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Integration site (IS) analysis is essential in ensuring safety and
efficacy of gene therapies when integrating vectors are used.
Although clinical trials of gene therapy are rapidly increasing,
current methods have limited use in clinical settings because of
their lengthy protocols. Here, we describe a novel genome-wide
IS analysis method, “detection of the integration sites in a time-
efficient manner, quantifying clonal size using tagmentation
sequencing” (DIStinct-seq). In DIStinct-seq, a bead-linked
Tn5 transposome is used, allowing the sequencing library to
be prepared within a single day. We validated the quantifica-
tion performance of DIStinct-seq for measuring clonal size
with clones of known IS. Using ex vivo chimeric antigen recep-
tor (CAR)-T cells, we revealed the characteristics of lentiviral
IS. We then applied it to CAR-T cells collected at various times
from tumor-engrafted mice, detecting 1,034–6,233 IS. Notably,
we observed that the highly expanded clones had a higher inte-
gration frequency in the transcription units and vice versa in
genomic safe harbors (GSH). Also, in GSH, persistent clones
had more frequent IS. Together with these findings, the new
IS analysis method will help to improve the safety and efficacy
of gene therapies.
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INTRODUCTION
Integrating vectors are routinely used to allow permanent expression
during gene therapies. However, hematologic malignancies induced
by gammaretroviral vectors have raised safety issues concerning
insertional mutagenesis.1,2 Accordingly, integration site (IS) analysis
has become essential for monitoring unusual clonal expansion events
in gene therapies using integrating vectors.3,4 Beside the gene therapy
fields, IS analysis has also been used to investigate the clonal dynamics
of HIV-infected cells, which could be crucial for treating HIV latent
reservoirs.5–7
Molecular T
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Because the advent of next-generation sequencing (NGS) technol-
ogy, the throughput of IS detection has significantly increased
while decreasing labor compared with that in colony formation
and the Sanger sequencing method.8 However, current methods,
such as linear-amplification mediated PCR (LAM-PCR)9 or liga-
tion-mediated PCR (LM-PCR),10 are restricted by complex and
lengthy protocols spending 3–7 days. Furthermore, these methods
require a large amount of DNA, ranging from 500 ng to 3 mg.
That is often problematic in clinical trials with limited DNA,
where blood samples should be allocated for various laboratory
tests. To decrease the time required, several studies have used
transposases to perform DNA fragmentation and adapter ligation
simultaneously. A quantitative IS detection method using Mu
transposase has been reported,11 but it requires a relatively large
input DNA of 2 mg or more, which limits its application. A recent
study has demonstrated that a tag-PCR method based on the Tn5
transposase can detect IS with only 50 ng of DNA.12 However,
this method has not been applied to quantitative analyses. There-
fore, to address the expansion of gene therapy trials, including
chimeric antigen receptor (CAR)-T cell therapies, a more clinically
applicable method for IS analysis with quantitative capabilities is
required.
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Figure 1. Schematic comparison of DIStinct-seq

with other ISs analysis methods

(A) Conventional IS analysis methods (A) start with linear

PCR followed by DNA fragmentation using restriction

enzymes for LAM-PCR and sonication for LM-PCR using

1 mg or more DNA. Adapters are ligated to fragmented

DNA to provide additional sites for PCR primer

annealing. After that, nested PCR is performed to

specifically amplify host-vector chimeric fragments and

add the adapter and index sequences required for NGS

in the Illumina platform. (B) In Tag-PCR, genomic DNA

of 50 ng is tagmented with in-solution transposomes to

achieve simultaneous fragmentation and adapter

ligation. Two rounds of PCR amplification are performed

to amplify host-vector chimeric fragments and attach

the required NGS sequences for the Illumina platform.

(C) In DIStinct-seq, up to 500 ng genomic DNA per

sample is tagmented by bead-linked transposomes.

Nested PCR is carried out to specifically amplify host-

vector chimeric fragments and attach adapter and index

sequences. All three methods require NGS to detect IS,

which corresponds with junctions between the host and

the vector genome.
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In recent years, IS analysis has helped to evaluate the clonal
dynamics in CAR-T therapies, where persistent clones play an
instrumental role in therapeutic efficacy.13,14 For example, IS anal-
ysis of CAR-T cells revealed that integration into the TET2 locus
caused them to become dominant clones, leading to complete
remission in chronic lymphocytic leukemia.15 Therefore, in terms
of efficacy, it is crucial to reveal genomic regions associated with
the clonal behavior of CAR-T cells. These genomic regions will be
potential targets for gene editing, with rapidly advancing technolo-
gies such as CRISPR-Cas9.16 In this regard, a few studies on CAR-T
therapy have identified potential targets mainly at the gene
level.15,17,18 However, to gain a deeper understanding of how IS in-
teracts with clonal behavior, a comprehensive approach that is not
limited to specific genes would be needed.

In this study, we describe “detection of the integration sites in a time-
efficient manner, quantifying clonal size using tagmentation
sequencing” (DIStinct-seq). For genome-wide IS detection,
DIStinct-seq uses a bead-linked Tn5 transposome, enabling library
preparation within a single day with less than 500 ng DNA. We vali-
dated its quantification accuracy using clones with known single IS.
We then analyzed genome-wide integration patterns of lentiviral-
transduced CAR-T cells, demonstrating the features of lentiviral inte-
gration. Moreover, we applied our approach to CAR-T cells derived
from in vivo murine models, providing insights into clonal behavior
in association with IS throughout the genome.

