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Abstract: In this study, we present the design, implementation, and successful use of digital droplet
PCR (ddPCR) for the monitoring of chimeric antigen receptor T-cell (CAR-T) expansion in patients
with B-cell malignancies treated with different CAR-T products at our clinical center. Initially, we
designed a specific and highly sensitive ddPCR assay targeting the junction between the 4-1BB
and CD3ζ domains of tisa-cel, normalized with RPP30, and validated it using blood samples from
the first tisa-cel-treated patient in Switzerland. We further compared this assay with a published
qPCR (quantitative real-time PCR) design. Both assays showed reliable quantification of CAR-T
copies down to 20 copies/µg DNA. The reproducibility and precision were confirmed through
extensive testing and inter-laboratory comparisons. With the introduction of other CAR-T products,
we also developed a corresponding ddPCR assay targeting axi-cel and brexu-cel, demonstrating high
specificity and sensitivity with a limit of detection of 20 copies/µg DNA. These assays are suitable for
CAR-T copy number quantification across multiple sample types, including peripheral blood, bone
marrow, and lymph node biopsy material, showing robust performance and indicating the presence
of CAR-T cells not only in the blood but also in target tissues. Longitudinal monitoring of CAR-T cell
kinetics in 141 patients treated with tisa-cel, axi-cel, or brexu-cel revealed significant expansion and
long-term persistence. Peak expansion correlated with clinical outcomes and adverse effects, as is now
well known. Additionally, we quantified the CAR-T mRNA expression, showing a high correlation
with DNA copy numbers and confirming active transgene expression. Our results highlight the
quality of ddPCR for CAR-T monitoring, providing a sensitive, precise, and reproducible method
suitable for clinical applications. This approach can be adapted for future CAR-T products and will
support the monitoring and the management of CAR-T cell therapies.

Keywords: droplet digital PCR (ddPCR); CAR-T cell therapies; molecular monitoring; B-cell
lymphoma; acute lymphatic leukemia (ALL)

1. Introduction

In 2017, the FDA approved a chimeric antigen receptor (CAR) T cell therapy for the
first time, tisa-cel (tisagenlecleucel, Kymriah) targeting CD19. In the same year, axi-cel
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(axicabtagene ciloleucel, Yescarta) was approved as the second CAR-T immunotherapy
product. These two products soon became an important option for the therapy of B-cell
malignancies, relapsed or refractory (r/r) large B-cell lymphoma including diffuse large
B-cell lymphoma (DLBCL) after two or more prior lines of therapy and B-ALL (B-lineage
acute lymphoblastic leukemia) in pediatric or young patients. In February 2021, liso-
cel (lisocabtagene maraleucel, JCAR017, Breyanzi) was FDA approved for the treatment
of r/r large B-cell lymphoma in adult patients, followed in October 2021 by brexu-cel
(brexucabtagene autoleucel, KTE-X19, Tecartus), a product with identical sequence to axi-
cel, but a different production process including T-cell enrichment, for the treatment of r/r
mantle cell lymphoma in adult patients. The selection of CD19 as the target was made even
if it was not a tumor-specific antigen as it is highly expressed on most malignant B-cells,
but not on hematopoietic stem cells, limiting the risk of aplastic anemia [1].

Early in the development of CAR-T therapies, researchers identified the B-cell mat-
uration antigen (BCMA) as a promising target for the treatment of relapsed/refractory
(R/R) multiple myeloma in addition to the CD19-directed CAR-Ts, which target B-cell
malignancies. At present, two anti-BCMA-directed CAR-T products are FDA approved for
the treatment of extensively pretreated patients with r/r multiple myeloma after four or
more prior therapies, namely ide-cel (idecabtagene vicleucel, bb2121, Abecma) and cilta-cel
(ciltacabtagene autoleucel, LCAR-B38M, JNJ-4528, JNJ-68284528) [2,3]. In addition to the
already FDA-approved CAR-T products, a large number of trials has pursued the develop-
ment of new-generation CAR-Ts with improved efficacy and reduced toxicity, targeting
a wide variety of antigens that are potential therapeutic options for myeloma, myeloid
malignancies, T cell malignancies, and even solid tumors [4].

In the pivotal studies for approval by the medical agencies, substantial survival
benefits, or even possible cure for patients is described for the different commercially
available products [2,3,5–8]. These findings are confirmed by numerous subsequent studies
as well as in real-life clinical settings post approval [9–15]. In short, long-term durable
remission was demonstrated in various studies with different patient groups receiving
CAR-T cells, with durable remission and prolonged survival in ~40–60% of patients treated
for B-cell lymphoma as well as ~80–90% in pediatric or young patients with B-ALL as
summarized by others [15,16].

After Swiss approval of the first commercial CAR-T product in October 2018, the first
patient in Switzerland was treated with tisa-cel for relapsed B-ALL at the Inselspital in Bern.
A recently published study put the number of Swiss patients aged over 30 who received
CAR-Ts for treatment of DLBCL from November 2018 to June 2021 at 81 [17], with 50 of
them at our center. At the time of this report (06/2024), around 200 patients received CAR-T
treatment at our center, 141 of them with the commercially available products tisa-cel,
axi-cel, or brexu-cel.

Numerous studies have shown that CAR-T cell expansion and persistence in vivo
strongly correlate with treatment success. Therefore, these parameters are considered
relevant biomarkers for the monitoring of patients following CAR-T treatment, in addi-
tion to traditional imaging strategies. Generally, as described in the literature, and also
observed in the patients treated in our center, CAR-T cells in the patients’ peripheral blood
reach peak levels between 1 and 2 weeks after infusion, with a significant correlation of
transgene copy number to response, and can persist up to several years [18–21]. For the
detection of CAR-T cells and monitoring of their kinetics in vivo, different approaches and
bioanalytical platforms can be utilized, including the following: for direct quantification,
flow cytometry and quantitative PCR; and for assessing the indirect effects of CAR-Ts, a
variety of immunoassays for the detection of cytokines like interleukins, interferons, and
tumor necrosis factors. Each platform has its advantages and disadvantages as well as its
area of application as follows: Flow cytometry is a tool which is suitable for establishment
in a routine laboratory setting. As cells are used for the measurement, it allows not only
monitoring of early CAR-T cell expansion but also characterization of the CAR-T cell
phenotype. The quantitative PCR methods, real-time PCR and ddPCR, can also be easily
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established in appropriately equipped laboratories, especially ddPCR, a very robust and
sensitive tool for longitudinal molecular monitoring of CAR-T copy numbers using DNA
as a template [22–26]. After CAR-T infusion, large quantities of cytokines are produced,
and some cytokine signatures may enable the prediction of adverse effects; on the other
hand, levels are also impacted by confounding factors like sepsis, degree of CAR-T cell
expansion, and tumor burden. The lack of validated fast quantification methods is a major
limitation in clinical practice [24].

