Available online at www.sciencedirect.com

ScienceDirect

Procedia CIRP 120 (2023) 1034-1040

www.elsevier.com/locate/procedia

56th CIRP Conference on Manufacturing Systems, CIRP CMS ‘23, South Africa

Digital transformation of CAR-T cell therapy — challenges and potential for
Industry 4.0

Simon Hort** Carmen Sanges®, John J. L. Jacobs®, Michael Hudecek®, Robert H. Schmitt*¢

¢ Fraunhofer Institute for Production Technology IPT, Steinbachstr. 17, 52074 Aachen, Germany
b Lehrstuhl fiir Zellulire Immuntherapie, Medizinische Klinik und Poliklinik II, Universitctsklinikum Wiirzburg,
Wiirzburg, Germany
¢ Clinical Care and Research, ORTEC BV, Zoetermeer, The Netherlands
4 Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Campus-Boulevard
30, 52074 Aachen, Germany

* Corresponding author. simon.hort@ipt.fraunhofer.de

Abstract

With the approval of CAR-T cell therapy as a treatment for acute leukemia and lymphoma in 2018, the first advanced therapy medicinal
product (ATMP) came onto the market. ATMPs are cell- and gene-based products and very promising therapies for the successful treatment of
various hereditary diseases and cancers. In recent years, more ATMPs have been approved and a strong increase is expected considering
current clinical trial numbers. However, CAR-T cell production still poses great challenges. The CAR-T treatment is very costly for approved
products (approx. 400.000 $). Most of the associated costs are due to the expensive manufacturing processes. Furthermore, autologous CAR-T
cell therapy is limited in its scalability by a patient-specific make-to-order approach which makes economic production difficult. To make
CAR-T cell products and other ATMP available to a large number of patients, the complex multi-step manufacturing process must be further
developed and the potential for automation and digitalization exploited. Therefore, this article provides an analysis of CAR-T cell production
focusing on characteristics, challenges, and optimization potential. For strategic guidance in the digital transformation, a systematic approach,

based on the Industry 4.0 maturity index, is introduced categorizing challenges and use cases into six stages.
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1. Introduction

The approval of CAR-T cell therapy as a treatment for acute
leukemia and lymphoma in 2018 marked the introduction of
the first advanced therapy medicinal product (ATMP) into the
European market [1]. ATMPs, including cell- and gene-based
products, have demonstrated significant potential as therapies
for a variety of hereditary diseases and cancers. Currently,
hundreds of clinical trials are being conducted globally to
evaluate the use of CAR-T therapies for the treatment of

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

hematologic and solid malignancies, highlighting the potential
of this therapy in the field of oncology [3].

As encouraging as the successes are so far, there is still a
long way to go for wide patient access. The wide-scale
deployment of CAR-T cell therapy is currently hindered by
several challenges such as the complex and expensive
manufacturing process, lack of standardization, high cost,
limited access, and safety concerns [4,5].

The research and development of CAR-T cell therapy focused
the last years especially on the biological improvement of the
CAR-T cell product to ensure sufficient quality and thus a high
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treatment response rate. More recently, the focus shifted to
CAR-T cell manufacturing needs with a particular interest in
reducing production times, impractical manual processes, and
limited scalability issues. Therefore, this paper is dedicated to
introducing CAR-T cell therapy from a production point of
view. In the following, the term ‘CAR-T cell production’ is
used instead of ‘CAR-T cell manufacturing’ emphasizing the
more holistic view of the whole production system and not only
the cellular product. The aspects relevant to production are first
explained and analyzed. Based on this, the challenges and
potentials for Industry 4.0 are derived. The paper ends with an
outlook and the next necessary steps to make CAR-T cell
therapy available to a large number of patients.

