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Release Assays and Potency Assays
for CART-Cell Interventions
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and Claire Roddie

8.1 Introduction

Chimeric antigen receptor (CAR) T-cells are con-
sidered “living drugs” and offer a compelling
alternative to conventional anticancer therapies.
Briefly, T-cells are redirected, using gene engi-
neering technology, toward a specific cancer cell
surface target antigen via a synthetic CAR pro-
tein. CARs have a modular design comprising
four main structures: an antigen-binding domain,
a hinge region, a transmembrane domain, and
one or more intracellular signaling domains for
T-cell activation (Fig. 8.1) [71, 81]. The antigen-
binding domain is typically composed of a
single-chain variable fragment, derived from a
monoclonal antibody, providing specificity
against the desired antigen.
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CD19-targeting is at the forefront of CAR
T-cell technology development. This antigen is
highly expressed across different types of B cell
malignancies, but virtually absent outside the
B-cell compartment and its expression is con-
fined to the B cell development stages but lost
upon terminal differentiation into plasma cells.
These characteristics confer a high specificity
and high coverage that is ideal for CAR T-cell
therapy targets [93]. The unprecedented responses
observed in clinical trials using CD19-targeting
CAR T-cells have led to U.S. Food and Drug
Administration (FDA) approvals for four differ-
ent CAR T-cell products for relapsed/refractory
(r/r) B-cell malignancies: YESCARTA™
(axicabtagene ciloleucel), KYMRIAH™ (tisa-
genlecleucel), TECARTUS™ (brexucabta-
gene autoleucel),and mostrecently, BREYANZI®
(lisocabtagene maraleucel) [62].

The CAR T-cell field is rapidly evolving: a
growing number of new targets and indications
are under development, such as B-cell maturation
antigen (BCMA) for multiple myeloma, CD30
for Hodgkin’s lymphoma, and CD20/CD22 for
B-cell malignancies [94], with the first BCMA-
targeting therapy, ABECMA (idecabtagene
vicleucel), recently approved by the FDA [69].
CAR T-cells for application in solid tumor oncol-
ogy are also the subject of intense investigation,
posing additional challenges in overcoming the
immunosuppressive tumor microenvironment,
and low-expression/promiscuous target antigens.
Despite this, encouraging results have been
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Fig. 8.1 Structure of chimeric antigen receptors (CAR).
(a) The core structure of a CAR, highlighting its main
components: the extracellular domain (responsible for
antigen recognition), the transmembrane domain, and the
intracellular domain (endodomain). The antigen-
recognition domain is a single-chain fragment variant
(scFV) generally composed of the variable light and
heavy chain regions of an antigen-specific immunoglobu-
lin separated by a flexible linker. This is linked to the
transmembrane domain through the hinge. This spacers
region generally supplies stability and flexibility for effi-
cient CAR expression and activity, and it is often derived
from the structure of immunoglobulins. The endodomain
contains the intracellular motifs that enable downstream
signaling proteins to be recruited and phosphorylated
upon antigen binding for T-cell activation. Most CARs
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contain the intracellular domain of CD3(, which contains
three immunoreceptor tyrosine-based activation motifs
(ITAMs), as well as different co-stimulatory domains
(e.g., CD28 and 41BB). (b) Evolution of the development
of CARs from the first generation, which contained only
ITAM motifs in the intracellular domain. Introduction of
one (second generation) or more (third generation) co-
stimulatory domains were crucial for the success of CAR
T-cell therapies. New CARs are now under development
to further improve efficacy by introduction of constitutive
or inducible chemokines (e.g., IL-12) (fourth generation)
or intracellular domains of cytokine receptors (fifth or
next generation). (Image reproduced from Tokarew et al.
[82] under the terms of the Creative Commons CC BY
license (http://creativecommons.org/licenses/by/4.0/))
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observed with EGFR, HER2, mesothelin, MUCI,
and EpCAM CAR targeting for a broad range of
indications [54].

Manufacturing protocols for CAR T-cell prod-
ucts vary between products and institutions but
are always governed by the principles of good
manufacturing practice (GMP). Briefly, patient
T-cells are harvested (using apheresis) followed
by enrichment, activation, and transduction steps
ex vivo, typically using a viral vector as a trans-
gene delivery system. Transduced T-cells are
expanded for 6-22 days ex vivo to obtain the tar-
get therapeutic dose and subsequently cryopre-
served while awaiting completion of quality
control testing, batch certification, and release to
the patient [71].

A major challenge in the CAR T-cell manu-
facturing field is balancing product quality with
scalability and cost-effectiveness, especially
when transitioning from an academic clinical
trial into a marketed product, to be implemented
across many collection, manufacturing, and treat-
ment sites. Achieving product consistency while
circumnavigating the intrinsic variability associ-
ated with autologous products is an additional
barrier. To overcome these limitations, a robust
understanding of the product and its biological
actions is crucial to establish a target product pro-
file with a defined list of critical quality attributes
to be assessed for each batch prior to product cer-
tification. Additional challenges arise as the field
progresses, such as new safety considerations
associated with the use of allogenic T-cells and
genome-editing tools.

In this chapter, we will discuss the release and
potency assays required for CAR T-cell manufac-
turing, covering their relevance, current chal-
lenges, and future perspectives.

8.2 Regulations and
Requirements for Quality
Control Testing and Batch

Release

CAR T-cell therapies are considered advanced
therapy medicinal products (ATMPs) in Europe,
under the scope of the European Commission

(EC) regulation 1394/2007 (as amended) and
must be manufactured following the Guidelines
on Good Manufacturing Practice specific to
Advanced  Therapy  Medicinal ~ Products
(EudralLex, Volume 4, Part IV, 2017) [24]. In the
United States, these therapies are regulated by
the FDA Office of Tissues and Advanced
Therapies of the Center for Biologics Evaluation
and Research [53].

Both the FDA [53] and the European Medicines
Agency (EMA) [16] have historically published
guidelines for cell and gene therapy that are appli-
cable, although not specific, to CAR T-cell prod-
ucts. The FDA’s “Considerations for the
Development of Chimeric Antigen Receptor
(CAR) T-Cell Therapies” was released on March
2022 and a revised version of the EMA Guideline
on quality, nonclinical, and clinical aspects of
medicinal products containing genetically modi-
fied cells came into effect in June 2021 and covers
more details pertinent to CAR T-cell therapies [26].

