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Limiting variability to  
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in cell manufacturing
Anne Lamontagne & Andrew Fesnak

Cellular raw material is a primary source of variability in autologous cell therapy manufac-
turing and the inherent differences in donor apheresis products can impact the success of 
generating a reproducible final product. Standardization of apheresis collection methods 
coupled with a responsive manufacturing process will help to ensure reproducibility of the 
final product with variable input but presents a challenge in process standardization. A more 
thorough understanding of appropriate measures to evaluate and demonstrate product and 
process control will help to guide future improvements in product quality and manufacturing 
efficiency. 
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Over the past four decades, traditional bio-
pharmaceutical manufacturers have made in-
credible advances in manufacturing platforms 
and facility design. The integration of six sig-
ma manufacturing principles and a quality 
by design (QbD) approach has enabled the 
development of highly defined and optimized 
processes. The advancements in place have 
come from the standardization of starting 

material (e.g. cell lines, cell-free systems), in-
novative engineering technology and an in-
flux of vendors providing ancillary materials 
solutions. However, even 15 years ago, the 
industry struggled in much the same way we 
struggle with cell and gene therapy manufac-
turing now. Since 2003, BioPlan Associates, 
Inc. has conducted an annual global survey of 
biopharmaceutical professionals. The survey 
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report captures responses from more than 
200 representatives in the biopharmaceutical 
manufacturing industry and over 130 suppli-
ers regarding the current state of manufactur-
ing challenges, production capacity, current 
trends in technology and resource planning. 
In 2018, a report was issued summarizing 
the key shifts in responses compared to the 
first report 15 years earlier. Not surprisingly, 
respondents indicated that developments in 
upstream processing, greater standardization 
and expanded access to trained staff have 
driven capacity improvements over the past 
decade [1].

We now find ourselves in an analogous 
position for autologous cell and gene therapy 
(CGT) manufacturing. If we hope to achieve 
reproducible results, meaning final products 
that consistently meet quality standards and 
specifications, then improvements are need-
ed to effectively reduce product and process 
variability. Unfortunately, autologous cell 
manufacturing is plagued by variability at 
many stages in the process. A primary source 
of variability is introduced by donor to do-
nor differences in autologous starting mate-
rial and so a standardized process does not 
ensure a reproducible product. It follows that 
purity of the starting material, fresh or fro-
zen, or at the early stages of manufacturing is 
critical to achieving reproducible final prod-
ucts. Two key strategies to achieve this goal 
are optimizing apheresis collection meth-
ods and optimizing target cell enrichment. 
Process optimization of both apheresis and 
enrichment may differ depending on input 
parameters. Therefore, there may be no sin-
gle “right answer” when it comes to process 
optimization that minimizes variability in all 
cases. For example, increasing apheresis col-
lection volumes may improve yields in some 
cases, but worsen contaminating non-tar-
get cell frequencies in others. In early phase 
clinical trials, process flexibility allows for 
selection from multiple possible pathways 
based on input parameters. Such variable 
processing, albeit to achieve reproducible 
final products, complicates operations and 
analysis. Furthermore, as processes scale out 

and approach commercialization, valida-
tion of an adaptive manufacturing process 
is impracticable. Therefore, while generation 
of reproducible final products may be the 
overarching challenge facing manufacturers, 
process standardization as a solution presents 
operational challenges. A demonstrable un-
derstanding of reproducibility in final prod-
ucts is required to evaluate process and prod-
uct comparability and clearly defined critical 
quality attributes will drive process standard-
ization in the future.  