Definition | CAR-T cells are genetically modified T
cells. Together with B cells, T cells form the group of
lymphocytes, which are themselves part of the white blood
cells (leukocytes). Lymphocytes are responsible for the
body's immune defense. T cells get redirected with a
chimeric antigen receptor (CAR) to identify and eliminate
the cancerous cells. [2]

2. CAR-T cell production

To successfully transfer solutions from Industry 4.0 to the
CAR-T cell production, a comprehensive understanding of (1)
the individual manufacturing steps, (2) devices and automation
landscape, (3) influences on production, (4) existing quality
assurance methods, and (5) the regulatory framework is
required.

2.1. Manufacturing steps

There are different approaches to manufacturing a CAR-T
cell product. Depending on the approved product or clinical
trial, different protocols are used. In general, the products all
comprise the five manufacturing steps depicted in Figure 1.
[4,6,7]

The starting material is the patient’s white blood cells which
are gained through a process called leukapheresis. In the first
step (preparation and selection) the cells are washed, and the
desired T cells are selected (e.g. with magnetic beads). There
are many different types of T cells differing in their cell surface
molecules. Determining the most suitable T cell type is the
focus of current research. Approved products use cells with the
surface molecules CD19 while ongoing clinical trials focus, for
example, on a defined ratio of CD4 and CDS [8]. Afterward,
the T cells are stimulated for proliferation and differentiation in
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the activation step. This is followed by the integration of the
CAR in the genome of the T cells (genetic modification). This
can either be achieved by viral transduction or non-viral
transfection methods. The latter is the more recently developed
method with the purpose of a safer and more cost-efficient cell
modification [9]. The produced CAR-T cells are then expanded
to achieve the required number of CAR-T cells. The expansion
process is by far the longest of the five manufacturing steps,
making it a major driver for delivery time. Lastly, the CAR-T
cells are formulated and (if needed) cryopreserved before
injecting them into the patient. [10,7]

2.2. Devices and automation

Traditionally, the production is carried out manually by
laboratory technicians in open systems relying heavily on their
expertise and judgment. Manual production is prone to human
error resulting in product variability, contamination, and batch
loss [11]. A study by VORMITTAG ET AL. showed in 2017 that
despite the risks 19 % of all clinical trials for CAR-T cells were
conducted using a manual approach [7].

In recent years, various devices have been developed to
support standardizing the process and maintaining consistent
quality. Furthermore, automation reduces the costs of highly
trained operators, increases throughput, and enables scalability.

MOUTSATSOU ET AL. distinguish the ongoing automation
into Ist and 2nd generation automated platforms. The 1%
generation focuses on imitating human actions with robotic
arms or liquid handling units while increasing reproducibility
and throughput. But they still automate only single process
steps and rely on  additional equipment  or
manufacturer-dependent consumables. Also, bioreactors are
developed for cell expansion allowing monitoring and control
of culture conditions [6]. The 2" generation already aims at
automating the entire process chain. With the Milteny
CliniMACS Prodigy® and the Lonza Cocoon®, two
commercial devices are on the market that perform all or most
of the manufacturing steps depicted in Figure 1. While they
further reduce human handling, they take a one-device-per-
patient approach limiting up-scaling and showing an
insufficient flexibility [4,12].

Also, current devices for biomedical production lack of a
standardized interface hindering connectivity and data
exchange [13]. The research project AIDPATH addresses these
challenges and develops a modular and
manufacturer-independent platform for end-to-end automation
enabling parallelized manufacturing and automated quality
control [4].
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Figure 1. Flow chart of the CAR-T cell manufacturing process | The given durations are rough estimates resulting from
discussions in the EU project AIDPATH. The estimates only serve to illustrate the considerable time differences between the
process steps.
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2.3. Influences on production

