
CHALLENGES OF  
COMMERCIAL-SCALE 

AUTOLOGOUS AUTOLOGOUS 
CAR-T CELL MANUFACTURING
James Beltzer, Sridhar Venkatesan,  
Tianna Coon, Lauren Schoukroun-Barnes,  
and Joseph Rininger

BioProcess  
International
eBooks

BioProcess  
International
eBooks

August 2024



2       BioProcess International       22(8)e1       AUGUST 2024       E-Book

Introduction

Historical Background

Manufacturing Technologies for Cell Therapies

Design of Late-Stage and Commercial 
Processes and Manufacturing Suites

Many Paths, One Destination

References

About the Authors

Challenges of Commercial-Scale  
Autologous CAR-T Cell Manufacturing
by James Beltzer, Sridhar Venkatesan, Tianna Coon,  
Lauren Schoukroun-Barnes, Joseph Rininger

page 4

page 7

page 11

page 16

page 21

page 23

page 28

The field of cell therapy is relatively 
young and advancing quickly. Both 

product and process innovations are 
needed for bringing new cell 

therapies to market. Success requires 
a deep understanding of cell biology 

to modify cells of interest and 
expand cultures to sufficient 

numbers for treatment. The authors 
discuss the current state of product 

and process development in 
autologous cell therapy as well as 

what is needed to meet the demand 
for these life-saving treatments. 

Automation is the main focus along 
with other technologies used to 

produce the high numbers of doses 
required to treat large populations.
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TT he clinical successes of chimeric antigen receptor (CAR)  
T lymphocytes for the treatment of CD-19-expressing B cell 
malignancies paved the way for the US Food and Drug 
Administration (FDA) approval of Yescarta and Kymriah 

therapies in 2017. Both engineered T-cell products displayed potent 
activity against hematological malignancies in early phase clinical 
trials more than a decade ago (1). With multicenter trials reporting 
complete response rates of 40–74%, both products evolved from last-
resort options to fully curative treatments (2, 3). With remarkable 
efficacy and durability, a total of six autologous CAR-T products are 
now approved by the FDA for the treatment of aggressive B-cell 
lymphomas, mantle-cell lymphomas, and B-cell acute lymphoblastic 
leukemia (Table 1). More recently, CAR-T cells have been directed 
toward B-cell maturation antigen (BCMA) to treat multiple myeloma. 
The documented potential patient populations for B-cell lymphoma 
(544,352), B-cell leukemia (64,190) and multiple myeloma (176,404) 
totals over three quarters of a million patients (Table 1), with the 
actual numbers likely to be much higher.

Today, there are more than 2000 active clinical trials for CAR-T 
cell therapies worldwide, with more than 200 ongoing phase 3 
clinical trials (4). Clinical CAR-T manufacturing accounted for 78% 
of the cell-therapy market in 2022, and commercial autologous 
production is predicted to take over as soon as 2025. Such successes 
also provide justification for CAR-T cell therapies to be prescribed 
earlier in treatment. The FDA approved Yescarta and Breyanzi 
therapies as second-line treatments in 2022, increasing the 
available patient pool for the former by more than 11,000 in the 
United States alone (5). This trend is likely to continue, with more 
indications being treated now at earlier stages in the standard of 
care than ever before. For example the FDA recently approved 
Carvykti (ciltacabtagene autoleucel) and Abecama (idecabtagene 
vicleucel) as second- or third-line treatments for refractory myeloma 

Back to Contents

Table 1: Overview of licensed chimeric antigen receptor (CAR) T-cell therapy indications and annual incidences

Product Company
Year 
Licensed

Target 
Antigen Indications

Potential 
Patients

Kymriah (tisagenlecleucel) Novartis 2017 CD19 B-cell acute lymphoblastic leukemia (ALL)2

B-cell non-Hodgkin lymphoma (NHL)1
544,3521

64,1902

Yescarta (axicabtagene 
ciloleucel)

Kite/Gilead 2017 CD19 B-cell non-Hodgkin lymphoma (NHL)1
Follicular lymphoma

Tecartus (brexucabtagene 
autoleucel)

Kite/Gilead 2020 CD19 Mantle cell lymphoma (MCL)
B-cell acute lymphoblastic leukemia (ALL)2

Breyanzi (lisocabtagene 
maraleucel)

Juno/BMS 2021 CD19 B-cell non-Hodgkin lymphoma (NHL)1

Abecma (idecabtagene 
vicleucel)

Celgene/ BMS 2021 BCMA Multiple myelomac 176,4043

Carvykti (ciltacabtagene 
autoleucel)

Legend/ Janssen 2022 BCMA Multiple myelomac

1 Mafra A, et al. Global Patterns of Non-Hodgkin Lymphoma in 2020. Int. J. Cancer 151(9) 2022: 1474–1481; https://doi.org/10.1002/ijc.34163.
2 Yi M, et al. Global Burden and Trend of Acute Lymphoblastic Leukemia from 1990 to 2017. Aging 12(22) 2020: 22869–22891; https://doi.
org/ 10.18632/aging.103982.
3 Huang J, et al. The Epidemiological Landscape of Multiple Myeloma: A Global Cancer Registry Estimate of Disease Burden, Risk Factors, 
and Temporal Trends. Lancet Haematol. 9(9) 2022: e670–e677; https://doi.org/10.1016/s2352-3026(22)00165-x.

https://doi.org/10.1002/ijc.34163
https://doi.org/10.1016/s2352-3026(22)00165-x
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respectively. Analysts predict that the eligible 
patient population for CAR T-cell therapies will 
exceed two million patients by 2029 (6). 

However, access to these life-saving 
therapies is hampered by current cell-therapy 
manufacturing capacity, which is unable to 
meet the projected demand. During a 2022 
clinical trial of heavily pretreated multiple-
myeloma patients, 40% of participants waited 
a year to receive the Abcema CAR T-cell 
therapy — and about 25% of patients died 
waiting for treatment (7). Manufacturing of all 
six FDA-approved therapies provided enough 
material to treat an estimated 8,750 patients in 
2023 (Figure 1), based on a calculation of 
product revenues and the cost of treatment (8, 
9). That number contrasts with the thousands 
of patients who are diagnosed with lymphoma 
and leukemia worldwide — and multiple 
myeloma exceeded 750,000 patients (Table 1).

To understand the discrepancy between the 
numbers of potentially eligible patients and 
those actually receiving treatment, we need to 
acknowledge that the numbers being treated 
while drugs move through clinical development 
increase only slightly compared with demand 
that will manifest once commercial approval 
comes. Treating 100 patients can be considered 
the norm for clinical supplies of small-molecule drugs or protein 
biologics; the numbers of patients treated with autologous cell 
therapies is much lower than that. In Phase 3 trials, Yescarta and 
Kymriah subjects numbered 108 and 63, respectively (13, 14). As of 
December 2023, the total number of patients treated with those 
therapies was only 24,737 (<50-fold growth and ~14× the number of 
patients treated in 2019) (Figure 1). 