Due to the rapidly evolving nature of the field,
diversity of manufacturing practice, product
complexity, and critical knowledge gaps con-
cerning the biological action and the determinant
features associated with clinical efficacy and
safety of CAR T-cell therapies, it is challenging
to establish harmonized and consolidated guide-
lines that apply to the entire industry. Furthermore,
compendial testing methods are often not suit-
able for analysis of this type of product, so alter-
native assays should be validated.

In general, rigorous characterization studies
throughout the earlier stages of development for
each individual CAR T-cell product are essen-
tial to identify critical quality attributes, i.e.,
molecular and biological characteristics found
to be necessary to ensure product safety and
efficacy. These should cover the determinants of
product safety, identity, purity, and potency that
will form the requirements for final batch release
(Table 8.1). A certificate that summarizes the
test methods used, the corresponding test
results, and the acceptable range must be pro-
vided for release of each batch. Specifications
should be appropriate to the stage of product
development and should be refined and tight-
ened as product development progresses toward
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Table 8.1 Typical release assays for CAR T-cell products

Category | Quality attribute Usual assays
Safety Sterility Compendial culture methods (USP <71> and Ph. Eur. 2.6.1)
BACTEC and BacT/ALERT (Ph. Eur. 2.6.27)
qPCR methods under validation
Combination of rapid and in-process testing in case of conditional product
release (short shelf-life)
Mycoplasma Compendial culture method (USP <63> and Ph. Eur. 2.6.7)
qPCR assays
Replication competent Amplification using permissive cell line and cell-based indicator assay
virus (RCR/RCL) (when | Alternative PCR assays may be considered appropriate for release testing
using viral vectors)
Vector copy number qPCR
Droplet digital PCR for single-cell resolution
Identity | CAR expression Flow cytometry (anti-idiotype antibodies, anti-Fab antibodies, Protein L,
antigen-Fc detection reagents, marker gene expression)
qPCR
CD3 expression (or Flow cytometry
relevant target cell
population)
Purity Endotoxin Limulus Amebocyte Lysate (LAL) assay (Ph. Eur. 2.6.14 and USP <85>)
Transduction efficiency | Determination of percentual CAR* cells as described above
Viability Flow cytometry
Vital dyes
Residual ancillary Residual beads counted by validated morphology assay (microscopy)
materials Quantitative assays when required
Risk assessment to determine clearance of each substance during
manufacturing
Residual infectious Transduction of permissive cell lines
particles (when using
viral vectors)
Residual nontarget cells/ | Flow cytometry panels, to be defined and validated according to
tumor burden manufacturing method and patient’s characteristics (e.g., residual CD14*
monocytes, CD19* blasts, etc.)
Potency/ | Dose level Flow cytometry determination of CAR* cells detection and absolute
quantity counting methods (e.g., BD Trucount™)
Potency | Cytotoxic potential Cytotoxicity against target expressing cell lines (usually assessed by *'Cr
release)
INFy secretion upon target exposure (flow cytometry, ELISpot)
Other determinants of Dependent on product characterization for identification of critical
product efficacy parameters that determine long-term response
May include analysis of surrogate markers, proliferative and migratory
capacities, polyfunctionality, etc.

licensing. For Phase 1 trials, it is generally
understood by the regulatory agencies that few
specifications are finalized and that assays may
still be under development. However, as a mini-
mum, specifications and acceptance criteria for
product safety and quantity (cell doses) should
be defined and an appropriate testing plan for
characterization defined. It is also generally
accepted that validation of analytical proce-

dures will not be complete at this stage.
Nevertheless, methods should be appropriately
controlled, specific, sensitive, and reproducible
and, whenever possible, compendial methods
should be used. Furthermore, safety-related
assays should be qualified prior to initiation of
clinical trials [26, 86]. The quality attributes,
most commonly assessed for CAR T-cell prod-
uct batch release, are discussed below.
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8.3  Safety

Safety testing must be in place for all Phase 1 tri-
als and usually includes assays to ensure prod-
ucts are free from microbial contamination,
adventitious agents, and replication competent
virus. These are outlined in detail below.
Specifications with established acceptance crite-
ria must be defined based on the quality attributes
of each specific CAR T-cell product and details
of manufacturing methods and transgene delivery
strategy should be considered.

Due to the rapidly evolving nature of CAR
technology and clinical trials, the risks associated
with novel products must be accordingly mapped
to define critical quality attributes and appropri-
ate testing/assays to ensure product safety.
Examples include fourth-generation CAR
designs that combine direct tumor targeting with
programmed cytokine secretion [13]; genome-
editing tools that have the potential to induce (off
target) double-stranded DNA breaks; and the
immunological implications of off-the-shelf,
allogeneic CAR T-cell products [41].

8.3.1 Sterility Assessment

In Europe and the United States, sterility testing of
biopharmaceutical products is historically per-
formed as defined by USP <71> [88] and Ph. Eur.
2.6.1 [15], with detection of microbial or fungal
growth in test samples by turbidity assessment
after 14 days of incubation. These time-consuming
assays greatly increase the turnaround time of
CAR T-cell products. Over recent years, automa-
tion and introduction of colorimetric and fluores-
cence-based CO, measurements of metabolic
activity (e.g., BacT/Alert 3D® and BD BACTEC™
systems) or adenosine triphosphate (ATP) detec-
tion by bioluminescence (Rapid Milliflex®
Detection System) have increased the sensitivity
of culture-based methods and permit faster detec-
tion of contamination when compared with stan-
dard methods. Further, the use of enriched aerobic
or anaerobic media and incubation at 35-37 °C for
a minimum of 7 days is an approach formally rec-
ognized by Ph. Eur. 2.6.27 [34].

The use of rapid and nonculture methods is
also covered by the American legislation, under
the Code of Federal Regulation (CFR) on
“General Biological Product Standards” (21 CFR
610) [85]. Any alternative methods must be vali-
dated (as covered by Ph. Eur. 5.1.6) [15] and
results must be demonstrated to be equal or supe-
rior to the compendial references. PCR-based
approaches for bacteria and fungi detection
through amplification of highly conserved
sequences, such as the bacterial 16S rRNA, are
currently under development [83]. Although opti-
mization and comparability in sensitivity to the
gold standard compendial tests are still to be
determined, these methods are promising and
have the potential to generate results within a few
hours.