As stated above, various manufacturing approaches exist
rather than one uniform, robust process. This is because there
is still no all-encompassing understanding of CAR-T cell
manufacturing itself. Any change in the manufacturing process
can have significant effects on the final product. The different
T cell stimulation and gene delivery processes can have an
impact on the functionality of the final CAR-T product in vivo
[14]. Moreover recent evidence highlighted that reagents used
for ex vivo CAR-T cell expansion, including media, sera,
cytokines, and additional medium supplements, can have a
significant impact on CAR-T cells proliferation, function, and
response to the tumor microenvironment through a shifting of
metabolic profile [15,16]. The duration of the expansion
process can be considered another parameter to control and
adjust as needed. This again underlines the need for an
automated and controllable process. In addition, the success of
cell therapy relies on the patient cells used as a starting material
since cell behavior varies from patient to patient making the
outcome hardly predictable, i.e. due to differences in age, prior
exposure to chemotherapy, and T-cell state function [17,11].
Accordingly, there are currently no processes or methods to
determine whether CAR-T cell therapy will reach the desired
patient response [6].

2.4. Quality assurance and control

Quality assurance and control are integral aspects of CAR-T
cell therapy to ensure the safety and efficacy of the treatment.
Throughout the process steps the product is closely monitored
according to the applied protocol, involving sampling for
off-line measurements for cell density, viability, and
metabolites as well as possible contaminations before releasing
the product. After injection, the patient is supervised in the
post-treatment phase. Special attention is paid to the adverse
response of cytokine release syndrome (CRS), which may lead
to life-threatening complications [3].

To assess the safety and efficacy of the CAR-T-cell product,
several critical quality attributes (CQA) are defined (e.g. safety,
purity, potency, consistency, durability) [18]. REDDY ET AL.
define possible methods to measure the CQA but state that
there is further research needed to develop standardized assays
for a robust test of CAR-T functionality [10]. Large European
consortia, such as T2EVOLVE and ImSavar, are a break-
through alliance of key stakeholders in the field of CAR-T
therapy engaged to overcome the limitations of the current
methods and tools and develop new ways to predict efficacy
and safety of the CAR-T products as well as harmonize and
establish gold standards in manufacturing and analytical
processes [19,20]. With automation also the field of in-line
process control technologies develops further. To avoid manual
sampling and processing the current analytical and quality
control methods should be fully integrated in the automated
workflow. Involving basic parameters such as continuous
monitoring of dissolved oxygen (DO), pH, or temperature as
well as more sophisticated parameters such as cell viability,
cell number, purity, and CAR expression [21].

A crucial Quality Assurance (QA) document is the patient
batch record, which serves as proof of execution of all steps
and associated quality tests, including the specific process
parameters used. This record verifies that the organization or
manufacturer has properly handled and recorded all critical
steps and actions involved in the production of a single batch
of a product, whether done through automated or manual
means [22].

The current post-processing quality control measures in cell
and gene therapy may not be sufficient, given the inherent
higher level of risk and variability in comparison to other
pharmaceutical products. To address these challenges, a quality
by design (QbD) approach is more suitable for the manufacture
of these complex products, particularly when the product itself
is a living cell. The A-CELL STUDY shows how this could be
applied in cell therapy [23].

2.5. Regulation

CAR-T cell therapy is regulated by national and
international agencies such as the Food and Drug
Administration (FDA) in the United States and the European
Medicines Agency (EMA) in Europe, which have established
guidelines and regulations for the development [24]. Under
current European Union regulations, autologous or allogeneic
CAR-T cells are considered gene therapy medicinal products
(GTMPs) as defined in EU Regulation 1394/2007 for advanced
therapy medicinal products (ATMPs). Therefore CAR-T cells
fall under the ATMP regulatory framework. The production,
distribution, and administration of ATMPs must comply with
good manufacturing practices (GMPs), a version of which was
released in 2017 by the European Commission to specifically
deal with the manufacturing of ATMPs [25]. Specifically for
ATMPs manufactured from autologous cells, the EU Tissues
and Cells Directives are also followed since the starting
material is the patient-derived [26]. The Good Automated
Manufacturing Practice (GAMP) is a guideline that describes
the regulations for computer-based systems and also makes
recommendations for the design of software [27].

