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ABSTRACT

CRISPR/Cas9 has been adapted to disrupt en-
dogenous genes in adoptive T-lymphocyte ther-
apy to prevent graft-versus-host disease. However,
genome editing also generates prevalent deleteri-
ous structural variations (SVs), including chromo-
somal translocations and large deletions, raising
safety concerns about reinfused T cells. Here, we
dynamically monitored the progression of SVs in a
mouse model of T-cell receptor (TCR)-transgenic T-
cell adoptive transfer, mimicking TCR T therapeutics.
Remarkably, CRISPR/Cas9-induced SVs persist and
undergo clonal expansion in vivo after three weeks or
even two months, evidenced by high enrichment and
low junctional diversity of identified SVs post infu-
sion. Specifically, we detected 128 expanded translo-
cations, with 20 615 as the highest humber of ampli-
cons. The identified SVs are stochastically selected
among different individuals and show an inconspic-
uous locus preference. Similar to SVs, viral DNA in-
tegrations are routinely detected in edited T cells
and also undergo clonal expansion. The persistent
SVs and viral DNA integrations in the infused T cells
may constantly threaten genome integrity, drawing
immediate attention to the safety of CRISPR/Cas9-
engineered T cells mediated immunotherapy.

INTRODUCTION

T-cell receptor (TCR) and chimeric antigen receptor (CAR)
T-cell-mediated immunotherapy has been successfully ap-
plied to treat cancers (1-5). For conventional TCR or CAR
T cells, T lymphocytes are isolated, activated, and trans-

fected with TCR- or CAR-expressing vectors ex vivo. Af-
ter expansion, engineered T cells are purified and then in-
fused into the patient to target the tumor cells (4,6). The
infused T cells can persist for years and undergo clonal ex-
pansion in patients (7-9). Recently, universal TCR or CAR
T cells, termed allogeneic T cells, were generated by simul-
taneously disrupting endogenous TCRs, beta-2 microglob-
ulin (B2M) and programmed cell death protein 1 (PD-1) via
CRISPR /Cas9-mediated genome editing (4,10-12), which
may greatly extend the application of adoptive T-cell ther-
apy.
CRISPR /Cas9-mediated genome editing frequently in-
duces structural variations (SVs), including chromosomal
translocations, large deletions, and vector insertions (13—
15). SVs greatly threaten the safety of gene editing in clinical
applications, as both lymphomas and leukemia are mainly
caused by chromosomal translocations (16,17). Genome-
wide chromosomal translocations occur at a frequency of
0.1-1% at dozens of target loci in CRISPR/Cas9-edited
cells (13,14,18,19). Since billions of edited TCR or CAR T
cells are infused into a patient, millions of TCR or CAR T
cells with chromosomal translocations are transferred into
the patient in each treatment. In this context, chromoso-
mal translocations have been occasionally reported in pre-
clinical human T cells engineered with gene-editing tools,
such as transcription activator-like effector nucleases (TAL-
ENs) or CRISPR/Cas9 (4,20-22). Recently, chromosomal
translocations in engineered T cells caused the FDA to can-
cel a clinical trial with allogeneic CAR T cells (21).
Chromosomal translocation requires the fusion of two
DNA double-stranded breaks (DSBs), either from DSBs
at on-target or off-target sites or from genome-wide DSBs
induced by cellular stresses or physiological activities (23).
Previous studies have reported occasional translocations
between two on-target sites in human T cells months post
treatment (4). Additionally, chromosomal translocations
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between on-target site and genome-wide DSBs have also
been found in mouse embryonic stem cells 2 weeks post-
editing in vitro (20). However, the persistence and prop-
agation of genome-wide chromosomal translocations has
not been comprehensively profiled in vivo. In addition, both
large deletions and vector integrations are prevalent during
gene editing in vitro (13,24) and in vivo (25,26), which is an-
other potential cause of pathogenesis (15). Although large
structural variants at on-target and off-target site caused by
CRISPR/Cas9 can be observed in the offspring of edited
zebrafish (27), the progression of SVs and vector insertions
in edited animals remains elusive.

To address these remaining issues, we comprehensively
profiled CRISPR /Cas9-induced SVs in engineered T lym-
phocytes from a mouse model of TCR-transgenic (TCR-
Tg) T-cell adoptive transfer, which mimics TCR or par-
tially CAR T therapeutics. CRISPR/Cas9-edited T cells
from Helicobacter hepaticus- (H. hepaticus-) specific TCR-
Tg mice (HH7-2tg) were infused into Ragl~/~ mice to elicit
T cell-induced intestinal inflammation for three weeks or
up to two months. The levels of CRISPR/Cas9-induced
small insertions and deletions (indels) remained constant
regardless of infusion. Levels of SVs, especially transloca-
tions and large deletions, were comparable before and af-
ter infusion for three weeks or even two months. Moreover,
dozens of translocations, large deletions and viral DNA in-
tegrations were stochastically amplified, with up to thou-
sands of copies, accompanied by T-cell clonal expansion.

