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In vivo expansion of genetically modified T cells in cancer pa-
tients following adoptive transfer has been linked to both
anti-tumor activity and T cell-mediated toxicities. The develop-
ment of digital PCR has improved the accuracy in quantifying
the in vivo status of adoptively infused T cells compared to
qPCR or flow cytometry. Here, we developed and evaluated
the feasibility and performance of nanoplate-based digital
PCR (ndPCR) to quantify adoptively infused T cells engineered
with a T cell receptor (TCR) that recognizes a human endoge-
nous retrovirus type E (HERV-E) antigen. Analysis of blood
samples collected from patients with metastatic kidney cancer
following the infusion of HERV-E TCR-transduced T cells es-
tablished the limit of detection of ndPCR to be 0.3 transgene
copies/mL of reaction. The lower limit of quantification for
ndPCR was one engineered T cell per 10,000 PBMCs, which
outperformed both qPCR and flow cytometry by 1 log. High in-
ter-test and test-retest reliability was confirmed by analyzing
blood samples collected from multiple patients. In conclusion,
we demonstrated the feasibility of ndPCR for detecting and
monitoring the fate of TCR-engineered T cells in adoptive
cell therapy.
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INTRODUCTION
Adoptive cell therapy using genetically modified autologous or alloge-
neic immune cells is an emerging mode of treatment to enhance anti-
tumor immunity against malignant diseases. The cells most
commonly used for adoptive transfer are chimeric antigen receptor
(CAR) T cells and T cell receptor (TCR)-engineered T cells.1 Their
engraftment and in vivo expansion after infusion have been associated
with response to therapy and the occurrence of T cell-mediated tox-
icities.2–4 Therefore, monitoring the kinetics of infused cells in vivo
may have significant clinical implications.

Many investigators have shown that, following the phases of multi-
log expansion and rapid contraction, CAR or TCR-engineered
T cells enter a phase of gradual decline. Following their infusion,
many patients will maintain low levels of these cells in the long
Molecular Th
Published by Elsevie

This is an open access article under the CC BY-NC
term, at times even below the limit of accurate quantification.5–8

Given their wide availability, flow cytometry and qPCR are well-es-
tablished modalities utilized for the longitudinal monitoring of engi-
neered T cells.6 Both methods, however, have limitations in detecting
and accurately quantifying low numbers of cells that are present in the
circulation following adoptive transfer.

Digital PCR (dPCR) has the potential to overcome some of these lim-
itations, as it measures absolute copy numbers instead of relative
quantification, resulting in improved sensitivity compared to
qPCR.9–11 Specifically, dPCR methods quantify target sequences in
volumetrically defined partitions and apply Poisson correction to
determine the absolute quantification. Partitioning the sample for
dPCR can be achieved by droplet dPCR (ddPCR), which generates in-
dividual droplets, or nanoplate dPCR (ndPCR), in which samples are
distributed across a chamber.12 Even though partitioning strategies
may differ, the general principle upon which all dPCR systems are
based is the same.

Other investigators have already reported that absolute quantification
of vector copy number (VCN) in engineered T cells by ddPCR is more
sensitive and reliable than qPCR13 and can be used to monitor and
quantitate CAR T cells in vivo.11,14–17 However, at present, no preclin-
ical or clinical data exist that report on the use and precision of ndPCR
to monitor and quantitate in vivo circulating TCR-engineered T cells.

Our group has recently completed a phase I trial evaluating TCR-
transduced T cells targeting an antigen derived from a human
endogenous retrovirus type E (HERV-E) that has tumor-restricted
expression in clear cell renal cell carcinoma (ClinicalTrials.gov:
NCT03354390).18 Here, we describe the development, optimization,
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Figure 1. HERV-E TCR vector map with aligned

primer/probe sets used in this study
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and clinical application of a highly sensitive ndPCR method to detect
and precisely quantitate HERV-E TCR-transduced T cells (HERV-E
T cells) in the circulation.
RESULTS
Custom assays for the detection of the HERV-E TCR construct

