical or commercial demand remains a real challenge. With complicated manufacturing 

“The more lifecycle management is incorporated early on, the 
simpler it can be during later stages of development.”
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processes and laborious or highly variable analytical methods, technology transfer timelines 
are long, and defining success criteria for process and analytical transfers can be particularly 
challenging if process development and manufacturing experience is limited or if method per-
formance is not appropriately monitored and controlled.

The bottom line is to gain as much experience as possible in development labs using mate-
rials, consumables, and equipment similar to those in a GMP environment. Employing best 
practices with analytical methods is key, for example, implementing appropriate assay controls, 
monitoring method performance, and having a robust sample retain program to enable future 
comparability studies and tech transfers. 

Additionally, a robust manufacturing supply strategy is critical to success. With multiple 
examples where commercial launch or capacity expansion is occurring at contract manufac-
turers, partnering with organizations with late-stage and commercial experience, as well as 
companies offering fully automated and integrated solutions with flexible capacity, is key. 
An end-to-end roadmap, clear milestones, and readiness to implement at the right times are 
essential.

 Q What emerging analytical assays, platforms, and workflows are 
emerging to help drive the requisite improvements in the quality 
and consistency of cell therapy manufacturing?

AF: Similarly to the introduction of automation within manufacturing processes, includ-
ing end-to-end solutions, one of the biggest areas of growth for analytical methods is auto-
mation and rapid analysis methods. Instrument manufacturers are increasingly offering higher 
throughput or plate-based instruments to improve sample measurement workflows and now 
offer integrated solutions for automated sample preparation, particularly for flow cytometry 
and PCR-based methods. Robust robotic solutions have become more common and acces-
sible, and deploying automated solutions improves real-time testing, efficiency, and consis-
tency, allowing highly skilled operators and analysts to focus on sample management and data 
analysis rather than manual sample preparation. Instrument manufacturers are also building 
compliance with 21 CFR Part 11 requirements into their software to improve QC readiness, 
acknowledging user requirements for smoother implementation in cGMP environments, 
including equipment and electronic systems validation.

Another emerging area is methods capable of detecting multiple quality attributes. 
These approaches, including deep sequencing techniques, resemble how mass spectrometry 

“The bottom line is to gain as much experience as possible  
in development labs using materials, consumables,  

and equipment similar to those in a GMP environment.”
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techniques became more widely used for monitoring and measuring multiple attributes in a 
single measurement for biological products. This approach expands the analytical characteriza-
tion toolbox and may reduce the number of methods needed for release testing in the future. 

 Q Where are the most pressing requirements for future innovation in 
the cell therapy analytics toolkit? What would be at the top of your 
wishlist for innovation in this space? 

AF: Innovations in automation, multiple attribute monitoring, and end-to-end analytical 
solutions have the potential to improve efficiency and reduce labor and turnaround times. 
We are just at the beginning of an evolutionary period where these automated analytical plat-
forms are becoming more accessible, and more innovation is needed to bring these solutions 
to the forefront. 

Integration of these tools at earlier stages of the product development lifecycle is tremen-
dously important to support growing demand and reduce major bottlenecks associated with 
method changes later in the analytical lifecycle. Analytical bridging can be a huge challenge 
with long timelines of troubleshooting and further optimization needed, so developing auto-
mated and higher throughput options either from the beginning or in parallel with early ana-
lytical methods will enable deploying those solutions when the time is right. The analytical 
methods or tools used to monitor process performance, demonstrate safety, and ensure accept-
able product quality, including patient dose, must focus on consistency and reproducibility. 

 Q Turning now to the regulatory space, where are the roadblocks, 
and what future developments are needed for regulatory guidance 
to keep up with rapid advancements in cell therapies?

AF: Diversity and differentiation are occurring within the field in concert with, and even 
driving, some of the rapid growth. This is excellent from scientific and therapeutic perspectives, 
but it makes the regulatory landscape quite challenging because each investigational product 
has unique considerations. With guidance documents aligning more closely with commercial 
products, given recent approvals, there is still room for interpretation and creativity at earlier 
stages of development and product-specific considerations.