For products with a short shelf-life, product
release prior to final sterility results can be
accepted as part of a risk-based approach. The
FDA mandate a combination of in-process steril-
ity controls, a rapid detection test (such as Gram
staining) and final sterility assessment based on
21 CFR 610 compliant methods, with a clear
management strategy for positive results detected
following product administration. This is not cur-
rently common practice for CAR T-cell therapies
where products are cryopreserved prior to infu-
sion. However, disease progression (and in some
cases patient death) during the manufacturing
period represents a significant challenge, affect-
ing up to 13% of the patients in pivotal trials [36].
Shorter vein-to-vein times and the use of closed,
automated manufacturing platforms (where the
risks of in-process product contamination are
considerably reduced) are of critical importance
to the field.

8.3.2 Mycoplasma Detection

Mycoplasma contamination can arise from the
use of cell culture reagents of animal origin, from
the starting donor material, or the environment
and personnel. Contrary to most bacterial con-
taminations, the presence of Mycoplasma does
not always result in noticeable changes to cell
culture turbidity or cell morphology and may go
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undetected for several cell passages. To address
this risk, a compendial culture-based assay using
indicator cell lines and multiple cell passages is
described by USP <63> [88] and Ph. Eur. 2.6.7
[15], but this laborious and time-consuming test-
ing method is not well suited for release testing
of single-batch cell products. Indeed, the use of
alternative detection methods such as PCR-based
assays is supported by the FDA and EMA for use
in the CAR T-cell therapy space [84].

8.3.3 Replication Competent
Lentivirus (RCL) or Retrovirus
(RCR)

Retroviral and lentiviral vectors are commonly
used in CAR T-cell manufacture as efficient tools
for delivery of transgene to target cells. Viral vec-
tor design has improved significantly over the last
decade, with safety features designed to reduce the
likelihood of generating replication competent
viral vector during the manufacture process.
However, exposure to replication-competent lenti-
virus (RCL) or retrovirus (RCR) remains a theo-
retical safety concern for patients treated with
CAR T-cell therapies. Recombination events could
lead to the generation of novel, replicating viruses
during CAR T-cell manufacture or post-infusion,
posing a risk of genotoxicity and malignant cell
transformation. To mitigate for this, recommenda-
tions for RCL/RCR testing include assessment of
all viral vector lots, manufactured cell products,
and monitoring patients post-infusion. Assays for
RCL/RCR detection in the viral vector batch rely
on the use of permissive cell lines such as the PG4
cell line, which assumes a transformed phenotype
in the presence of RCR, cultivated during multiple
passages with the test material to support virus
entry, amplification, and particle production [14].
The amplified material is then detected with a
bespoke indicator assay, developed specifically for
the vector under investigation.

For analysis of ex vivo transduced cells for
batch release, PCR-based assays may be consid-
ered appropriate, particularly when time con-
straints are present. The use of alternative assays
should be defined based on a risk assessment and

should be validated, with an appropriate limit of
detection. Recent guidelines from both European
and American regulatory bodies have introduced
flexibility to the requirement for RCL/RCR test-
ing as part of final batch release. Indeed, RCR/
RCL testing can be omitted once sufficient man-
ufacturing and clinical experience is obtained to
demonstrate that transduced cell products are
consistently RCL/RCR-negative [87], or if the
absence of RCL/RCR is demonstrated for each
viral vector batch and generation of replicating
virus during manufacture is ruled out by appro-
priate risk assessments [26]. Reassuringly, long-
term safety data from multiple clinical trials
using genetically modified cell products contin-
ues to accumulate, without evidence of RCR/
RCL, indicating that any associated risks are low
[36, 49, 51].

8.3.4 Vector Copy Number (VCN)
per Transduced Cell

When cells are transduced with integrating vec-
tors, the risk of insertional mutagenesis needs to
be carefully considered. The risks are determined
by several factors, including the insertion profile
of the vector used, the vector design including the
choice of enhancer and promoter sequences, the
transgene product, and the vector copy number
(VCN) per transduced cell.

Gammaretroviral vectors confer a risk of leu-
kemogenesis due to their pattern of integration
near transcription start sites and proto-oncogenes.
This is also a potential (lesser) risk for lentiviral
vectors [26]. Available clinical data suggest that
newer generation vectors strongly reduce the
risks of insertional mutagenesis [57], neverthe-
less as the total number of transduced cell infu-
sions increases, the likelihood of infusing cells
bearing at-risk insertions also increases.

Regulatory agencies require characterization
of integration profile and integration sites to sup-
port marketing authorization applications.
Analysis of VCN per transduced cell is a critical
quality attribute determining product safety.
Since VCN also has a direct impact on transgene
expression, products must be carefully designed
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to achieve a balance between safety and efficacy.
Less than five copies per transduced cell is usu-
ally considered a safe limit [99].

VCN assessment of CAR T-cell products and
patient peripheral blood during follow-up is usu-
ally performed by quantitative PCR (qPCR),
although a recommended, standardized assay is
yet to be defined [40]. Methods employing
single-cell level analysis such as droplet digital
PCR (ddPCR) have the advantage of allowing
detection of cell-to-cell variability in the distribu-
tion of vector copies rather than an average of the
whole cell population, thus allowing identifica-
tion of clones with a high number of integrations
that could pose a higher risk [73].

8.3.5 Identity

Identity testing is required to identify a product
and distinguish it from other products in the same
facility. Most CAR T-cell therapies are patient-
specific; autologous products and efficient trace-
ability systems must be in place from apheresis to
the final cell product, such that the correct prod-
uct is infused to the correct patient.

For CAR T-cell products, identity assays
include an assessment of specific cell populations
such as CD3*/CD4*/CD8* T-cells in addition to
the intended genetic modification(s) by gPCR or
flow cytometry. Transduction efficiency can be
defined based on CAR expression or on the
expression of marker genes, using polyclonal
anti-mouse Fab reagents for CARs derived from
murine scFv, anti-idiotype antibodies generated
against specific binders or antigen-Fc detection
reagents [40].

Immunophenotyping by flow cytometry is
widely used in the clinical setting, but a lack of
assay standardization remains. Promoting stan-
dardization is a priority for the field and efforts to
address this include the definition of standard
panels for evaluation of major immune cell sub-
sets, the availability of internal controls, the
development of automated analysis strategies, the
definition of proficiency assessment programs,
and the requirement for accreditation of flow
facilities by external agencies such as the UK

National External Quality Assessment Scheme
(UK NEQAS) system. The EuroFlow consortium
[63] and the Human ImmunoPhenotyping
Consortium [27] are examples of initiatives to
streamline and standardize immunophenotyping
assays, so that data can be compared across differ-
ent sites and studies. However, each CAR T-cell
product has unique characteristics such that there
may be a requirement to develop and validate new
transduction efficiency assays for each new
construct.