confirmed specificity by ndPCR

Specific detection of the HERV-E TCR construct was accomplished
by designing four different primers/probe sets, each spanning the
junction regions unique to the HERV-E TCR retroviral vector. Assay
TCR1 was designed to detect the junction region between the P2A site
and TCRb and assays TCRs 2–4 to amplify the junction between the
T2A site and truncated CD34 (CD34t) (Figure 1; Table 1). To identify
the optimal primers/probes to use in the ndPCR assay, we measured
the copy numbers of HERV-E TCR and reference genes using highly
purified TCR-transduced T cells from a male donor as a positive con-
trol and PBMCs from a healthy female donor as a negative control.
The data are presented in Figure 2A. We found that the four
primer/probe sets for detecting HERV-E TCR yielded comparable re-
sults and could reliably detect the HERV-E TCR insert, with a positive
signal observed only in the sample containing pure HERV-E T cells
and no signal detected in the sample containing non-manipulated
PBMCs. To test intra-run conformity, all dPCRs were performed in
triplicates, with all four assays demonstrating excellent reproduc-
ibility. The feasibility of using the RPPH, TERT, and USP9Y reference
genes was also confirmed. RPPH and TERT showed comparable copy
numbers, as both are present in two copies per genome. In contrast,
USP9Y, which has one copy per male genome (Y chromosome locus),
had copy numbers approximately one-half of the RPPH or TERT
copies.
ndPCR produced linear and reproducible results across a range

of DNA inputs

To assess the sensitivity and limits of detection of the four HERV-E
TCR assays, we used serial (half-log) dilutions of gDNA derived
from a HERV-E T cell product (93.1% transduction efficiency;
VCN per transduced cell, 2.94) and performed duplex ndPCR using
the reference RPPH gene. We diluted a starting gDNA input of
80 ng to a maximum dilution of 0.25 pg. All four TCR assay reactions
were performed in technical triplicates. All four TCR assays showed a
strong correlation between the two measurements (TCR and RPPH)
(Figure 2B). Further, all four assays consistently showed a positive
signal in the dilution containing 8 pg of gDNA in all triplicate reac-
tions. This amount of gDNA would be expected to contain a mean
of 2.4 copies of a diploid RPPH gene and a mean of 3.5 copies of a
transgene used in this experiment (with VCN 2.94). According to
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the Poisson distribution, a mean of 3.5 copies of the transgene per
tested volume unit would result in detecting at least one copy
97.15% of the time. This translates to a limit of detection (LOD) of
approximately 0.3 copies/mL of reaction volume. Furthermore,
when averaging triplicates of the same assay into one value, the lowest
dilution where all four assays showed a positive signal was the one
containing 2.5 pg of gDNA.

These data also established the fidelity of the ndPCR system, as we
observed that a half-log (3.16-fold) reduction of the amount of
DNA from HERV-E T cells in a sample led to a half-log decrease of
the observed average copy numbers of the vector construct and the
reference sequence. Even when the input vector copies were low,
our data established the ndPCR assays to be highly specific and sen-
sitive in detecting HERV-E TCR vector constructs. Because they had
the best dilutional linearity, we selected primer/probe sets 1 and 4 for
subsequent experiments to evaluate the dynamic range of dPCR.
ndPCR outperforms qPCR and flow cytometry in detecting and

quantifying transduced T cells

We next assessed the dynamic range of ndPCR creating in vitro con-
ditions that would mimic those expected to be observed in clinical
samples collected from patients receiving TCR-transduced T cells.
HERV-E T cells with 93.1% transduction efficiency and VCN per
transduced cell of 2.94 were serially diluted (10-fold) with PBMCs
to a maximum dilution of 1:100,000. HERV-E T cells were quantified
by ndPCR using TCR assays 1 and 4 (Figure 3A) with 100 ng of gDNA
input. These data established the lower limit of quantification (LLOQ)
to be at least one HERV-E T cell in a background of 10,000 PBMCs.
10-fold dilutions of HERV-E T cells in PBMCs showed that VCNs
were also reduced by 10-fold, corroborating that assay linearity re-
mained stable, even in the presence of additional gDNA derived
from PBMCs that lacked the vector insert.