A simple example is the recent draft guidance for manufacturing changes and comparability 
for human CGT products, which seems more tailored to autologous cell therapies like those 
recently approved that are in pivotal to commercial stages of development. The guidance is 
therefore limited when considering examples such as allogeneic CAR-T cell therapies and the 
unique challenges related to managing changes and comparability, given the relatively small 
number of batches manufactured for allogeneic therapies compared to autologous therapies. 
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Regardless, it is encouraging and tremendously helpful to have these guidance documents 
to use as a starting point. They represent a level of convergence that can help streamline 
development and set expectations for product development. A persistent bottleneck, though 
improving, is the growth within health authorities to support the sheer volume of regulatory 
submissions. Growth at the regulatory agencies is needed to help sponsors get the support 
needed to keep moving ahead. However, the predictability of growth rates and the ability to 
scale in concert with the growth of the field may still be difficult to manage.

This highlights the need for sponsors to have a good end-to-end product development road-
map to plan regulatory strategies, prepare for regulatory interactions, and get the most value 
from those interactions by obtaining feedback on current and prospective activities. Managing 
the product lifecycle over the entirety of the program and planning for success by implement-
ing strategies at the right times is crucial.
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COMMENTARY

Illuminating pathways  
and balancing precision: 
maximizing economic value 
in breast cancer gene therapy 
through integrated CMC, 
analytics, and collaboration
Arya Bhushan and Preeti Misra

Gene therapy has emerged as a promising approach for treating breast cancer, particularly 
in cases where traditional therapies have proven inadequate. The success of gene therapy 
in this context depends heavily on rigorous Chemistry, Manufacturing, and Controls (CMC) 
protocols and advanced analytics. This article discusses the crucial role of CMC and analyt-
ics in developing gene therapies for breast cancer, emphasizing their contributions to ensur-
ing safety, efficacy, and scalability. By employing meticulous manufacturing processes and 
cutting-edge analytical techniques, researchers can address challenges, enhance therapeu-
tic outcomes, and move closer to a future where breast cancer can be effectively targeted 
at the genetic level. As gene therapy for breast cancer continues to advance, innovation and 
collaboration in CMC and analytics will be key to unlocking its full potential and improving 
patient care.

Cell & Gene Therapy Insights 2024; 10(8), 1081–1090

DOI: 10.18609/cgti.2024.123

ANALYTICS CHANNEL



CELL & GENE THERAPY INSIGHTS 

1082 Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.123

Breast cancer is a significant health concern 
globally, representing the most common 
invasive cancer in women [1]. The integration 
of cell and gene therapy (CGT) in its treat-
ment holds promise but faces several critical 
challenges [2]. CGT stands at the forefront 
of revolutionary medical treatments, offering 
hope for countless individuals battling pre-
viously incurable genetic diseases [3]. While 
the spotlight often shines on groundbreaking 
research and clinical trials, behind-the-scenes 
efforts in Chemistry, Manufacturing, and 
Controls (CMC) and analytics are equally 
pivotal. These disciplines form the backbone 
of gene therapy development, ensuring safety, 
efficacy, and scalability. As the fight against 
breast cancer intensifies [4,5], gene therapy 
emerges as a beacon of hope, offering tailored 
interventions to combat this complex disease. 
In this Commentary, we delve into the sig-
nificance of CMC and analytics in advancing 
gene therapy, exploring their contributions, 
challenges, and future prospects for breast 
cancer treatment.

CGT IN BREAST CANCER

Breast cancer is the most common invasive 
cancer in women worldwide, accounting for 
30% of female cancer cases and the incidence 
is increasing by about 3% annually [6–8]. It 
is a heterogeneous disease characterized by 
uncontrolled cell growth in breast tissue, 
classified into subtypes such as hormone 
receptor-positive (HR+), HER2-positive, 
and triple-negative breast cancer (TNBC) 
[9]. HR+ breast cancer expresses estrogen 
and/or progesterone receptors and often 
responds well to hormonal therapies, while 
HER2-positive breast cancer overexpresses 
the HER2 protein and can be targeted with 
HER2 inhibitors. TNBC lacks estrogen, pro-
gesterone, and HER2 receptors, making it 
more aggressive with fewer targeted treatment 
options, often necessitating chemotherapy. 
Several clinical trials are currently explor-
ing CGT approaches for breast cancer [10], 
including CAR-T cell therapies [11], oncolytic 

virotherapy [12], and gene therapies [13]. 
CAR-T cell therapies are being investigated 
for targeting HER2, with promising early 
results in tumor regression (NCT03696030) 
[14]. Several OVs have been studied for breast 
cancer treatment, including adenovirus, pro-
toparvovirus, vaccinia virus, reovirus, and 
herpes simplex virus type I (HSV-1) [15,16]. 
Currently, there is no OV registered for breast 
cancer treatment, however, there are a num-
ber of ongoing preclinical trials focusing on 
a variety of viruses, such as those using tali-
mogene laherparepvec (T-VEC), which aim 
to selectively infect and kill breast cancer 
cells (NCT02658812) [17]. Gene therapy 
trials are exploring CRISPR/Cas9 to correct 
genetic mutations driving breast cancer or 
to enhance the anti-tumor immune response 
(NCT04438083) [18].