RESULTS
On-bead tagmentation enabled straightforward library

preparation for IS detection

Themost usedmethods, such as LAM-PCR or LM-PCR, have lengthy
steps, including DNA fragmentation and adapter ligation, followed by
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the amplification of the host-vector chimeric fragments (Figure 1A).
Performing DNA fragmentation and adapter ligation separately is
time consuming and induces DNA loss during sample transfer. Using
tagmentation, Tag-PCR simultaneously fragments DNA in random
positions while binding sequencing adapters, resulting in substantial
savings in labor, time, and input DNA (Figure 1B). However, the kit
used in Tag-PCR is optimized for a maximum input DNA of 50 ng as
being in-solution-based, which could result in insufficient recovery
for quantitative analyses. Furthermore, because of the in-solution-
based reaction, it is necessary to ensure the correct enzyme-to-
DNA ratio to generate the desired fragment size for sequencing.
This can cause inconveniences requiring precise quantification of
the input DNA during sample preparation. Critically, the tagmenta-
tion kit used in Tag-PCR (Nextera DNA Library Preparation Kit, Il-
lumina) is no longer commercially available. Accordingly, we
speculated that the bead-linked Tn5 transposome kit (Illumina
DNA prep, Illumina) could be used to detect IS. In contrast with
the in-solution-based kit, bead-linked Tn5 transposome normalizes
library yields through on-bead tagmentation, leading to consistent re-
covery.19 In addition, we speculated that a substantial amount of
input DNA, ranging up to 500 ng in the bead-linked transposome,
could facilitate quantitative IS analysis.

As a result, we developed DIStinct-seq, a method for detecting IS
using beads-linked transposomes (Figure 3C). An overview of the
library preparation step is as follows (further details are provided in
the Materials and methods). First, adapter ligation and fragmentation
were simultaneously performed through on-bead tagmentation for
input DNA up to 500 ng, which is the maximum allowed amount
of the kit. In the following steps, host-vector chimeric fragments
were specifically amplified via nested PCR while attaching sequences
for subsequent sequencing. In a single day, we were able to prepare



Figure 2. DIStinct-seq can quantify clonal size using ISs as molecular barcodes

(A) The theoretical explanation of quantitative analysis methods for IS. All progeny cells from the same parent cell have the same IS. In the process of preparing the library, DNA

from each cell is fragmented into distinct lengths and amplified by PCR. After NGS, the number of raw fragments mapped to an identical location (RFC) can be calculated as a

measure of the clone’s size. It is also possible to use deduplicated fragments with distinct lengths (DFC) as a measure of clonal size after removing reads with identical IS and

fragment lengths. (B) We confirmed that SISCs had unique ISs using whole-genome sequencing, although one clone (SISC_2) hadmultiple alignment sites due to integration

into repetitive genomic regions. In SISC_2, the most frequent multiple alignment sites accounted for approximately 40%. (C) Genomic DNA extracted from three SISCs was

mixed in specific proportions to reflect various concentration ranges. Using DIStinct-seq, we produced four libraries in duplicate. The numbers on the bar graph represent the

percentage of DNA in each SISC. (D)Whenmergingmultiple alignment reads of SISC_2 into the singlemost frequent site, the observed clonal abundance by RFCwas directly

proportional to the expected abundance with a small bias. (E) When only primary alignments with mapping quality exceeding a certain threshold were counted, the observed

clonal abundance of SISC_2 was significantly lower than predicted. (F and G) In the case of DFC, observed clonal abundance was generally proportionate to the expected

value. However, the clonal abundance of SISC_2 was significantly higher or lower than expected when multiple alignment reads were merged (F) or only primary alignment

reads were used (G), respectively. The red dashed lines are trend lines plotted with local polynomial regression fitting. The gray zone around the trend line represents

confidence intervals.
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the libraries. After that, we generated approximately 4 Gb of
sequencing data for each sample.

To detect IS accurately while filtering out false positives rigorously, we
developed a bioinformatics pipeline (Figure S1). As a first step, we ob-
tained reads that contained long terminal repeat (LTR) sequences,
removed the LTR portion, and mapped the reads to the human
(hg38)/vector fusion reference genome. Several steps were then taken
to filter out artifactual reads. First, we filtered reads with improper
orientations for paired-end sequencing. Second, putative chimeric
fragments produced by PCR recombination were removed. We
filtered the reads when paired reads were detected on different chro-
mosomes or if the estimated size of the fragment was greater than
2,000 base pairs (bp), which we set as the maximum allowed fragment
length for the short-read sequencing platform. The IS were then
identified as vector-human genome junction sites after several puta-
tive false positives had been corrected. In cases where reads aligned
with multiple sites due to integration into a repetitive genome region,
these ISs were merged into the single most frequent IS. Additionally,
ISs from a family of reads with a few bp discrepancies due to PCR or
sequencing errors, called "fuzz,"20 were assigned to the original IS.
Details of the software and methodology used in each step can
be found in the Materials and methods. The code for this bioinfor-
matics pipeline is available on GitHub (https://github.com/jaeryuk/
DIStinct-seq).