CAR-T cells can cause adverse side effects, namely cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome (ICANS), previously known
as cytokine release encephalopathy syndrome (CRES), due to inflammatory cytokines and
the subsequent receptor–antigen interaction with their target cells. Several studies have
suggested a correlation of certain patterns of CAR-T expansion in the peripheral blood to
the development of CRS and ICANS [5,27–31].

It is accepted that monitoring CAR-T expansion and persistence in the peripheral
blood facilitates the individual prediction of treatment success and assessment of risk
stratification for the development of adverse side effects. This approach allows for timely
therapeutic intervention. Consequently, there is a growing focus on developing suitable
laboratory assays for monitoring CAR-T cell concentration in the peripheral blood alongside
clinical monitoring. Molecular methods for the quantification of CAR-T copy numbers on
DNA level were initially established using real-time PCR. There are different approaches
for CAR-T specific molecular assay design, such as the following: either by targeting the
junction region between the CD8 transmembrane region and the CD3ζ signaling chain [32],
or the FMC63-28Z gene of the single-chain variable fragment (scFv) not being specific but
the sequence is identical for tisa-cel and axi-cel [33–35] or the vector backbone [36,37].

Several reference genes have been described as targets for this purpose, including
RPP30 (Ribonuclease P/MRP Subunit P30), GAPDH (Glyceraldehyde 3-phosphate de-
hydrogenase), or the non-transcribed genomic sequence upstream of the CDKN1A/p21
(cyclin-dependent kinase inhibitor 1A), RPPH1 (Ribonuclease P RNA Component H1), and
TERT (telomerase) [32–34]. Various strategies have been published for quantifying and
reporting these results, such as copies CAR-T/500 ng template DNA, the ratio of copies
CAR-T/µL to copies reference gene/µL [33], and copies CAR-T/µg DNA, with the latter
recommended since 2020 in the FDA guidelines [32,34,38,39]. Several recent studies have
described the use of droplet digital PCR (ddPCR) for detection and quantification of CAR-
Ts, including the following: In the study by Lou et al. the two platforms, real-time PCR and
ddPCR, were compared for CAR transgene copy number quantification, targeting the scFv
of the CARs and using RNase P protein POP4 as a reference [40]. They demonstrated, as
many other studies have, that the ddPCR method, which allows for absolute quantification
without the need for external references and standard curves, performed better than the
real-time PCR in terms of repeatability, reproducibility, and lower limit of detection. In
the approach described by Fehse et al. [37], quantification for axi-cel is based on the mean
vector copy number and fraction of CAR-T positive cells of all PBMCs, hence the result is
given as CAR-T positive cells/µL; three different assays targeting the vector sequence were
compared. In a further step, they developed a universal ddPCR assay for the monitoring of
tisa-cel as well as axi-cel CAR-T cells in vivo, by targeting a sequence of the FMC63 part,
which is identical in both vectors, and using the hematopoietic cell kinase (HCK) gene as
reference [35].

When the first patient in Switzerland received CAR-T treatment in 2019, our aim was
the design and implementation of a sensitive, specific, and reproducible method for CAR-T
copy number quantification in the routine setting to facilitate the monitoring of CAR-T
expansion from various sample types in patients with B-cell malignancies treated with
different commercially available CAR-T products at our clinical center. By additionally
applying this ddPCR method for the quantification of CAR-T mRNA, we aimed to study
if the CAR-T transgene expression matches the longitudinal patterns of copy numbers
measured on DNA level.
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2. Results
2.1. Approach and Strategy

In this manuscript, we describe the ddPCR strategy developed at our center for the
in vivo monitoring of CAR-T cell concentration in peripheral blood and other sample types
following the infusion. When CAR-T therapy was introduced in Switzerland, there were no
commercially available assays for copy number quantification and all published strategies
were real-time PCR based. We developed a strategy allowing for absolute quantification by
specific ddPCR assays for all commercially available CAR-T cell products targeting CD19
that are currently approved in Switzerland for B-cell malignancies (tisa-cel, liso-cel, axi-cel,
and brexu-cel). For each CAR-T cell product, we applied the same strategy as follows:
the specific assay targets the sequence of the intracellular junction between the effector
4-1BB (CD137) or CD28, respectively, and the costimulatory CD3ζ domain. RPP30 is used
as reference gene for normalization to allow for the reporting of the quantitative result as
copies CAR-T/µg DNA, as specified by the FDA in the relevant guidelines [39]. Unlike the
vector-based quantification methods cited above, our strategy allows for the quantification
of the actual CAR-T copies available for expression in the patient, independent of the clonal
evolution of the initially polyclonal CAR-T product from infusion over time.

Our assay design was based on published nucleotide sequences when available, such
as for tisa-cel [41]. If the exact nucleotide sequence was unknown, we would use the
amino acid sequence from the relevant patent for database searches and subsequent Sanger
sequencing. It should be noted that the nucleotide sequence can vary between different
constructs, even when the same domains are used. Therefore, knowing the exact nucleotide
sequence is crucial for the designing and establishing of a product-specific assay. The
nucleotide sequence of the CD3ζ domain is the same for tisa-cel and axi-cel/brexu-cel, but
different from liso-cel, as Sanger sequencing has revealed.

