
REVIEW Open Access

Lymphocyte expansion in bioreactors:
upgrading adoptive cell therapy
Oscar Fabian Garcia-Aponte, Christoph Herwig* and Bence Kozma

Abstract

Bioreactors are essential tools for the development of efficient and high-quality cell therapy products. However,
their application is far from full potential, holding several challenges when reconciling the complex biology of the
cells to be expanded with the need for a manufacturing process that is able to control cell growth and
functionality towards therapy affordability and opportunity. In this review, we discuss and compare current
bioreactor technologies by performing a systematic analysis of the published data on automated lymphocyte
expansion for adoptive cell therapy. We propose a set of requirements for bioreactor design and identify trends on
the applicability of these technologies, highlighting the specific challenges and major advancements for each one
of the current approaches of expansion along with the opportunities that lie in process intensification. We conclude
on the necessity to develop targeted solutions specially tailored for the specific stimulation, supplementation and
micro-environmental needs of lymphocytes’ cultures, and the benefit of applying knowledge-based tools for
process control and predictability.
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Background
In the process of understanding cancer, clinical research
has developed a resourceful toolbox of treatment options
ever increasing in complexity. From surgery and radi-
ation therapy, going through chemotherapy and bio-
logics, we have arrived to the field of Cancer
Immunotherapy [1], an approach that merges with the
innovative area of Advanced Therapy Medicinal Prod-
ucts (ATMPs) to develop the specialty of Adoptive Cell
Therapies (ACT).
This branch of immunotherapy is defined as the intra-

venous administration of ex vivo expanded immune ef-
fector cells that are capable of selective cytotoxicity. It
exploits the immune system’s ability to distinguish be-
tween pathologic and healthy tissue [2, 3]. ACT has been

characterized as a “living” treatment that can be en-
hanced by means of gene modification because cells
continue to function in vivo after they have been infused
back into a patient [4]. ,To date, many cells have been
used for ACT, including Lymphokine-Activated Killer
(LAK) cells, Tumor-Infiltrating Lymphocytes (TILs),
Cytotoxic T Lymphocytes (CTLs), Cytokine-Induced
Killer (CIK) cells, γδ T cells, Regulatory T (TReg) cells,
Natural Killer (NK) cells, engineered T cells (T-Cell Re-
ceptor (TCR T) cells and Chimeric Antigen Receptor
(CAR) T cells) [2, 5, 6].
Unfortunately, these cells remain as a limited thera-

peutic option that is only applied to a small number of
patients. Partly because of significant knowledge gaps on
their clinical effectiveness and cost/benefit ratio and a
strong dependency on highly specialized methods, mate-
rials and equipment, therefore the number of products
approved for commercialization is reduced [7, 8]. As the
last decades saw progress in the understanding of
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lymphocyte biology and different companies are devel-
oping high throughput systems for ACT manufacturing
[9], it is expected that this field will experience a quick
clinical and technical expansion, that requires process
intensification and innovative solutions from engineers.
Hence, there will be a future push to technologize ACTs,
from hospital-oriented to industrially relevant manufac-
ture processes.
The manufacturing of an ACT product usually begins

with a mixed lymphocyte population from a patient’s bi-
opsy, or from apheresed Peripheral Blood Mononuclear
Cells (PBMCs) (Fig. 1). It can also be started by differen-
tiating a cell subset from Hematopoietic Stem Cells
(HSC) and lymphoid progenitors generally obtained
from Umbilical Cord Blood (UCB). After cell acquisition,
several workflows can be followed depending on the
intended application. In upstream, most of the protocols
include cell selection, enrichment, purification, activa-
tion, stimulation, gene modification and expansion,
while downstream processes include pooling, further en-
richment, formulation and cryopreservation [10–13]. In-
dependently from the workflow, and because ACT doses
composed of high cell numbers generally produce more
desirable therapeutic outcome [14, 15], the cell expan-
sion process is a common factor in any ACT protocol,
being subjected to the greatest research efforts and the
most significant body of user experience [16].

Expansion’s ubiquity highlights its importance for ACT’s
optimization, relying on the application of Quality by
Design (QbD) principles for sound bioprocess under-
standing. However, optimizing for a process focused
only on high cell output could narrow the Critical Qual-
ity Attributes (CQAs) down to the productivity issue. In
that sense, ACT would not benefit from an integrative
clinical view, able to compensate for regulatory and en-
gineering constraints [17] in a broader context that con-
siders yield, cell purity and product functionality.
The aim of this review is to give a comparative over-

view of lymphocyte expansion in bioreactors, assessing
their ability to generate sufficient, functional and cor-
rectly differentiated cell populations, with considerations
to process flexibility, controllability and scale. We ex-
plore the manufacturing of lymphocytes primarily from
PBMCs and biopsies, summarizing the outcomes from
the diverse expansion processes but taking the compar-
ability issues arising from the wide range of stimulation
and supplementation strategies into the picture, apart
from the selected bioreactor technology. Lymphocyte
manufacturing from stem cells is excluded from this re-
view as it adds an extra layer of complexity to the com-
parison exercise. We first provide a context on the
general culturing requirements for lymphocytes, later
discussing the challenges of transitioning to technolo-
gized manufacturing. Given that context, a set of