CELL PROCUREMENT AS A 
SOURCE OF VARIABILITY
Unlike traditional biopharmaceuticals the 
cellular raw material (CRM) in autologous 
CGT manufacturing is a donor-derived 
apheresis product. Apheresis collection is a 
closed-system, continuous or semi-continu-
ous flow process in which whole blood exits 
the donor through a sterile single-use tubing 
set, is separated into components based on 
centrifugal force, target components are re-
moved and the remainder of the blood is re-
turned to the donor. The entire extracorporeal 
circuit is short, but the donor’s blood volume 
may pass through the instrument many times 
in a single collection. The process is the most 
efficient method for obtaining a large num-
ber of mononuclear cells, however there are 
considerable limitations to apheresis collec-
tion in the areas of yield and purity. Apheresis 
standardization may be challenging given pa-
tient-to-patient variation, but early attempts 
have been made with some success [2].

The apheresis product obtained from a 
mononuclear cell collection is a reflection of 
the circulating frequencies and absolute con-
centrations of cell types in the donor. This 
snapshot of cellular components can change 
drastically based on a variety of donor-re-
lated factors. The most striking differences 
are seen when comparing healthy donors to 
diseased donors. A number of different im-
mune cell types including but not limited to 
lymphocytes and monocytes can be sharply 
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decreased in the peripheral blood of patients 
with hematologic malignancies compared to 
healthy donors. Further, some hematologic 
malignancies are marked by high numbers of 
circulating tumor cells. If these tumor cells 
are of a specific gravity close to that of lym-
phocytes, a mononuclear cell collection will 
also collect these tumor cells. The relative 
proportion of target immune cells can also be 
skewed, particularly in diseased donors. For 
example, monocytes may be overrepresented 
in the peripheral blood and in the associated 
apheresis products [3]. Like some tumor cells, 
monocytes are of a similar specific gravity to 
lymphocytes, meaning that an apheresis prod-
uct from these donors will likely carry excess 
monocytes, potentially impairing T cell cul-
ture. With the advent of automated detection 
of the white-red cell interface and the abili-
ty to adjust collection preference within the 
mononuclear cell layer, these contaminants 
can be reduced, but not eliminated entirely 
[4]. In mobilized donor apheresis collection, 
donor response to mobilization agents can 
impact the yield of very low frequency cell 
types such as hematopoietic stem cells. More-
over, the mobilization regimen selected may 
impact the purity of the collected apheresis 
product as many commonly used agents also 
induce mobilization of neutrophils and other 
contaminating cell types.  Standardization of 
apheresis collection methods will limit the di-
versity of starting material but not eliminate 
the challenge of donor variability. In order to 
achieve reproducible final products, manu-
facturing platforms need to be responsive to 
diverse input. 

CELL MANUFACTURING 
PLATFORM AS A SOURCE  
OF VARIABILITY
A highly adaptive manufacturing process can 
ensure final product reproducibility with a 
variable CRM. Process flexibility, as a nimble 
reaction to the apheresis product, has aided 
the success of academic and early-phase clin-
ical trials. However, in pursuit of commercial 

manufacturing success the choose-your-own-
adventure style of process flexibility is no lon-
ger feasible. A series of sequential enrichment 
steps are utilized for CGT products to reduce 
cellular impurities and enrich target cells 
(Figure 1). Apheresis collection represents the 
broadest application of enrichment, wherein 
the cellular constituents of a donor’s whole 
blood are separated, and peripheral blood 
mononuclear cell fractions are retained. Once 
the apheresis product is received at the man-
ufacturing facility, initial enrichment steps 
may include specific and/or non-specific 
techniques to further deplete contaminating 
cell types, often followed by the addition of 
stimulation factors to promote expansion 
or responsiveness of target cells for genetic 
modification.

A manufacturing scheme, such as the one 
described above, that includes sequential ap-
plication of mass-customizable steps with in-
creasing stringency has the potential to enable 
final product reproducibility. While this will 
by definition not lead to a reproducible pro-
cess, it aims to generate final products that 
reproducibly meet release specifications. Such 
an approach puts a special emphasis on these 
final product specifications. For example, if 
two separate apheresis products are processed 
via different enrichments, but both generate 
a final product with highly pure CAR T-cells, 
are these products comparable? Evaluating 
the ability of alternative processes to achieve 
comparable and reproducible final products 
is critical. An understanding of process and 
product impurities will drive continuous pro-
cess improvement and demonstrate process 
comparability.     