We quantified the CAR-T copy numbers longitudinally in samples of peripheral blood
taken from patients after receiving the treatment. For tisa-cel, we performed a head-to-head
comparison of the published real-time PCR assay [32], adapted to ddPCR with our own
previously published, in-house-designed assay, which also includes a liso-cel targeting
assay [31]. If available, a dilution series of positive cells for the respective CAR-T construct
was measured to determine the sensitivity of each assay. CAR-T was also quantified by
ddPCR from bone marrow aspirates, biopsies, or other material sources taken at selected
time points and compared to the results from peripheral blood. Furthermore, the ddPCR
method was used to investigate if and to what extent actual CAR-T expression, measured by
ddPCR from mRNA, can be inferred from the CAR-T copy numbers. As tisa-cel was the first
commercially available CAR-T product in Switzerland, we conducted an inter-laboratory
comparison of the ddPCR-based CAR-T copy number quantification with selected patient
samples at two other laboratories to ensure reliable performance; for axi-cel and liso-cel, the
comparison was performed at one other molecular diagnostic laboratory in Switzerland.

2.2. Patient Cohort

Our patient cohort included 141 patients receiving commercially available CAR-T
products approved by Swissmedic, with 73 patients treated with tisa-cel for B-cell lym-
phomas or ALL, 50 with axi-cel for B-cell lymphomas, and 18 with brexu-cel for mantle
cell lymphoma or ALL (Table 1). The period ranged from when the first patient started
receiving tisa-cel for the treatment of ALL in January 2019 to May 2024.
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Table 1. Characteristics of patient cohort and CAR-T kinetics. The total number of patients receiving
CAR-T therapy (no. of patients) and the peak of CAR-T expansion measured from blood samples
analyzed in the routine setting with our ddPCR method, as average day of peak expansion and
average copy number/µg DNA, is shown for each construct. Survival after 6 months and 1 year as
well CAR-T persistence is included for all patients who have reached these milestones since the start
of the therapy. The average day of CAR-T persistence from blood samples measured with ddPCR was
calculated regardless of survival. * One patient was excluded because the last sample was available
only 2 days after treatment due to death, ** another patient was excluded due to very late expansion
after reinduction with glofitamab.

Tisa-Cel Axi-Cel Brexu-Cel

no. of patients 73 (32
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2.3. Assay Development and Initial Testing
2.3.1. Tisa-Cel

As the first patient receiving CAR-T therapy in Switzerland was treated with tisa-
cel, this was the first assay established and thoroughly tested in our laboratory. At this
time, there were no such assays commercially available, and all the strategies published at
that time were real-time PCR based. As previously described [31], we designed a tisa-cel
sequence-specific assay and designed a ddPCR-adapted version of the real-time PCR assay
published by Milone et al. [32]. In a first step, using the blood samples from the first
tisa-cel treated patient, we compared the performance of these two ddPCR assays. They
both target the same region, but employ different nucleotide sequences for primers and
probes, specifically covering the junction between the CD8 transmembrane region and
the ζ signaling chain. The proper cluster separation of positive and negative droplets was
assessed in the graphical representation of the results in the 1D and 2D plots (Supplemental
Figure S1A–C). The level of blank (LOB) is shown in Supplemental Table S1. For our
self-designed ddPCR assay, no droplet was positive for the CAR-T-specific PCR product
in 48 wells of WT genomic DNA. For the ddPCR assay, using the sequence published
by Milone et al. [32], 1 CAR-T positive droplet was measured in 6 of the 100 analyzed
wells. The sensitivity and correlation of the two tisa-cel assays were determined using
a dilution series of DNA (described in the methods and shown in Supplemental Figure
S1D). For both these assays, 20 copies of CAR-T/µg of DNA could be reliably quantified
when enough input template was used for the assay, which corresponds to a RPP30
value of at least 1136 copies/µL measured for the sample. It is possible to detect lower
copy numbers, but due to the small number of CAR-T positive droplets in such samples,
detection and quantification is not reliable. Therefore, for both tisa-cel specific assays, we
set a limit of detection of 20 copies CAR-T/µg DNA as the sensitivity of the ddPCR method
(Supplemental Figure S1D).

Next, we selected consecutive patient samples from four patients treated with tisa-cel
and analyzed them in parallel with the two assays. The qualitative results matched for 50 of
51 samples, and the quantitative values were consistently comparable over time (Figure 1,
Supplemental Table S2).
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Figure 1. Comparison of CAR-T tisa-cel quantification using ddPCR with two different assays in
up to three different laboratories. For 4 different tisa-cel treated patients (patient 1: B-ALL; patients
2, 3 and 4: r/r DLBCL), the CAR-T copy number was quantified in different laboratories using the
self-designed assay (assay 1) or the assay according to Milone et al. [32] (assay 2). Lab 1: Inselspital,
Bern University Hospital, lab 2: CHUV (Centre Hospitalier Universitaire Vaudois, Lausanne), lab 3:
USZ (University Hospital Zürich).

After a thorough evaluation of the parameters’ sensitivity and correlation, the repro-
ducibility and precision of the two tisa-cel specific assays were confirmed in our laboratory
by measuring several patient samples in independent experiments. Subsequently, a set
of patient samples was analyzed in an inter-laboratory exchange (see the paragraph on
inter-laboratory comparison below).

2.3.2. Axi-Cel/Brexu-Cel

For the axi-cel CAR-T cell product, our assay design was based on the published
nucleotide sequence of the construct [41] targeting the CD28 and CD3ζ domains, with the
probe covering the junction and validated as described above for tisa-cel. As the sequence
for brexu-cel is identical to that of axi-cel, the same assay was used for the CAR-T copy
number quantification for both products. For the axi-cel/brexu-cel-specific assay of WT
genomic DNA, there was 0 copies/µg DNA in 68 wells (no CAR-T positive droplets were
detected in any of the wells, Supplemental Table S3). There was a clear cluster separation
of positive and negative droplets using the 1D and 2D plots (Supplemental Figure S2A,B).
The sensitivity and correlation of this assay, using serial dilutions of DNA extracted from
the CAR-T positive cells and two patient samples, are shown in Supplemental Figure S2C.
Based on these results, 20 copies of CAR-T/µg DNA can be detected and quantified
reliably with the axi-cel/brexu-cel-specific assay, if a minimal amount of RPP30 copies of
1136 copies/µL is reached in the ddPCR. The parameters’ reproducibility and precision
were analyzed as described above. Five selected positive patient samples were analyzed in
two additional Swiss laboratories (see the paragraph inter-laboratory comparison below).