DIStinct-seq successfully quantified the relative size of

lentiviral-transduced clones

The IS analysis measures clonal abundance by using stable vector
integration as a footprint for the clone (Figure 2A). Since all progeny
cells derived from the same parent cell have the same IS, the count of
the IS can be used to determine the size of the clone. Thus, the total
number of DNA fragments contributing to an IS, which we call raw
fragment counts (RFC) can be considered as a quantitative measure
of the clone. However, it could be affected by PCR amplification
bias because of the different lengths or GC contents between
Molecular Therapy: Oncolytics Vol. 30 September 2023 3
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Figure 3. Lentiviral ISs are associated with ex vivo clonal expansion of CAR-T cells

(A) The clones with RFCs of 1 exhibited the greatest dominance when we measured the clonal size of three CAR-T products. (B) The clones were divided into three groups

based on their size. To include clones with RFC of 1 which comprised nearly 40% of all clones, LEC was defined as the lower 40th percentile. IEC and HEC were defined as

the 40th–70th and upper 70th percentile, respectively. (C) Using the violin plot, RFCs are presented for each clonal group, along with kernel probability densities representing

the data’s proportion. Black horizontal line represents the median value. (D–I) The frequency of ISs in regions that may be associated with clonal selection. In (D) transcription

unit, (E) exon, (F) regions within ±5 kb of the TSS, and (G) regions within ±50 kb of the TSS of oncogenes, more expanded clones showed significantly higher frequency of IS.

Vertical lines represent standard errors. Gray lines indicate clone groups in the same sample. The statistical analysis was performed using the R package, lmer4, with a

generalized linear mixed-effect model fitted by maximum likelihood. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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fragments. Instead, it is possible to quantify IS using the count of
distinct fragment lengths arising from random shearing of DNA after
removing duplicated PCR fragments,21 which we call deduplicated
fragment counts (DFC).

To experimentally evaluate the quantification performance of
DIStinct-seq, we used samples with known IS mixed in certain pro-
portions. As a first step, we transduced lentiviral vectors into
4 Molecular Therapy: Oncolytics Vol. 30 September 2023
HEK293FT cells and generated clones that were expanded from a
single cell by the serial dilution method, which we refer to as single
IS clones (SISCs) (Figure S2). We then performed whole genome
sequencing for three SISCs and mapped the reads to the
human-vector fusion reference genome. Based on paired reads map-
ped to both human and vector genomes simultaneously, we were
able to identify IS. We confirmed that all clones had a single IS
by inspecting the binary alignment map (BAM) file; however, we
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observed that SISC_2 displayed multiple alignment sites within re-
petitive regions caused by ambiguous mapping (Figure 2B). Then
we generated four libraries in duplicate with mixtures of DNA
from SISCs (Figure 2C). After that, the size of the clone was quan-
tified using two approaches: RFC and DFC. In RFC, when multiple
alignment reads were merged into a single IS, the observed clonal
abundance was directly proportional to the expected abundance
with small biases (Figure 2D). To estimate biases in RFC introduced
by differences in PCR amplification efficiency between model
clones, we calculated IS detection efficiencies using observed read
counts for each clone. They varied among clones within a sample,
with ratios between clones ranging from 18% to 60% (Table S2).
Meanwhile, when only primary alignment reads were considered af-
ter removing multiple alignment reads with low mapping quality,
SISC_2 showed substantially less clonal abundance (Figure 2E). In
the case of DFC, the observed clonal abundance tended to be pro-
portionate to the expected abundance (Figures 2F and 2G). Howev-
er, the abundance of the SISC_2 clone was erroneously high or low
depending on whether multiple alignment reads were considered or
not. In DFC, an overestimation of clonal abundance may result
from separately counting fragment lengths from multiple alignment
sites, which are saturated independently. In addition, when we
investigated the correlation of absolute fragment counts with ex-
pected abundance (Figure S3), DFC reached saturation approxi-
mately above 300. This represented a limitation of DFC that could
underestimate the size of enriched clones because of the limited
diversity of fragment lengths on short-read sequencing platforms.
Accordingly, although small biases may arise because of inconsistent
PCR efficiencies, we used the relative clonal abundance based on
RFC incorporating multiple alignment reads into a single IS to
compare clonal abundance in subsequent analyses.

DIStinct-seq revealed characteristic features of genome-wide

lentiviral ISs

We applied DIStinct-seq to analyze the distribution of lentiviral vec-
tor IS in three CAR-T cell products (cart006, cart007, and cart008)
that we produced from the blood of three independent healthy donors
(see the materials and methods for further details). We detected a to-
tal of 17,695 IS (5,786, 6,008, and 5,859, respectively) from three
CAR-T products using 500 ng DNA per sample (Table S1). For com-
parison, we created in silico data by generating 5,000 random IS across
the genome in 1,000 iterations, resulting in 5 million IS in total. To
verify the accuracy of the detection, we compared the DNA motifs
surrounding the IS, which we revealed for CAR-T products with a
known lentiviral integration motif (Figure S4). The DNA motif iden-
tified by our analysis coincided with the DNAmotif identified by LM-
PCR for 13,442 IS of HIV-122 (Figure S4D).

