
Visit bio-rad.com/CellTherapy or bio-rad.com/GeneTherapy for more information.

Cell and Gene Therapy

Advances in CGTs are promoting the development of novel 
clinical applications addressing a variety of genetic disorders. 
Such therapies have revolutionized the field of precision medicine 
and are characterized by complex mechanisms of action (MOA), 
manufacturing processes, and clinical assessments.

Cell therapies involve a wide range of cell types and therapeutic 
applications. Briefly, cell therapy employs the use of cells derived 
from either the patient (autologous) or a healthy donor (allogeneic), 
which are then isolated, cultivated, or, in the case of gene-modified 
cell therapies (for example, CAR T-cell therapy), manipulated 
ex vivo and transplanted back into the patient (Figure 1). Cell 
therapies utilize various types of cells, including stem, progenitor, 
or primary cells to treat a variety of diseases. Such cells can 
be administered topically, injected, infused, or transplanted as 
cell-based or biomaterial scaffold systems (1). At present, several 
cell therapy products (CTPs) are approved by the U.S. Food and 
Drug Administration (FDA) for the treatment of certain conditions, 
such as blood disorders, malignancies, and damaged cartilage or 
skin tissue (2). Currently approved CTPs include cancer vaccines, 
immunotherapies, and hematopoietic, stem, or progenitor cell 
transplantations for use under specific therapeutic indications (2). 

Most gene therapies rely on the use of viral vectors to deliver 
therapeutic genetic material directly into a specific cell with the 
aim of correcting its function at a fundamental DNA level (Figure 1). 
Most commonly, lentiviral vectors are used during gene-modified 
cell therapy for ex vivo gene transfer into isolated cells while adeno-
associated viral (AAV) vectors are used for in vivo gene therapy (3).  
At present, there are only two FDA-approved gene therapy 
products (GTPs). Both utilize AAV vectors to deliver a functional 
copy of a gene into a specific cell to restore protein function for the 
treatment of retinal dystrophy and spinal muscular atrophy (2). 

A large number of preclinical and clinical trials are currently 
underway, using CGT approaches to alleviate symptoms for 
other debilitating diseases, including neurological (for example, 
Parkinson disease), autoimmune (for example, multiple sclerosis), 
and renal disorders and malignancies (3, 4). Given the increased 
number of clinical trials, versatility of applications, and inherent 
complexities surrounding the development of CGTs, there is a 
great need for stringent guidelines and tools to ensure product 
efficacy and safety.

Assessing Biological Activity and Predicting Therapeutic Outcome 
The number of cell and gene therapy (CGT) products is rapidly expanding, addressing a wide range of diseases. Throughout the last 
two decades, numerous CGT products have been developed to treat such disorders at a fundamental genetic level. Cell therapy 
involves the administration of viable healthy cells into a patient for the treatment of a medical condition — in broad terms, this can 
include cell transplantation (that is, stem cell therapy) or gene-modified cell therapy (that is, chimeric antigen receptor [CAR] T-cell 
therapy). In contrast, gene therapy is associated with the delivery of genetic material to a target cell with the goal of correcting, replacing, 
supplementing, or silencing a defective gene. Considering the diversity and inherent complexities of CGT products, it is imperative to 
consistently demonstrate purity, safety, and potency in all phases of development as well as leading up to and following market approval. 
This article highlights the current state of the CGT industry with a focus on the challenges associated with measuring potency throughout 
the manufacturing process. 
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Fig. 1. CGT approaches.
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Predicting Potency 
One of the most significant challenges in bringing a CGT product to 
the market is consistently showing potency throughout its life cycle. 
According to the FDA, potency is defined as “the specific ability 
or capacity of the product, as indicated by appropriate laboratory 
tests or by adequately controlled clinical data obtained through 
the administration of the product in the manner intended, to effect 
a given result” (5). Specifically, approved biological products are 
required to be accompanied by product-specific in vivo and/or  
in vitro tests to measure potency, that is, intended biological 
activity, and ideally, therapeutic effect. These include specific 
potency requirements, which must be met to ensure quality, 
stability, purity, and strength of the product throughout all phases 
of development. 

