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The cell therapy field continues to experience significant growth with an 
increasing number of therapies approaching commercialization and over 
535 products currently undergoing phase II and III clinical trials [1]. This 
focus towards commercialization is leading cell therapy innovators to 
increasingly look at technologies which can support improved product 
monitoring, allow more controlled processing and increased consistency 
during manufacturing. These needs are similar to those experienced in 
conventional bioprocessing where approaches such as quality by design 
(QbD) are increasingly being applied to achieve enhanced control of ther-
apeutic products such as monoclonal antibodies. QbD incorporates prior 
product knowledge with the use of statistically designed experiments, 
risk analysis and knowledge management. The intent of QbD is to devel-
op sufficient understanding of the product to ensure robustness and con-
sistency in the manufacture process. As the cell therapy field continues to 
mature it is timely to look at how learnings and technologies from related 
fields can be used to expedite the development of modern cell therapy 
manufacturing strategies. 

PROCESS ANALYTICAL 
TECHNOLOGY
A key component of the QbD 
process is the development and 
implementation of Process Analyt-
ical Technologies (PAT). PAT is a 

framework for “designing, analyz-
ing, and controlling manufactur-
ing through timely measurements 
(i.e., during processing) of critical 
quality and performance attributes 
of raw and in-process materials and 

processes, with the goal of ensuring 
final product quality” [2]. The aim 
of PAT is to obtain better process 
control by identifying and manag-
ing sources of variability, reducing 
cost by optimizing the use of raw 
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materials and minimising product 
cycle times through the use of mea-
surements that are in-line (analyzed 
in place), on-line (sample removed, 
analyzed and returned to the pro-
cess stream) or at-line (sample re-
moved and analyzed close to the 
process stream) [3]. PAT has been 
successfully applied for chemical 
pharmaceutical manufacture for 
decades and is increasingly used to 
support biopharmaceutical produc-
tion [4]. However, there are many 
challenges to applying methods 
amenable to PAT to support bio-
manufacture of cell therapy prod-
ucts. For autologous products there 
is often an inherent variability in 
the patient specific starting materi-
al. This variability may be increased 
if the cells are obtained from older 
patient populations who have un-
dergone a range of first line treat-
ments for their malignancies. For 
example, CD19 chimeric antigen 
receptor T-cell immunotherapies 
used for the treatment Non-Hod-
gkin’s Lymphoma (NHL). More 
than 90% of these patients are over 
65 years old when diagnosed with 
NHL [5] and may have received 
initial treatments including single 
agent alkylators, nucleoside ana-
logues, combination chemothera-
py, or monoclonal antibodies  [6]. 
For allogeneic therapies there is 
the potential to have more con-
trol over the heterogeneity of the 
cellular starting material through 
the use of characterized master 
and working cell banks. However, 
these products are equally affected 
by other processing variables such 
as lot-to-lot inconsistencies of raw 
materials, the activity of growth 
factors and cytokines, fluctuation 
in the availability of nutrients and 
progressive build-up of metabolic 
waste products.  

Implementation of PAT requires 
a high level of product understand-
ing including the interlink between 
Critical Quality Attributes (CQAs) 
of the product, performance attri-
butes of the process, and key char-
acteristics of the various raw and 
in-process materials. Establishing 
this level of product understanding 
takes time and can be gained and 
refined during the whole process 
development lifecycle. It has been 
proposed that PAT should be im-
plemented over several phases of ac-
tivity [7,8]. The initial phase begins 
when the unit operations are being 
designed and optimized during the 
early stages of product develop-
ment and involves the identifica-
tion of the product CQAs and the 
assessment of the impact of Critical 
Process Parameters (CPP) on these 
CQAs. The next phase involves the 
identification of suitable technol-
ogies that can be used to monitor 
the CQAs and CPPs within a suit-
able timeframe to allow real-time 
decision making. The final phase 
involves the optimization and vali-
dation of the technologies to con-
trol the CPP’s and demonstrate im-
proved consistency of manufacture. 

THE PAT CHALLENGE FOR 
CELL THERAPIES
A fundamental challenge to imple-
menting PAT to support cell ther-
apy manufacture is how to define 
cell quality. For biopharmaceutical 
processing the cells are a vehicle to 
produce a therapeutic agent which 
can be isolated and purified with-
out the need to recover the cells. As 
a consequence the implementation 
of PAT during the culture process is 
generally straight forward, as the aim 
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is to maintain a viable growing cell 
population and the window for de-
cision making is relatively wide. By 
contrast, the challenge for cell ther-
apies is to decipher the relationships 
between raw material variables (nu-
trients, growth factors, extracellular 
matrix substrates), product variables 
(cell phenotype, metabolic profile, 
apoptosis etc.) and process variables 
(medium perfusion or exchange rate, 
feeding regime, stirring speed, pH, 
dO2, etc), to ensure that product 
quality is maximized and CQAs are 
maintained throughout the process. 