Operational concepts in manufacturing 
have been adapted to cell therapy biomanu-
facturing. In more traditional manufacturing 
settings, mass-customization is a method by 
which modular elements are standardized but 
combined in a way to generate a user-cus-
tomized final product. Manufacturers may 
produce different sets of components and 
combine in a customized fashion to meet 
customer demands. This approach com-
bines efficiencies of mass production with 
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the flexibility to generate reproducible final 
products through standardized processes. Yet 
a reactionary approach has negative conse-
quences for cost containment and scalability. 
Rather, a QbD approach that is responsive to 
the current challenges will ensure long term 
success of cell and gene therapeutics.

TACTICS TO LIMIT VARIABILITY & 
IMPROVE REPRODUCIBILITY
Variability and uncertainty necessitate process 
flexibility to achieve the most reproducible 
final products. However, process flexibility 
comes at a cost in terms of efficiency, and so 
it is critical to make judicious use of flexibili-
ty when designing a manufacturing platform. 
In this setting, flexibility refers to the ease of 
implementing process changes and adopting 
technological advancements. Both planned 
and unplanned events can drive the need for 
change. Planned events, such as a request to 
manufacture a novel product, is defined by 
the conscious actions taken by the manufac-
turer. Unplanned events, on the other hand, 
occur independent of the manufacturer, yet 

lead to downstream change as well. The with-
drawal of a critical reagent vendor from the 
market is an example of an unplanned event 
that requires process flexibility. The ultimate 
goal of process flexibility is to maximize the 
likelihood of generating a high quality, repro-
ducible final drug product despite the vari-
ability of inputs.

A robust enrichment strategy will pave the 
way for manufacturing success. A fully au-
tomated end-to-end manufacturing solution 
will ensure process reproducibility and allow 
for a streamlined approach to demonstrate 
process control. However, with inherent vari-
ability in the starting material there is no one-
size-fits-all proposal to ensure reproducibility 
of the final product. In this case, well-defined 
in-process controls and appropriate CQAs are 
required to refine final product specifications. 
The concept of a modular manufacturing 
platform is an equally attractive option for 
achieving process reproducibility but presents 
a burden on the industry for maintaining a 
pool of highly trained technologists and may 
further encumber the limited production ca-
pacity of CMOs. Specialized training on an 
assortment of sophisticated equipment and 

 f FIGURE 1
Sequential reduction in variability to efficiently generate a reproducable product. 
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complex units of operation is already a bottle-
neck in the CGT industry. Continuous im-
provement of regulatory guidelines on how 
to appropriately gauge control of a variable 
process presents an additional opportunity 
for progress in this area. When servicing a 
patient base with high unmet medical needs 
and clinical urgency, requirements for valida-
tion and process performance qualification 
limit the number of process iterations that 
can be effectively evaluated. Thus, a reverse 
engineering approach may be appropriate 
when there is sufficient clinical data to garner 
a more complete understanding of potency 
and efficacy.

In addition, analysis of the optimal cell 
dose will guide future process developments. 
Relatively little is understood about appro-
priate dosing schemes in different patient 
populations and with different cell types. In 
the quality vs. quantity debate, purity may in 
fact be a primary determinant in engineering 
optimal manufacturing solutions if cell yields 
are secondary.  For example, innovative tech-
niques for target cell enrichment may result 
in fewer overall cells, but a better performing 
target population. A recent paper by Radtke 
et al. highlights a dual enrichment strategy for 
hematopoietic stem cells using magnetic cell 
enrichment and sort purification [5]. Their 
method enriches cell populations associated 
with improved engraftment and significantly 
reduces the need for media and vector con-
sumption. Indeed, the case for quality over 
quantity was definitively demonstrated in a 
highly influential paper by Fraietta et al. in 
which an adult CLL patient achieved long 
lasting remission through in vivo expansion 
of a single CAR T-cell clone [6]. In addition, 
researchers at the Children’s Hospital of Phil-
adelphia [7] showed that the chemotherapeu-
tic treatment regimen in pediatric oncology 
patients can influence the cellular composi-
tion of apheresis products and may impede 
successful manufacture of CAR T-cells. Thus, 
as demonstration of the safety and efficacy of 
CGT products continues, a paradigm shift in 
the field to employ these options as first-line 
therapies may be warranted. Alternatively, 