Despite the potential of CGT in breast 
cancer, several challenges persist, including 
the tumor’s heterogeneity, immunogenic-
ity, safety, delivery efficiency, and cost. The 
genetic diversity of breast cancer complicates 
the development of universally effective CGT 
products, necessitating tailored therapies. 
Viral vectors [19] and CAR-T cells [20] can 
provoke immune responses, leading to side 
effects like cytokine release syndrome (CRS) 
or neurotoxicity. Efficiently delivering thera-
peutic genes to the tumor site is challenging 
due to barriers like the dense extracellular 
matrix and the immune-suppressive tumor 
microenvironment (TME). Additionally, 
CGT products are expensive to manufac-
ture and scale, limiting patient accessibil-
ity. Streamlined production processes and 
cost-effective strategies are essential for mak-
ing these therapies broadly available. 

CGT, once a realm of speculation and 
promise, is now gaining traction as a viable 
approach in the fight against breast cancer 
[10]. They are different from other biologics 
and small molecules because of their inher-
ent complexity and variability. This innova-
tive strategy harnesses the power of genetic 
engineering to directly target the underlying 
molecular mechanisms driving cancer growth 
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and metastasis. Unlike traditional treatments 
that often cause collateral damage to healthy 
tissues, gene therapy holds the promise of 
precision medicine, delivering tailored inter-
ventions with minimal side effects. One of 
the most promising avenues of gene therapy 
research in breast cancer revolves around tar-
geted gene delivery systems. By leveraging 
viral vectors or nanoparticle-based carriers, 
researchers aim to selectively deliver thera-
peutic genes to cancerous cells, effectively 
silencing oncogenes or enhancing tumor 
suppressor activity [19]. The selection of an 
appropriate vector for CGT products target-
ing breast cancer will determine the CMC 
strategy and significantly impact the eco-
nomic assessment. Viral vectors like AAV and 
lentivirus offer high transduction efficiency 
and stable gene expression, crucial for thera-
pies such as p53 gene delivery in breast can-
cer models [21]. However, they pose safety 
risks, including immunogenicity and inser-
tional mutagenesis, although advancements 
like helper-dependent adenoviral vectors and 
self-inactivating lentiviral vectors mitigate 
these issues [22,23]. Non-viral vectors, includ-
ing lipid nanoparticles (LNPs) and polymeric 
nanoparticles, offer safer alternatives with 
lower immunogenicity and better scalability. 
LNPs, for instance, have successfully delivered 
siRNA targeting HER2 in breast cancer [24]. 
Despite lower transduction efficiency, they 
can be engineered for enhanced targeting and 
penetration of the TME. The choice between 
viral and non-viral vectors should also con-
sider the target cell type within the hetero-
geneous breast cancer population, the TME, 
and the intended therapeutic outcome. This 
choice profoundly influences the CMC strat-
egy and economic viability, making it a crit-
ical decision in CGT product development 
for breast cancer. This targeted approach not 
only maximizes the therapeutic effect but also 
minimizes off-target effects, thereby improv-
ing the safety profile of treatment. However, 
this seemingly straightforward concept entails 
a complex journey from laboratory bench to 
patient bedside. To enhance the discussion on 

the development of CGT products for breast 
cancer, it is important to incorporate insights 
from various stages of the CMC process and 
their integration with analytics. These stages 
include upstream and downstream process 
development, analytical method validation, 
regulatory compliance, and economic assess-
ments [25–28]. Additionally, integrating 
CMC technologies with analytics will provide 
a more detailed and cohesive discussion on the 
development pathway and practical implica-
tions of CGT products [29,30]. Expanding 
the review to include detailed descriptions 
of specific challenges in CGT production for 
breast cancer treatment can provide a more 
comprehensive understanding of the current 
landscape and future directions.