2.3.3. Inter-Laboratory Comparison of ddPCR Assay Performance

When the molecular monitoring of CAR-T kinetics was established in several Swiss
centers, a comparison of ddPCR assay performance was carried out to study the repro-
ducibility of the method in different laboratories. Therefore, selected longitudinal samples
from four patients from our comparison of the two tisa-cel specific assays were analyzed
by ddPCR in two additional laboratories in Switzerland. The qualitative and quantitative
results are highly comparable between the two tisa-cel specific assays and across the three
different locations, laboratory 1, 2, and 3 (Figure 1, Supplemental Table S2).



Int. J. Mol. Sci. 2024, 25, 8556 7 of 17

The CAR-T kinetics in patient 1, receiving tisa-cel for the treatment of B-ALL, showed
rapid expansion at day 8 (assay 2, lab 1) to 9 (assay 1, lab 1 and assay 2, lab 2), followed by
a rapid disappearance of CAR-Ts in the peripheral blood three weeks post-treatment. The
expansion patterns measured in the different laboratories using the two different assays for
patients 2, 3 and 4, treated with tisa-cel for r/r DLBCL, showed a rapid CAR-T expansion
already above the level of detection at day 1 post treatment (patient 2), and different levels
of peak expansion with over 45,000 copies/µg DNA in patient 3 at day 11 compared to
around 1150 copies/µg DNA in patient 4 at day 4 After the peak of expansion, a slow
decrease and persistence is observed in patients 2 and 4, while in patient 3, after the rapid
and high peak expansion, the copy number drops with each longitudinal sample until the
last positive sample at day 79 post treatment; all subsequent measurements are negative
(below the LOD depicted as red line, Figure 1).

For axi-cel and liso-cel, selected patient samples were also measured in parallel at two
sites with highly comparable quantitative results for axi-cel (Supplemental Figure S3 and
Table S4) and liso-cel with concordant results (according to Bland-Altman) and a linear
relationship (correlation tests, Passing Bablock) (Supplemental Table S5 and Figure S4).

2.3.4. Analysis from Other Materials Than Blood Samples

The method for CAR-T copy number quantification by ddPCR can be successfully
applied to various sources of material apart from peripheral blood. These sources include
bone marrow, FFPE, or native biopsy material from lymph nodes, pleural infusion, and
bronchoalveolar lavage (Figure 2, Supplemental Table S6). As with other ddPCR appli-
cations, this robust method works reliably with DNA extracted from a wide range of
materials, even when the amount or quality of the input material is suboptimal. In such
cases, the sensitivity of the assays might be reduced if the required number of RPP30
copies/µL in the ddPCR result is not met. Therefore, the theoretical limit of detection needs
to be calculated and reported accordingly.
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Figure 2. Longitudinal comparison of CAR-T copy numbers and expression. CAR-T copy number
(solid line) and expression (dotted line) quantified from one tisa-cel (black) and one axi-cel (grey)
treated patient. Additionally, for the tisa-cel treated patient a sample from bone marrow (BM) was
analyzed and for the axi-cel treated patient pleural effusion (PE).

Comparison of the CAR-T copy number quantification from other materials to the
routinely analyzed peripheral blood samples clearly shows the recruitment of circulating
CAR-Ts from the peripheral bloodstream to the target tissues like bone marrow and lymph
nodes or other sources like pleural effusion (Figure 2, Supplemental Table S6).
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Concerning the biopsy samples, native material is preferred over FFPE samples; this
can be demonstrated in the tisa-cel-treated patient 12 (Supplemental Table S6), for whom
both materials (native material versus FFPE) from the same lymph node biopsy were
analyzed. In general, when assaying the FFPE material, the absolute number of CAR-T
copies tends to be underestimated due to lower template quality. Still, analysis of the FFPE
material from the lymphoma patients clearly shows that CAR-T copies are detectable by
this method not only in the peripheral blood, but also in the target tissues, even at higher
levels than in the peripheral blood (Supplemental Table S6, patients 12 tisa-cel and 1 axi-cel).
This recruitment to target tissues is observed persistently for more than 9 months post
CAR-T cell infusion (Supplemental Table S6, patient 12 tisa-cel).

2.3.5. Examples of CAR-T Copy Number Kinetics from Patients

In the patient cohort shown here, the peak of CAR-T expansion measured from blood
samples was reached at a mean interval of 12 days post infusion for tisa-cel (n = 73;
2–84 days) and 11 days for axi-cel. For brexu-cel the mean interval to maximal CAR-T
expansion in the peripheral blood was at day 17 post CAR-T cell infusion (n = 17; 5–61 days)
(Table 1, peak CAR-T expansion day). One patient was excluded because of late expansion
at day 171 after induction with glofitamab, as reported previously [42]. In tisa-cel treated
patients, the average CAR-T copy number quantified from peripheral blood at the peak
level of expansion was 9733 copies CAR-T/µg DNA (n = 72; 265–127,942 copies CAR-T/µg
DNA). For axi-cel this average number was 12,375 copies CAR-T/µg DNA (n = 50; 37–
91,575 copies CAR-T/µg DNA) and for brexu-cel 7396 (n = 17, 14–92,877 copies CAR-T/µg
DNA) (Table 1, peak CAR-T expansion average copy number/µg DNA). These numbers
are calculated without taking clinical parameters or any interventions into account (Table 1,
peak CAR-T expansion). More than half of all patients from our cohort reached the time
points of 6 and 12 months after treatment, as demonstrated by the following numbers:
tisa-cel, 66% and 59% (n = 48/43 patients of 73 in total), axi-cel, 84% and 78% (n = 42/39 of
50 in total), and brexu-cel, 78% and 72% (14/13 of 18) (Table 1, survival > 6 months and
>1 year).

The longest persistence of CAR-T cell copies observed in patient blood samples in our
cohort until now is up to 4.5 years for tisa-cel and axi-cel (55 and 56 months, respectively)
and nearly 3.5 years for brexu-cel (42 months). As more time passes since the introduction
of CAR-T therapy at our center, we expect to measure even longer persistence in future.