Potency tests are required for lot release, conformation 
assessment, comparability studies, and stability testing. Only 
product lots that meet these standards should be used during 
all phases of clinical investigation and following market approval. 
The FDA-issued guidance on potency testing for CGT product 
manufacturers does not specify which assays to use when 
measuring product potency. Considering that each CGT product 
is accompanied by unique product attributes, the FDA provides a 
degree of flexibility when it comes to designing potency assays, as 
long as they comply with current good manufacturing  

practices (5), including:

■	  Measure identity and strength (activity) of the product, for 
example, indication of biological activities specific to the product 
with results that correlate to an effect in a relevant animal model 
and human trials 

■	  Provide quantitative data
■	 Include appropriate reference materials, standards, and controls
■	  Establish and document the accuracy, sensitivity, specificity, and 

reproducibility of the test methods used
■	 Meet predefined acceptance and/or rejection criteria
■	 Provide data to establish dating periods
■	 Meet labeling requirements 

Considering the complexity of CGT products, no single test can 
quantitatively validate the relevant biological activity and predict 
potential therapeutic effect. Manufacturers of CGT products must 
demonstrate product effectivity by providing substantial evidence 
derived from a number of different assays that address relevant 
product attributes. The challenges related to developing potency 
assays for CGT products extend to the manufacturing stage where 
it is critical to ensure batch-to-batch consistency and routinely 
validate standard manufacturing steps, such as the supply chain, 
assay automation, and reference standard development. As more 
products come to market, the need to overcome such challenges 
grows. The FDA and Alliance for Regenerative Medicine (ARM) 
have highlighted CGT-specific issues that need to be taken into 
consideration when developing potency assays (Table 1) (5, 6).
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Table 1. CGT product attributes challenging potency assay development as 
stated by the FDA and ARM (5, 6).

CGT Product Attributes Examples

Inherent variability of  
starting materials

■	  Cell source: autologous vs. allogeneic  
donor variability

■	 Cell line heterogeneity
■	 Lineage differentiation
■	 Error-prone virus replication

Limited lot size and  
material for testing

■	  Single-dose therapy using autologous cells 
suspended in a small volume

■	 Viral capsid number 

Limited stability ■	  Stability and time frame limits for distribution  
of fresh or preserved (frozen) CTPs

■	 Viability and proliferative capacity of cells
■	 Viral vector viability

Lack of appropriate 
reference standards

■	 Autologous cellular material
■	 Novel gene therapy vectors

Multiple active ingredients ■	 Multiple cell lines combined in final product
■	  Heterogeneous mixtures of peptide-pulsed tumor 

and/or immunomodulatory cells
■	 Multiple vectors used in combination

Interference or synergy 
between active ingredients

■	  Cell organization, cell-cell interaction, and cell-
substratum interactions

■	  Multiple cell types in autologous/allogeneic  
cell preparations

■	 Multiple genes expressed by the same vector

Complex MOA ■	 Multiple potential effector functions of cells
■	  Multiple steps required for function, such as 

infection, integration, and expression of a transgene
■	 Vectors containing multiple genes

In vivo fate of product ■	 Viability and proliferative capacity of the cells
■	 Cell performance: patient vs. healthy donor
■	 Cellular differentiation into the desired cell type
■	  Viral vector infection, uncoating, and  

transgene expression
■	 Cell migration from site of administration

Developing Potency Assays for Cell Therapy Products
Reliable and robust characterization of all CTPs, whether stem, 
progenitor, or primary cells, ensures informed decision-making 
during all stages of development and manufacturing. Assessing 
fundamental cellular functions, such as viability, multiplication, 
secreted molecules, and cell differentiation, should be considered 
when determining the quality, effectivity, and sustainability of a 
product at lot release. Assessing the expected biological function 
or MOA of a CTP can involve an elaborate network of interactions 
ranging from biochemical, metabolic, or immunological to 
structural tissue replacement (6). 