This inherent complexity means 
that current implementation strate-
gies for PAT alone do not provide 
robust information to address these 
questions. A gap exists between dis-
crete in-process product character-
isation (phenotype, cell stress, cell 
cycle) and properties usually mon-
itored through PAT which provide 
a continuum of data but are largely 
inferential in nature (e.g. dO2, pH, 
glucose consumption or cell mass). 
At the Cell and Gene Therapy Cat-
apult, we are bridging this informa-
tion gap with the introduction of an 
agnostic multiparametric cell char-
acterization and multivariate data 
analysis approach. 

Our approach is implemented in 
three stages  as outlined below and 
in Figure 1:

1. Cell-based marker panel 
development

A standard product identity panel 
is generated which is composed of 
100’s of potential protein and mo-
lecular target that are screened us-
ing high throughput multiplexed 
technologies. The screening panels 
are designed to incorporate both 
product specific targets and gener-
ic markers for cell quality based on 
stress (e.g. DNA repair, oxidative 

stress, hypoxia, apoptosis) and met-
abolic status. A “reference” dataset is 
generated using material produced 
following the established process 
(for which CQAs are known to be 
maintained) as well as compara-
tor data produced under defined 
stress-inducing conditions (e.g. 
high cell density, low abundance of 
growth factors). Differential analy-
sis between these production runs 
followed by correlation analysis 
between the protein and molecular 
targets allow a smaller panel to be 
identified which will contain mark-
ers reliably modulated by changes in 
the culture regimen. 

2. Design-of-Experiments 
(DoE)

The cell-based marker panel devel-
oped in stage 1 is further augment-
ed with additional measurements 
from suitable in/at-line PAT sys-
tems. These could include technol-
ogies such as liquid chromatogra-
phy mass spectrometry (LC-MS), 
photometric metabolite analyzers, 
Raman spectroscopy, label-free live 
cell imaging and protein arrays. 
These additional PAT’s can typical-
ly measure 10’s to 100’s of surrogate 
markers each. Several production 
processes are run in parallel or se-
quentially based on a Design-of-Ex-
periment methodology. Measure-
ments using the full panel from this 
stage are taken at regular intervals 
throughout the runs, resulting in 
large multivariate datasets.

3. Multivariate data analysis 
[9] (MVDA)

Data modelling techniques such as 
co-expression network analysis [10] 
are used to collate the data from 
the DoE experiment and identify 
markers whose expression patterns 
are modulated similarly under the 
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different process conditions. This 
generates a Topological Overlap 
Matrix (TOM) which quantifies the 
correlation and connectivity of each 
marker with all the other markers. 
By stringently removing the least 
connected markers from the TOM 
dataset a low resolution matrix is pro-
duced which contains a refined panel 
of product specific markers that can 
be used for in-process monitoring. 

This approach is agnostic as there 
is no theoretical requirement to re-
late measured changes in marker/
signal outputs to the physiologi-
cal and biochemical nature of the 
changes. It is therefore amenable to 
adaptation across a wide range of 
cell therapy products and processes. 
The availability of high-throughput 
quantitative methods using com-
monly applied platform technol-
ogies such as flow cytometers and 
RT-qPCR is instrumental in estab-
lishing robust product fingerprints 
from which quality attributes can 

be tested and panels designed for 
routine analysis. 

PAT TECHNOLOGY 
SELECTION 
Selecting suitable analytical technol-
ogies to support PAT for cell ther-
apy manufacture is also challeng-
ing. Consideration must be given 
to the capability of the technology 
to make robust measurements in a 
complex culture formulation with-
out interference from other com-
ponents. Ideal technologies should 
also be capable of supporting real 
time monitoring or at a minimum 
provide data in a timeframe suffi-
cient to allow proactive decision 
making. Sample availability and 
access to the culture system could 
also be a limitation. Unlike large 
scale biopharmaceutical production 
where the majority of cell culture 
operations involve the use of stirred 