Fig. 1 General upstream and downstream steps of a cell therapy product from autologous or allogenic source. The graph shows the contribution
of the different unit operations to final cell yield (red), functionality (green) and purity (blue). This review focuses on the expansion process
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requirements for bioreactor design and comparison for
allogenic and autologous ACT is presented. We then re-
view and categorize the available bioreactor technologies
based on published results on process yield, cell purity
and product functionality. Finally, we propose further
knowledge intensive approaches that could be useful to
take advantage of the data intensive environment that
bioreactors bring to the field of ACT.

The complexity of lymphocyte expansion
Compared to small molecules and biologics, living
cells are much more complex: they sense their sur-
roundings, react to their environment and express
varied and adjustable behaviors [18]. Furthermore,
they have some unique features [19], including the
ability to specifically distinguish, bind and kill abnor-
mally growing cells by selectively switching metabolic
pathways to enhance the production of cytotoxic sub-
stances [20]. Because of this complex biological set-
ting, any small change in the culture environment
may result in the alteration of product quality [21], a
concept that acquires a greater dimension, as it be-
comes associated with information on cell state,
phenotype, functionality and identity [22].
The unpredictable behavior of lymphocytes during cul-

ture causes noticeable variations in expansion rates amid
manufacturing [23]. This inherent variability hinders any
comparison between expansion protocols in order to con-
clude and organize best practices. At the core of this issue
relies donor heterogeneity as differences related to age,
gender, health issues or ethnicity are frequent [24]. Donor
variability is also linked to process performance and
lymphocyte sensitivity to process parameters [25]. Model-
ing for process predictability, associated with a thorough
characterization of raw materials to compensate for
source’s variability can improve process understanding,
accelerating the establishment of new cellular therapies
[14]. To make it even more complex, lymphocytes can
tune their communication with the environment by modi-
fying their receptor/ligand repertoire, changing cellular
sensitiveness to external substances and surfaces [19].
These aspects often generate an undesired outcome: when
subjected to extensive cultivation, cells are prone to de-
velop phenotypic changes (e.g. differentiation, senescence
or immunogenicity) or genetic changes (e.g. mutations,
gene deletions or chromosomal aberrations) that can se-
verely undermine their safety and efficacy profiles. There-
fore, higher yield due to prolonged expansion often
correlates with the selection of more proliferative cell sub-
populations, which can be less efficient for their designed
function [14].
Additionally, immune cells must be stimulated by

carefully integrating selection and activation steps during
the expansion process. There are several technologies

available for the activation of immune cells, including
cell-based activation, bead-based activation, and
antibody-based activation. Antigen Presenting Cells
(APCs), as cell-based activators, are endogenous agents
that provide an in vivo-like stimulation but they are ex-
pensive to use in a GMP environment, difficult to re-
move from the final cell population, variable in their
potential to induce activation and may be scarce when
isolated from donor samples [11]. Traditionally, immune
cell expansion has also relied on the supplementation
with animal or human serum. However, the use of
serum may generate safety risks of infusion and in-
creases process variability due to batch-to-batch differ-
ences [11, 26, 27]. Besides antigen-induced activation,
stimulation with cytokines is another factor that influ-
ences the composition, quality and phenotype of the
final cell product. T cells are generally produced by IL-2,
IL-7 and/or IL-15 stimulation [28], while most current
NK cell expansion protocols include the use of IL-2 and
IL-15 [29, 30]. Complex, precisely scheduled cytokine
cocktails for culture stimulation can also be used under
certain expansion protocols.
Through the usage of these stimulation agents, the

expanded cells undergo frequent metabolic changes.
They can move into quiescence or active status, start
the division cycle, enter apoptosis or differentiate.
Knowing what process is triggered in which cells is
important, yet most expansion results just consider
the overall expansion rate of a given subset of cells.
Furthermore, metabolism is not only relevant as a de-
scriptor of cell growth. There is a growing body of
evidence that shows immune cell metabolism to be
essential to cell functionality. For example, glycolysis
and oxidative metabolism have been shown to modu-
late classical anti-tumor effector functions of NK cells
[31]. Thus, positive and negative modulation of cer-
tain metabolic triggers could be used to control
ex vivo expansion and direct cell functionality. Amino
acid modulation is another tool that may enhance cell
expansion, because some of them, such as glutamine,
arginine and tryptophan, have been found to influence
lymphocyte proliferation [32].
Summarizing, lymphocytes could be portrayed as deli-