Most CAR-T cell therapies originate from academic laboratories. 
Almost by definition, these benchtop solutions start small and will 
need to be scaled up or out to meet the demand for clinical and 
then commercial production. Transitioning to commercial scale 
from research and development (R&D) brings new variables to the 
forefront. Most developers focus on maintaining the highest quality 
of cells to treat patients, the speed of development to market, and 
process economics. 

Both product and process innovation are needed for bringing a 
new cell therapy to market. Such treatments require not only novel 
applications of how to use cells to treat disease, but also a deep 
understanding of cell biology to modify cells of interest and 
expand cultures to sufficient numbers for treatment. The field of 
cell therapy is relatively young, with high rates of product and 
process innovation (Figure 2). Using living cells as drugs requires 

Figure 1: Number of patients treated (derived from yearly 
revenue figures for each drug and the expense of each 
treatment)
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Figure 2: Product and process innovation — cell biology 
allows for innovation of products, and automation drives 
manufacturing innovation.
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different products and processes compared with those of protein 
biologics and small-molecule drugs (15, 16). Herein, we discuss the 
current state of product and process development in autologous cell 
therapy, as well as what is needed to meet the demand for these 
life-saving therapeutics. We focus on automation and other 
technologies used to produce increasing numbers of doses required 
to treat patients.

To understand cell-based product innovation cycles, it helps to 
examine first the development of monoclonal antibodies (mAbs) 
and therapeutic proteins. Today’s cell and gene therapies (CGTs) 
have come about after years of innovation for related products, 
processes, and delivery methods. 

Historical Background
The birth of modern-day biopharmaceuticals coincides with the 
introduction of mAbs by Köhler and Milstein in 1975 (17). Their 
approach was to generate a hybridoma by fusing cells from a 
myeloma cell line with immortalized spleen cells from a mouse. 
That resulted in an immortal cell line that produced a single 
specific antibody. Several mammalian expression systems since 
have been developed for mAbs, including NS0 murine myeloma 
cells, PER.C6 human cells, and Chinese hamster ovary (CHO) cells. 
Today, the main focus is on production of recombinant mAbs 
through in vitro expression of genes using the CHO-cell platform, 
which once was considered difficult to work with. After two 
decades of optimization of cell-line, media, and bioreactor 
conditions, current mAb yields are >10 g/L and cell densities of 
>20 million cells/mL in fed-batch processes (18). 

Standard practice in mAb development includes clonal selection 
through high-throughput screening and cloning of the highest-
producing construct into a commercially available cell-expression 
platform. That typically includes a finely tuned expression vector 
along with optimized growth media and supplements. Cells often 
are expanded in a “seed train” based on single-use bioreactor 
systems to develop an inoculum for introduction to a production 
bioreactor of up to 12,000 L in volume. Advances in on-line 
monitoring and analytical methods have helped the industry 
implement robust and reproducible upstream and downstream 
processes and validation approaches for production-scale good 
manufacturing practice (GMP) operations. 

History of Gene Therapy: The gene-therapy approach had a 
promising start in 1990 with the cure of severe combined 
immunodeficiency (SCID) by viral delivery of a missing gene to 
patients (19). Within a decade, however, gene-therapy development 
halted in its tracks after the death of a clinical trial subject who had a 
severe immune response to the vector preparation — as well as the 
triggering of leukemia in several children who’d been treated with 
another viral vector (20, 21). Further development of safer vector 
systems and improved clinical trial support, however, brought a 
resurgence for gene therapy in the early 2010s. Adenoassociated virus 

Back to Contents

Autologous cell-therapy protocols 
historically involve many hands-on 
steps and manual processes, as in 
this image from Lonza Group.
(https://www.lonza.com/cell-and-gene)

https://www.lonza.com/cell-and-gene
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(AAV) vectors have proven to be effective in delivering therapeutic 
genes to patients who suffer from rare, monogenic diseases. At the 
same time, AAV and lentivirus vectors (LVVs) also have been 
demonstrated to deliver gene-modifying payloads effectively to T 
lymphocytes for the production of CAR-T cell therapies. Such 
treatments have had great success against blood cancers. 

Viral-vector supply has become an expensive bottleneck, whether 
for ex vivo treatments of genetic diseases or genetic modification of 
immune cells in cancer treatments. Only recently has the 
manufacture of viral vectors begun to close the gap between supply 
and demand. Most vectors currently are cultured using mammalian 
cells in stirred-tank bioreactors. LVVs expressed transiently by host 
cells after a plasmid-based transduction step can help to fill supply 
needs for smaller-scale programs, such as autologous blood-cancer 
treatments using CAR-T cells (22). Increasing production scale by 
switching to suspension-based insect-cell systems could alleviate 
some strain on manufacturing capacity (23). Although scaled-up 
processes can deliver high levels of fully infectious particles, the 
FDA has set a high bar for batch characterization. Developers must 
establish and validate methods for monitoring impurities and 
empty capsids produced by such protocols. 

History of Cell Therapy: The first hematopoietic stem-cell 
(HSC) transplant took place between twin sisters in 1959. Discovery 
of the human leukocyte antigen (HLA) in 1969 made typing 
transplants between nonidentical siblings possible (24). Today, HSCs 
are used to treat a variety of blood cancers, genetic diseases, and 
immunodeficiency syndromes. The cells are derived from three 
sources: bone marrow, peripheral blood, and umbilical cord blood. 

Bone-marrow aspirate is collected from the iliac crest (pelvis) of 
a patient under general anesthetic. HSCs are present as a small 
fraction of the CD34+ white blood cells found in peripheral blood. 
Typically, HSC numbers are enhanced by treatment (mobilization) 
of the patient’s blood with a cytokine, granulocyte colony 
stimulating factor (GCSF). For HSC transplants from cord-blood 
sources, patients must undergo slightly different preparative 
treatments to ensure cell engraftment. 

Postoperative treatments differ depending on the relationship 
between donors and recipients. HSC transplants have become 
common medical practice, providing life-saving treatments and 
increased quality of life to thousands of patients every year (25). 