8.3.6 Purity

Purity is defined as the relative freedom from
extraneous materials in the final product, except-
ing the drug substance and excipients. Purity cri-
teria should be defined according to the nature
and intended use of the cell product, the manu-
facturing method used, and the consistency of the
production process. Assays to demonstrate prod-
uct purity should be adequate to the phase of
development and adjusted as data accumulates or
whenever the manufacture process changes.

Process-related impurities may include media
and supplements, growth factors and cytokines,
antibiotics, activation and enrichment reagents,
and vectors. These should be kept to a minimum
in the final formulation. Risk assessment
should consider the clearance of each substance
throughout the manufacturing process and the
risk to the patient upon infusion, setting quantita-
tive limits for the final product as appropriate. An
example of the CAR T-cell space is residual acti-
vation beads, generally quantified by microscopy
[84, 90].

Viral vectors require particular consideration.
Calculations based on initial vector volumes
added alongside the reduction ratio achieved
(defined by the vector half-life, inactivation steps,
and final dilution) can help to ensure that free
infectious vector particles in the final product are
reduced to negligible concentrations.

There are significant technical challenges in
demonstrating absence of infectious viral parti-
cles in the final product and this is acknowledged
by EMA [26]. Residual infectious particle
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concentration can be roughly detected using
permissible cell lines (HEK 293T cells), but for
the purposes of environmental risk determina-
tion, theoretical calculations are generally
accepted by the regulatory authorities. For lenti-
viral vectors, the Dutch Commission on Genetic
Modification (COGEM) proposed a formula
based on available experimental data that can
estimate residual free infectious viral particles in
the cell product. However, variability between
vectors, products, and processes means that this
should be used with caution [18].

Product-related impurities can include nontar-
get cells, unmodified target cells, and nonviable
cells, which may be present after selection or
enrichment. For CAR T-cell products, a mini-
mum of 70% viability is recommended by the
FDA [83]. Release criteria for CAR T-cell prod-
ucts often include % CD3* T-cells, but a full char-
acterization of final cell composition (including
residual tumor burden) is desirable, especially
when the manufacturing method does not include
an enrichment step.

With regard to safety, evaluation of bacterial
endotoxin level is mandatory. The FDA may
require in vivo rabbit pyrogen tests for some
licensed products. More often, the Limulus
Amoebocyte Lysate (LAL) method is used, as
defined by Ph. Eur. 2.6.14 [15] and USP <85>
[88]. This test uses hemolymph extracted from
the Limulus Polyphemus crab, which clots in the
presence of bacterial endotoxins. The FDA rec-
ommends that the upper limit acceptance crite-
rion for endotoxin should be set at 5 Endotoxin
Units (EU)/kg body weight/hour for intravenous
infusion. For intrathecal and/or intraocular
administration, the recommendation is 0.2 EU/kg
body weight/hour and 2.0 EU/dose/eye, respec-
tively [86]. Although most CAR T-cell therapies
are intravenously infused, local administration in
the tumor or at the resection site are being evalu-
ated for solid tumors [74].

Dimethyl sulfoxide (DMSO) is considered an
excipient for cryopreserved cells rather than an
impurity, but a safety limit for infusion is defined
as 1 mL/kg/day, and this should be taken into
account for high volume CAR T-cell products.

8.3.7 Quantity

To ensure consistent dosing throughout clinical
investigation, specification of methods to mea-
sure dosing should also be defined at Phase 1. For
CAR T-cell products, methods to determine
absolute cell counts and flow cytometry assays
for detection of CAR expression are usually used.

Image-based automated counting methods,
such as the NucleoCounter® and Vi-CELL™ are
useful for determination of total cell numbers and
viability. Alongside automated hematological
analyzers, these can be useful as quick tools for
in-process controls. Precise assessment of final
product dose is usually performed by flow cytom-
etry, as this permits determination of CAR
expression in viable CD3* T-cells/other target
cells. It also gives additional information on the
expression of other proteins such as memory and
exhaustion markers, which may be relevant fea-
tures for potency assessment and allows enumer-
ation of cells using counting beads.

The FDA recommends that assays to deter-
mine dose should be qualified prior to initiation
of clinical studies and a detailed description of
the qualification protocol submitted in the origi-
nal Investigational New Drug (IND) application,
along with data supporting the accuracy, repro-
ducibility, sensitivity, and specificity of the
method [86].

8.4 Potency

Potency assessment is an essential aspect of the
quality control system to evaluate biological
function of cellular products and to ensure batch-
to-batch consistency. These assays should be
defined according to the products’ mechanisms
of action and critical attributes assessed by well-
controlled investigations throughout the develop-
ment stages and conducted with consistently
manufactured products (Table 8.2). In the CAR
T-cell arena, development of potency assays is
challenging, due to the intrinsic batch-to-batch
variability associated with the use of autologous
cells.
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Table 8.2 U.S. Food and Drug Administration (FDA) requirements for potency testing and relevance of these assays

during the complete cycle of product development®

FDA guideline requirements for potency assays

Relevant for potency testing

Indicate product-specific biologic activity
Measure specific activity of active component
Provide test results for product release

Provide data to establish stability specifications
Meets the mechanism of action for intended
product use

Comply with biologics regulations and good
manufacturing practice

Have predefined acceptance or rejection criteria
Include appropriate reference materials, standards,
and controls

Development and characterization
* Demonstrate key biological activities
» Correlate product attributes and activity

Manufacture and batch release

 Assess product batches against set criteria
« Identification of sub-competent batches

e Inter-batch comparability

e Stability assessment

Clinic
* Measure of product efficacy
* Definition of required/adjusted product doses

Be amenable to validation

Have established and documented accuracy,
sensitivity, specificity, and reproducibility

* Provide quantitative data

“FDA Guidance for Industry Potency Tests for Cellular and Gene Therapy Products

Potency assessment for CAR T-cell batch
release generally involves analysis of target-
specific cytotoxicity, but this does not give
insights into many aspects of their biological
potential such as the ability to deliver long-term
responses and persistence. It is unlikely that the
immense complexity of these products can be
captured by a single assay. This is discussed in
more detail in Sect. 8.3.