THE CRUCIAL ROLE OF CMC: 
CHALLENGES AND SOLUTIONS  
IN THE PRODUCTION OF CGT

While the promising potential of CGT is evi-
dent from clinical trials, companies encoun-
ter operational hurdles post-FDA approval, 
hindering efficient scaling and optimization 
of manufacturing processes [31]. Identifying 
these common roadblocks to commercializing 
CGTs is crucial. With over 1000 CGT assets 
in clinical trials, emerging companies must 
proactively evaluate risks and tackle oper-
ational and commercial challenges. Table 1 
outlines the key challenges faced by emerging 
companies in the CGT industry, along with 
corresponding solutions to address these chal-
lenges effectively.

In the context of breast cancer gene ther-
apy, precision manufacturing techniques 
not only enhance therapeutic efficacy but 
also drive economic value. CMC protocols 
encompass the meticulous orchestration in 
optimizing vector production, purification, 
and formulation processes ensuring consistent 
product quality and regulatory compliance. 
By implementing stringent manufacturing 
standards and robust QC measures, research-
ers can mitigate variability and ensure consis-
tency in therapeutic outcomes. The potential 
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economic impact of integrating critical stages 
of CMC and analytics in CGT products 
for breast cancer should be expanded upon. 
Efficient CMC strategies and robust analyt-
ics can significantly reduce production costs 
and accelerate time-to-market, as seen with 
CAR-T cell therapies for leukemia and lym-
phoma [32]. For example today the production 
costs for CAR-T therapies, such as Kymriah 
(tisagenlecleucel), can range from $200,000 
to $500,000 per patient due to complex 
manufacturing processes and QC measures 
[33] which can demonstrate reduced costs 
through optimized manufacturing processes. 
These economic assessments provide a base-
line for future breast cancer CGT products, 
emphasizing the need for scalable, cost-effec-
tive production methods and rigorous ana-
lytical standards to ensure product quality 
and efficacy, ultimately improving accessibil-
ity and affordability for patients. Moreover, 
CMC strategies facilitate scalability, enabling 
the translation of promising preclinical find-
ings into clinically viable treatments for 
breast cancer patients. By optimizing man-
ufacturing processes, minimizing waste, and 
maximizing resource utilization, CMC strat-
egies contribute to cost-effective production 

of gene therapy products. Moreover, efficient 
CMC protocols accelerate the translation of 
promising preclinical findings into clinically 
viable treatments, reducing time-to-market 
and overall development costs.

Along with manufacturing techniques, 
analytical tools also play a crucial role in 
evaluating the efficacy, purity, and stability 
of gene therapy products for breast cancer. 
However, the CGT field itself faces various 
challenges in characterizing, monitoring, and 
ensuring product quality [34]. Some com-
mon analytical challenges are summarized in 
Table 2. Addressing these analytical challenges 
requires interdisciplinary collaboration, inno-
vative assay development, and continuous 
adaptation to evolving regulatory require-
ments and technological advancements in the 
field of CGT.

Advanced analytical techniques such as 
high-throughput sequencing, multi-paramet-
ric flow cytometry, mass spectrometry-based 
proteomics, real-time monitoring with pro-
cess analytical technologies, and spectroscopic 
techniques enable precise characterization of 
vectors and cells, comprehensive assessment 
of impurities,real-time monitoring of criti-
cal process parameters, and non-destructive 

  f TABLE 1
Manufacturing challenges and solutions in the CGT industry.

Challenges Solutions
Effective demand planning Develop new capabilities for effective demand planning and manufacturing to 

accommodate patient-specific variability and time-dependent process steps
Management and storage of raw 
materials and consumables

Predictable availability of raw materials and consumables through key knowledge 
acquisition during the development phase

Incoming raw materials testing 
time constraints

Investment in improving efficiencies and capacity in QC processes during ramp-up

Process execution for treatment 
delivery

Establish cross-functionally aligned product supply and delivery processes that are both 
predictable and agile

Material sourcing and quality 
management

Invest in quality during procurement and sourcing of raw materials, and establish 
partnerships with CMOs

High demand/limited selection 
of CMOs in the CGT industry

Develop early manufacturing and sourcing strategies to ensure adequate capacity and 
resources based on long-term business plans

Quantity and quality of raw 
materials

Implement scalable QC and management systems for critical process components, such 
as viral vectors