The same sample dilutions from the prior experiments were then used
to evaluate the performance of ndPCR in quantifying HERV-E T cells
compared to qPCR and flow cytometry (Figure 3B). The TCR1 assay
for qPCR testing was used, as it showed the best linearity in ndPCR.
We found that ndPCR was superior in detecting and quantifying
HERV-E T cells in paucicellular conditions. All three duplex assays
(TCR with each of the three reference genes) in dPCR were consis-
tently positive and on a linear slope in the sample containing
1:10,000 HERV-E T cells in PBMCs. In contrast, the same three assays
performed in qPCR showed that only the TCR+TERT assay per-
formed at the same level as dPCR, being within the linear range at
the 1:10,000 dilution, while the other two assays detected the
er 2024



Table 1. Primer and probe sequences used in this study

Genes of interest Primers and probes (50-30)

Ref_RPPH

F: AGTGAGTTCAATGGCTGAGG
R: GGCGGAGGAGAGTAGTCT
P:/5HEX/TTGGGTTAT/ZEN/
GAGGTCCCCTGCG/31ABkFQ/

Ref_TERT

F: GGGTTGGCTGTGTTCCG
R: GACATAAAAGAAAGACCTGAGCA
P for duplex assays:/5HEX/AAGTTCCTG/
ZEN/CACTGGCTGATGGT/31ABkFQ/
P for quadruplex assays:/5Cy5/AAGTTCCTG/
ZEN/CACTGGCTGATGGT/31ABkFQ/

Ref_USP9Y

F: CAAGTATGACAGCCATCACTCA
R: GTTGGAAGAGATGCTGAGACT
P for duplex assays:/5HEX/CAGTAGGAG/
ZEN/GGAACGACAGCCAG/3IABkFQ/
P for quadruplex assays:/5ROX/CAGTAGGAG/
ZEN/GGAACGACAGCCAG/3IABkFQ/

TCR set 1

F: CTGGGTAACTTCAGTGTCTATG
R: CCACGAACTTCTCTCTGTTAAA
P:/56-FAM/CAAGCAGGA/ZEN/
GACGTGGAGGAGAA/31ABkFQ/

TCR set 2

F: GCAAACTCAGCAAGCAAAG
R: TGATGGCAATGGTCAAGAG
P:/56-FAM/TGCTAACAT/ZEN/
GCGGTGATGTCGAAG/31ABkFQ/

TCR set 3

F: GCAAACTCAGCAAGCAAAG
R: GGATTTCGAATTCGGCTCA
P:/56-FAM/TGCTAACAT/ZEN/
GCGGTGATGTCGAAG/31ABkFQ/

TCR set 4

F: CCGTTGTTGTCAAGACTCATG
R: TTCGAATTCGGCTCAGGC
P:/56-FAM/CTGCTAACA/ZEN/
TGCGGTGATGTCGAAG/31ABkFQ/
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HERV-E construct only up to the 1:1,000 dilution. Considering the
performance within linear range, the LLOQ of the ndPCR assay out-
performed both the qPCR assay and flow cytometry by one log
(Figure 3C).
Application of ndPCR to quantify circulating TCR-engineered

T cells in patient samples

The findings presented above suggest that ndPCR could potentially be
used as a highly sensitivity method to accurately track the kinetics of
TCR-modified cells following adoptive infusion in patients. We next
studied the reproducibility of the TCR1 assay to detect and quantify
circulating HERV-E T cells in PBMCs from patients who received
escalating doses of HERV-E T cells in a phase I clinical trial. The
transduction efficiency and VCNs of the products tested are shown
in Table S1. As shown in Figure 4A, this assay reproducibly quanti-
fied, at multiple different time points, TCR-engineered T cells de-
tected in the circulation of 3 patients who received HERV-E T cells
with minimal inter-assay variability (interclass coefficient [ICC] =
0.964, 95% confidence interval [CI] [0.923–0.985]). Further, the
quantification precision of the assay increased when the ndPCR anal-
ysis was changed to quadruplex format, in which the TCR construct
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and three reference genes were assessed simultaneously in the same
reaction well (ICC = 0.999, 95% CI [0.997–1]) (Figure 4B). Last, the
test-retest reliability between three independent replicates yielded
an ICC = 0.999, 95% CI (0.997–0.999), indicating high test-retest pre-
cision. In summary, these data show that ndPCR can be used to accu-
rately quantitate and longitudinally monitor TCR-engineered T cells
in patient samples.