Embryonic Stem Cells (ESCs) and Induced Pluripotent 
Stem Cells (iPSCs): To many, the modern era of regenerative 
medicine began in 1998 with the derivation of stem cells from a 
human embryo (26). With the capacity to differentiate into any cell 
type of the human body, ESCs were thought to be a source of 
“spare parts” for treating many degenerative conditions as well as 
tools for drug screening and development. Researchers used 
specialized culture conditions for expansion and controlled 
methods for directed differentiation to produce a number of 
specialized cell types, including neurons, cardiomyocytes, and 

Although scaled-up processes can 
deliver high levels of fully 
infectious virus particles, the FDA 
has set a HIGH BAR for 
batch characterization. Developers 
must establish and validate 
methods for monitoring impurities 
and empty capsids produced by 
such protocols.
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pancreatic beta cells. In 2007, the Yamanaka laboratory generated 
induced pluripotent human stem cells (hiPSCs) through forced 
reprogramming of adult somatic cells using four transcription 
factors, eliminating the need for human embryos as a source (27). 
Now, iPSCs can be derived from patients carrying disease-causing 
mutations and differentiated into relevant cell types that can be 
used to model disease states and screen new therapeutic 
compounds. The cells have been studied clinically since 2014. 

Several challenges have emerged in the generation of clinical-
grade ESCs and iPSCs. Because stem cells are adherent, most if not 
all cultures have grown in dishes and flasks. Even multilayer cell 
stacks have made production difficult because of the need to 
visually inspect and physically pick colonies or partial colonies 
when passaging the cells. Cells had to be scraped from cultures 
and broken into clumps by titration, not plated as single cells until 
the addition of rho-kinase (ROCK) inhibitors could improve their 
survival (28). Recognizing the correct size of the cell clumps was 
part of the “art.” 

Expansion and differentiation of ESCs and iPSCs are manual 
processes for a number of reasons. Culture conditions have 
expanded beyond using layers of murine feeder cells and serum-
containing media. A growing understanding of stem-cell biology, 
including self-renewal and differentiation, has improved growth 
surfaces, media, and handling techniques. Feeder cells were 
replaced first with the Matrigel matrix (Corning Life Sciences), 
which is produced from mouse sarcoma-cell–secreted proteins, and 
later with more defined coatings based on extracellular matrix 
proteins such as vitronectin, laminin, and fibronectin (29). Serum-
free media for ESCs and iPSCs have evolved; however, some 
current iterations still contain basic fibroblast growth factor (bFGF) 
and transforming growth factor ß1 (TGF-ß1). 

The expansion of undifferentiated human ESCs and iPSCs 
remains a demanding process, and the cells are prone to 
spontaneous differentiation. Cultures can take several months to 
complete, and stem cells are not karyotypically stable if automated 
processes are used to passage them. Many manufacturers believe 
that such cells need special handling through isolation, expansion, 
and differentiation steps to ensure that nothing goes wrong. Once 
the cells have been differentiated, they can be grown and scaled 
using bioreactors. 

Many iPSC-derived cell therapeutics are in development. Cynata 
Therapeutics is the most advanced company in this area, with its 
iPSC-derived mesenchymal stem cell (MSC) product for the 
treatment of osteoarthritis (OA) in phase 3 clinical trials (30). Other 
organizations developing iPSC-derived therapeutics include

•	the US National Institutes of Health (NIH), with an iPSC for 
retinal disease (31)

•	Fate Therapeutics in collaboration with University of 
Minnesota, with iPSCs alongside natural killer (NK) and 
CAR-T cell candidates (32) 

Expansion of undifferentiated 
STEM CELLS remains a 
demanding process, and the cells 
are prone to spontaneous 
differentiation.
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•	Japanese Healios KK and Sumitomo Dainippon Pharma, with 
retinal cell candidates for the treatment of macular 
degeneration, all in early phases (33). 

MSCs and Exosomes: MSCs are progenitor cells capable of 
forming osteoblasts, chondrocytes, myoblasts, and adipocytes. 
They have been studied since the 1960s, when they were first 
isolated from bone marrow (34). Arnold Caplan was the first 
scientist to grow MSCs from human sources, identifying them by 
their ability to adhere to plastic tissue-culture dishes (35). It was 
not until 2006 that the International Society for Cell and Gene 
Therapy (ISCT) defined minimum criteria for research purposes. 
According to the ISCT definition, MSCs must 

•	adhere to plastic

•	express CD105, CD90, and CD73 cell-surface antigens

•	not express CD45, CD19, CD14, CD11b, CD34, CD79α and HLA-
Dr antigens

•	have the ability to differentiate into osteoblasts, 
chondrocytes, and adipocytes (36). 

MSCs have been used to modulate immune responses, prevent 
inflammation, and promote healing, and they have been in clinical 
trials for over two decades. Recently, these cells have been shown 
to release growth factors and cytokines as well as extracellular 
vesicles. Despite more than 10,000 patients treated in nearly 1,000 
clinical trials so far (37), only in March 2024 did the FDA give the 
first approval to apply for a biologics license application (BLA) to 
Mesoblast Limited for remestemcel-L in pediatric patients with 
steroid-refractory acute graft versus host disease (SR-aGVHD) (38). 

MSCs have been grown in polystyrene dishes, flasks, and stacks. 
For allogeneic products and/or large batch sizes, MSCs can be 
cultured in hollow-fiber bioreactors, packed-bed bioreactors, and on 
microcarriers in stirred-tank bioreactors. Culture conditions have 
moved away from serum-containing media to serum-free media, 
although not without difficulty. 

MSCs have demonstrated broad potential for therapeutic use. The 
unique ability to target damaged tissues and inhibiting immune 
and inflammatory responses to facilitate repair demonstrates MSCs’ 
potential as model drugs (39). However, to be clinically successful, 
MSCs must be defined strictly. Standards for isolation and 
characterization of MSCs could eliminate the biological diversity of 
the starting materials. Off-the-shelf allogeneic MSC products to treat 
GVHD and acute respiratory distress syndrome (ARDS) have 
demonstrated safety in phase 1 and 2 clinical trials and received 
approval for markets outside the United States (39, 40). 

The term exosome first was used to describe small extracellular 
vesicles that are secreted by all cell types for transfer of proteins, 
metabolites, and nucleic acids to recipient cells (41). We group 
exosomes with MSCs here because they have been hypothesized to 
be responsible for many of the functional attributes of those cells. 

We group EXOSOMES 
with mesenchymal stem cells here 
because they have been 
hypothesized to be responsible for 
many of the functional attributes 
of those cells.
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Collecting exosomes from bone-marrow–derived MSCs is relatively 
simple: Supernatant from adherently grown MSCs yields a rich 
collection of them. As a disease treatment, exosomes have the 
same effects as whole MSCs, are well tolerated, they have low 
immunogenicity (42). As with the source cells, problems arise in 
scale-up, isolation, characterization, and preservation. 
Nevertheless, exosomes are the subject of much research, including 
over 300 clinical trials at the time of this writing (43).