ff FIGURE 1
Overview of PAT’s and marker selection procedure.
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In stage 1, screening of cell-based markers results in smaller product-specific protein and molecular marker panels modulated by 
changes in culture regimen. This panel is augmented with measurements from suitable in/at-line PAT systems. In stage 2 this panel is 
used to record changes at multiple time points with measurements correlated to different production processes implemented through 
a DoE methodology. In stage 3, the resulting multivariate datasets are analysed to identify a set of robust cell-based and surrogate 
markers. Co-expression network analysis (A) can be used to narrow down a subset of such markers by removing the least significant 
ones. Alternatively (B), only markers strongly correlated with robust surrogate markers (e.g. “texture” from live cell imaging) can be 
investigated in order to derive a smaller product-specific panel to be used for in- and end-of-process monitoring.
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tank bioreactors [11], cell therapies 
are produced using a wide vari-
ety of culture systems. These range 
from open platforms such as mul-
tiwall plates, T-flasks, roller bottles, 
bags and multilayer flasks through 
to closed bioreactor systems such 
as hollow fiber, rocking motion, 
packed bed and stirred tank biore-
actors. Some of these systems have 
probe ports allowing a wide range 
of technologies to be utilised for 
bioprocess monitoring while others 
such as multilayer flasks and hollow 
fiber bioreactors may limit analysis 
to the spent media (Figure 2). 

The demand for real-time and 
rapid monitoring within the bi-
oprocessing field has resulted in 
significant innovation and auto-
mation of process analysers [12]. 
Some of these technologies may 
be applicable for cell therapy pro-
cess monitoring (Table 1). However, 
their implementation is often not 
straight forward and could require 

significant capital investment and/
or access to specialist expertise. 
For example, optical sensors such 
as near infrared and Raman spec-
troscopy are non-invasive and can 
provide continual in-line monitor-
ing of parameters associated with 
cell metabolism such as glucose 
and glutamine consumption and 
production of lactate and ammo-
nia. However, analytical data from 
online optical systems is typically 
not amenable to direct interpreta-
tion. Consequently, chemometric 
methods using MVDA techniques 
such as partial least squares are re-
quired for effective data analysis 

[13]. At-line technologies such as 
mass spectrometry use difference 
in the mass-to-charge ratio of ion-
ized atoms or molecules to pro-
vide detailed information about 
the concentrations of media com-
ponent. This information can be 
provided in near real-time but the 
systems are expensive to set up and 

ff FIGURE 2
Comparison of the typically available range of in-/on-/at-line PAT measurement technologies that can be 
applied to culture systems for cell therapy processing.
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require analytical chemistry exper-
tise to establish the monitoring 
methods. Other technologies such 
as fluorescent optical sensors for 
pH and DO analysis can be cheap 
to implement and are increasingly 
being used for in-line monitoring 
in a range of culture systems. These 
sensors can provide real time infor-
mation but measurement reliabil-
ity can decrease after 15–20 days 
in culture [14], potentially limiting 
their use for cell therapies with 
long manufacture processes.  

CONCLUSION
As the cell therapy field matures and 
companies strive to develop cost ef-
fective manufacturing strategies, the 
requirement for better process con-
trol by implementing PAT is increas-
ing. This is being underpinned by 
advancements in analytical screening 

technologies and the development 
of multivariate analysis techniques 
which allow data from several sourc-
es to be combined and analysed si-
multaneously. While the implemen-
tation of PAT is not always straight 
forward and may require access to 
specialist expertise it does present 
opportunities to move away from 
“locked in” processing to more flexi-
ble manufacture by monitoring and 
controlling known sources of vari-
ability. As PAT is increasingly applied 
this will present opportunities for 
technology miniaturization and the 
development of single use biosensors 
to bring more analysis in/at line to 
further increase consistency of man-
ufacture. Going forward, this ability 
to produce a dynamic description 
of the process could allow inherent 
QC during production, providing 
opportunities for “right first time” 
manufacture and potentially sup-
porting real time product release. 

f f TABLE 1

Potential PAT technologies that could be used for cell therapy process monitoring.

Technology Measurement

In
-li

ne

NIR spectroscopy Glucose/Glutamine/Lactate/Ammonia, VCD/TCD/osmolality

Raman spectroscopy Glucose/Glutamine/Lactate/Ammonia,  VCD/TCD/osmolality

Fluorescent sensors pH and DO

Refractive index Compositional changes

multiwavelength 
Fluorimetry

Amino acids

Holographic imaging Cell shape/size, cell viability

Impedance Biomass / call viability

Turdibimetry Biomass 

In
/A

t-
lin

e

HPLC Media components (amino acids, sugars, proteins, metabolites)

LC-MS Media components (amino acids, sugars, proteins, metabolites)

Coulter counter Biomass / call viability

Imaging Cell size/shape, cell viability

Photometric analysers Glucose/Glutamine/Lactate/Ammonia

DO = Dissolved Oxygen; TCD = Total Cell Density; VCD = Viable Cell Density
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