In the patients who reached the time point of 1 year after CAR-T therapy, which the
CAR-T copy number was analyzed until, 33 out of 34 (97%) showed measurable persistence
of tisa-cel, along with 5 out of 6 patients (83%) of brexu-cel, but only 10 out of 21 (48%) of
the axi-cel-treated patients (Table 1, persistence > 1 year).

2.3.6. CAR-T mRNA Expression in Comparison to Copy Number Quantification

To study CAR-T transcript expression in vivo in comparison to DNA-based copy
number quantification, mRNA expression was quantified longitudinally for seven selected
patients following the tisa-cel as well as axi-cel treatment, using the same CAR-T-specific
ddPCR assay as for DNA-based copy number quantification and ABL1 as control gene, as
previously described by us [43] (Figure 2, Supplemental Table S7).

Figure 2 demonstrates the longitudinal comparison between copy number quantifica-
tion (solid line) and expression (dotted line) for one tisa-cel (black color)- and one axi-cel
(grey color)-treated patient. For the tisa-cel-treated patient, the peak expansion of CAR-T
copy number was measured at day 13 past infusion, with 127,942 copies/µg DNA, at
the same time point as the peak of expression, with a ratio of 4.037 CAR-T/ABL1. Over
time, both copy number and expression decreased comparably from these peak values to
31,657 copies/µg DNA and a ratio of 1.521 at day 43. In the example of an axi-cel-treated
patient, the peak expansion was reached on day 14, with 25,216 copies/µg DNA and an
expression value of 2.711. The next sample, monitored on day 30, showed a clear reduction
in CAR-T copies to 465 copies/µg DNA, as well as an expression value of 0.0196. In the
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subsequent sampling time points at days 39, 46, and 60, the CAR-T cells persisted in the
peripheral blood, with copy numbers of 100, 139, and 104 copies axi-cel/µg DNA, respec-
tively. Correspondingly, the expression ratios of CAR-T/ABL1 were 0.008, 0.012, and 0.014,
respectively.

Thus, with this ddPCR approach, CAR-T expression was observed in all the samples
in which CAR-T DNA was detected. In longitudinal monitoring, the quantification of the
expression and copy numbers matched in terms of magnitude and course of kinetics. Using
this methodology for all the samples analyzed, for both CAR-T copy number on the DNA
level and expression on the mRNA level, the qualitative results as well as the trends over
time were found to correspond well with each other (Figure 2, Supplemental Table S7).
The peak values of the mRNA and copy numbers showed a significant correlation, with
high peak expression in the peripheral blood associated with more adverse events but not
CAR-T cell persistence at 3 months, as already reported [43].

3. Discussion

We describe a ddPCR strategy for monitoring CAR-T cell expansion in patients after
treatment with the different products in our clinical center used for treatment of DLBCL,
mantle cell lymphoma, and ALL. Given the advantages of ddPCR over standard real-time
PCR, that include absolute quantification without the need for external standard curves, the
ability to quantify targets and references in the same well, improved precision specifically
at low target concentrations, high tolerance to PCR inhibitors, and less inter-run variability,
this technique was found suitable for monitoring the kinetics of CAR-T cell copies in the
recipients of CAR-T cell therapies. The superiority of ddPCR over real-time PCR is well
established. For CAR-T monitoring, a direct comparison of both methods demonstrated
that the ddPCR approach had better reproducibility, along with higher sensitivity [40,44].

Our strategy for ddPCR monitoring of the CAR-T kinetics in vivo was based on the
initial description for copy number quantification of CARs, expressing the CD137 signaling
domain by real-time PCR [32]. By targeting the intracellular junction region between the
effector 4-1BB (CD137) or CD28, respectively, and the costimulatory CD3ζ domains using
sequence-specific assays for each construct, with RPP30 as a normalizer, an exact and
sensitive molecular method for the quantification of CAR-T copy numbers from a variety
of patient samples is available for routine monitoring. The assays described here meet the
criteria for the limit of quantification of ≤ 50 copies/µg DNA recommended in the 2020
FDA guidelines on long-term follow-up after the administration of human gene therapy
products [39]. This approach can also be applied to all new CAR-T products, which will be
introduced to the market in the future by designing an appropriate assay for the respective
nucleotide sequence of the relevant region of the respective construct. In cases where the
nucleotide sequence is not available yet, the nucleotide sequence covering the relevant
region of the co-stimulation signaling domain (for example, 4-1BB/CD137 or CD28) and
the CD3ζ signaling domain needs to be resolved in a first step. For example, Sanger
sequencing, if necessary, with a strategy using ambiguous primers would allow for the
design of sequence-specific ddPCR assays for other CAR-T constructs. The methodology
was tested thoroughly not only in our laboratory but also through an inter-laboratory
comparison, yielding highly comparable results across different sites in terms of limit of
detection and copy number quantification from various patient samples.

Performance, reliability, and comparability of two assays with a slightly different
nucleotide sequences for primers and probes targeting the same CAR-T domain, namely
the junction between the CD8 transmembrane region and the ζ signaling chain of tisa-
cel (assay 1 and assay 2), is comparable even when the measurements are performed
in different laboratories (Figure 1, Supplemental Table S2). This finding underlines the
reliability of target-specific, properly validated ddPCR assays for CAR-T copy number
quantification and is a prerequisite for use in routine diagnostics.