Immunotherapy and CAR-T Cells: Harnessing the immune 
system to attack cancer has been researched for over 100 years. In 
the 1950s, researchers sought to combat blood cancers through 
bone-marrow transplants. Although T lymphocytes in bone 
marrow can kill cancer cells, they required help in finding their 
targets (44). For that, mAbs can provide precise recognition and 
targeting capabilities. Finally, T lymphocytes were genetically 
engineered with CAR-T cells, bringing together the antibody guide 
with internal activation signals to help T cells locate and kill 
cancer cells (45). In the late 1990s, methods were developed to 
expand and activate engineered T cells in a laboratory setting. 
Around 2011, the first chronic lymphocytic leukemia and B-cell 
acute lymphoblastic leukemia patients were treated with CAR-T 
cell therapies; about 90% of those patients had a complete 
response to the treatment (46). In August 2017, the FDA approved 
its first CAR-T cell immunotherapy: the Kymriah treatment from 
Novartis. 

Evolution of Manufacturing Technology for Cell 
Therapy: The manufacture of gene-modified cell therapies is a 
complex, multistep process in which mononuclear cells are isolated 
from a patient, and then T lymphocytes are activated and 
genetically modified for a many-fold expansion of the cells. The 
expanded cells are harvested, washed, and prepared for 
cryopreservation before being reinfused to the same patient (47). 
That path from laboratory to clinic, then to commercial cell-
therapy manufacturing and back, can take many different routes. 
Below, we describe a few possible paths starting with an R&D 
laboratory and mov into early phase clinical processes and late-
stage clinical and commercial processes (including suite design). 
We also forecast some potential future process options.

Manufacturing Technologies for Cell Therapies
Introductory Bench-Scale Production: Discovery is the 
focus of academic research. Process optimization is time 
consuming and doesn’t often get published in high-impact 
journals. In laboratories relying on research grants to operate, cost 
becomes a critical consideration. Depending on the cell type being 
studied, most academic laboratories culture cells in well plates, 
Petri dishes, T flasks, shake flasks, and/or spinner flasks. When 
large numbers of cells are required, scientists use cell stacks and 
gas-permeable bags. Working with traditional plastic allows 
maximum flexibility at low cost, with all the trade-offs of open 

Back to Contents
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systems. And when developing new platforms for which the goals 
are speed to clinic or acquisition by a large company, many 
researchers use data from phase 1 and 2 trials with a few patients. 

Producing gene-modified cell therapies, especially those in later-
phase trials and commercial manufacturing, requires the use of 
automated systems (48). Many laboratories, especially those of 
well-healed organizations, use all-in-one turn-key solutions. Such 
systems decrease the number of open steps, reduce human errors, 
increase reproducibility and scalability, generate run reports, and 
are compatible with many process operations.

All-in-One Systems: All-in-one systems represent convenient 
solutions for closed, automated production of cell therapies. Such 
systems are capable of many, if not all, of the unit operations 
required to select T-cell populations from apheresis bags, activate 
and genetically modify cells by transduction or transfection, 
expand cells to desired lot sizes, and perform final formulation of 
products in compliance with current GMPs (CGMPs) using single 
bench-top devices. Because such devices provide functionally 
closed environments, processes can be moved out of biosafety 
cabinets and into less stringent cleanroom spaces (49).

Figure 2: Chimeric antigen receptor (CAR) T-cell therapy manufacturing process flow 
Step One:

White blood cells obtained
from patient or donors
through leukapheresis

Step Two:
Cells cryopreserved
and transported to

manufacturing facility

Step Three:
T cells isolated and CD3/CD28

stimulated to activate

Step Four:
Activated T cells reprogrammed

using retroviruses to express
chimeric antigen receptors (CARs)

Step Five:
CAR-T cells expanded

ex vivo with CD3/CD28
stimulation

Step Six:
CAR-T cells cryopreserved

Step Seven:
CAR-T cells transported
to a point-of-care facility

Step Eight:
CAR-T cells thawed 

and transfused into patient

Source: Bhattacharya B, Telang A. Manufacturing and Qualification Challenges for Cell and Gene Therapy Products and Best Practices 
for Success. Cell Culture Dish 6 March 2023; https://cellculturedish.com/manufacturing-and-qualification-challenges-for-cell-and-gene-
therapy-products-and-best-practices-for-success.

https://cellculturedish.com/manufacturing-and-qualification-challenges-for-cell-and-gene-therapy-products-and-best-practices-for-success
https://cellculturedish.com/manufacturing-and-qualification-challenges-for-cell-and-gene-therapy-products-and-best-practices-for-success
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Popular options include the CliniMACS Prodigy (Miltenyi Biotec) 
and the Cocoon (Lonza, Octane) platforms. Both systems represent 
remarkable achievements and act as turn-key processes for modern 
immunotherapies. However, they are expensive devices involving 
complex, costly single-use disposables. If parallel processing is 
needed for simultaneous production of multiple autologous 
samples, then the price of devices, disposables, and associated 
reagents can limit the scale of production. 

Cell yields from CliniMACS Prodigy systems are in the range of 
2 × 109 T cells from 3 × 107 to 5 × 107 selected T cells that were 
expanded for up to 13 days (47). Such yields can be increased if 
expansion phases are facilitated with a G-Rex device (Wilson Wolf) 
(50). Operational flexibility of the CliniMACS Prodigy system is 
limited by the fact that the software does not allow users to make 
on-site programming changes. A process may be changed only by 
Miltenyi’s in-house scientists, and that can slow down operations. 
Additional caveats include the fact that newly developed processes 
will be owned by Miltenyi and not the company manufacturing a 
given therapy. Thus, it is not possible to test your own in-house 
process on a Prodigy system before purchasing the device. Finally, 
CliniMACS Prodigy users are required to use Miltenyi reagents and 
media, which may render cost of goods (CoG) unoptimizable while 
also limiting the flexibility of material sourcing.

The Cocoon system is a relatively new addition to the cell-therapy 
manufacturing space (51). This platform focuses on cell activation, 
transduction, and expansion, offering capabilities in other unit 
operations such as automated T-cell purification and magnetic 
debeading (52). As with the Miltenyi technology, cell-expansion 
volume is fixed at ~210 mL. A recent publication compared the 
Cocoon system with gas-permeable bags, concluding that it yielded 
results that were equal to or better than theirs while meeting all 
critical quality attributes (CQAs) for clinical autologous CAR T-cell 
products (53). After two separate 10-day processes using OKT3 or 
CD3/CD28 Dynabeads separators (Thermo Fisher Scientific) for T-cell 
activation, viable cell yields were >2.1 × 109, which is comparable to 
Prodigy yields and greater than those from static cell-culture bags 
(>1.5 × 109). A key distinction of the Cocoon system is that it allows 
users to perform process development and optimization through a 
standalone protocol builder. One caveat of this system is that Lonza 
owns the intellectual property of “nonserializable” protocols once 
they’ve been developed (54). The system was designed specifically 
for autologous cell-therapy manufacturing, with hardware and 
software that runs many Cocoon units simultaneously when 
arranged in a series of vertical “trees.” 