8.4.1 Potency Assessment for CAR

T-Cell Therapies

Potency assessment of CAR T-cells is a quantita-
tive measurement of their biological activity and
should ensure the quality and consistency of
released batches [29]. These assays should be
capable of identifying subpotent batches and
used as a measure of drug product quality and
consistency. Traditional approaches to potency
testing are based on the development of in vivo
and in vitro assays that measure the product’s
mechanism of action (MoA). Assays should be
developed, optimized, and validated to character-
ize product attributes/biological activity that
reflects or predicts clinical outcome and that
could be defined as a critical quality feature [7].
Potency assay development for cellular ther-
apy products poses several challenges [67]. First,
each drug product is manufactured using patient-

specific starting material, such that there is limited
QC material available for potency assessment(s).
Second, autologous products can be highly vari-
able, making it challenging to define and validate
a consistent assay. Furthermore, CAR T-cells
exert their action through multiple, complemen-
tary mechanisms and it is difficult to capture this
complexity in a single, accurate assay. Potency
testing can be time-consuming, and development
of rapid assays should be the priority so as not to
delay final batch certification, particularly for
patients with rapidly progressive disease. For the
reasons outlined, standardized potency assays for
CAR T-cell products are not yet defined for wide-
spread use.

Although potency testing is not a prerequisite
for early-stage clinical studies and is only essen-
tial for product release from Phase III onward,
implementation of potency assays in earlier phase
clinical studies may facilitate the development of
more sophisticated and well-defined assays for
use in Phase III via continuous optimization.

8.5 Regulatory Aspects

According to American and EU pharmaceutical
legislation, cellular therapeutic products (and
therefore CAR T-cell products) require potency
evaluation prior to market entry [25, 28]. Both
regulators stress the complexity of potency assay
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development and adopt a flexible regulatory
approach, albeit the FDA specifies certain
requirements for potency testing, outlined in
Table 8.2 [25].

The analytical method used for potency
assessment should ideally be quantitative, with
appropriate controls and standards. However,
regulatory agencies acknowledge that quantita-
tive methods are not always feasible and will
accept semiquantitative assays in this setting.

Although not required at early stages, a pro-
gressive developmental approach to potency
assays is suggested and acceptance criteria speci-
fications set for Phases 1 and 2 should be adjusted
throughout product development stages to reflect
manufacturing and clinical experience. The pre-
sentation of early-stage results as “information
only” is also valid.

Both the FDA and EMA accept the use of
in vivo and in vitro functional biological assays
for product characterization. Due to the time con-
straints for product release, both agencies recog-
nize the usage of nonfunctional, surrogate assays
if correlation has been previously established.
Most importantly, accuracy, sensitivity, specific,
and reproducibility of all types of assays should
be established [29].

In some cases, assay development may require
the generation of novel standards or procedures
that are not yet covered in the guidelines. In
which case, manufacturers are responsible for the
assessment and development of suitable assays
for their specific product.

8.6 Methods for Potency
Assessment of CAR T-Cell

Products

Potency assessment should be defined based on
the proposed mode of action of the product and on
how and why it is expected to give therapeutic
benefit. This can be based on scientific literature
around nonclinical studies (animal or in vitro), or
preliminary clinical data from early-stage trials. If
the MoA is not fully defined, an assay matrix
approach can permit assessment of biological
activity, but when the MoA is known, the assay
should focus on that attribute. For simplicity, most

CAR T-cell potency assays are designed to mea-
sure cytotoxic activity in vitro against target-
expressing cell lines. However, this simplified
assessment does not account for the complex fac-
tors that determine product efficacy and influence
response in vivo, such as the interaction with other
immune cells, the role of the tumor microenviron-
ment, the effects of chronic activation, and other
factors not yet defined (Fig. 8.2). Extended potency
assays can be helpful in this regard and are essen-
tial during the development of novel therapeutics,
to permit full comprehension of the product and to
inform potential product improvements.

In vivo assays are often central to product
development, as in process controls or to evaluate
the effect of manufacture process change [79],
but even then, the lack of appropriate animal
models, difficult standardization, technical com-
plexity, and experimental duration limit their use
[25]. Efforts have been made into the develop-
ment, characterization, and standardization of
xenograft mice models for anti-CD19 CAR T-cell
therapies [1] and such comprehensive studies of
tumor behavior and kinetics could be critical in
widening the application of these models for the
characterization of product potency, prediction of
clinical outcomes, and particularly applicable in
the field of solid tumors.

Simplified in vitro assays have the advantage
of allowing a higher degree of standardization
and are likely to remain the preferred choice for
potency evaluation for batch release. For instance,
the use of target-expressing cell line banks,
although not fully representative of patient’s tar-
get tumor cells, provides a standardized model
that allows a batch-to-batch comparison of prod-
uct activity. As long as supported by efficiency
data, simple in vitro assays are easier to qualify,
allowing definition of a numeric acceptance crite-
ria and providing invaluable comparative infor-
mation on product quality. The most common
in vitro methods for potency assessment are
described and summarized in Fig. 8.3.

In the future, several assays may be required
for full product characterization, but we acknowl-
edge that more complex/advanced assays for
product release may have an adverse impact on
time to release and overall costs. As an example,
CRISPR screening has recently emerged as a
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Fig. 8.2 In vivo determinants of CAR T-cell therapy
effectiveness to be considered for the design of potency
assays. (A) The main feature associated with CAR T-cell
function is target-directed cytotoxicity. (B) Target-
directed cytotoxic function is directly dependent on anti-
gen expression. Therefore, antigen escape, low antigen
density, and heterogenous antigen expression are com-
mon concerns. (C) Robust in vivo expansion and (D) sus-
tained persistence are key features related with
long-lasting clinical responses and are often associated
with the T stem cell-memory compartment (Tscm),
defined as CD45RA—/CCR7+/CD62L+/CD95+ CAR

valuable tool for the identification of genes that
are determinants for CAR T-cell function and
clinical efficacy [91]. Although impractical for
product release, such screening approaches, if
implemented in the course of product develop-
ment and characterization, have the potential to
reveal critical quality attributes that can be used
as biomarkers for an efficient product release
assay.