By now, different ddPCR-based approaches for monitoring CAR-T transgene levels
in patient samples have been reported. Various strategies have been described regarding
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the targeted CAR-T region and the reference genes selected for normalization. For result
quantification, various options are available, such as using the mean vector copy number
to calculate the actual number of CAR-T cells per µL blood or determining the fractional
abundance of CAR-T and housekeeping gene copies measured in the ddPCR [33,35,37].
Several reports describe clonal kinetics of the initially polyclonal CAR-T cell pool, with
the highest clonal diversity in the infusion product decreasing over time during expansion
and persistence [45–48]. Therefore, we hypothesize that our strategy for normalizing and
reporting the result as CAR-T copy number per µg of DNA is less affected by the clonal
evolution of the product in vivo, compared to a strategy based on the mean vector copy
number. Admittedly, this strategy is prone to the underestimation of CAR-T expansion
at peak expansion with high copy numbers, as the gDNA originating from CAR-Ts is
dominating the extracted gDNA [49]. Nevertheless, as discussed by Sugimoto et al. [44], the
current regulatory compliant unit is copies/µg DNA and does not rely on a combination of
an assumed transduction rate with a white blood cell count, which might also be inaccurate
especially in the lymphodepletion conditions, or a spike-in calibration curve. Additionally,
as we are using this method for CAR-T quantification for a variety of different sample types
like bone marrow, biopsies (native and FFPE material), and others, a direct comparison
to the value from peripheral blood would not be possible when giving the result in a
unit like copies/µL of blood. It is known that CAR-T cells are not only circulating in the
bloodstream but are also localized at the site of the malignant cells targeted by the CAR-T
therapy, like lymph nodes or bone marrow [50]. The method we developed is suitable for
the detection of CAR-Ts within a wide variety of sample types, where CAR-Ts are detected
in a comparable order of magnitude or even higher than in samples from the peripheral
blood.

Initially, in the first case reports, the insertion site of the CAR transgene was suggested
as the possible cause for clonal expansion [45,48]. Studies of larger patient cohorts not
only identified the potential of insertional mutagenesis for the promotion of therapeutic
T-cell proliferation but also a number of additional factors including cell intrinsic properties
that might contribute to the differences observed. Transcriptionally distinct clusters with
specific expression signatures, namely higher expression of cytotoxicity and proliferation
genes, seem to play a key role in this process [46,47]. The extent to which this phenomenon
is relevant for changes in CAR-T efficacy over time, irrespective of the number of CAR-T
copies available on the DNA level, still needs to be addressed.

We supplemented copy number monitoring of selected CAR-T-treated patients with
expression analysis, also quantified by ddPCR using cDNA as template. Assays targeting
the vector backbone would not be suitable for this approach, as transcription of the targeted
region is essential. In our data, both kinetics showed, longitudinally, the same course
with a peak of expansion at the same time, not only on the gDNA but also the mRNA
level (Figure 2, Supplemental Table S7). Additionally, the order of decrease in the CAR-T
cells in the bloodstream after the initial expansion, concerning time and magnitude as
well as persistence over time, correlates at DNA and mRNA level. Thus, by using the
sensitive ddPCR method, we show that the transgene sequence is indeed detected not only
at the DNA level but is also expressed. According to our results from the longitudinal
measurement of both parameters for selected patients, no downregulation of expression
compared to the copy number was observed. In the future, the integration of the monitoring
of CAR-T expression using ddPCR with cDNA as a template into the routine analysis of
CAR-T kinetics is a promising approach to add another dimension to the in vivo monitoring
of CAR-Ts, applying the most sensitive molecular methods available.

In the large clinical studies conducted prior to the approval of axi-cel and tisa-cel,
data on CAR-T cell expansion and persistence over time on the treatment success differed
slightly between the two constructs.

In the pivotal studies for tisa-cel, axi-cel, and brexu-cel, a clear association between
the high degree of expansion as well as the duration of persistence of the CAR-T cells de-
tected in the blood stream, quantified with PCR-based methods or peak percentage in flow
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cytometry, and the response to treatment was shown [8,14,51]. In 2015, Porter had already
suggested a grouping according to the peak expansion measured by qPCR or FCM into
the following categories: responders with a high maximum expansion, patients achieving
partial response with median expansion, and non-responders with minimal expansion [18].
The experience gained from the clinical use of CAR-T cells has confirmed that patients with
a high maximum CAR-T expansion are more likely to achieve a favorable response, while
in vivo persistence seems to be a less suitable predictor [18,20,25,33,44,52,53]. Additionally,
a high peak expansion of CTL019 cells coincides with negative side effects, like the devel-
opment of immune effector cell-associated neurotoxicity syndrome (ICANS) or cytokine
release syndrome (CRS) [26,27,31].

Regarding the differences and similarities of CAR-T kinetics in vivo and outcome, the
results of our patient cohort match those of the large pivotal studies and numerous real-life
reports currently available [15,26,53–56]. The copy numbers at peak expansion are higher
in the axi-cel-treated patients compared to tisa-cel (12,375 versus 9733, Table 1) in our
cohort, while the expansion kinetics are similar (Table 1, Figure 2). Regarding persistence,
the results in our small and heterogeneous patient cohort differ in the survivors one year
post treatment (Table 1) from the largescale data in the literature reporting no significant
difference between the two constructs. We will continue to monitor this parameter as
the number of patients treated with CAR-T products continues to increase at our center.
With the steadily increasing number of CAR-T-treated patients at our center, in terms of
outcome, the slightly better performance of tisa-cel compared to axi-cel is reflected by a
higher number of surviving patients at 6 months and 1 year after treatment (84% compared
to 66% and 78% to 59%, respectively, Table 1).

In summary, numerous studies and the experience gained from clinical application
demonstrate the importance of suitable methods to follow to perform in vivo expansion for
the prediction of clinical outcome and early adverse effects. Recent studies favor ddPCR as
the more suitable method, at least in the early phase during the first two weeks, compared
to flow cytometry with a lower sensitivity and more limited range of detection [25,26]. The
ddPCR assays described here, targeting the junction region between the transmembrane
and signaling domains, facilitate highly sensitive and robust quantification in vivo, not
only of the CAR-T copy numbers but also of their expression over a wide range, from a
variety of sample materials.

4. Material and Methods
4.1. Sample Collection and Preparation

All patients who participated in this study signed the general consent form of the
hospital. Ethical procedures were conducted in accordance with Swiss law. The assays
described in this manuscript were established for the routine workup of the patients. For
the analysis, 5 to 20 mL of peripheral blood was collected in EDTA tubes. After leukocyte
enrichment by erythrocyte lysis and centrifugation, one million cells were used for the
extraction of genomic DNA using the QIAamp DNA mini kit (Qiagen, Hombrechtikon,
Switzerland).