DISCUSSION
For decades, flow cytometry and quantitative PCR have been used as
the gold standard for detecting and quantifying engineered T cells in
patient samples after adoptive transfer.19,20 Flow cytometry assays can
also be used to assess the phenotypic and functional properties of
adoptively transferred T cells. However, flow cytometry-based anal-
ysis in this context requires the existence of a suitable marker on en-
gineered T cells and the availability of a larger sample input than PCR.
Further, high background noise and variabilities in standardization
between laboratories hinder flow-based assays’ quantitative sensi-
tivity and ability to detect relatively small changes in cell fre-
quencies.19 The main downside of qPCR is its susceptibility to inhib-
itors, requiring laborious assay development, as well as its limited
resolution for fine quantitative discrimination and limited sensitivity
for detecting rare targets. Furthermore, qPCR relies on reference sam-
ples to generate standard curves for indirect quantification of targets.

dPCR has improved accuracy and precision compared to qPCR. The
sample partitioning and independent assaying of each partition
reduce the impact of pipetting errors, minimize the susceptibility to
inhibitors, and enable absolute and direct target quantification.21

This translates into the ability to detect rare targets in complex sam-
ples with a wider dynamic range. Other groups have exploited higher
sensitivity of dPCR in trials evaluating micro-chimerism,22 minimal-
residual disease detection in hematologic malignancies,23 and liquid
biopsy.24 In vivo monitoring of engineered T cells by dPCR is an
active area of research.8,13

The data presented in this analysis establish ndPCR as a novel dPCR-
based approach to quantitate the status of TCR-transduced T cells
both in preclinical models as well as in patients. For clinical use,
this approach appears to be particularly useful in patients undergoing
longitudinal monitoring, when the circulating numbers of gene-
modified cells are low.

Using 4 custom designed primer/probe assays, we found that the
LLOQ of this assay was extremely sensitive, with an LOD of 8 pg of
gDNA or 0.3 copies/mL of ndPCR reaction, which translated into
the ability to detect one in 10,000 TCR-transduced HERV-E T cells
in a background of PBMCs. Importantly, our data establish that
this ndPCR-based approach had a 1-log wider linear range for quan-
tifying the vector construct in sequential samples collected from pa-
tients who received HERV-E T cells compared to both a flow cytom-
etry- and qPCR-based analysis. It is important to acknowledge,
however, that PCR and flow cytometry results may be discordant
because not all copies detectable by PCR will necessarily result in
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Figure 2. Specificity of ndPCR assays for HERV-E TCR and linearity across a range of DNA inputs

(A) ndPCR performance of four different primer/probe sets to detect HERV-E TCR (TCR 1, 2, 3, and 4) using a purified population of HERV-E T cells from amale donor (93.1%

transduction efficiency; VCN per transduced cell, 2.94) and PBMCs from a female donor as a negative control. All assays were tested in technical triplicates. Error bars

represent mean ± SD. (B) Serial (half-log) dilutions of gDNA derived from purified HERV-E T cells were used to test the LOD of all four assays detecting the HERV-E TCR

construct. All four assays exhibited linear and reproducible copy number quantifications of the vector insert and the RPPH reference gene across a range of DNA con-

centrations with high concordance. All assays were tested in technical triplicates.

Molecular Therapy: Methods & Clinical Development
equimolar surface TCR expression, which likely further limits the
linear dynamic range of flow cytometry compared to PCR. Taken
altogether, these data establish the feasibility, ease of use, and quanti-
tative precision of ndPCR for the in vivo monitoring of adoptively
infused TCR-modified T cells.