High cost of goods sold (COGS) Drive manufacturing innovation to reduce COGS, considering labor and direct materials 
costs. Develop growth and process improvement strategies before therapy approval to 
avoid complexities in post-submission changes

COGS: Cost of goods sold; CMOs: Contract manufacturing organizations; QC: Quality control.
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evaluation of stability. These techniques 
pave the way for improved product quality, 
safety, and efficacy in CGT. By harnessing 
the power of analytical techniques, research-
ers can unravel the molecular mechanisms 
underlying breast cancer progression and 
treatment response, empowering clinicians to 
tailor treatment regimens based on individ-
ual patient profiles and maximize therapeutic 
efficacy while minimizing adverse effects.

The FDA plays a crucial role in guiding 
the development of CGT products through 
comprehensive guidelines for CMC. These 
guidelines are designed to ensure the safety, 
quality, and efficacy of CGT products by 
outlining requirements for manufacturing 
processes, characterizing starting materials, 
controlling critical quality attributes, and val-
idating analytical methods [35]. Emphasizing 
the importance of robust manufacturing pro-
cesses compliant with Good Manufacturing 
Practices (cGMP), the FDA guidelines also 
stress thorough product characterization, 
including assessments of identity, purity, 
potency, and stability. They cover expec-
tations for both early and late-stage prod-
uct development, facilitating accelerated 

pathways through FDA approval. To address 
challenges such as the variability in CMC 
frameworks, enhanced communication and 
knowledge-sharing among stakeholders is 
vital. It is essential to note that these guide-
lines not only assist sponsors of gene therapy 
Investigational New Drug applications but 
also provide valuable insights for developers 
seeking approval through other regulatory 
pathways. By adhering to these guidelines, 
CGT developers can effectively navigate reg-
ulatory pathways, mitigate risks, and advance 
promising therapies from research to clinical 
practice, ultimately benefiting patients and 
advancing the field of regenerative medicine.

NAVIGATING ECONOMIC 
REALITIES THROUGH 
ANALYTICS AND OPTIMIZING 
COLLABORATION FOR 
ECONOMIC SUSTAINABILITY

After addressing the challenges and solutions 
to enhance CMC for CGT in breast can-
cer treatment, attention now turns to their 
economic feasibility. This encompasses con-
siderations of accessibility and affordability, 

  f TABLE 2
Analytical challenges in CGT.

Analytical challenges Description
Vector characterization Characterizing viral vectors for gene editing tools used in CGT, including assessing 

their purity, potency, stability, and integrity
Cell characterization Evaluating the identity, potency, phenotype, viability, differentiation status, and 

immunogenicity of therapeutic cells used in CGT
QC testing Conducting rigorous QC testing to ensure compliance with regulatory standards 

and product specifications, assessing identity, purity, sterility, and potency of CGT 
products

Stability testing Assessing the stability of CGT products over time to determine shelf-life and 
storage conditions, detecting product degradation, impurities, and changes in 
potency

Biomarker identification Identifying reliable biomarkers for predicting treatment responses and monitoring 
patient outcomes in CGT, including developing sensitive and specific assays for 
their detection

Process monitoring and optimization Monitoring manufacturing processes, optimizing process parameters, and 
controlling critical process parameters to ensure consistent product quality and 
scalability in CGT

Data analysis and interpretation Analyzing complex datasets generated from analytical testing in CGT, including 
data integration, interpretation, and visualization to derive meaningful insights and 
support decision-making

CGT: Cell and gene therapy; QC: Quality control.
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particularly for patients in developing coun-
tries [36]. Navigating economic realities 
through analytics in the CGT field involves 
leveraging data-driven insights to optimize 
resource allocation, mitigate financial risks, 
and maximize return on investment (ROI). 
Table 3 summarizes some insights on how 
analytics can be applied in the CGT industry.

Analytics are crucial for evaluating the 
economic viability and value proposition of 
breast cancer gene therapy, as they provide 
valuable insights and data-driven evidence 
on the effectiveness and cost–effectiveness of 
the treatment. Through cost–benefit analy-
ses, health economic modeling, and market 
forecasting, analytics provide insights into 
the long-term economic impact of gene ther-
apy adoption. By evaluating factors such as 
treatment efficacy, patient outcomes, and 
healthcare utilization, analytics help stake-
holders make informed decisions regarding 
investment, reimbursement, and market 
access. Furthermore, real-time monitoring of 
treatment response and predictive analytics 
enable proactive management of healthcare 

resources, optimizing the allocation of funds 
and maximizing economic value.