High-throughput flow cytometry is most commonly used for cell 
phenotyping and can be employed for cell characterization in a 
heterogeneous population (Table 2). It is key for characterizing 
treatments in development and prior to infusion and for monitoring 
the cellular immune response post-treatment. Additionally, 
multiplex immunoassay, a bead-based cytometry method, is a 
complementary technique for monitoring immune response. It can 
be used in addition to flow cytometry and is faster and requires 
overall smaller sample volumes than a single analyte assay, such 
as enzyme-linked immunosorbent assay (ELISA).

Measuring Potency in Gene Therapies and Gene-Modified  
Cell Therapies
Viral Vector Characterization

A critical aspect of gene therapy encompasses viral vector 
characterization, and includes assessing viral vector identity, purity, 
integrity, and infectivity (Table 2). During early-stage development, 
western blotting is commonly used to rapidly confirm viral serotype 
by verifying product identity using highly specific antibodies. Virus 
infectivity can be established by measuring viral mRNA expression 
using reverse transcription quantitative PCR (RT-qPCR) or  
Droplet Digital™ PCR (ddPCR™), or by investigating the interaction 
between virus and host cell via tissue culture infectious dose 
(TCID50) assay. TCID50 is often used to assess viral titer by visually 
observing the cytopathic effect of a virus (7). Such assays do not, 
however, allow for absolute quantification of viral titer. 

Precise measurement of viral titer, vector copy number, and 
transgene expression are crucial for determining optimal 
transduction efficiency and downstream efficacy of the therapy in 
later stages of development. Regulatory authorities, such as the 
European Medicines Agency (EMA) and FDA, require transgene 
integration studies to monitor gene-modified cell therapy products 
that persist in vivo after treatment. The FDA specifically recommends 
that the integration copy number should be no more than five 
copies per genome to mitigate risks associated with insertional 
mutagenesis (7). For example, when using retroviral vectors for  
ex vivo gene transfer during CAR T-cell development. 

Capable of measuring absolute quantities, Droplet Digital PCR is 
considered the gold standard for viral titer and vector copy number 
quantification in gene therapy development (8). Droplet Digital 
PCR counts nucleic acid molecules encapsulated in thousands 
of individual droplets (reactions) in a single low-volume sample 
and, unlike real-time qPCR, does not rely on a standard curve 
or perfect amplification conditions. The precision and accuracy 
offered by this technology allow for significantly less variation and 
higher copy number determination compared to real-time qPCR. 
Ensuring sample purity at every stage of development is essential for 
reliable product manufacturing. SDS-PAGE offers a simple and cost-
effective means of assessing viral purity during the early stages of 
development. Impurity detection can also be assessed using either 
ELISA, high performance liquid chromatography (HPLC), or  
Droplet Digital PCR. The latter is a quick and sensitive method, 
which can detect residual host DNA and mycoplasma during the 
later quality assurance/quality control stages of the process (9). 
HPLC and Droplet Digital PCR can also be used to characterize 
viral capsid and genome intactness, respectively. Utilizing Droplet 
Digital PCR allows for the assessment of multiple portions of the viral 
genome to measure completion and enables the proportion of full or 
partial full viral particles present to be determined.

Transgene Expression

The potency of a GTP or gene-modified cell therapy is 
dependent, in part, on effective transgene expression and 
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involves demonstration of intended function. It is therefore critical 
to measure transgene expression levels in transduced cells 
throughout product development and at lot release. 