To gain insight into the characteristics of lentiviral integration, we
examined the distribution of IS across diverse genomic regions (Fig-
ure S5).We found that IS was distributed across all chromosomes and
tended to be proportional to the frequency of random IS that reflects
the size of each chromosome (Figure S5A). However, the frequency of
integration on some chromosomes was proportional to the number of
genes per chromosome rather than its size. This indicates that lenti-
viral integration was more likely to occur in gene-rich regions than in
gene-poor regions. Furthermore, we examined the distribution of IS
across genomic regions related to the expression of nearby genes,
which may affect clonal behavior (Figures S5B–S5F). We also inves-
tigated the distribution of IS on genomic safe harbors (GSH), sites
that support stable and efficient transgene expression without detri-
mentally altering cellular functions (Figure S5G). The frequency of
IS on CAR-T products was higher than that of random IS in the tran-
scription unit, exons, regions within 5 kb of the transcription start
sites (TSS), regions within 50 kb of oncogene TSS, and regions within
5 kb of CpG islands. In contrast, in GSH, the frequency of IS was
lower than that of random IS. To further investigate the distribution
of IS around the TSS in high resolution, we analyzed the frequency of
IS at 500-bp intervals (Figure S5H). Overall, IS were enriched around
the TSS but depleted within approximately 1 kb. Our results were in
line with those of the previous analysis,12,23–25 thus demonstrating the
robustness of our approach.

The clonal size of CAR-T products was relevant to lentiviral ISs

As clonal selection may occur through integration into genomic re-
gions where cellular function may be affected,17 we hypothesized
that the frequency of IS in these regions would differ based on clonal
size. As a first step, we measured the clonal size of three CAR-T prod-
ucts and found that clones with RFC of 1 were the most dominant
(Figure 3A). We then grouped the clones of each sample based on
their relative clonal abundance measured with RFC. For the inclusion
of clones with RFC of 1, which comprise nearly 40% of all clones, less
expanded clones (LEC) were defined as the lower 40th percentile for
each sample (Figures 3B and 3C). Intermediately expanded clones
(IEC) and highly expanded clones (HEC) were defined as the 40th–
70th and upper 70th percentiles, respectively. We found that the
frequency of IS varies significantly depending on clonal size in various
genomic regions (Figures 3D–3I). An increased frequency of IS was
observed in more expanded clones in the transcription unit, exon, re-
gions within 5 kb of the TSS, regions within 5 kb of the oncogene TSS,
and regions within 5 kb of CpG islands. By contrast, in GSH, the fre-
quency of IS was negatively correlated with clonal size, although not
statistically significant. Overall, these data demonstrate that the inte-
gration of the lentiviral vector into specific genomic regions results in
clonal selection in ex vivo cultured CAR-T cells.

We then investigated whether clonal expansion was associated with
specific pathways disrupted by IS (Figure S6). The functional enrich-
ment analysis of genes integrated with vectors was conducted sepa-
rately for LEC and merged IEC/HEC. Our analysis revealed enriched
pathways including cellular metabolism, RNA processing, T cell re-
ceptor signaling, and HIV-1 infection. However, we could not find
significant differences between the two clone groups.

Lentiviral integration into GSH was associated with clonal

persistence in CAR-T cells in vivo

Next, to examine the relationship between IS and the clonal behavior
of in vivo CAR-T cells, we used immunocompromised mouse models
Molecular Therapy: Oncolytics Vol. 30 September 2023 5
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that were generated for a preclinical study. Mice engrafted with acute
lymphoblastic leukemia cell lines were divided into 6 groups of 10
mice per group according to the day of sacrifice (days 1, 4, 6, 14,
30, and 60). They were sacrificed to collect blood samples on the spec-
ified date after the infusion of CAR-T products targeting CD19 (Fig-
ure 4A). Using quantitative PCR targeting the vector-specific
sequence, we observed the expansion of CAR-T cells in vivo, despite
a temporary contraction on day 10 (Figure 4B). Up to day 30, the
CAR-T cell concentration was generally inversely correlated with tu-
mor size measured by the in vivo imaging system. Specifically, we
observed a decrease until day 7, followed by an increase until day
14, and then a subsequent decrease until day 30 with a final increase
at day 60 (data not shown). Tumor size was significantly decreased in
all mice infused with CAR-T cells compared with control mice (data
not shown). Most mice (7 of 10) infused with CAR-T cells survived
until day 60, whereas all mice infused with mock T cells developed
clinical symptoms including paraplegia and weight loss by day 30
and were, therefore, euthanized according to internal Institutional
Animal Care and Use Committee (IACUC) euthanasia guidelines.

To compare relative clonal abundance following CAR-T cell infusion,
we applied DIStinct-seq to blood collected at different time points.
Because of the allocation of blood for other pre-clinical study tests,
we were only able to collect 100 ng DNA from in vivo samples. We
also measured the relative clonal abundance of infused CAR-T
products using the same amount of DNA. As a result, we detected
4,055–4,473 IS for CAR-T products, 2,650–6,233 IS for day 30, and
1,034–4,895 IS for day 60 (Table S1). As a means of investigating
changes in clonal diversity over time, we calculated the Shannon en-
tropy index (Figure 4C). The Shannon entropy index indicated that
CAR-T products had the greatest diversity compared with in vivo
samples. Additionally, the in vivo samples displayed a decrease in di-
versity from day 30 to day 60. Furthermore, when we evaluated the
proportion of clones in the top 1 percentile by size (Figure 4D), we
found that the CAR-T product had the lowest proportion (11.3%–

13.2%), while the in vivo samples exhibited higher proportions on
day 30 (37.8%–45.6%) and day 60 (38.4%–71.2%). Although the re-
sults were not from serial observations on the same individuals, these
findings suggest a decreasing trend in clonal diversity of CAR-T cells
for in vivo samples over time after the infusion of CAR-T products.