Early Phase Clinical Process: As cell-therapy manufacturers 
move from bench to preclinical and early phase clinical 
manufacturing schemes, some processes simply are not amenable 
to the software/hardware limitations of all-in-one devices. To serve 
a relatively small number of patients in compliance with CGMPs 
and to maintain flexibility, many developers want a 
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semiautomated solution. Developing a modular process with 
separate devices for individual manufacturing steps (Tables 2 and 
3) provides that flexibility but can increase complexity and 
integration challenges while presenting unforeseen failure modes 
involving just one part of a process. At minimum, five steps must 
be automated: cell selection and enrichment, cell activation (with 
or without beads), transduction or transfection, expansion, and 
formulation and fill–finish of the final product.

Automated cell expansion has been the most investigated step of 
the process. The Automation Partnership (later TAP Biosystems, 
now part of Sartorius) pioneered the robotic handling of cells 
grown in flasks inside an aseptic cabinet for use in high-
throughput screening (HTS). That technology has been a staple of 
the pharmaceutical industry for over 20 years.

Among other cell-expansion systems is the mostly manual G-Rex 
device from Wilson Wolf. Cells are cultured on a gas-permeable 
membrane at the bottom of a culture vessel, which offers two 
advantages: Cells resting on the membrane are not diffusion- 
limited for gas exchange (as is the case in a traditional flask), and 
access to O2 and CO2 allows for relatively large volumes of culture 
media, which can provide for several weeks of undisturbed cell 
expansion. This device comes in several sizes up to 5 L, and it can 
expand cultures to achieve a dose of 100 billion cells from multiple 
5-L chambers over a total culture time of 21 days (52).

The Xuri cell-expansion system (Cytiva) is an outgrowth of the 
WAVE bioreactor (Cytiva) concept, in which a culture bag rests on a 
rocking platform. Xuri systems are automated with temperature 
and gas controls as well as a pumping system that can supply 
media in either fed-batch or perfusion feeding schemes (55). 
Culture bags for this system come in sizes up to 20 L, although 1-L 
to 2-L bags probably are most suitable for autologous CAR-T 
manufacturers. After optimizing feed rates, cell seeding, rocking 
dynamics, and pH and dissolved oxygen (DO) rates, users can 
obtain 20 billion cells from a 2-L culture bag (52). A rocking 
platform was used in many early CAR-T cell-manufacturing 
protocols (56).

The Quantum Flex hollow-fiber bioreactor (Terumo BCT) is a 
fully automated cell-expansion system. Hollow-fiber bioreactors 
were designed originally for kidney dialysis and have been used 
for over 20 years to produce mAbs and other biologics. These 
bioreactors separate their culture space into two compartments 
with a semipermeable membrane. Cells grow on the inside of the 
hollow fibers, and perfusion across the membrane provides for 
precise regulation of metabolites, gases, and nutrients. The 
molecular weight cut-off (MWCO) of the membrane is ~17 kDa, 
which allows some cytokines to diffuse away from the cells. A 
Quantum device can support both adherent- and suspension-
cultured cells and can feed them continuously while 
simultaneously removing waste products. Precise management of 
the cell microenvironment has produced yields of >20 billion cells 
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(57, 58). This system also has proven to be a viable option for LVV 
production (59). Scaling out to larger batch sizes for clinical 
applications has been demonstrated by simultaneous use of 
multiple Quantum bioreactors and pooling harvested cells to 
produce GMP-grade clinical lots of >10 billion neural stem cells in 
nine days (60). The system could be useful for early stage trials 
and vector-development laboratories. 

Scale-up of anchorage-dependent human cells cultured as 
aggregates or grown on microcarriers to commercial-manufacturing 
scales presents a unique set of challenges. Cell therapies derived 
from PSCs typically grow on two-dimensional planar cultures as 
monolayers. However, when culturing them as single cells or small 
aggregates in suspension cultures, you must take special care to 
maintain cell cluster morphology. With human ESCs and iPSCs 
expanded as undifferentiated cells before differentiation, the size 
and shape of those clusters can compromise such processes. 
Hydrodynamic environments inside traditional stirred-tank 
bioreactors using horizontal blade impellers can present cells with 
dead zones or high-velocity “tornadoes,” both of which create 
different-sized aggregates. One solution to the problem is a PBS 
vertical-wheel bioreactor (PBS Biotech), which maintains 
pluripotency during expansion and scale-up (61, 62). Vertical-
wheel bioreactors come in several volumes from 0.1 L to 15 L and 
provide uniform hydrodynamic environments. However, many 
other parameters must be optimized for large-scale use, including 
timely gas and media exchange and cell-harvesting methods. 

Another scale-up solution on the path toward a 50-L stirred-tank 
bioreactor is the Mobius CellReady 3-L single-use bioreactor 
(MilliporeSigma), a presterilized, rigid-walled system that is 
compatible with most desktop controllers and provides all the 
functionality of a conventional glass bioreactor. Expansion and 
activation of CAR-T cells in stirred-tank bioreactors have been 
demonstrated. Increased agitation of T-cell cultures led to higher 
cell densities than are achieved typically in static T-flasks (63). 
Although not commonly used for CAR-T cell expansion, stirred-
tank bioreactors could become common as allogeneic cell therapies 
are developed. The Mobius bioreactor is intended for process 
development, in which its performance is predictive of both 50-L 
and 200-L results.

When developing a cell-therapy manufacturing process using 
multiple devices with diverse functions, nearly every step will 
require cell separation, selection, wash, and concentration before 
the next unit operation. Three devices that supply that essential 
functionality for a GMP environment are the Gibco CTS Rotea 
counterflow-centrifugation system (Thermo Fisher Scientific), the 
Lovo cell-processing system (Scale Ready), and the Cue cell-
processing system (Scale Ready). The Lovo and Cue systems both 
use spinning membranes for buffer exchange and cell washing 
without centrifugation or cell resuspension. The Lovo system can 
retain total nucleated cells while washing out platelets from an 
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apheresis product in <11 minutes. Similarly, the Cue system is an 
effective alternative to centrifuge-based separations for processing 
the final harvest of ascitic tumor cells (ATCs), tumor-infiltrating 
lymphocytes (TILs), and MSCs (64).

The Rotea system uses centrifugation to separate cells based on 
both density and size. Counterflow is a gentler process than 
traditional centrifugation, providing for increased cell viability of 
~10% (65). Spinning-chamber size determines device capacity, with 
the Rotea system made for autologous and early phase allogeneic 
scale processes. It provides a closed system for cell washing and 
buffer exchange, cell concentration, peripheral blood mononuclear 
cell (PBMC) preparation in <30 minutes, dead-cell removal, and 
formulation for cryopreservation. Other systems that use spinning 
chambers include elutriators from Beckman Coulter and the Ksep 
scalable single-use centrifugation system (Sartorius), which have 
larger capacities (66).