To ensure reliability in quantification, we utilized a panel of three
different reference genes (RPPH, TERT, and USP9Y) that exhibited
comparable results in quantifying HERV-E transgene copies with
high inter-test reliability. The inter-test reliability was further
increased by using the multichannel capabilities of ndPCR instru-
ments and by designing a quadruplex assay that measured all three
reference genes and the HERV-E TCR in the same reaction. This
combined approach created a highly sensitive and precise method
to rapidly quantify gDNA that required less sample input and reduced
the need for reagents, reducing costs.
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
The role of different forms of dPCR for monitoring engineered T cells
in vivo is an active area of research. Very recent published data re-
ported that the performance of ddPCR for measuring VCN in CAR
T cell products is comparable to ndPCR,25 with ddPCR being re-
ported to have higher test-retest reliability than ndPCR, while ndPCR
showed better linearity across a range of DNA inputs. Therefore, the
decision to use ddPCR or ndPCR for adoptive cell therapymonitoring
will ultimately depend on individual validation results and test perfor-
mance in clinical trials as well as multiple other real-world factors,
including availability of in-house instrumentation, setup, and
running costs and preferences of researchers.

It is important to consider that the sensitivity to detect engineered
T cells in patient samples by PCR is a function of the mean VCN
per transduced cell and the amount of the input gDNA. If the
VCN per infused cell is low, then the sensitivity to detect cellular
er 2024



Figure 3. Analysis of the ndPCR dynamic range compared with qPCR and flow cytometry

(A) HERV-E T cells were serially diluted 10-fold with PBMCs, and the fractional proportion of HERV-E T cells was determined by ndPCR using TCR1 and TCR4 assays, each in

duplex reactions with three reference genes. The data points shown are average of technical triplicates. (B) Aliquots of the same diluted samples were used to quantify

HERV-E T cells by flow cytometry. The representative plots were gated on viable CD3+ cells; HERV-E T cells are defined as CD8+ CD34+ cells. (C) Comparison of the

dynamic range of three different methods for detecting and quantifying TCR-engineered T cells in blood samples collected from patients who had received an infusion of

HERV-E T cells: flow cytometry, qPCR, and ndPCR. The data points shown are averages of technical triplicates.
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transgenes by PCR will decrease or will require larger gDNA sam-
ple input to maintain the same level of sensitivity. Although using
nanoplates with more partitions could potentially increase the
sensitivity of ndPCR, this approach would require a larger sample
input. It is also important to consider that, despite its improved
linearity, ndPCR-based analysis can only be used to quantitate
the in vivo kinetics of genetically modified and adoptively infused
T cells and cannot provide in vivo phenotypic and functional data
on cell populations observed using a flow cytometry-based
analysis.

Another limitation of our method is the assumption that the mean
VCN per transduced cell does not change in vivo over time. Other
groups have reported that cell engraftment, expansion fitness, and
in vivo persistence may not be the same for all infused cells. This likely
explains the apparent lack of clear correlation between the infused cell
dose and in vivo expansion kinetics post infusion. There are limited
data showing whether VCN remains stable over time in vivo. Efforts
Molecular T
to generate T cell products with a more defined and standardized
composition will prove beneficial to tracking the engraftment
results.26

Last, our method is limited to tracking engineered cells in blood.
Tracking their biodistribution in other organs necessitates alternative
approaches, such as whole-body imaging methods.27

In conclusion, we have demonstrated that ndPCR can be used as a
sensitive method to precisely quantify HERV-E TCR-engineered
T cells in patient samples. The linear range of detecting HERV-E
T cells was 1 log lower with ndPCR than with qPCR and flow cytom-
etry. This sets a new benchmark for absolute quantification of trans-
genes and supports the use of ndPCR as a feasible analytical approach
for the quantification of TCR-engineered T cells, particularly when
the number of circulating engineered T cells is small. Taken together,
our findings justify the application of ndPCR for the precise moni-
toring of engineered T cells in other clinical trials.
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Figure 4. The kinetics of infused HERV-E T cells in patient samples