To better understand the in vivo behavior of clones originating from
CAR-T products, we investigated the clones present in both in vivo
Figure 4. CAR-T cells expand polyclonally with decreased diversity in vivo, and

(A) The CAR-T product was infused into tumor-engraftedmice and bloodwas collected a

analyze ISs at 30 and 60 days post-infusion. (B) qPCR targeting vector-specific seque

demonstrated an increase in the concentration of cells harboring lentiviral vectors. Ver

diversity decreased with time. Boxes indicate the median and the quartiles, while vertica

by the colors of the rainbow scale, the proportion of top 1 percentile clones by size increa

that may be associated with clonal selection. (J) In GSH, IS frequency was significantly hi

are more likely to persist. Each dot represents each sample (2 for CAR-T products, 4 for

group. Vertical black lines represent standard errors. The statistical analysis was perform

maximum likelihood. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
samples and CAR-T products, and analyzed their original clone
group in the latter (Table S3). Our analysis revealed that only a small
proportion of clones from the CAR-T products were present in the
in vivo samples, possibly because of sampling bias or negative selec-
tion against clones that were sufficiently abundant to be detected.
Notably, LEC clones, which constituted 40% of all clones in the
original CAR-T product, accounted for most of the shared clones,
suggesting that the expanded clones may have undergone negative
selection. However, because of the lack of serial observations on the
same individuals in our experimental design, a comprehensive inves-
tigation of clonal dynamics was limited.

To explore whether clonal persistence was linked with specific path-
ways affected by IS, we conducted a functional enrichment analysis of
genes integrated with vectors (Figure S7) separately for CAR-T prod-
uct, day 30, and day 60. Our analysis showed no significant differences
between the three groups in Gene Ontology: biological process. How-
ever, we observed distinct pathways enriched for each group in
WikiPathways. It is possible that there might be an association be-
tween the disruption of certain pathways by vector integration and
clonal persistence; however, further validation through functional
studies to confirm this association was not performed.

Next, we examined the frequency of IS in different genomic regions
for samples collected at different time points (Figures 4E–4J). There
were no statistically significant differences in the frequency of IS be-
tween each time point for most genomic regions we investigated.
Only in GSH did we observe a significant increase in the frequency
of IS over time (Figure 4J). Collectively, these results imply that while
clonal expansion occurs as a physiological response to the tumor,
lentiviral integration, especially into GSH, could lead to clonal persis-
tence in vivo.

Lentiviral IS were associated with clonal expansion in vivo as

well as ex vivo

We wondered whether clonal expansion was related to IS in vivo as
well as ex vivo. To begin with, we divided the clones into three groups
according to their clonal size as determined by RFC. As clones with
RFC of 1 accounted for up to 70% of all clones in some samples (Fig-
ure 5A), we grouped the lower 70th percentile as LEC, the 70th–85th
percentile as IEC, and the upper 85th percentile as HEC (Figures 5B
and 5C). The pattern of integration frequency by clonal size was
similar between ex vivo and in vivo samples (Figures 5D–5I). The
their persistence is associated with integration into GSH

fter 1, 4, 7, 10, 14, 30, and 60 days of infusion. Having limited samples, we could only

nces in blood from 7–10 mice at different time points after CAR-T product infusion

tical line represent standard errors. (C) Shannon entropy index showed that clonal

l lines indicate the value of multiplying 1.5 by the interquantile range. (D) As indicated

sed over time with decreasing diversity. (E–J) The frequency of IS over time in regions

gher in clones that were more expanded, suggesting that clones with IS in this region

day 30, 6 for day 60). Height of the bar indicates the mean of the value in each clone

ed using the R package, lmer4, with a generalized linear mixed-effect model fitted by

0.0001.
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Figure 5. Lentiviral ISs are associated with clonal expansion of CAR-T cells in vivo

(A) We measured the clonal size of CAR-T products and in vivo samples. (A) Clones with RFCs of 1 exhibited the greatest dominance. (B) The clones in each sample were

divided into three groups based on their size. To include clones with RFC of 1 which comprised nearly 70% of all clones, LEC were defined as the lower 70th percentile. IEC

and HEC were defined as the 70th–85th and upper 85th percentile, respectively. (C) Using the violin plot, RFCs are presented for each clone group, along with kernel

probability densities representing the data’s proportion. Black horizontal line represents the median value. (D–I) The frequency of ISs in regions that may be associated with

clonal selection by time point. (D) In transcription unit, (E) exon, (F) regions within ±5 kb of the TSS, and (G) regions within ±50 kb of the TSS of oncogenes, more expanded

clones showed significantly higher frequency of IS in all time points. (H) In regions within ±5 kb of CpG islands, the frequency of IS was significantly higher only in samples

collected on day 60. (I) In GSH, the frequency of IS was significantly lower in expanded clones across all time points. Height of the bar indicates the mean of the value in each

clone group. Vertical black lines represent standard errors. Gray lines indicate clone groups in the same sample. The statistical analysis was performed using the R package,

lmer4, with a generalized linear mixed-effect model fitted by maximum likelihood. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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frequency of IS was significantly higher in more expanded clones in
the transcription unit (Figure 5D), exon (Figure 5E), regions within
5 kb of the TSS (Figure 5F), and regions within 50 kb of the oncogene
TSS (Figure 5G). By contrast, in GSH, the frequency of IS was signif-
icantly higher in LEC (Figure 5I). Similar results were obtained when
we grouped the clones into three excluding clones with RFC of 1 (Fig-
8 Molecular Therapy: Oncolytics Vol. 30 September 2023
ure S8). These results demonstrate that lentiviral IS is associated with
clonal expansion in vivo as well as ex vivo.