apheresis collection and cryopreservation ear-
ly in the disease course may broaden treatment 
options to include CGT products if frontline 
therapies are unsuccessful. Apheresis collec-
tion prior to chemotherapeutic regimens may 
greatly improve manufacturing outcome and 
aid in standardization of the process. 

This challenge also highlights some of the 
major advantages of allogeneic sourced cell 
therapies. It certainly is the case that healthy 
donors have higher circulating frequencies of 
non-malignant immune cells and no circulat-
ing tumor cells. It is also believed that healthy 
allogeneic donors would exhibit less variabili-
ty, leading to more consistent apheresis prod-
ucts and ultimately more reproducible manu-
facturing results. Nonetheless, even in healthy 
donors, apheresis collection alone may not 
generate a product with adequate target cell 
type yields and purities. It may even be wise 
to consider whether both the apheresis proce-
dure and the downstream enrichment can be 
jointly adapted to meet specific patient and 
manufacturing needs. 

REPRODUCIBLE CELL 
MANUFACTURING OF THE 
FUTURE
Given the complexities associated with vein-
to-vein cell manufacturing, it is likely that 
the control of variability will only be more 
challenging going forward. As noted above, 
much of the upfront variability observed is 
derived from variability in the donor popu-
lation. It is already known that diverse apher-
esis products are obtained from seemingly 
similar patient populations. What has not 
been well described are accurate and precise 
predictors of such variability. Many are char-
acterizing parameters in their own patient 
population, but it follows that donor-derived 
differences that alter peripheral blood counts 
will alter apheresis product content. Factors 
such as the donor’s underlying clinical indi-
cation, disease status, prior treatment and re-
cent infection all have the potential to alter 
apheresis product content in uncontrolled 
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and unexpected ways. As the demand for cell 
therapies expands to include more patients 
and patients with different indications, the 
variability of incoming apheresis products 
will only increase.

It was highlighted that apheresis and en-
richment are sources of variability because 
they occur early in the process and have sig-
nificant downstream implications. Yet there 
are a great many sources of variability not 
represented here. For example, control and 
acquisition of raw and ancillary materials is 
a significant source of process variability in 
the manufacture of CGT products. The past 
few years have seen a substantial increase in 
the availability of GMP-grade reagents along 
with the number of qualified suppliers. Yet, 
the vulnerability of supply chain continuity 
was made wholly apparent in the wake of the 
COVID-19 pandemic. Assessing the compa-
rability of critical materials and eliminating 

the use of single-source and sole-source ma-
terials remains an area for improvement for 
manufacturers, suppliers and regulators. 

Future cell manufacturing platforms are 
certain to contend with on-going challenges 
to reproducibility. Inherently cells, as living 
organisms, are highly variable. Nonetheless, 
platform optimization may present ways to 
limit variability and achieve as reproducible 
a final product as possible. Specifically, better 
understanding of optimal autologous apher-
esis collection timing or use of allogeneic 
donors may increase the likelihood of a stan-
dardized incoming apheresis product. More 
robust cell enrichment process may allow for 
standardization if they can efficiently be ap-
plied to a variety of inputs. This area of active 
work promises to improve final product qual-
ity, increase manufacturing efficiency, and en-
able the ability to scale cell and gene therapy 
products for broad utilization.
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