3. Applications for Industry 4.0 in CAR-T production

As shown in chapter 2 there are remaining challenges to be
overcome to manufacture CAR-T cells at an industrial scale.
Even though automation is on the rise and the majority of
manufacturers are (partially) automating their production,
problems such as scalability and standards have not yet been
satisfactorily solved. To manufacture CAR-T cells (and also
other ATMPs) economically, the digital transformation of
CAR-T cell therapy is needed. Since the field of digitalization
in CAR-T cell production (including manufacturing, pre-
treatment, treatment and follow-up) is still in its infancy, it
needs a systematic approach to orient itself and select the right
concepts and solutions at the right time. The Industry 4.0
Maturity Index, which classifies digitization and Industry 4.0
in six stages, can support here. It is a practical guide for shaping
digital transformation and defining concrete measures. [28]
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Figure 2 describes the stages and connects the challenges
described above with current and potential use cases from the
field of Industry 4.0.

3.1. Computerization

The computerization stage describes the use of stand-alone
machines and computers that perform various tasks in an
automated manner. There is a large number of devices on the
market taking over single or multiple process steps in CAR-T
cell production [11,3] which is why it can be argued that this
stage has been reached. Nevertheless, continuous
improvements are needed to make devices and machines as
flexible as possible concerning new developments in the field
of ATMP. Because in the end, only closed and automated
processes can ensure a safe and standardized process.

3.2. Connectivity

In the connectivity stage, the individual devices are
connected to one another enabling a networked production.
Devices share their data on a centralized database ensuring end-
to-end-process monitoring and control. This stage lays the
foundation for data analytics and planning and scheduling
software efficiently executing processes at an industrial scale.

Currently, most of the devices are not equipped with a
sufficient hardware interface and do not provide
communication standards such as OPC-UA. Most device
manufacturers have not yet recognized the need for open
interfaces and currently offer either no or only limited
connectivity to software or devices from other manufacturers.
A change in mindset and concepts like the plug-and-produce
approach could tremendously push the digital transformation
forward [29].

Stage 1 Stage 2 Stage 3

Computerisation Connectivity

Visibility
What is happening?

3.3. Visibility

With reaching the next step — visibility — all information of
the process can be displayed. With the integration of quality
control, you gather relevant process information and
comprehensively visualize them. With advancing technical
developments in the area of in-line process analytical
technologies (PAT), data can be recorded in real-time
empowering a continuous data flow and thus a digital model of
the whole production. For example, the use of sensors, such as
those for measuring temperature, pressure, and pH, can provide
data on the physical and chemical conditions of the process.
This data can be used to monitor process performance and
detect any abnormal behavior, which can indicate the need for
process adjustments.

As the amount of data increases, suitable methods are
needed to store, retrieve, and process it. This is where concepts
such as the digital twin come in. In particular, the concept of
asset administration shells (AAS) provides a framework
enabling the digital twin and bringing Industry 4.0 concepts
into application. To assess the link between a quality test and a
potential product-induced hazard in an automated way,
SCHMIDT ET AL. developed a framework for quality assurance
based on the AAS for ATMP development [22]. Also, when
looking at the whole vein-to-vein treatment digital platforms
are needed to track the patient steps and adjacent logistic
processes [30].

To be compliant with the General Data Protection
Regulation (GDPR) and to protect patient rights, different
levels of data access must be considered. While clinical care
data should be stored directly identifiable in electronic health
records (EHR), manufacturing data should be pseudonymized
to trace individual batches back to production. Publicly
available data for research and development must be
anonymized and harmonized to gain comparability. Also, the
EMA’s strategy for big data places an emphasis on using
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Figure 2: Challenges and use cases of the digital transformation in CAR-T cell production based on the Industry 4.0 Maturity Index (derived from [29])
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real-world data (RWD) to support regulatory decisions.
Significant efforts are being made with the development of the
OMOP model to prepare the structures to compare and learn
from acquired data and to avoid biases in processing.