Cell-processing technology from Curate Biosciences is designed 
to replace Ficoll 400 gradient centrifugation (MilliporeSigma), 
elutriation, and magnetic-bead separations for isolation of PBMCs 
from leukopaks. Using a microfluidic device, the Curate system’s 
gentle processes for size-based separation and washing preserves 
more naive T cells while providing the requisite 3-log cell wash to 
remove soluble factors from a closed system. It also has been 
shown to remove platelets and platelet aggregates, which can 
release proinflammatory cytokines that drive regulatory T-cell 
(Treg) differentiation (67).

Design of Late-Stage and Commercial 
Processes and Manufacturing Suites
For the scale-up or scale-out of a CGMP manufacturing process, 
three quarters of all developers turn to contract manufacturing 
organizations (CMOs) or contract development and manufacturing 
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Table 2: Equipment applicability per unit operations; IV = intravenous, NA = not applicable, WC = wash and concentrate

Device  
Name

Suspension or 
Adherent Cells, 
Fresh or Frozen 

Leukopaks?

Preloaded 
Media and 
Reagents?

Magnetic Cell 
Selection? Activation?

Transduction, 
Transfection? Expansion?

Final 
Formulation?

Cocoon Yes Yes Yes Yes Yes Yes Yes
Prodigy Yes Yes Yes Yes Yes Yes Yes
Quantum 
Flex

Yes Yes Yes Yes Yes No

Xuri Yes IV pole Yes Yes Yes Yes Yes
G-Rex Suspension 

only
NA Yes Yes Transduction 

only
Yes No1

Mobius 3L 
bioreactor

Yes No No Yes Yes Yes Yes

PBS vertical 
wheel

Yes NA No No Neither Yes No2

ROTEA Yes3 Yes4 WC WC WC WC
1 Pairs with Cue system from Fresenius Labs				    2 Can suspend cells uniformly for dispensing
3 Separation of peripheral blood monouclear cells from monocytes	 4 Including live/dead (elutriation)
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organizations (CDMOs). Many product sponsors lack GMP 
manufacturing capacity in their own facilities, and some have no 
manufacturing capacity whatsoever (68). The manufacture of a 
commercially viable cell therapy must be scaled beyond the bench, 
where open, manual processes dominate. Automated closed-cell 
processes can accommodate several different solutions for CDMO 
staffing and suite design. Quality control (QC) is a major 
component of autologous manufacturing processes, second only to 
scaled-out processes. For scaled-up allogeneic processes, expansion 
results in fewer quality tests but requires larger bioreactors. Viral-
vector manufacturing requires full segregation of manufacturing 
systems for viral particles (69). To compete in the industry, a 
CDMO must be flexible in its offerings. The most straightforward 
option is a dedicated suite that is fully segregated, suitable for both 
open and closed processes, and can contain up to two closed-
system bioreactors to support an entire process. Dedicated suites 
are small (200–400 ft2) and supply the needs of single customers 
in early stage clinical trials, while requiring relatively high 
International Organization of Standardization (ISO) ratings, making 
them expensive to operate.

In 2013, the International Society of Pharmaceutical Engineers 
(ISPE) defined the ballroom manufacturing concept as “a large 
manufacturing area that has no fixed equipment and minimal 
segregation due to the use of functionally closed systems” (70). 
The use of automated, single-use, closed systems enables relatively 
low cleanroom requirements. Equipment not required for a specific 
manufacturing process can be staged in a separate clean storage 
area. Equipment move-in and move-out are facilitated by a plug-
and-play approach delivering different utilities and distributed 

Table 3: Closed-system platform comparison — engineered capabilities; DO = dissolved oxygen, NA = not applicable, ? = no 
information available

Device 
Name Automated?

Functionally 
Closed, 

Single-Use? Scalable?

Monitor/
Control 

Temperature 
and Gases?

Integral 
Pumps, 
Sensors?

DO/CO2 Real-Time 
Feedback 
Process 
Control?

Bar-Coded 
Scanner?

Software for Users 
To Design/Control 
Flow Pathways?

Cocoon Yes Yes Yes Yes Yes Yes Yes Yes
Prodigy Yes Yes Yes One zone Yes No Yes Preprogrammed 

by supplier and 
verified (closed)

Quantum 
Flex

Yes Yes Yes One zone Pump 
only

No Yes Yes

Xuri Yes Yes Yes One zone Yes Yes Chronicle 
software

Yes

G-Rex No ? Yes No No No No NA
Mobius 3L 
bioreactor

No Yes Yes Heating 
blankets

Yes Yes No No

PBS vertical 
wheel

Yes2 Yes Yes Yes Yes1 Yes3 No Yes4

Rotea Yes Yes Yes No Yes Yes5 Yes Yes
1 Three binary pumps, one bidirectional sampling pump		  2 Agitation, temperature, pH, CO2, DO, additions
3 Positive regulation of CO2, N2, O2, air, NaOH			   4 Recipe capable				    5 Camera-based
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control systems, depending on the stage of a process. With closed 
systems, >10 bioreactors can be grouped in a single large room 
(500–1000 ft2). Nevertheless, it is hard to imagine how to meet the 
demands of the CGT market by serving 50 patients at a time. 

To make the most of existing facilities, the “dance floor” concept 
has been introduced. Processes flow from upstream steps, 
including cell selection and activation to cell expansion, are 
housed in a separate suite. The expansion bioreactor typically 
causes a bottleneck, so several of them could be housed in a 
dedicated suite serving a separate downstream processing suite for 
formulation and fill–finish in adjoining rooms with sterile pass-
throughs. Process closure is thus maintained for sample movement 
(69). Again, closed systems would require only the final process 
steps to have higher ISO ratings.

Manufacturing in a Box: End-to-end automation is the 
ultimate goal for cell-therapy manufacturing. Once patient material 
arrives at a manufacturing site, then a true end-to-end autologous 
process would include the following: 

•	cell thaw and wash, with defined constraints on the number 
of cells and final volume 

•	cell selection to ensure consistent starting materials 
•	cell activation or engineering, in which additional reagents 

could include antibody-coated magnetic beads or 
modifications to introduce genetic material to cell nuclei 

•	cell expansion to produce required doses 
•	cell harvest with bead removal, wash, and concentration 

steps 
•	product formulation and freezing for return to patients.
Cellares’ Cell Shuttle platform can provide end-to-end 

automation in a closed system, reducing cleanroom and workforce 
requirements and producing savings up to 70%. Capable of 
running 10 processes simultaneously with flexible hardware and 
software, this platform should reduce operator error and processing 
times. At the heart of the system is a GMP-in-a-box cartridge that 
performs all process steps and delivers cell-therapy products ready 
for infusion. Cellares recently raised US$255 million to build a 
smart factory for producing more than 40,000 batches a year in 50 
Cell Shuttle systems. The technology could reduce process-failure 
rates by 75% and manufacturing costs by 50% (71). 