DISCUSSION
Quantifying clonal abundanceby vector IShas been essential for assess-
ing genotoxicity in gene therapy trials using integrating vectors.3,4,8,26
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Furthermore, for CAR-T cell therapies, clonal tracking has helped to
evaluate the persistence of immune surveillance.13,14 Clinically,
LAM-PCR or LM-PCR have been used for this purpose, but their use
has been limited because of technical bias,27 lengthy protocols, and
the need for expensive instruments and relatively high DNA input.
By developing DIStinct-seq, we have improved the clinical feasibility
of IS analysis. As in previous studies,11,12 tagmentation was used, but
a bead-linked Tn5 transposome simplified the experimental process
in addition to allowing the quantification of IS. In addition, with it,
we revealed a relationship between IS and clonal behavior, which could
be crucial for the development of safe and efficacious CAR-T cells.

We demonstrated that DIStinct-seq reliably quantified clonal abun-
dance using cell lines with known IS. We quantified clonal abundance
with two measures, RFC and DFC. As tagmentation by Tn5 transpo-
sase is nearly random across the genome,28 we could apply fragment
length data to measure clonal abundance in DFC. Nevertheless,
because of the finite complexity of fragment lengths on the short-
read sequencing platform, saturation was observed above approxi-
mately 300 of DFC (Figure S3D). This could lead to an underestima-
tion of the clonal abundance of the dominant clone exceeding this
threshold. As well, when integration occurs in repetitive genomes,
DFC results in an overestimation of clonality because of separately
counting fragmentation sites in multiple alignment sites (Figure 2F).
To address these issues, Sherman et al.10 constructed a pipeline based
on statistical modeling with maximum likelihood estimation,21 which
was optimized for LM-PCR coupled with sonication generated with
MiSeq platform. However, this method requires sophisticated statis-
tical modeling for an accurate estimation, which has not been applied
to tagmentation. Instead, we used RFC as a quantitative measure
based on our results with samples with known IS. However, as RFC
can be biased by PCR amplification29,30 and is not an absolute repre-
sentation of clonal size, we grouped the clones based on their relative
abundance in each sample for comparison.

These limitations of DIStinct-seq may be overcome by alternative
methods. A unique molecular identifier (UMI) consisting of random
nucleotides would provide an accurate estimate of clonal abundance,
eliminating PCR amplification biases.20,31 However, there are not yet
commercially available tagmentation kits with UMI, which limits
their application in clinical settings. A recent IS analysis using long-
read based nanopore sequencing showed a potential for precise quan-
tification of clonal size with fragmentation length data.32 However,
the need for large amount of DNA, up to 10 mg, restricts its use in clin-
ical settings. Thus, despite a few limitations, DIStinct-seq has the
potential to be a valuable tool in clinical settings, given its simplicity,
speed, and availability with the commercial kit at a relatively inexpen-
sive cost ($US43 per sample). Meanwhile, we found that the amount
of input DNA was related to recovery of the number of IS, that is,
approximately 4,000 IS with 100 ng and approximately 6,000 IS
with 500 ng in the cart006 sample (Table S1). Regarding this, the
maximum DNA input, 500 ng, may limit its use in highly polyclonal
samples. This could be alleviated by fully representing the given
amount of DNA in the library preparation step. For instance, mini-
mizing DNA loss during library preparation will be possible by using
the full volume of the first PCR product for subsequent nested PCR.

We found characteristics of lentiviral integration that were consistent
with prior findings.12,23–25 Additionally, we discovered that lentiviral
IS may contribute to clonal expansion. A variety of mechanisms can
be involved in this phenomenon.33 One such mechanism is the
activation of oncogenes by the internal enhancer or promoter of len-
tiviral vectors integrated nearby.34 In addition, several other potential
mechanisms have been revealed. Two such mechanisms are i) as in
the TET2 gene, inactivation of the catalytic domain of tumor suppres-
sor genes by insertional disruption15 and ii) as in the HMG2A gene,
activation via mRNA 30 end substitution that suppresses RNA degra-
dation.35 In this study, we focused on the certain genomic regions
rather than examining the insertional mutagenesis mechanisms for
individual genes in detail. This approach provided a comprehensive
insight into the relationship between IS and clonal behavior from a
genome-wide perspective.

Meanwhile, the enriched pathways for genes containing the vector did
not show significant differences between clone size groups in CAR-T
products. Notably, these pathways included T cell receptor signaling
and HIV-1 infection, irrespective of clone size. Therefore, considering
that lentivirus preferentially integrates into actively transcribed
genes,24 we speculate that highly expressed genes during transduction
may have compromised the enrichment of genes related to clonal
expansion, We observed polyclonal expansion of CAR-T cells with
decreasing diversity in vivo. Since tumor size decreased after the infu-
sion of CAR-T cells, the main mechanism driving CAR-T cell expan-
sion seems to be a physiological response to tumors. However, during
this process, our results indicate that vector integration into certain
genomic regions also contributed to clonal behavior. Especially in
GSH, surviving clones had a higher frequency of IS. In combination
with the finding that IS frequency in GSH was inversely correlated
with clonal expansion, this suggests that GSH could be an ideal target
for transgene insertion for CAR-T cell therapy. Targeting GSH may
enhance long-term efficacy while decreasing the risk of malignant
transformation by preventing abnormal expansion. Indeed, the inser-
tion of transgenes into GSH regions using CRISPR-Cas9 for CAR-T
cell therapy has shown promising results demonstrating sustained
expression of the transgene with high anti-leukemic efficacy.36,37

Further research will be required to identify additional specific loci
within GSHs that can be optimized to balance the safety and efficacy
of CAR-T cells.