8.6.1 Target-Directed Cytotoxic

Activity

Cytotoxicity assays measure CAR T-cell tumor
targeting with the use of methods such as flow
cytometry, radioactive labeling, and impedance

Immunosuppressive factors

T-cells, and the resistance to exhaustion and senescence
upon prolonged antigen exposure. (E) Lack of immunoge-
nicity is also determinant in therapy success. (F)
Particularly in the case of solid tumors, the capacity to
reach tumor site and bypass the physical barriers of the
tumor stroma (migration/invasion) are critical. (G) CAR
T-cells designed for such application must also be resis-
tant to the hostile tumor microenvironment (TME), often
hypoxic and acidic and (H) to the many immunosuppres-
sive factors expressed by the tumor cells (such as PD-L1),
secreted into the TME (such as TGFb), and the presence
of suppressive immune cells, such as regulatory T (Treg)

analysis. Direct assays aim to quantify effector
activity and target cell lysis, whereas indirect
assays measure a by-product of the effector—tar-
get interaction (e.g., measurement of cytokines).

8.6.2 Direct Assays

During cytotoxicity assay development, it is
essential to optimize read-outs, incubation times,
and effector to target cell ratios. Controls should
be included to demonstrate antigen-specific cyto-
toxicity (e.g., antigen-negative targets) and to
ensure that measured cytotoxicity is effector-
specific (e.g., by culturing targets without effec-
tors and with non-CAR T-cells to account for
background signal).
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. markers (CD1073)

Fig.8.3 Summary of most commonly used strategies for
CAR T-cell products potency assessment. Most potency
assays currently used for batch release are associated with
assessment of CAR T-cell effector function, either via
directly cytolytic activity of target-expressing cells or via
the use of surrogate markers that reflect T-cell activation
and function upon exposure to targets. Other attributes
can also be relevant in the determination of CAR T-cell
activity. Characterization of an immunophenotypic profile

It is essential to choose the most representa-
tive cell type(s) for the study. On occasion,
primary patient-derived target cells can be used,
but this adds complexity, as autologous target
cell isolation and culture can be cumbersome, it
can increase assay variability (and failure)
between batches and can hinder inter-batch
comparison [59]. Instead, CD19+ transduced
cells or natively expressing CD19+ cell lines
(e.g., Burkitt’s lymphoma derived Raji cells)
are easier to cultivate and are routinely used as
targets for CDI19 CAR T-cell cytotoxicity
assays [31, 75], with the accepted limitation
that they do not fully replicate the variable and
complex metabolic and genetic profile of autol-
ogous tumor cells. Careful evaluation and
selection of a suitable surrogate target cell line,
including features like antigen expression and
resistance to lysing activity are critical to ensure
correlation with in vivo effect and tangible rel-
evance [19, 33].
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that correlates with product efficacy is being sought.
Proliferative capacity and, most recently, polyfunctional-
ity profile, have also been demonstrated to correlate with
responses and can be considered for potency assessment.
Special considerations for the development of potency
assays for solid tumors include the effect of the complex
tumor microenvironment (TME) and CAR T-cell migra-
tion capacity and ability to reach tumor site

Chromium (°'Cr)-based cytotoxicity assays
represent the gold standard for characterization
of CAR T-cell cytolytic activity due to their high
sensitivity. Target cells are labeled with radioac-
tive 3'Cr, which is released to the supernatant
upon effector-mediated target cell lysis [10]. As
an endpoint assay, >'Cr release is usually mea-
sured on a single short time point (usually 4 h),
due to the spontaneous release of *!Cr from the
cell over time impairing longer analysis. The
need for target cell labellng in a radiation-
restricted area, alongside the hazards and techni-
cal/equipment requirements associated with the
use of radiation, as well as the lack of target lysis
kinetic information obtained are the main draw-
backs of this technique.

Cytotoxicity assays using alternative target
labeling techniques (e.g., calcein, europium, bio-
luminescence) are now emerging as more user-
friendly approaches, although sensitivity must be
evaluated [49, 89]. For bioluminescence analysis,
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target cells are transduced with a luciferase
reporter gene. As the added bioluminescent sub-
strate (Luciferin) is only processed by live cells,
direct quantification of live target cells, and thus
quantification of cytotoxic activity is measured as
a decrease in bioluminescent signal over time [44].

Cytotoxic assays based on quantification of
cytosolic enzymes that are naturally present in
the cell and whose enzymatic activity can be
measured upon release from damaged cells (e.g.
lactate dehydrogenase [21]) could be used for
cytotoxicity measurement. The main limitation
of this approach is that these enzymes are present
in both effector and target cells. This impairs the
ability to discern the relative contributions from
individual cell populations to the final enzymatic
read-out, leading to poor assay sensitivity.

Impedance-based assays allow label-free, real-
time monitoring of specific effector-induced cytol-
ysis, measured by the detachment of target cells
from a treated surface [95]. This technique was
first validated for assessment of NK cell-induced
cytotoxicity [35]. Briefly, nonadherent effector
cells are incubated together with adherent target
cells following which cytolytic action leads to tar-
get cell detachment, loss of impedance, and the
restoration of electric current flow, which corre-
lates with cytolytic activity. These automated plat-
forms (e.g., XxCELLigence systems) permit
real-time monitoring of target cell populations
over extended periods, combining high-sensitivity
analysis with minimal cell manipulation.
Furthermore, these platforms are not limited to
adherent tumor cell targets. Antibody-coated
plates can be used to immobilize nonadherent cell
targets such that impedance assays can be used in
CAR T-cell potency assessment [11].

Flow cytometry-based cytotoxicity assays can
be used to study cytolysis in heterogenous cell pop-
ulations. Target and effector cells can be recog-
nized in terms of size, granularity, and specific
staining while evaluating target cell death using
standard DNA intercalating agents (e.g., propidium
iodide or 7-AAD). Detailed product characteriza-
tion and target cell phenotyping for antigen expres-
sion and density can be conducted in parallel and
the resulting profile(s) can be correlated with dif-
ferential susceptibility to cytolysis [39, 97].

An alternative approach is “fluorometric
assessment of T lymphocyte antigen-specific
lysis” (FATAL), which is purported to be a sensi-
tive and reliable alternative to the >'Cr assay [77].
Target cells are loaded with fluorescent dyes and
cytotoxic activity detected by flow cytometry.
This assay has the potential advantage of lower
dye leakage, allowing longer incubation times in
comparison to the >'Cr assay. The VITAL assay,
based on the same principle, adds a further poten-
tial advantage, permitting differential labeling of
distinct target cell populations and measurement
of cytolysis against a range of targets simultane-
ously [38].