Multiply Labs offers another approach to automation: robotic 
systems for cell-therapy manufacturing. Using the unit operations 
approach described above, this company is producing modules 
such as bioreactors and incubators that incorporate each process 
step — including QC testing — and can be adapted to recreate any 
process. Each module contains a single instrument; parallel 
processing can reduce bottlenecks by incorporating multiple 
bioreactor modules or different wash and concentrate devices when 
needed. A robotic arm moves the process along by transferring 
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materials to the next unit operation. The hard-walled system 
behaves like a conventional cleanroom. Modules are compatible 
with market-leading GMP instruments. However, the industry has 
yet to standardize tubing sizes, connectors, or materials in 
manufacturing. Such a lack of standardization can cause problems 
when, for example, a bag from one manufacturer’s device must be 
moved to another manufacturer’s device.

Point-of-Care (PoC) Production: One potential solution to a 
centralized, single-site global manufacturing model and its 
inherent costs and time-consuming journey is the move to PoC 
manufacturing. That would eliminate the movement of patient 
samples from collection sites to manufacturing sites and the need 
to return completed products to patients. Maintaining strict time 
and temperature requirements during transport is expensive and 
unpredictable. In addition, large geographic areas create 
complexities in scheduling. 

Two models exist for PoC manufacturing: the hub model and the 
fully distributed model. The hub model collocates manufacturing 
with major medical centers through partnerships with existing 
CDMOs or investing in automation solutions such as those 
described above. A fully distributed PoC solution would require local 
hospitals to invest in automated manufacturing infrastructure that 
can deliver standardized products to patients. Such a model is the 
most common PoC option being pursued in the United States and 
Europe. Fully distributed PoC models must wait for the industry to 
improve its understanding of autologous cell-therapy 
manufacturing enough to allow for the required process 
standardization (72). 

PoC manufacturing of autologous cell therapies could shorten 
manufacturing times, enhance product safety, and improve patient 
access, but challenges remain. Maintaining process control and 
product quality is difficult with a centralized facility, and doing so 
may be nearly impossible across multiple sites in a hub model. For 
example, finding skilled labor to oversee such operations is 
essential, but the difficulty of finding suitable employees increases 
proportionately with distance from academic and research centers 
(73). Such difficulty makes the use of automated processes critical. 
Regulatory approval and compliance across multiple sites 
accomplished by conventional methods will be costly and time-
consuming, if not impossible. New modes of digital data collection 
and analytics will be required (72). Autologous cell-therapy 
manufacturing is still in its early stages, as are the digital 
technologies that will be needed to establish PoC manufacturing 
sites and make them cost-effective.

Accelerated Manufacturing Strategies: A major hurdle 
to the manufacture of autologous CAR-T cell therapies is the length 
of the process itself. A waiting time of up to three weeks has 
consequences for both patients and their cells. At a 2021 American 
Society of Hematology (ASH) meeting, Novartis launched the 
T-Charge platform for next-generation CAR-T production. When the 
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cell expansion step of the process moves to inside a patient’s body, 
the lengthy (ex vivo) culture time is eliminated and proliferation 
potential is preserved while producing fewer exhausted T cells. 
Novartis hopes that an optimized T-Charge process will take under 
seven days and remove the need to switch to allo-based 
technologies (74). 

Another attempt to shorten production times and improve 
patient outcomes is the anti-CD19 cell therapy process called 
FasTCAR (75). Fresh T-cells are isolated from PBMCs, then 
concurrently activated and transduced in a single step. On day 1 of 
the 72-hour process, ~200 million T cells are selected and seeded. 
They are transduced using LVVs and then collected, purified, and 
cryopreserved the next day. After about seven days of release 
testing, FasTCAR cells have been infused into 25 pediatric and 
adult patients with B-cell acute lymphoblastic leukemia. Results 
have been promising from phase 1b and 2 investigational new drug 
(IND) studies using a B-cell maturation antigen (BCMA)/CD19 dual 
CAR-T therapy for patients with relapsed/refractory multiple 
myeloma (76) and for rapid CAR-T cells using the Cocoon platform 
(77). Although FasTCAR therapy is still in early stages — with 
animal testing still in progress — the cells that have been  
produced so far appear to have memory phenotypes and display 
antitumor cytotoxicity in cell-based assays. 

In another version of “patient as bioreactor,” an alginate scaffold 
was used to support in vivo manufacturing of CAR-T cells in a 
single day (78). Patient-derived PBMCs were activated by seeding 
them onto a scaffold with immobilized CD3/CD28 antibodies and 
encapsulated interleukin 2 (IL-2). Gamma-retroviral particles 
containing a CD-19-specific CAR also were immobilized on the 
scaffold. After subcutaneous implantation of the fully loaded 
scaffold in mice, CAR expression was detected for >32 days. The 
subcutaneously implanted scaffolds generated and released fully 
functional CAR-T cells in a xenograft model of lymphoma, 
increasing tumor-free survival when compared with conventionally 
produced CAR-T cells (78). This multifunctional, all-in-one scaffold 
platform reduced CAR-T manufacturing to a single day.

Different approaches to generate CAR-T cells transiently in vivo 
have used lipid nanoparticles (LNPs). LNPs displaying anti-CD5 
T-cell targeting antibodies were used to deliver therapeutic 
messenger RNA (mRNA) and generate functional CAR T-cells 
in vivo (79). Direct infusion of replication-incompetent virus 
glycoprotein (VSV-G) LVVs carrying a CAR gene also were shown to 
produce persistent CAR T-cells in mouse models, eliminating the 
need for external manufacturing (80).

Clustered, regularly interspaced, short palindromic repeats 
(CRISPR) and the associated guide RNA to form programmable DNA 
nucleases (CRISPR-Cas9), have become major players in genome 
editing. Researchers have used such technology to modify T cells 
ex vivo for immunotherapies and HSCs that treat sickle-cell disease 
and ß-thalassemia. The FDA also approved Casgevy 
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(exagamglogene autotemcel), a therapy from Vertex 
Pharmaceuticals and CRISPR Therapeutics, based on a CRISPR-
Cas9 approach (81). In a separate phase 1 clinical trial, a specially 
designed LNP delivered CRISPR-Cas9 to patient hepatocytes 
in vivo, where the mutant gene that causes transthyretin 
amyloidosis is knocked out. The resulting therapy significantly 
reduced serum concentration of the misfolded protein (82). Similar 
base-editing strategies are planned for a wide array of diseases. 