To conclude, we have developedDIStinct-seq, which uses on-bead tag-
mentation that offers several practical advantages over existing proto-
cols. Straightforward library preparation with relatively low DNA
input makes it feasible for clinical applications. Even though we devel-
oped DIStinct-seq based on lentiviral vectors, it can also be adapted to
any type of integrating vector bymodifying the vector-specific primers.
Furthermore, by using it, we gained a better understanding of the
clonal behavior of CAR-T cells in association with vector integration
into certain genomic regions, such as GSH. Along with the
Molecular Therapy: Oncolytics Vol. 30 September 2023 9
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methodological advancement of IS analysis, we anticipate that these
findings will contribute to enhanced safety and efficacy of gene
therapy.

MATERIALS AND METHODS
Starting blood products for manufacturing CAR-T cells

Clinical leukapheresis products were obtained from healthy volun-
teers (n = 3). Mononuclear peripheral blood cell apheresis products
were processed without cryopreservation within 24 h after receipt.
The institutional review board of Seoul National University Hospital
approved the study for human research (SNUH-IRB, H-1606-
033-768).

Anti-CD19 CAR-T cells using lentiviral vector transduction

All experiments described in this article used a new CD19 CAR vec-
tor, LTG1563, developed and provided by Lentigen, Miltenyi Biotec.
The vector contains single-chain variable fragment FMC63-based
targeting domain, CD8-derived hinge region, TNFRSF19-derived
transmembrane region, 4-1BB/CD137 costimulatory domain, and
CD3-zeta chain intracellular signaling domain. According to the
manufacturer’s process, lentiviral vectors expressing the anti-CD19
CAR transgene were produced using a four-plasmid packaging sys-
tem (third generation).

Selected CD4+ and CD8+ human primary T cells from healthy do-
nors were cultured in TexMACS medium supplemented with 3%
human AB serum (Life Science Production) in the presence of
IL-7 (12.5 ng/mL) and IL-15 (12.5 ng/mL) and activated with
CD3/CD28 MACS GMP TransAct reagent (Miltenyi Biotec). On
day 1, activated T cells were transduced with lentiviral vectors en-
coding CAR constructs, and media was changed on day 3. On
day 6, cultures were transferred to TexMACS medium (serum
free) supplemented with 12.5 ng/mL of IL-7 and IL-15 each and
propagated until harvest on day 12. These processes were performed
on an automated CliniMACS Prodigy production equipment (Mil-
tenyi Biotec).

Single cell-derived clones transduced with lentiviral vector

We produced single clones with a unique IS for validating quantifica-
tion performance. To produce a cell with a single IS, the CAR-
harboring vector had to be further modified to include selection
markers such as fluorescence proteins. In addition, since our method
relies on the LTR regions present in all lentiviral vectors, whether the
CAR is incorporated or not would not affect the quantification mea-
sure. Thus, we used empty lentiviral vector harboring selection
marker, EmGFP (Addgene #113884), instead of the CAR vector. First,
we developed a stable HEK293FT cell line transduced with a lentiviral
vector expressing EmGFP at anMOI of 0.4, as previously described.38

Cells expressing EmGFP were sorted using FACS (BD FACSAria III
Cell Sorter) to purify transduced cells. EmGFP-harboring cells were
cultured in a 96-well plate after 10-fold serial dilutions. We selected
three wells containing a single cell-derived clone by observing fluores-
cence signals under a microscope. The single cell-derived clones were
passaged to cover a 100-mm plate. Subsequently, DNA was extracted
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and the whole genome was sequenced to a depth of 30�, confirming
that each clone had a unique IS, although one of the clones, SISC_2,
had reads with multiple alignment sites.

Library preparation for NGS

For tagmentation, we used Illumina DNA prep (Illumina) with up
to 500 ng DNA. We performed tagmentation and post-tagmenta-
tion steps according to the manufacturer’s instructions, followed
by nested PCR. First, DNA was treated with bead-bound Tn5 trans-
posome that fragmented DNA and attached adapter sequences
simultaneously at both ends. We added a tagmentation stop buffer
to stop the reaction and washed the beads. To enrich the vector-host
chimeric fragment, we performed first-round PCR, using a forward
primer complementary to the 3’ LTR sequence and a reverse primer
complementary to the adapter sequence with PrimSTAR GXL DNA
polymerase (Takara Bio). We performed a second-round semi-
nested PCR with the products of the first-round PCR to increase
specificity and attach the required sequences for NGS. The forward
primer was complementary to the inner 30 LTR and extended with
P5, index, and Rd1 SP sequences. The reverse primer was comple-
mentary to Rd2 SP sequences and was extended with index and P7
sequences. Finally, the PCR product was purified and a size of 150–
1,500 bp was selected to be suitable for downstream NGS using Am-
pure beads. The libraries were sequenced with NovaSeq 6000 at
Theragen Bio (Seongnam-si), resulting in about 4 Gb of FASTQ
for each library. Detailed primer sequences and protocols are pro-
vided in the Supplementary material.