The graphs show the fractional abundance of HERV-E T cells (% of PBMCs) at multiple time points post infusion. (A) The data show high concordance of the 3 assays using

three different reference genes (interclass coefficient [ICC] = 0.964, 95% CI [0.923–0.985]). Patient A11-HERVE-10 did not reach the 30 day post-treatment time point. The

data points shown are averages of technical triplicates. (B) The quantification precision of the assay increased between calculations when the ndPCR analysis was changed

to the quadruplex format, where the TCR construct and three reference genes were assessed simultaneously in the same reaction well (ICC = 0.999, 95% CI [0.997–1]). The

data points shown are averages of technical triplicates.
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MATERIALS AND METHODS
Samples

For assay establishment and evaluation, TCR-transduced T cells
targeting HERV-E antigen were produced. PBMCs were isolated
from de-identified buffy coats of healthy donors procured at
the NIH Department of Transfusion Medicine by Ficoll-Paque
density gradient centrifugation. T cells were isolated using the
Pan T Cell Isolation Kit (Miltenyi Biotec), cultured in T cell
medium (TexMacs medium, [Miltenyi] supplemented with 3%
heat-inactivated human AB serum [Sigma-Aldrich], 1% peni-
cillin-streptomycin-glutamine [Gibco], rhIL-7 [10 ng/mL,
PeproTech], and rhIL-15 [5 ng/mL, PeproTech]) and activated
using ImmunoCult Human CD3/CD28/CD2 T Cell Activator
(STEMCELL Technologies). Three days post activation, CD4+
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
T cells were depleted using CD4 MicroBeads (Miltenyi). The
next day (4 days post activation), retroviral spinoculation was per-
formed with a retrovirus encoding the HERV-E TCR and CD34t
as a selection marker (Figure 1) at an MOI of 4, as described else-
where.28 On day 7 post transduction, TCR-transduced T cells
were enriched using CD34 MicroBeads (Miltenyi). Enriched cells
were expanded until desired cell numbers were reached, aliquoted,
and frozen. PBMCs from healthy donors were used as a negative
control.

Patients and patient material

Peripheral blood samples were collected at baseline and at pre-planned
sequential timepoints post cell infusion from three patients treatedwith
TCR-transduced HERV-E T cells (ClinicalTrial.gov: NCT03354390).
er 2024
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These samples were then processed using Ficoll-Paque density centri-
fugation to obtain the PBMC fraction. The PBMCs were then frozen
and used for DNA isolation as described below.

The clinical trial protocol was approved by the institutional review
board at each study site and was conducted in accordance with the In-
ternational Conference onHarmonization Good Clinical Practice, the
Declaration of Helsinki, and local regulations on the conduct of clin-
ical research. All patients provided written informed consent before
participating in the study.
DNA isolation

Genomic DNA was isolated from samples using the PureLink
Mini DNA Isolation Kit (Thermo Fisher Scientific, USA) according
to the manufacturer-recommended protocol, aliquoted, and stored
at �20�C until use. The concentration of DNA was determined
spectrophotometrically using NanoDrop 1000 (Thermo Fisher
Scientific).
Design of PCR primers and probes

Custom primers and probes specific for the junction regions between
the P2A site and TCRb or T2A site and CD34t within the HERV-E
TCR retroviral vector were designed using NCBI Primer-BLAST
and synthesized by Integrated DNA Technologies (IDT) (Figure 1).
Reference copy number assays (RPPH, TERT, and USP9Y) were pur-
chased from IDT. The sequences of all primers and probes used in this
study are listed in Table 1.
ndPCR