The Promise of “Off-the-Shelf” Allogeneic Cell 
Therapies: Suspension-culture processes using allogeneic cells 
suggest an alternative to automated, closed-system processes for 
autologous cells. Suspension-culture processes could decrease 
manufacturing costs while producing larger batches than are 
possible with adherent cell cultures. Facilities using such processes 
require less QC testing space and can automate cultures earlier in 
development, reducing headcount requirements (83). Instead of 
starting with compromised cells from a sick patient, a uniform 
population of healthy donor cells can be used as starting materials. 
Donors might even become optional if developers rely on 
differentiated iPSCs (84). 

The same techniques required in autologous CAR-T cell 
manufacturing also are required for allogeneic T-cell selection, 
activation, and genetic engineering. However, resulting products 
can be scaled up during expansion to achieve large cell numbers, 
thereby allowing many patients to be dosed from a single 
collection of reprogrammed cells (49). When surveyed, both large 
and small cell-therapy manufacturing companies were neutral on 
switching fully to allogeneic processes and thus plan to pursue 
both allogeneic and autologous processes (84). Only time will tell 
as both processes mature. 

Several challenges remain for allogeneic processes to become 
mainstream, as well. One is the use of large stirred-tank bioreactors 
for expansion. Without thorough understanding of shear forces, 
impeller impact, gas exchange, and hydrostatic pressures, the 
nonphysiologic conditions of such reactors could derail allogeneic 
expansion process steps. And unlike biologic processes in which 
protein products are secreted into the culture medium, allogeneic 
cells are the products, themselves, and they could experience 
adverse effects during expansion (85). 

One critical concern emerging from clinical trials of allogeneic 
cell therapies has been immunogenicity, including patient rejection 
of infused cells and GVHD development (86). Gene-editing 
techniques such as CRISPR-Cas9 can be used to disrupt T-cell 
receptors (TCRs) and major histocompatibility (MHC) loci, 
mitigating immunogenic recognition of allogeneic therapies and 
reducing or eliminating symptoms; however, improved 
understanding of such mechanisms is required (49). 

In a comparison of allogeneic and autologous CAR-T cells, the 
autologous cells demonstrated greater performance in almost all 
aspects, especially persistence. Strategies for improving allogeneic 
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cell performance include using iPSCs as cell sources; maintaining 
constant, equal CD4+/CD8+ ratios in T-cell populations; using stem-
cell memory and central memory T-cells; improving culture 
conditions for reduced cell doublings, improved efficacy, and 
lowered rates of cell exhaustion; and combining cell therapies with 
conventional treatments (87). Once the limitations above have been 
overcome, allogeneic cell therapies could become the model of choice 
for centralized CGT manufacturing facilities. 

Many Paths, One Destination
Cell-therapy manufacturing is still in its infancy. Just as the 
biologics industry progressed stepwise from hybridoma technologies 
to optimized cell-expression platforms, CGT manufacturing requires 
improved understanding of cell biology to achieve reproducible, 
scalable processes. However, understanding of pluripotent-cell 
biology and the influence of media, growth surfaces, cell-line 
development, and differentiation has been slow to advance. 

Automation of undifferentiated ESC expansion and subsequent 
differentiation is difficult, and the process largely remains an art. 
Cell therapies based on iPSCs gained acceptance with their less-
controversial sourcing and have progressed to late-phase clinical 
trials, but none have been approved for use in humans. Generally, 
differentiated iPSCs are considered to be a good source for rare cell 
types. Progenitor cells such as MSCs have potential for many cell 
therapies but suffer from a lack of standardization. Defining them 
merely by their ability to adhere to tissue-culture plastic leads to 
variability in starting materials and subsequent failure of many 
MSC clinical trials in the United States, although products have 
been approved for use in humans elsewhere. Similarly, exosomes 
have been difficult to characterize and purify. We have no doubt 
that pluripotent, multipotent, and progenitor cells will find a place 
in cell-therapy toolboxes as scientific understanding grows.

CAR-T cells are in the spotlight now. Multiple such therapies 
have been approved for use in humans, and hundreds more are in 
development. But the number of patients treated remains quite 
small compared to the overall patient population. Major challenges 
remain for CAR-T cell therapies, including adverse events following 
treatment such as cytokine release syndrome (CRS) and 
neurotoxicity. Overall tumor burden, the intensity of preceding 
lymphodepletion, and the size of therapeutic doses all could play a 
part in the severity of such adverse effects (88). Another major 
challenge is the high cost of treatment. Total treatment costs can 
exceed $500,000, and with the current treatments taking up to 30 
days, some patients will not survive to reap the benefits. 

To date, CAR-T therapy has shown immense promise for treating 
hematological cancers but only limited success when treating solid 
tumors. Overcoming immunosuppressive tumor microenvironments 
will be the next chapter in T-cell engineering. Successes so far 
have led researchers to explore other immune cells such as NK 
cells, which are less immunogenic and could provide an “off-the-
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shelf” therapy for certain applications. However, those bring 
another set of challenges: namely, limited life span and 
proliferation potential (88). 

To meet ever-increasing CGT demands, automation must replace 
manual processes that use flasks and bags. A scalable, all-in-one 
system should be developed with increased process control and 
flexibility such that it could serve not just as an early-stage 
solution, but also as a stepping stone to PoC or dispersed-
manufacturing solutions. Still, it is hard to imagine 50 units in a 
single ballroom as a viable long-term solution. Novel or complex 
processes will require step-by-step or unit-operations automation. 
Manufacturing-in-a box could contribute customizable automation 
solutions required for more sophisticated products. However, all-in-
one devices still require highly skilled operators to be effective. 

To meet the demand of autologous manufacturing, CDMOs must 
reduce human errors, costs, and processing times. New levels of 
standardization and process monitoring also will be required to 
make such manufacturing a viable option. Distributed 
manufacturing will require all automation and standardization 
described above while adding the challenge of finding local talent 
to operate PoC facilities. Several approaches for accelerating the 
manufacture of autologous T-cell therapies, including “patient as 
bioreactor,” could reduce greatly the number of manufacturing 
steps and time to treatment for patients. Finally, hearkening back 
to the early days of gene therapy, in vivo modification of T cells 
using CRISPR-Cas9 could give rise to a new class of drugs entirely. 

We are in a phase of great invention as we work our way through 
the different means to engineer a patient’s own immune cells to 
fight cancer. Autologous cell therapies work and are worth 
pursuing. Meeting the demands of industrialization for these 
potential cures is a huge undertaking. Scale-out of such processes 
will require more than just a keen understanding of how stirred-
tank bioreactor environments affect cells. One possible solution is 
the transition to “off-the-shelf” allogeneic cell therapies. Taming 
the immunogenicity of such cells and improving their persistence 
are just two of the challenges that must be overcome, however. 
Improvements in automation and understanding of cells’ biology as 
well as the environment in which they operate will facilitate the 
cost-effective treatment of hundreds of thousands of new patients.
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