Overall, flow-based assays have much utility
in the potency space, characterizing the dynamic
relationship between target and effector cells [50,
64]. Current limitations include the need for indi-
vidual sample data acquisition, increasing the
time required for analysis. High-throughput mul-
tiparametric assays that allow workflow automa-
tization and timely cytotoxicity evaluation are
key to scalability and validity [9, 55].

8.6.3 Indirect Assays
Indirect assays aim to measure the by-
product(s) of effector cell activation upon
exposure to target cells and can be particularly
useful where product availability is limited.
Indirect assays measure cytokines and chemo-
toxins (e.g., IFN-y, granzyme B) secreted upon
effector cell activation [76, 78]. Both FDA-
approved Tisagenlecleucel and Axicaptagene
Ciloleucel products utilize IFN-y secretion in
response to CD19 expressing targets as part of
a potency assessment for product release.
Interestingly, Novartis reported that IFN-y
secretion varied greatly from batch to batch,
complicating the correlation between limited
potency assessment and clinical effect [30, 47].
IFN-y detection via ELISA reflects cytokine
release from the whole incubated cell population
(not restricted to CAR T-cells), which can lead to
an overestimation of cytokine secretion by CAR
T-cells [20]. For a more specific read-out, flow
cytometry assays can detect cytokines



130

J.Dias et al.

intracellularly and allow investigators to differen-
tiate cytokine secretion between different cell
types. However, a few drawbacks of this approach
are the need for prolonged intracellular staining
protocols and the requirement of blocking cellular
secretory pathways. This assay, therefore, reflects
cytokine production rather than cytokine release.
Another method, the IFN-y catch assay, utilizes a
capture reagent that combines a pan-leukocyte
CD45 binder and an IFN-y binder, immobilizing
the cytokine as released by each cell to its surface
[22]. This overcomes the limitations outlined for
ELISA and flow cytometric methods.

Some centers use indirect methods based on the
correlation between T-cell degranulation and kill-
ing activity. Upon interaction with target cells,
markers of T-cell activation and degranulation
(e.g., CD107a) are expressed on the CAR T-cell
surface and can be detected via flow cytometry.
This technique is also compatible with extend phe-
notyping with the use of additional markers [2].

More recently, efforts have concentrated in the
measurement of effector-released cytokines at a
single-cell level via enzyme-linked immunospot
assay (ELISPot). ELISPot requires only a low cell
number for analysis, but the disadvantage is that it
does not allow further immunophenotyping of the
product and it is limited to the detection of only
one or two enzymes [43]. Alternative approaches
based on fluorophores (such as the FluoroSpot
assay) could allow the accurate detection of mul-
tiple cytokines per cell [42]. Further refinement of
this approach has led to the LysisPot platform that
uses target cell lines expressing -galactosidase, a
nonsecreted enzyme that is released from the cells
upon lysis. This method allows characterization at
a single cell level of both the direct cytotoxic
activity of the CAR T-cell product and cytokine
(IFN-y) release. Of note, this assay has demon-
strated that not all cytokine-producing cells have
cytolytic activity [4].

8.6.4 Immunophenotyping

Detailed immunophenotyping can inform CAR
T-cell potency assessment, provided a correla-
tion between specific phenotypes and product

efficacy can be made [56]. Cell exhaustion and
senescence are related to loss of function and
disease relapse, such that expression of the
phenotypic marker programmed cell death pro-
tein 1 (PD-1) (and others) could predict for
functionality [32, 37]. Further, CD45RA and
CD62L expression are used as markers of
T-cell memory, which appears to correlate with
product efficacy [56]. Immunophenotyping
assays are quick and simple and allow analysis
at single cell level, but results should be evalu-
ated with caution, as these are surrogate mark-
ers of CAR T-cell functionality and results may
vary significantly from patient to patient. To
date, no precise immunophenotypic profile has
been determined as a direct predictor of CAR
T-cell function in a validated, quantitative
assay.

8.6.5 Target-Induced Proliferation

Proliferation capacity upon target antigen recog-
nition has been demonstrated to predict efficacy
of CAR T-cell therapies in vivo [58, 70]. This
feature could also be used as an alternative
potency assay in vitro, using fluorescent markers
such as carboxyfluorescein succinimidyl ester
(CFSE). To date, the correlation between prolif-
eration upon target antigen recognition in vitro
and in vivo potency is still pending [14].
Cytotoxic activity is the main MoA of CAR
T-cell therapies to reduce in tumor burden and as
such these assays tend to be preferred for batch
release assessment.

8.6.6 Polyfunctionality

Novel, high-throughput single-cell analysis plat-
forms have the potential to revolutionize the field
of CAR T-cell potency assessment. Several stud-
ies have positively correlated the presence of
polyfunctional cells (cells that co-secrete multiple
cytokines), with potent and durable immunity
against certain infections [17, 48] and tumors [8].
Recently, highly polyfunctional CD19 CAR
T-cell products were demonstrated to be associ-
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ated with clinical responses in non-Hodgkin’s
lymphoma (NHL) patients [72]. High-throughput
platforms such as the IsoPlexis system, use bar-
code chip assays [6] that can accurately and
simultaneously measure up to 16 cytokine/che-
mokines secreted by thousands of CAR T-cells at
a single-cell level [96]. Implementation of such
high-throughput assays in potency testing may
permit a more thorough characterization of CAR
T-cells at single cell level and improve prediction
of clinical response.

8.7 Challenges and Potential
Improvements for CAR T-Cell

Potency Assays

In the future, assessment of potency will encom-
pass in vitro assays designed to study cell
behavior and activity in an environment that
more closely mirrors what is found in vivo.
Antigen-stress tests will assist in the investiga-
tion of maintained cytotoxic activity after sev-
eral rounds of exposure to target, mirroring the
chronic cell activation observed in vivo and pro-
viding a model to investigate mechanisms asso-
ciated with CAR T-cell failure. Target cells
expressing a continuum of antigen densities can
also be used to investigate the correlation
between antigen density and product cytotoxic-
ity. Soluble factors or cytokines such us TGFf
are present in vivo and can influence the bio-
logical activity of CAR T-cells [19]. TGFf chal-
lenge assays may help to quantitate this impact
on CAR T-cell function.

Due to the inherent variability of autologous
CAR T-cell product, assays selected for potency
assessment for final product release should have
appropriate acceptance criteria that consider
inter-batch variability and should be defined prior
to the commencement of pivotal clinical trials
[25, 28] in order to accurately define potent ver-
sus non-potent products. In the solid tumor CAR
T-cell space, potency assays may have additional
requirements beyond those outlined here, such as
measures of CAR T-cell migration capacity to
remote and immunologically hostile tumor sites
[45, 61].

