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Cell and Gene Therapy

Chimeric antigen receptor (CAR) T-cell therapies have revolutionized the treatment of blood cancers. Yet, as regulatory agencies 
approve more and more of these groundbreaking therapies for clinical use, questions about safety and efficacy linger. Can the risks of 
autologous cell therapy be reduced? Can CAR T-cell therapies be made more effective? Droplet Digital PCR (ddPCR™) technology is 
beginning to answer these questions by providing a robust and sensitive method for monitoring and validating CAR T-cell therapies during 
manufacturing and beyond.

Introduction
In 2017, the U.S. Food and Drug Administration (FDA) approved 
the first CAR T-cell therapy, tisagenlecleucel, for the treatment of 
acute lymphoblastic leukemia (ALL), marking a new era in cancer 
treatment (Mullard 2017). Since tisagenlecleucel, at least five more 
CAR T-cell therapies have been approved, all for blood cancers 
(National Cancer Institute 2022). Unlike one-size-fits-all treatment 
approaches like chemotherapy and radiation therapy, CAR T-cell 
therapy is a highly personalized treatment that involves engineering 
a patient’s own T cells to target cancer. This innovative approach 
equips the patient’s immune system with the biological tools 
needed to defeat cancer on its own.  

CAR T-cell manufacturing is a multistep process (Abou-el-
Enein et al. 2021). First, T cells are isolated from the patient by 
leukapheresis, after which they are selected and activated.  
T cells are then genetically modified to express the CAR, typically 
using viral vectors. The resulting CAR T cells are then expanded, 
formulated, and stored (cryopreserved) until they can be infused 
back into the patient. 

The manufacturing and use of CAR T-cell therapies should be 
closely monitored to ensure optimal safety and efficacy. To date, 
all clinically approved CAR T-cell therapies have relied on viral 
vectors to insert CAR genes into T cell genomes, yet this approach 
can be risky due to the randomness of this process (Abou-el-
Enein et al. 2021). If a CAR gene is inserted at sites that turn on 
oncogenes or turn off tumor suppressors, the cells can become 
tumorigenic. If a CAR gene is inserted in a noncoding region of 
the genome, the gene may not be expressed at all. Too many 

integrations can cause toxicity, and too few can impede efficacy 
(Brudno and Kochenderfer 2016). Thus, manufacturers need to 
monitor CAR integration sites and copy numbers to ensure viral 
transduction yields safe and effective CAR T cells. Safety and 
efficacy monitoring should continue beyond manufacturing, too. 
Tracking CAR T cells after they are infused in the patient can 
provide additional information about the treatment’s engraftment, 
expansion, persistence, efficacy, and safety. 

Quantitative PCR (qPCR) has been the traditional choice for 
evaluating CAR gene integrations. However, without a standard 
curve, qPCR is a relative quantification method. Those interested in 
higher sensitivity and absolute quantification are therefore turning 
to ddPCR technology. This white paper highlights the application of 
ddPCR technology to quality control in CAR T-cell manufacturing.  

ddPCR Technology
ddPCR technology utilizes water-oil emulsion droplet technology to 
partition bulk PCR reactions into tens of thousands of nanodroplet 
reactions, which can each support a PCR reaction like a test tube 
or a well in a qPCR plate. Amplifications are measured in a binary 
fashion (hence, digital); a droplet either contains amplified material, 
or it does not. Because of the randomness with which template DNA 
molecules are dispersed into droplets at the outset — any given 
droplet may contain no templates, a single template, or multiple — 
the resulting data can be fit and analyzed in a quantitative way using 
Poisson statistics, without the need for a standard curve. Its ability 
to detect a single molecule in a cell makes ddPCR technology ideal 
for vector titer, quantifying gene copy numbers (Lu et al. 2020), and 
detecting rare events such as the presence of CAR T cells after 
infusion (Fehse et al. 2019).  
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Quantifying CAR Gene Copy Numbers
National Institute of Health (NIH) scientists led by Ping Jin 
manufacture CAR T cells for the NIH Clinical Center. They 
use ddPCR technology for quality control. In 2020, the group 
developed a ddPCR assay for tracking and quantifying CAR gene 
sequences in virally transduced T cells (Lu et al. 2020). 