Addressing economic challenges and 
charting a path forward in the context of 
breast cancer gene therapy requires a multi-
faceted approach that considers various fac-
tors influencing both the development and 
accessibility of these innovative treatments. 
Firstly, research and development (R&D) 
efforts must focus on optimizing gene ther-
apy approaches specifically tailored to breast 
cancer subtypes, ensuring efficacy while min-
imizing potential side effects. Collaborative 
initiatives between academia, industry, and 
government entities are crucial for advanc-
ing preclinical and clinical research, as well 
as facilitating technology transfer and knowl-
edge exchange. Moreover, cross-sector collab-
orations enable shared resources, expertise, 
and infrastructure, reducing development 
costs and accelerating the commercialization 
of CGT products. A study by Elorza (2021) 
underscores the economic advantages of col-
laborative research networks in CGT, demon-
strating increased efficiency, productivity, 

  f TABLE 3
Economic analysis of gene therapy for breast cancer.

Analytics Example
Cost–benefit 
analysis

A pharmaceutical company conducts a cost–benefit analysis to assess the economic viability of developing a 
gene therapy for metastatic breast cancer. The analysis considers factors such as research and development 
costs, manufacturing expenses, clinical trial expenses, regulatory fees, and potential revenue from product 
sales

Market 
forecasting

Market research firms use data analytics to forecast the global demand for breast cancer therapies, 
including gene therapies. They consider factors such as breast cancer incidence rates, patient demographics, 
treatment trends, healthcare infrastructure, and regulatory landscape

Pricing 
optimization

A biotechnology company uses predictive analytics to optimize the pricing strategy for its gene therapy for 
HER2-positive breast cancer. By analyzing production costs, competitor pricing, reimbursement rates, and 
patient affordability, the company sets a pricing structure that maximizes revenue while ensuring access for 
patients

Supply chain 
management

Breast cancer therapy manufacturers implement advanced analytics tools to optimize their supply chain 
operations, including sourcing raw materials, managing production schedules, monitoring inventory levels, 
and optimizing distribution logistics to ensure timely delivery of therapies to patients

Risk 
management

A biopharmaceutical company uses predictive modeling and scenario analysis to assess the financial, 
regulatory, and clinical risks associated with developing a novel gene therapy for breast cancer. By 
identifying potential risks and developing mitigation strategies, the company minimizes the likelihood of 
project failure and protects its investment

Value-based 
healthcare

Healthcare payers and providers use analytics to evaluate the value proposition of gene therapies for 
breast cancer based on patient outcomes, cost–effectiveness, and overall impact on the healthcare system. 
By aligning reimbursement models with value-based principles, stakeholders ensure that therapies are 
reimbursed based on their demonstrated value to patients and society
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and cost–effectiveness compared to isolated 
efforts.

Furthermore, initiatives such as the National 
Institute for Innovation in Manufacturing 
Biopharmaceuticals (NIIMBL) foster col-
laboration across academia, industry, and 
government to drive innovation, standardiza-
tion, and workforce development in biophar-
maceutical manufacturing, including CGT. 
Additionally, allocating resources towards 
enhancing infrastructure and expanding 
manufacturing capabilities for gene therapy 
production can effectively mitigate manufac-
turing costs and facilitate the scaling up of 
production to meet the growing demand.

To overcome economic barriers to access, 
innovative financing models and reimburse-
ment strategies need to be explored. These 
may include value-based pricing arrange-
ments that align reimbursement with treat-
ment outcomes, as well as novel payment 
models that spread costs over time to alleviate 
financial burdens on patients and healthcare 
systems. Additionally, regulatory agencies 
play a pivotal role in fostering an enabling 
environment for breast cancer gene therapy 
by streamlining approval processes and pro-
viding clear guidance on clinical trial design 
and endpoints. Furthermore, patient advo-
cacy groups and community organizations 
play a crucial role in raising awareness about 
breast cancer gene therapy, advocating for 
improved access to these treatments, and 
providing support to patients navigating the 
complexities of treatment decision-making.