In vitro mRNA expression of a transgene can usually be quantified 
using RT-qPCR and/or Droplet Digital PCR while protein 
expression can be measured using an immunoassay. Western 
blotting or ELISAs can be used to detect protein expression in 
early-stage product development while flow cytometry can be used 
at a later stage to validate protein expression on target cell types, 
which may require multiple markers (8). When measuring mRNA 
expression using RT-qPCR, a one-step or two-step approach can 
be taken, with each protocol having its own merits (10). A one-step 
RT-qPCR approach combines the RT reaction and qPCR in one 
tube, allowing for immediate cDNA synthesis and data acquisition 
with minimal interference. Alternatively, a two-step RT-qPCR 
approach separates the RT and qPCR steps, allowing for cDNA 
isolation, which can be utilized in downstream experiments and 
reserved for any potential audits. While the two-step approach is 
conservative with regard to sample usage compared to one-step,  
it is more time-consuming and may require more optimization.

In addition, potency testing for gene-silencing therapies can involve 
measuring the transgene expression of small RNA molecules, such 
as microRNA or small interfering RNA. Small RNA molecules work by 
reducing the expression of a target gene, either through preventing 
protein translation or by initiating mRNA degradation. In such 
therapies, expression of small RNA can be commonly detected using 
stem-loop primer RT-qPCR, where a stem-loop primer is used for 
transgene RNA reverse transcription followed by traditional real-time 
qPCR (10). 

It is essential to confirm not only transgene expression but also 
protein function following transduction to help ensure the desired 
therapeutic effect. The methodologies required will depend on 
the MOA of the protein. In the case of CAR T cells, for example, 
cytotoxic killing assays can help assess treatment-mediated 
changes in the viability of tumor cells.

Table 2. Techniques addressing common challenges during CGT  
potency testing.

Objectives Techniques

Viral purity ■	 HPLC
■	 ELISA
■	 SDS-PAGE
■	 Droplet Digital PCR

Viral intactness ■	 HPLC
■	 Droplet Digital PCR

Viral identity ■	 Western blot

Infectivity ■	 TCID50
■	 RT-qPCR
■	 Droplet Digital PCR

Protein expression ■	 ELISA
■	 Western blot
■	 Flow cytometry
■	 Droplet Digital PCR

Cell viability ■	 Flow cytometry

Protein function ■	 Dependent on MOA
■	 Killing assays (anticancer)

Forward Planning for Future Therapies
Recent scientific advances in the CGT field have generated a 
variety of innovative tools with high potential to address previously 
untreatable diseases. Versatile therapeutic strategies involving a 
variety of cells, different nucleic acids, and vectors are constantly 
under development to target malignancies, hereditary genetic 
disorders, infectious diseases, and injuries. In its 2021 annual 
report, ARM stated that there are 2,406 CGT trials ongoing globally. 
Oncology is the leading area of focus, comprising approximately 
half of that number (11). Despite the positive outlook, challenges 
surrounding potency, safety, and efficacy of CGT products can still 
hinder progress. 

Thorough product characterization should include corroborative in 
vivo and in vitro potency assays demonstrating an appropriate link 
to the intended biological activity at early development stages, and 
when possible, intended therapeutic effect. Validating the biological 
activity of a treatment using in vitro assays that are precise and 
accurate is key to rapidly obtaining meaningful data. Starting as 
early as possible in the development process and maintaining 
rigorous potency testing assessment throughout will help to 
lower failure rates downstream, allowing for more cost-effective 
treatments that are accessible to more patients in the future. 

Although the FDA does not specify which potency tests to use, 
aspiring manufacturers of novel CGT products can learn from the 
developmental process of currently approved CGT products and 
gain insights from companies and academic research groups that 
have been successful in developing marketed products. With the 
aim of reducing variability during CGT product manufacturing, 
the industry could also benefit from collaborating with contract 
development and manufacturing organizations or contract 
research organizations with experience bringing these therapies 
to market. This can help streamline development by utilizing 
experience in this research space that is currently rather limited. 
Complying with FDA regulatory frameworks on good business 
practices (for example, U.S. FDA 21 CFR Part 11 regulations) and  
adhering to detailed standard operating procedures can further 
help ensure product efficacy, purity, and ultimately, safety for patients. 
Thus, giving treatment options, and in some cases cures, for diseases 
and illnesses that previously only had symptom management.
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