The Qiacuity Probe PCR kit (QIAGEN) was used to set up the re-
actions per the manufacturer’s protocol. The sample input for
ndPCR reactions was 100 ng of gDNA. The restriction enzyme
used to fragment gDNA before partitioning was XBaI (Anza 12
XBaI, Thermo Fisher Scientific) per the manufacturer’s recommen-
dations. dPCR was performed using the Qiacuity One instrument
(QIAGEN) and Qiacuity 96-well nanoplates with 8.5k partitions.
DNA amplification was carried out using the following cycling pa-
rameters: initial heat activation at 95�C for 2 min, followed by 40
cycles of denaturation (95�C, 15 s) and combined annealing/exten-
sion (60�C, 30 s). We used default imaging parameters for each dye
channel. Data analysis was done using the Qiacuity Software
Suite (v.2.1).
Mean VCN of the bulk infusion product =
TCR copies=mL
REF copies=mL

x 2 ðif the r

=
TCR copies=mL
REF copies=mL

x 1 ðif the re
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The reference genes RPPH and TERT are both present in 2 copies per
diploid genome, and USP9Y is present in one copy per male diploid
genome (located on the Y chromosome). Assays were designed as
either duplex PCRs (TCR + one of the reference genes) or quadruplex
assays (TCR + all 3 reference genes). All samples were assessed in
triplicates.

qPCR

The DNA concentrations, samples, master mix, primers and probes,
and cycling parameters used in qPCR were identical to those used in
ndPCR. The 10-fold serial dilutions of gDNA extracted from
HERV-E T cells were used to generate a standard curve to estimate
PCR efficiency and to quantify the signal intensities. All samples
were assessed in triplicates. The qPCR was done using the
LightCycler96 real-time qPCR system (Roche Diagnostics).

Flow cytometry

The cells were analyzed using the following antibodies: anti-CD3
(clone UCHT1, BUV395, BD Biosciences), anti-CD4 (clone OKT4,
Pacific Blue, BioLegend), anti-CD8 (clone SK1, fluorescein isothiocy-
anate, BioLegend), anti-CD34 (clone 581, APC, BioLegend). The
viability dye used was Live/Dead Yellow (Thermo Fisher Scientific).
Samples were acquired using the LSR Fortessa (BD Biosciences) in-
strument, and data were analyzed using the BD Biosciences
FACSDiva and FlowJo (v.10.8.1) packages.

Statistical analysis

To measure the inter-assay and test-retest reliabilities of the devel-
oped assays, we used the ICC. For inter-assay reliability, we tested
the agreement between the independent measurements yielded by
three different reference genes for each clinical sample. For test-retest
reliability, we evaluated the consistency of independent triplicate
measurements for each clinical sample time point. An absolute-agree-
ment two-way model was used to calculate the ICC and 95% CI.

Algorithm for quantifying circulating transduced T cells in

clinical samples

To calculate the fraction of circulating transduced cells in patient
samples, we used previously published algorithms8,14 with certain
modifications.

The mean VCN of the bulk infusion product was calculated per the
following formula:
eference gene is diploid; e:g: RPPH or TERTÞ

ference gene is haploid; e:g: USP9YÞ
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The correction of the mean VCN of the bulk infusion product for its
purity (transduction efficiency) to yield the mean VCN per trans-
duced cell was calculated per the following formula:

Mean VCN per transduced cell =
mean VCN of the product

purity of the product

The purity of the product was determined by flow cytometry using the
CD34t selection marker (i.e., % CD34+ cells).

The same reference and TCR assays were used in patient samples after
infusion to determine the absolute copy numbers of the TCR and
reference genes. Reference gene copy number indicates the total num-
ber of genome equivalents (i.e., cells) in the sample:

Genome equivalents in the sample

=
REF copies

2

�
if the reference gene is diploid; e:g: RPPH or TERT

�

=
REF copies

1
ðif the reference gene is haploid; e:g: USP9YÞ

The number of transduced cells in the sample is then calculated using
the following formula:

Absolute number of transduced cells in the sample =
TCR copies=mL in the sample
Mean VCN per transduced cell

The percentage of transduced cells within PBMCs was calculated in
the following manner:

% of transduced T cells in the sample =
absolute number of transduced cells in the sample

genome equivalents in the sample
x 100
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