3.4. Transparency

With the achievement of the stage transparency, causes of
effects can be analyzed, and an answer can be given to the
question: Why is it happening? This question is particularly
important due to the background of the variabilities and
uncertainties in the process. Large-scale data analysis, using
various statistical methods and machine learning algorithms
can help to close the gap between CQA and controllable
process parameters (CPP). BANERJEE ET AL. propose different
digital tools based on machine learning and decision support
systems for toxicity monitoring and management as well as
supportive care during CAR-T cell treatment [31].

3.5. Predictive capacity

In stage five the manufacturing outcome can be predicted,

and sound statements can be made on what is likely to happen.
This is particularly valuable for predicting cell behavior and
how a patient will respond to a particular CAR-T cell product.
Digital twins can be used to simulate and test different process
conditions in-silico and state changes in outcome. Current
examples in which machine learning is used for prediction
involve CAR-T cell design, disease and adverse reactions, and
cell expansion in the bioreactor. In CAR-T-cell design, LEE ET
AL. investigate immunological synapses with a deep learning
approach [32], MOSCH ET AL. focus on epitope recognition by
T cell receptors [33] and DANNENFELSER ET AL. improve tumor
discrimination through antigen recognition [34].
Machine learning can predict susceptibility to graft-vs-host
disease, potentially overcoming the largest obstacle for
allogeneic CAR-T cell therapies [35]. On a manufacturing
level, especially the lengthy expansion process needs to be
made more efficient to shorten the overall production time.
Therefore, MEHRIAN ET AL. used a random forest approach to
predict the expansion of mesenchymal stromal cells in the
bioreactor based on donor characteristics, which can pave the
foundation for experiments in CAR-T cell expansion [36].

3.6. Adaptability

The last and most valued stage of the Industry 4.0 maturity
model is adaptability. How can be responded to the current
state of the manufacturing process and a well-founded adaption
be made? With an extensive database including all relevant
manufacturing and patient data, a foundation can be laid. With
data analytics, transparency is gained and prediction possible.
With the gained knowledge we can derive decisions for optimal
CAR-T cell processing. This starts with the selection of process
parameters based on patient data for personalized treatment.
This could also involve decisions on viral transduction when to
start perfusion based on dissolved oxygen when to end
expansions based on cell density, and QC releases based on
minimum viability or endotoxin level. [6]

This could lead to sophisticated scheduling and resource
planning as well as decision support systems [37]. The last
stage goes even further considering decisions without human
interference enabling an autonomous response. However,
whether a decision should be made autonomously in the
manufacturing process is determined not only by technical
feasibility but also by regulatory and ethical aspects.

A full understanding of the process could then pave the way
for adaptive manufacturing according to quality by design
criteria. Development can then be carried out detached from
rigid protocols, operators can adaptively adjust the protocol to
the appropriate patient starting material and specific cell
behavior in the process by improving defined CQAs.

4. Conclusion and Outlook

This paper provides a brief insight into CAR-T cell production
and its current challenges. Furthermore, it gives a systematic
overview of how these challenges may be addressed by
Industry 4.0. Costs and manufacturing time still constitute a
roadblock to the expanded accessibility of this innovative
treatment, which affects both industry-developed and academic
CAR-T products [15]. The manufacturing of CAR-T cells (and
ATMP development in general) is subject to constant change,
which means that technologies and concepts run the risk of
quickly becoming outdated. For this reason, interdisciplinary
collaboration between manufacturers, academia, regulators,
automation engineers, software developers, and data analysts is
even more necessary to achieve a wide-scale deployment. It
should also be mentioned that manufacturing is only one of the
restricting areas (e.g. reimbursement, distribution model) that
hinder the deployment [5]. Besides the needed technical
implementations there also needs to be a change of mindset in
the field. To be successful device manufacturers need to adapt
to the changing environment and make devices open for
connectivity. Regulators have already moved in that direction,
but still lack regulations on how to deploy digital solutions. To
realize a connected, adaptive CAR-T production current and
future architectural designs need to be adapted to the field.
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