Bioinformatics pipeline for IS detection

We designed a bioinformatics pipeline to accurately detect IS as
illustrated in Figure S1. First, reads containing vector-genome junc-
tions were extracted with SeqKit39 (version 0.14.0) from adapter-
trimmed FASTQ files. We then used Cutadapt40 (version 1.18) to
remove 30 LTR-specific sequences from each read. The reads were
then aligned with the human/vector fusion reference genome using
the BWA41 (version 0.7.17) mem option. PCR duplicates were sub-
sequently marked via Picard42 (version 2.24.0) Markduplicates. The
reads were then filtered with SAMtools43 (version 1.3.1) according
to the following criteria to ensure the quality of the analysis: prop-
erly paired reads represented by SAM flag 0 � 2, and excluding
reads aligned with the genome of the lentiviral vector. To exclude
putative chimeric fragments generated from PCR recombination,
paired reads found on different chromosomes or the estimated
size of the fragment of more than 2,000 bp were discarded. Reads
with soft-clipped bases were filtered based on the orientation of
the reads. Next, we identified IS using in-house Python, eliminating
potential artifacts resulting from multiple alignments or incorrect
base calls. Multiple alignment reads due to ambiguous mapping
were merged into a single IS using the information from the XA
tags representing secondary alignments in BAM files. Last, we anno-
tate IS to genomic regions with ANNOVAR44 using a database that
we curated from public resources. The above analysis was per-
formed on the computing server at the Genomic Medicine Institute
Research Service Center in Seoul, Korea.
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The database for annotation

Using curated public databases, we annotated IS to specific genomic
regions. We used RefSeq genes (GCF_000001405.39_GRCh38.p13)
to define the areas that flank the TSS and to annotate the orientation
of the genes. We used the Cancer Gene Census database from
COSMIC45 to identify oncogenes. The CpG island regions were deter-
mined with the UCSC genome browser CpG islands Track. We
collected computationally defined GSH data46 that satisfied the
following criteria.

i) 50 kb away from known genes
ii) 300 kb away from known oncogenes
iii) 300 kb away from miRNAs; 150 kb away from long non-coding

RNAs and tRNAs
iv) 300 kb away from the telomeres and centromeres
v) 20 kb away from known enhancer regions

DNA motif analysis

We usedWebLogo47 to analyze the DNAmotifs around the lentiviral
IS. A logo plot represents consensus sequences around IS, as well as
the conservation of nucleotides at those positions represented as
height.

Functional enrichment analysis

We performed a functional enrichment analysis of Gene Ontology,48

Kyoto Encyclopedia of Genes and Genomes,49 Reactome,50 and
WikiPathways51 using gProfileR52 with default options.

Mouse experiment

A total of 60 immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
mice, aged 77 weeks, were injected with 1.0 � 105 cells/mouse of
Luc-NALM-6 cells (Imanis Life Science) via the tail vein. These cells
were derived from B acute lymphoblastic leukemia cells and have
been engineered to express luciferase. Mice was group into 6 groups
of 10 per group based on the day of sacrifice (1, 4, 7, 10, 14, 30, and
60 days after CAR-T cell injection). Three days after tumor cell inoc-
ulation, saline-suspended CD19 CAR-T cells were injected at
4.0� 106 cells/mouse, and control groups received an equivalent vol-
ume of saline. All experiments were approved by the IACUC in Seoul
National University Hospital (SNUH-IACUC, 20–0177).

For each mice group defined by the day of sacrifice, whole blood was
collected from the abdominal vein at each specified date, under deep
anesthesia. Buffy coat was isolated from whole blood after centrifuga-
tion and stored at�80�C until analysis. DNA was isolated from buffy
coats using DNeasy Blood & Tissue Kits (QIAGEN) according to the
manufacturer’s instructions. DNA concentration was determined us-
ing a Nanodrop (Epoch, BioTek).

qPCR for CAR-T cell detection

qPCR was performed using DNA extracted from blood samples from
mice. Primers and probes for CD19 CAR-T cells were synthesized by
Bosung Scientific Co.; the sequences were FAM-ACT TGG AAC
AAG AGG ACA TCG CCA-QSY for probe, AAA CTG CTG ATC
TAC CAT AC for forward primer, and TCC TTG TTG ACA GAA
GTA AG for reverse primer. All reactions were performed using
the ViiA7 Real-Time PCR System (Applied Biosystems), and the pa-
rameters for the PCR cycles were as follows: 50�C for 2 min, 95�C for
10 min, followed by 40 cycles at 95�C for 15 s and 60�C for 1 min.

Statistics

To compare IS frequencies between clone groups, we used the R pack-
age, lmer4,53 to build a generalized linear mixed-effect model fitted by
maximum likelihood (Laplace approximation). Population sizes of
clone groups was input as prior weights factoring in the differences
in population sizes of each clone group. Since random effects may
arise from correlation within variables, the sample was assigned as
a random intercept, while the clone group was assigned as a random
slope. When comparing Shannon entropy index, Student’s t test was
used. Statistical significance was defined as a p value of less than 0.05.

DATA AND CODE AVAILABILITY
Sequencing data (FASTQ files) are available on NCBI with BioProject
ID PRJNA824541. Code to detect IS from raw sequencing data using
DIStinct-seq is available at https://github.com/jaeryuk/DIStinct-seq.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omto.2023.05.004.
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