4.2. ddPCR

CAR-T cell-specific copy numbers were analyzed with the QX200 droplet digital PCR
(ddPCR) system (Bio-Rad, Cressier, Switzerland). Briefly described, the ddPCR reaction
was set up using ddPCR Supermix for Probes (no dUTP) (Bio-Rad, Cressier, Switzerland)
according to the manufacturer’s instructions with final concentrations of 700 nM for primers
and of 200 nM for the probes. For the CAR-T-specific PCR-product, the probe was labelled
with FAM, and for the RPP30 normalizer, HEX. A final amount of 170.8 ng of digested
DNA using HaeIII (New England Biolabs, Ipswich, MA, USA) for all the assays was used as
the template in each reaction (20 µL of total volume per well used for droplet generation),
and each sample was analyzed in duplicate.
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After droplet generation on the AutoDG automated droplet generator (Bio-Rad,
Cressier, Switzerland), PCR was performed with 40 cycles for 30 s at 94 ◦C for denat-
uration, followed by 1 min at 55 ◦C for annealing and extension. For readout, the QX200
Droplet Reader (Bio-Rad, Cressier, Switzerland) with the two-color detection system set to
FAM (channel 1) and HEX (channel 2) was used.

For the calculation of CAR-T copy numbers per µg of DNA, the instrument’s Quan-
taSoft software (version 1.7.4, Bio-Rad, Cressier, Switzerland) output of copies per µL for
each channel (CAR-T and RPP30), merged from the two wells that were analyzed for each
sample, was used. One copy of RPP30 represents one copy of a haploid genome equating to
3.3 pg DNA [57], and the concentration of the DNA in the analyzed sample was calculated
as follows: DNA concentration (µg/µL) = RPP30 concentration from the droplet reader
(copies/µL) × 3.3/1 × 106 (adapted from Härmälä et al. [58]). Subsequently, the CAR-T
concentration (copies/µL) can be divided using the calculated DNA concentration to obtain
the copies of CAR-T/µg of analyzed DNA as follows: CAR-T concentration (copies/µg)
= CAR-T concentration from the droplet reader (copies/µL)/RPP30 DNA concentration
(µg/µL).

For expression analysis, RNA was extracted after the initial sample preparation as
described above with the QIAamp RNA Blood Mini Kit (Qiagen, Hombrechtikon, Switzer-
land), followed by the reverse transcription of 2 µg of RNA using the SuperSkriptII RNase
H Reverse Transcriptase system (Thermo Fisher Scientific, Basel, Switzerland) with random
hexamer primers according to the manufacturer’s protocol. The ddPCR was setup as
described above, using cDNA without restriction digest and equivalent to 12.5 ng of the
initial input amount of RNA for each well. The result for the expression analysis are given
as the ratio, CAR-T/ABL1, calculated from the instrument’s QuantaSoft software output of
copies per µL for each channel (CAR-T and ABL1), merged from the two wells that were
measured for each sample.

4.3. Design of CAR-T Product Specific Assay Design and Validation

As previously described, we designed sequence-specific primers and probes for the
CAR-T constructs, targeting the intracellular junction sequence between the effector 4-
1BB (CD137) or CD28, respectively, and the costimulatory CD3ζ domains, as was initially
conducted in a real-time PCR approach for the quantification of CARs expressing the CD137
signaling domain [32]. Each assay targets the respective sequences of the intracellular
signaling domains of the CAR-T constructs by covering the junction of the co-stimulation
signaling domain (4-1BB/CD137 or CD28) and the CD3ζ signaling domain (Table 2 ddPCR
assays: primers and probes). A summary of all assays described here, including which
CAR-T construct is targeted, as well as the brand name, approval for the treatment of which
diseases by Swissmedic, and sensitivity of each assay, is shown in Supplemental Table S8.

Sanger sequencing was performed for PCR products with the same primers. From
the first positive patient sample for each CAR-T product, we confirmed that the amplicon
indeed targets the intended sequence by conducting Sanger sequencing using primers
covering an extended region compared to those used for the ddPCR assay (Table 2 oligonu-
cleotides for PCR and Sanger sequencing).

RPP30 (ribonuclease P protein subunit 30) was used as normalizer to facilitate the
quantification of CAR-T copy numbers per µg DNA as previously described [58]. For
expression analysis, a standard qPCR assay for the ABL1 control gene [59] adapted to our
ddPCR settings was used, the result of this mRNA expression analysis is given as a ratio
of copies CAR-T/ABL1. For all the assays, the CAR-T-specific PCR product is labelled
with a FAM fluorophore, the normalizer, RPP30, for copy number expression, and ABL1
for expression analysis, along with HEX. Sequences for all the oligonucleotides used for
Sanger sequencing as well as the primer and probe sequences for the ddPCR assays are
listed in Table 2.

For tisa-cel, the assay design was based on the sequence given in the patent specifica-
tion, with a FAM-labelled probe for the detection of the CAR-T-specific PCR product [31].
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Additionally, we used the real-time PCR assay published by Milone et al. [32], with ex-
change of the fluorophore (VIC to FAM) as the only adjustment for ddPCR, to test the
comparability of the two different assays. As for each ddPCR assay, the proper cluster sep-
aration of positive and negative droplets is assessed in each run using the proper negative
and positive controls in the graphical representation of the results in the 1D and 2D plots
given by the QuantaSoft software (examples shown in Supplemental Figure S1A–C). If
necessary, the threshold for the proper discrimination of positive and negative droplets
in channel 1 (FAM) and channel 2 (HEX) needs to be adjusted manually for the whole
run using the appropriate negative and positive controls. If no clear visual discrimination
between the clusters of negative and positive droplets in one channel is possible, the cycling
conditions need to be optimized by running a temperature gradient. The level of blank
(LOB) was determined by measuring WT genomic DNA in 48 wells of WT genomic DNA in
different runs (Supplemental Table S1). To determine the sensitivity and correlation of the
two tisa-cel assays (the self-designed assay and the one designed after Milone et al. [32]), a
dilution series of DNA extracted from tisa-cel positive cells covering steps from undiluted
to a 1:100,000 dilution in WT genomic DNA was analyzed in two independent runs, each
with duplicate wells (Supplemental Figure S1D).