Finally, continued investment in research 
and education aimed at understanding the 
long-term benefits and potential risks of 
gene therapy for breast cancer is essential for 
building confidence among patients, clini-
cians, and payers, ultimately paving the way 
for widespread adoption and integration of 
these transformative therapies into standard 
clinical practice.

CONCLUSION

In the quest to maximize value in breast 
cancer gene therapy, the integration of 
CMC, analytics, and economic consider-
ations is paramount. By leveraging preci-
sion manufacturing techniques, advanced 
analytical tools, leveraging analytics to 
assess economic viability, and fostering col-
laboration among stakeholders, researchers 
can navigate the complexities of breast can-
cer biology and treatment response, paving 
the way for personalized and effective ther-
apeutic interventions and ensure that gene 
therapy innovations translate into tangible 
economic benefits for patients, healthcare sys-
tems, and society as a whole. As we embark on 
this transformative path to navigate the com-
plexities of economic realities, let us remain 
steadfast in our commitment to harnessing 
the power of science and innovation to com-
bat breast cancer gene therapy in a manner 
that is both clinically effective and econom-
ically sustainable and improves the lives of 
patients worldwide.
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Demystifying AAV affinity capture: mapping AAV-affinity ligand  
footprints with cryo-electron microscopy  

Nathaniel Clark, Scientist, Downstream Development, Repligen

AVIPure affinity resins provide efficient, cost-effective purification solutions for AAV vectors. These resins feature high-affinity ligands stable in 
 hydroxide, making them robust through 20+ clean-in-place (CIP) cycles. This FastFacts poster explains how cryo-electron microscopy (EM) structures  

of AVIPure ligands in complex with AAV capsids reveals the binding regions, and aids in selecting capsids that pair with AVIPure resins.

AVIPURE SCAFFOLDS AND AAV AFFINITY RESIN
AVIPure technology is based on a diverse library of amino-acid-based scaf-
folds that deliver high-affinity ligands for biological epitopes. This technol-
ogy rapidly identifies ligands without animal immunizations, and the ligands 
are inherently manufacturable, highly selective, and efficient at eliminating 
host cell proteins and DNA. 

AVIPure affinity resins lower COG as they remain stable in NaOH for 
20+ CIP cycles, making them highly reusable. Figure 1 shows AVIPure AAV2 
resin performance, consistently providing 4-log clearance of host cell pro-
teins and 2.7-log clearance of DNA after 30 simulated CIP cycles (15 hours 
of 0.5M NaOH exposure), with no loss in capacity, peak broadening, or 
increase in back pressure. 

CRYO-EM STRUCTURES OF THE AVIPURE LIGAND: 
CAPSID COMPLEXES
Cryo-EM mapping identified which AAV capsid residues bind to AVIPure 
ligands. Figure 2 displays cryo-EM structures of AAV2, AAV8, and AAV9 
ligands bound to their respective capsids, with each ligand binding to dis-
tinct regions around the 3-fold symmetry axes. 

The AAV2 ligand binds between the external lobes of the threefold axis 
and interacts with approximately 23 capsid residues, covering 1,060 Å2 of 
surface area. The AAV8 ligand also targets the threefold region but on its 
exterior, contacting 18 residues, and with a surface area of 778 Å2. Finally, 
the AAV9 ligand, a 1.5 kDa peptide with a 615 Å2 contact area, binds spe-
cifically to the galactose binding pocket of the AAV9 capsid and interacts 
with 10 residues. The AAV9 ligand makes very efficient use of its small size, 
delivering exquisite selectivity and purity of the vector product.

CAPSID RESIDUES AND SUCCESSFUL AVIPURE CAPTURE
The cryo-EM structures reveal specific residues recognized by AVIPure 
ligands. Engineered capsids that retain the boxed residues in Figure 3 can 
be captured efficiently with AVIPure resins. This information can be valu-
able in the early capsid engineering and selection stages. If capsids that 
maintain the AVIPure epitopes progress to downstream development, an 
economical capture solution will already be in place. 

SUMMARY
AVIPure technology delivers high-capacity, highly stable affinity resins 
capable of multiple CIP cycles in NaOH, offering superior process econom-
ics and environmental benefits. By leveraging cryo-EM analysis to map 
ligand-capsid interactions, this work enables a rational approach to pair-
ing engineered capsids with appropriate AVIPure AAV affinity resins. This 
approach simplifies downstream process development, ensuring efficient 
purification and reducing production costs.
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Figure 1. AVIPure AAV2 performance data of host cell proteins and host cell DNA

Figure 2. Cryo-EM structures of AVIPure AAV2, AAV8, and AAV9 bound to their 
respective capsids.