8.8  Future Challenges
and Directions for CAR T-Cell

Product Release Testing

In recent years, the field of cell therapy has devel-
oped at unprecedented speed. New CAR designs,
new manufacturing technologies, and new
approaches to address the current limitations of
CAR T-cell therapies continuously emerge, and
researchers and regulatory agencies are faced
with the challenges of developing new assays and
guidelines to address additional unknowns and
risks [46].

Although the evaluation of cytotoxicity
against CD19-expressing cells is a relatively
well-described measure of CD19 CAR T potency,
the panorama can be complex in the case of not
as well-characterized targets and more complex
and heterogenous tumors. Particularly, in the
field of solid tumors, more advanced in vitro anti-
tumor efficacy assays are likely to be required,
taking into account the differential expression
levels of target antigens for definition of activa-
tion thresholds, the impact of prolonged antigen
exposure and the effects of the immunomodula-
tory tumor microenvironment. Recent approaches
to overcome these challenges include the estab-
lishment of cell libraries expressing different
amounts of surface antigens using CRISPR/Cas9
knock out, reexpression, FACS sorting and single-
cell cloning [52], and the development of ex vivo
tumor-derived culture systems that can account
for the environment-derived immunomodulation
[80]. Conversely, in vitro assays to evaluate hom-
ing and tumor infiltration are challenging. The
use and characterization of animal models [1], as
well as the emergence of methods that combine
the use of human tumor slices and real-time
imaging [23] are likely to provide unvaluable
insights into some of the key quality attributes
associated with in vivo efficacy of CAR T-cell
therapy in solid tumors.

On the other hand, one of the biggest develop-
ments in the CAR T-cell field is the move away
from viral vectors and toward alternative gene
delivery methods. Older methods such as the
Transposon/Transposase platform relies upon
DNA plasmids and mRNA transposase electro-
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or lipo-transfected into T-cells [60]. Several
groups have shown the feasibility of generating
CAR T-cells using the Sleeping Beauty system
and minicircle vectors [51, 60]. Safety concerns
with this technology include residual DNA plas-
mids and transposase (activity) in the final cell
product and the potential risks of insertional
mutagenesis and transposon remobilization.
Release assays for this type of product would
require an additional set of safety analyses and
risk assessments to investigate the additional
risk(s) posed to product recipients through use of
this manufacture methodology. As an alternative
to Transposon/Transposase technology, genome-
editing tools such as transcription activator-like
effector nucleases (TALENSs) and clustered regu-
larly interspaced short palindromic repeats
(CRISPR)/CRISPR (Cas) tools allow specific
modification of target genes, via disruption, cor-
rection, or replacement and have unlimited
potential to improve CAR T-cell therapies [3]. In
an attempt to minimize risks associated with
insertional mutagenesis, targeting genes into
genomic safe harbors is now possible [65].
Genome-editing tools have found favor in the
development of third party or “universal” CAR
T-cell therapeutics. TCRafp/CD3 disruption has
been demonstrated as a feasible approach to
develop CAR T-cells products from mismatched
donors, minimizing the risks of graft-versus-host
disease [59, 65]. Several groups are combining
TCRap/CD3 knockdown with additional strate-
gies to prevent allogenic CAR T-cell rejection,
which is another formidable challenge in the uni-
versal CAR T-cell space. Universal CAR thera-
pies may overcome some of the limitations
associated with autologous products such as
poor-quality patient starting material, logistic
and manufacturing challenges, disease progres-
sion prior to product availability, and batch-to-
batch product variability. Alternative approaches
using an endoplasmic reticulum retention signal
to prevent CD3 surface expression have also been
reported and these have the potential advantage
of overcoming some of the limitations described
above with genome-editing tools [68].
Genome-edited products require extensive
characterization to demonstrate safety. Off-target
effects are a major concern when using the

CRISPR/Cas9 system, as these can lead to unin-
tended mutagenesis and increase the risks of
malignant cellular transformation [3, 12].
Although in silico methods are used to screen for
potential off-target sites, they cannot precisely
predict mutations that occur in vivo. EMA indi-
cates that for genetically modified cells derived
using genome-editing tools, in vitro assays for
editing efficiency and off-target editing should be
conducted [26]. However, development of sensi-
tive and specific assays to detect off-target edit-
ing remains a challenge. Approaches like the T7
endonuclease 1 (T7E1) assay, deep sequencing
and Chromatin Immunoprecipitation Sequencing
(ChIP-seq) have been employed for detection of
off-target editing. In silico prediction tools have
also been developed [98], but many shortcomings
are associated with these techniques. Indeed, off-
target mutations with a frequency below 0.5%
remain mostly undetected by current genome-
wide analyses. Furthermore, targeting more than
one gene for editing confers additional risk, as
complex, multiplex gene editing can potentially
lead to translocations induced by simultaneous
double-stranded breaks at multiple loci. These
have been reported to occur with a frequency as
high as 7% in T-cells and have been detected by
different methods, including cytogenetic analy-
sis, qPCR, and droplet digital PCR [5, 66, 92].
Base-editing is a next-generation approach to
CRISPR-Cas, which may overcome some of the
risks described.

An additional risk posed by allogeneic CAR
T-cells is the presence of alloreactive cells in the
final product. This confers a risk of GvHD and
should be addressed by efficient cell selection/
depletion strategies, along with stringent purity
criteria for product release. Alternative alloge-
neic cell sources such as NK cells or yd T-cells
might avoid the development of GVHD although
challenges with rejection and persistence remain
[68]. Characterization of these cell products and
development of assays for identity, purity,
potency, and so on will mirror, but will not be the
same as those required for T-cell products.

In conclusion, as new developments increase
the efficacy, applicability, and accessibility of
CAR T-cell therapies, adoption of this technol-
ogy for more widespread use in cancer therapy
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should become a reality. It is crucial for the field
to develop a solid understanding of individual
products and their biological activity so that criti-
cal quality attributes can be defined to ensure
efficiency, consistency, and safety. In the coming
years, as new data emerges from preclinical
research and early clinical trials, researchers and
regulatory agencies worldwide will face the chal-
lenge to keep pace with clinical development.
There will be a need to generate new and harmo-
nized guidelines to ensure patient safety and
product quality to cover the diversity of emerging
novel CAR T-cell therapies.
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