Table 2. Primer and probe sequences for ddPCR assays and oligonucleotides for Sanger sequencing.

ddPCR Assays: Primers and Probes

tisa-cel (assay 1 own design [31])
CTL019 4-1BB F1 5′-GAAGATGGCTGTAGCTGCC-3′

CTL019 CD3z R1 5′-GCTCCTGCTGAACTTCACTC-3′

CTL019 4-1BBz probe 5′-FAM-GAAGAAGAAGAAGGAGGATGTGAACTG-BHQ1-3′

tisa-cel (assay 2, Milone et al. [32])
CTL019 4-1BB F2 5′-TGCCGATTTCCAGAAGAAGAAGAAG-3′

CTL019 CD3z R3 5′-GCGCTCCTGCTGAACTTC-3′

CTL019 4-1BBCD3z probe 5′-FAM-ACTCTCAGTTCACATCCTC-MGB-3′

liso-cel [31]
CTL019 4-1BB F1 5′-GAAGATGGCTGTAGCTGCC-3′

CTL019 CD3z R4 5′-GCTTCTGCTGAACTTCACCC-3′

CTL019 4-1BBz probe 5′-FAM-GAAGAAGAAGAAGGAGGATGTGAACTG -BHQ1-3′

RPP30 [58]
RPP30 F 5′-AGATTTGGACCTGCGAGCG-3′

RPP30 R 5′-GAGCGGCTGTCTCCACAAGT-3′

RPP30 probe 5′-HEX-TTCTGACCTGAAGGCTCTGCGCG-BHQ1-3′

ABL1
ENF1003 short 5′-GAGATAACACTCTAAGCATAACTAAAG-3′

ENR1063 short 5′-GTAGTTGCTTGGGACCCA-3′

EnPr1043 5′-HEX-CCATTTTTGGTTTGGGCTTCACACCATT-BHQ1-3′

Oligonucleotides for PCR and Sanger Sequencing

tisa-cel
CTL019 4-1BB SeqF 5′-ACGGGGCAGAAAGAAACTCC-3′

CTL019 CD3z SeqR 5′-CTGTAGGCCTCCGCCATC-3′

axi-cel
Yescarta CD28 SeqF 5′-GGTGAGGAGTAAGAGGAGC-3′

CTL019 CD3z SeqR 5′-CTGTAGGCCTCCGCCATC-3′

liso-cel
CTL019 4-1BB SeqF 5′-ACGGGGCAGAAAGAAACTCC-3′

CTL019 CD3z SeqR2 5′-GATTCTGGCCCTGCTGGTAG-3′

To analyze reproducibility and precision, we selected consecutive samples over time
from four patients treated with tisa-cel and analyzed 51 samples in total with the two
different assays in parallel (Figure 1, Supplemental Table S2).

For axi-cel and brexu-cel, the assay design was based on the published sequences [41]
and validated as described above for tisa-cel. We confirmed that the CAR-T specific
amplicon was indeed the target used for the ddPCR assay by Sanger sequencing of the
first CAR-T positive blood sample from the first patient receiving axi-cel treatment at our
center, using primers covering an extended region. As brexu-cel has a sequence identical to
that of axi-cel, the same assay was used for CAR-T copy number quantification for both
products. The LOB was measured in 68 wells of WT genomic DNA. The proper cluster
separation of positive and negative droplets was assessed as described above 1D and 2D
plots (examples shown in Supplemental Figure S2A,B), adjusting the thresholds when
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necessary and using the proper controls. The sensitivity and correlation of this assay were
determined as described above, using serial dilutions of DNA extracted from the CAR-T
positive cells and two patient samples with a high number of CAR-T copies. This process
covered steps from undiluted to a 1:100,000 dilution in wild-type (WT) genomic DNA,
conducted in two independent runs with duplicate wells each (Supplemental Figure S2C).
Additionally, the parameters’ reproducibility and precision were analyzed as described
above for the tisa-cel assays, as exemplary shown for 6 patient samples (Supplemental
Figure S3).

4.4. Inter-Laboratory Comparison of ddPCR Assay Performance

For the inter-laboratory comparison, the ddPCR was set up using the standard pro-
cedures in each laboratory, resulting in a slightly different DNA input amount per well.
Selected samples from our comparison of the two tisa-cel specific assays were analyzed by
ddPCR in two additional laboratories in Switzerland, namely the CHUV (Centre Hospi-
talier Universitaire Vaudois, Lausanne) and USZ (University Hospital Zürich). At CHUV,
the assay according to Milone et al. [32] (assay 2) was used, whereas the USZ lab used our
self-designed ddPCR assay (assay 1). Twenty-two samples from two patients, with 10 and
12 different time points, respectively, were tested at all locations. An additional 21 samples
from two more patients, collected over 11 and 10 different sampling dates, respectively,
were tested at CHUV. For axi-cel, five samples from a single patient were measured in
parallel at two sites, our center and CHUV. Both sites used the ddPCR assay designed by
us and described in this manuscript. For liso-cel, 12 samples were obtained from three
patients treated at CHUV with a commercially available product and were measured at our
center and CHUV using the ddPCR assay previously described by us [31].

5. Conclusions

We presented the design, implementation, and successful use of digital droplet PCR
(ddPCR) for monitoring chimeric antigen receptor T-cell (CAR-T) expansion in patients
with B-cell malignancies treated with different commercially available CAR-T products
at our clinical center. Additionally, we applied this approach to quantify CAR-T mRNA
expression, demonstrating a high correlation with DNA copy numbers and confirming
active transgene expression. Our results highlighted the quality of ddPCR for CAR-T
monitoring across multiple sample types, providing a sensitive, precise, and reproducible
method to support the monitoring and management of CAR-T cell therapies in the clinical
setting. We also described a patient cohort regarding peak level of CAR-T expansion
(reached at a mean interval of 12 days post infusion for tisa-cel, 11 days for axi-cel, and
17 days for brexu-cel). More than half of all patients from our cohort were still alive
12 months after treatment. In the patients who reached the time point of 1 year after
CAR-T therapy, 97% show measurable persistence of tisa-cel and 83% of brexu-cel; for
axi-cel-treated patients, only 48% showed persistence.
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