cate cells requiring very meticulous culturing. Their be-
havior can be unpredictable to some extent, because of a
combination of factors that include donor and cell popu-
lation heterogeneity, frequent metabolic changes, high
sensitivity to culture environment and strong depend-
ency on an accurate stimulation strategy that mimics
typical in vivo conditions. This complexity demands an
expansion process that is sensitive and flexible enough
to compensate for variability. This is offered by various
bioreactor systems that were proven to be applied for
lymphoid cultures.
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From static cultures to intensified processes
Despite of the tight control needed for efficient ACT
manufacturing, immune cells are still frequently ex-
panded in static systems equipped with limited monitor-
ing capacity [10, 19, 23]. These platforms (plates, flasks
and bags) depend on incubators and are restricted to a
batch-and-split mode which periodically divides and re-
fills the culture with medium to cope with the cells’
metabolic activity and stimulation requirements, there-
fore these cultures are highly susceptible to contamin-
ation as multiple open vessels are needed to create a
single product [33]. Furthermore, the medium renewal
cycles cause frequent nutrient and metabolite fluctua-
tions that may trigger high phenotypical variability [19].
As a result, ACT cells are still manufactured through
processes and methods that have been characterized as
“archaic, scarcely controlled and incomparable” [34]. Be-
cause of their simplicity, cell therapy companies may ini-
tiate clinical trials using static systems, requiring further
assessment as key differences in parameters such as
shear stress, culture conditions, and cell-to-cell interac-
tions may cause a divergent biological profile as the cells
are moved to a bigger scale dynamic set-up [35].
Quality testing, which includes complex functionality

assays, should be carried in a timely manner, as ACT
products are generally used or preserved briefly after pro-
duction, increasing the risk of uncertainty and therapeutic
mistakes [36]. This implies that Process Analytical Tech-
nology (PAT) alone is not able to provide robust informa-
tion to address most quality questions. Because of that,
discrete in-process characterization of cell status during
manufacture is generally out of phase with properties con-
tinuously monitored using PAT tools, which are inferen-
tial in nature (e.g. DO, pH, glucose consumption or cell
density) [37]. However, our comprehension of cell status,
including metabolomics, clonogenicity and cell cycle regu-
lation is significantly improving [38].
Most of the bioreactors used for the cultivation of

therapeutic cells originate from vessels and technology
created for upstreaming bacteria or yeast [14]. However,
it is important to note that these systems do not focus
on cell integrity and functionality but on maximizing
yield, thus requiring refitting to face the challenge of
generating a healthy and functional cellular product
[38]. Bioreactors allow process scale up with high
standardization and reproducibility, while enabling the
evaluation of the influence of process parameters on cul-
ture performance [39]. In the same way, process intensi-
fication through the implementation of mechanistic
modeling and PAT tools, along with the use of auto-
mated culturing techniques, facilitates to reach better
control over cell expansion [14] (Fig. 2).
A bioreactor’s capability to monitor and control crit-

ical process parameters is a highly valuable characteristic

yet to be optimally explored with lymphocyte cultures.
To profit on these abilities, several bioreactor designs
were already tested for lymphocyte culturing. These dif-
ferent bioreactor configurations (Fig. 2) are generally
suitable for a specific field of ACT (either allogenic or
autologous applications). However, as the cultured cells
have in principle the same needs, a general set of re-
quirements towards maximizing bioreactor capabilities
can be formulated, guiding the transition from static cul-
tures to intensified processes.

Requirements of bioreactors for lymphocyte
culture
Although every cell therapy process has unique ele-
ments, it is not practical to design specialized devices for
each specific product. Instead, ACT products should be
grouped on shared process characteristics, defining strat-
egies and technologies that fit better for each category as
a whole [40]. In that regard, ACT can be performed
using two general principles: autologous and allogenic.
In the autologous setting, a batch is individually pro-
duced from a patient’s biopsy, isolating and culturing
the cell population of interest. In the allogenic workflow,
cell source is a universal donor platform with highly ex-
pandable cells that have similar scale requirements as
the manufacturing of cell derived proteins and the cell
product may target multiple patients [25]. Process-wise,
increasing vessel scale and ensuring culture performance
(scale-up) is related to allogeneic approaches, while
parallelizing several independent units (scale-out) is gen-
erally the goal in optimizing autologous therapy [22]. An
autologous batch size is not expected to exceed more
than a few liters volume, because of the limited amount
of starting material and the time sensitivity of the cells
to retain their functionality. Thus, scaling up autologous
is not useful and scaling out for multiple batches still re-
quires a thorough assessment of technical capacities
[35]. This delicate setting for autologous cell therapy
drives bioprocess development towards automation [11,
25], as the ideal autologous platform should compensate
for the effects of varying culture conditions on CQA’s
performance [40]. The allogenic set up, on the other
hand, requires appropriate inoculation levels with min-
imal seed adaptation to maximize the expansion out-
come. Therefore, the possibility of having a set of vessels
geometrically and dynamically comparable is highly rele-
vant [41]. In the same way, achieving consistent process
reproducibility is necessary for a standardized and safe
allogenic platform, thus, allogenic bioprocess develop-
ment is mostly driven towards process control than
workflow automation. To harness a bioreactor’s full po-
tential, its design and application should be fitted to the
challenges of cultivating lymphocytes and the supple-
ments necessary for their growth. These are, in the view
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