To demonstrate the utility of ddPCR technology in CAR T-cell 
manufacturing, Lu and colleagues manufactured CAR T cells using 
g-retroviral vectors encoding either a CAR- or a TCR- recognizing 
HPV16 E7 oncoprotein. Transgene copy number analysis was 
performed seven days following the initiation of cell culture using 
the QX200™ AutoDG™ Droplet Digital PCR System. 

The team initially defined the upper and lower detection limits of 
ddPCR technology by quantifying a serially diluted, empty vesicular 
stomatitis virus G (VSV-G) vector. This analysis revealed a wide 
dynamic range, with 1 x 106 copies/μl as the upper limit and 0.13 
copies/μl as the lower limit. To validate this dynamic range, Lu and 
colleagues next quantified transgene integrations in serially diluted 
T cells engineered to express a TCR recognizing the HPV16 E7 
oncoprotein. Their results showed a linear relationship between 
dilution factor and transgene copy number. They also measured 
twofold dilutions of the retroviral vector used to create these cells 
and found that each dilution reduced the copy number by half.     

More compelling was the replication of these results across 
storage conditions and laboratory staff. Cryopreserving CAR T 
cells, a common practice during CAR T-cell manufacturing, yielded 
the same results at zero, three, and six weeks, indicating that 
this variable has little impact on the ability of ddPCR technology 
to quantify copy numbers. Quantifications performed by three 
different laboratory technicians were also the same, highlighting 
the assay’s robustness and replicability.

Finally, Lu and colleagues evaluated the assay’s robustness across 
different manufacturing conditions, including multiplicity of infection 
(MOI) and centrifugation. Without centrifugation, the vector copy 
number increased with MOI. However, with centrifugation, MOI 
had less impact on vector copy number. These variables impacted 
transduction efficiency in the same way, as transduction efficiency 
was highly correlated with vector copy number. 

Linking Copy Numbers to Clinical Responses
CAR T cells can expand and change activity in patients after 
infusion. Because these events can dictate the efficacy and safety 
profile of CAR T-cell therapies, they should be actively monitored. 
Fehse and colleagues (2020) developed a ddPCR assay to 
precisely quantify CAR T cells in patients treated with the  
approved CAR T-cell therapy axicabtagene ciloleucel. 

The assay was developed by comparing multiple primer/probe 
combinations and selecting the best performing pair, which 
demonstrated high concordance between duplex serial (half-log) 
dilutions of CAR T-cell genomic DNA. In these tests, the lower 
limit of detection was a single transgene copy. The assay also 
demonstrated high inter- and intra-run reproducibility across 
samples from five different CAR T-cell–treated patients. 

Fehse and colleagues next analyzed the relationship between 
vector copy number and CAR T-cell numbers in patients. In leftover 
samples from infusion bags, they observed an average of 1.812–
4.536 copies per transduced cell, which is within the <5 copies 
per cell deemed safe by the U.S. FDA (Zhao et al. 2017). They used 
these values to estimate how the number of CAR T cells in each 
patient changed over time. As expected, patients in which CAR T 
cells expanded in vivo experienced either partial or complete clinical 
responses by 30 days after treatment. Nonresponders, by contrast, 
had little CAR T-cell expansion. Overall, these data demonstrate the 
robustness and sensitivity of ddPCR technology for in vivo  
CAR T-cell detection and monitoring. 

Conclusion
First approved in 2017, CAR T-cell therapies are still relatively new 
entrants to the cancer treatment landscape. As the CAR T-cell 
therapy field matures, so too must the methods for manufacturing 
and using them. Methods that can precisely and reproducibly 
quantify CAR gene copy numbers as well as detect CAR T cells 
in vivo will ensure that these therapies are used as safely and 
effectively as possible. The examples described here highlight 
ddPCR technology as a powerful method for monitoring CAR 
T-cell safety and efficacy during manufacturing and in the clinic.  
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