Figure 3. Sequence alignment of AVIPure resins where residues in each are noted 
in boxes.
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Automated cryopreservation process development for  
leukapheresis to support supply chains 

Alexandre Michaux, Manager, Process Development, and MSAT, Cryoport Systems

The supply chain of fresh leukapheresis starting materials faces challenges that can impact manufacturing quality and costs, primarily due to two reasons. First, the quality of starting  
material degrades over time, which can lead to low-quality drug products. Second, transporting fresh leukapheresis materials over long distances complicates manufacturing slot management  

and affects the quality of the final drug product. This FastFacts poster outlines the development of a robust cryo-process to support leukapheresis starting materials for cell therapy supply chains.  
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SOLUTIONS-DRIVEN INTEGRATED 
LEUKAPHERESIS SUPPLY CHAIN 
PLATFORM
Cryoport Systems supports the cell field with 
its IntegriCell™ platform, an integrated leuka-
pheresis supply chain platform designed to 
ensure consistent, compliant, and high-qual-
ity starting materials for cell-based thera-
pies. The platform optimizes manufacturing 

capacity planning, reducing risk and cost in 
drug production. 

To further enhance cell therapy outcomes, 
Cryoport is establishing cryopreservation 
centers across the US and EU. This network 
ensures proximity to patients and standard-
izes leukapheresis cryopreservation within an 
integrated storage and distribution system, 

strengthening the global supply chain ensur-
ing robust and reliable support for cell ther-
apy manufacturing, as seen in Figure 1.

CLOSED CRYO-PROCESS FOR FRESH 
LEUKAPHERESIS 
A DoE was conducted using the Cue® Cell 
Processing System from Fresenius Kabi to 
develop an automated closed process for 
leukapheresis, including buffer preparation, 
Cue system processing, post-processing, and 
freezing as illustrated in Figure 2. Cue system 
processing involved leukapheresis cell resus-
pension, membrane filtration washing, buf-
fer exchange, and cryo-formulation. A QbD 
cryo-process was developed to automate and 
close the process, enhancing reproducibility. 

Key process parameters, such as buffer 
content, cell concentration, critical process 
parameters (CPPs), and spinner wash flow 
rate were optimized. After CPP optimization, 
the automated cryo-process was then com-
pared to a manual cryo-process. Cell recovery 
and viability of manual and automated cryo-
preserved products were measured using an 
automated cell counter. Both processes pro-
vide high viable nucleated cell (VNC) recov-
ery and viability (90.2 ± 8.7% and 91.8 ± 6.6% 
recovery and 98.3 ± 0.7% and 97.7 ± 0.5% 
viability for manual and automated cryo-pro-
cess respectively. Interestingly, manual 

cryo-process showed higher recovery varia-
tions with outliers potentially associated with 
operator variability while automated ensured 
the robust performance within the defined 
CQA, as illustrated in Figure 3. Additionally, 
the hematocrit/white blood cell ratio in the 
starting leukopaks shows no potential impact 
on the cell recovery, or viability during and 
after the automated cryo-processing.

SUMMARY
The DoE study demonstrated that the leu-
kapheresis cryopreservation process using 
the IntegriCell™ platform enables auto-
mated, closed leukapheresis processing 
moving beyond a typical “one-size-fits-all” 
cryopreservation approach. The platform 
standardized the process, ensuring consis-
tent cell viability and recovery while main-
taining immune cell populations across 
multiple donor-derived leukaphereses. 

Cryopreservation, when per  formed appro-
priately, can provide a high-quality starting 
material for cell therapy manufacturing. The 
key goal of the IntegriCell™ platform is to 
enable increased and improved standard-
ization for high-quality leukapheresis supply 
to support clinical and commercial partners 
globally.
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Figure 1. Leukapheresis supply chain platform collection support. (1) Leukapheresis pick up at 
collection site; (2) temperature-controlled transportation; (3) standardized cryopreservation  
<24h with appropriate quality control; (4) storage and controlled worldwide transportation. 

Figure 2. IntegriCell automated cryo-process for fresh leukapheresis.

Figure 3. Post-thaw recovery and post-thaw 
viability of GMP-compatible leukapheresis of 
both manual and automated cryo-processes.
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