MATERIALS AND METHODS
T-cell activation, genome editing and infusion

T cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS), 10 mM
HEPES, 100 mM nonessential amino acids (NEAAs), 50
U/ml penicillin, 50 mg/ml streptomycin, and 50 mM B-
mercaptoethanol unless otherwise indicated. For the retro-
viral vector (RV) experiment, TCR transgenic naive CD4*
T cells were sorted from an HH7-2tg Cas9 mouse and
then activated under Ty0 conditions in plates coated with
a-mouse CD3e (BioXcell) and a-mouse CD28 (BioX-
cell) for 2 days. The medium was supplemented with 1
pg/ml a-mouse IFNvy (BioXcell), 1 pg/ml a-mouse IL-
4 (BioXcell), and 20 U/ml hIL-2 (Peprotech) to prevent
Tyul and Ty2 polarization. Activated T cells were trans-
duced with pST-sgRNA RV (sgRNA target sequence: 5'-
GCGGTGAGTCGTGATCTGAG-3’) in the presence of 8
mg/ml polybrene during spin infection (2000 x g for 120
min at 33°C) and then rested for 3 days in medium contain-
ing 20 U/ml hIL-2 (Peprotech), 5 ng/ml mouse IL-7 (Sino-
bio), 1 pwg/ml a-mouse IFNvy (XMG1.2, BioXcell) and 1
pg/ml a-mouse IL-4 (11B11, BioXcell). CD90.1-positive
activated T cells were sorted and transferred into H. hep-
aticus colonized Ragl~/~ recipient mice, with 300,000 cells
per recipient i.v. through the tail vein. After 21 days or 2
months, recipient mice were sacrificed and dissected to ob-
tain intestinal tissues. The intestinal tissues were washed
with PBS with 1 mM DTT for 10 min, followed by 5
mM EDTA for 20 min to remove epithelial cells, and then
treated with RPMI containing collagenase D (1 mg/ml
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collagenase; Roche), DNase I (100 wg/ml; Sigma), dis-
pase (0.05 U/ml; Worthington) and 10% FBS at 37°C
for 60 min with constant mixing. Leukocytes were col-
lected via a 40-80% Percoll gradient. Inflammatory T cells
were sorted as CD3"CD4"CD45.1*CD90.1* for PEM-
seq analysis. Antibodies were purchased from BioLegend
and eBiosciences: CD3 (145-2C11), CD4 (GK1.5), CD45.1
(A20) and CD90.1 (OX-7). Mice were kept and cultured fol-
lowing the standards of the animal facility in the National
Institute of Biological Sciences. Animal experiments were
permitted by committee at the National Institute of Biolog-
ical Sciences.

Flow cytometry analysis for inflammation

T cells were isolated from the H. hepaticus-colonized
Ragl ™/~ recipient mice after a 3-week infusion, incubated in
RPMI with 10% FBS, 50 ng/ml phorbol 12-myristate 13-
acetate (PMA, Sigma), 1 pwg/ml ionomycin (Sigma), and
GolgiStop (BD) for 4 hours, and then stained for CD4
(RM4-5). After that, cells were fixed, permeabilized, and
subjected to IFNy (XMG1.2, BioXcell) staining. Flow cy-
tometry data were acquired on a BD LSRFortessa Cell An-
alyzer. IFN+y-positive cells among CD4-positive cells were
gated and analyzed with FlowJo 10.4.

PEM-seq and editing outcome identification

PEM-seq was performed as described previously (14,28).
Briefly, 20 g of genomic DNA from naive, activated, or
inflammatory T cells was fragmented to 300 bp in size by
sonication. DNA fragments were subjected to Bst poly-
merase 3.0 (NEB)-mediated one-round linear primer ex-
tension with a biotinylated primer targeting the on-target
site in the first intron of ¢-Myc. After that, the excess bi-
otinylated primers were removed with AxyPrep Mag PCR
Clean-Up beads (Axygen). DNA was denatured at 95°C
for 5 min, immediately chilled on ice for 3 min, and incu-
bated with Dynabeads MyOne Streptavidin C1 (Thermo
Fisher) for 2-4 h. The C1 beads were thoroughly washed
with 1 x B&W buffer (5 mM Tris-HCI, pH 7.4; 1 M NaCl; 1
mM EDTA), 10 mM NaOH, and 10 mM Tris—HCl and then
ligated with a bridge adapter containing random molecu-
lar barcodes. After overnight incubation, the ligated DNA
on C1 beads was thoroughly washed with 1x B&W buffer
and 10 mM Tris—HCI and tagged with Illumina adapter se-
quences. DNA ranging from 300 to 700 bp was recovered
and sequenced on a HiSeq platform (2 x 150 bp).
Sequencing reads were processed by the ‘PEM-Q’
pipeline with the default setting (28). Particularly, a genome
containing mm10 assembly of the mouse genome and the
viral genome was used for the alignment of sequencing
reads. Perfect rejoining means the reads contain the same
sequence as the reference genome around the on-target site.
Small or large deletions are located in the <100 bp or 0.1—
500 kb regions from the on-target site, respectively. Junc-
tions are the other events between the on-target site and
genome-wide or exogenous DNA. Of note, translocations
are the junctions between the on-target site and regions
in another chromosome or outside of +500 kb of the on-
target site. For hotspot identification, translocation junc-
tions were normalized to the same editing events, and peaks
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were called by MACS2 bdgpeakcall with the parameter of
-l1-c5.

RESULTS

The main editing outcomes in the engineered T cells remain
constant in vivo

To trace the behavior of SVs in gene-edited T cells in vivo,
we employed a mouse model of inducible inflammation
in the large intestine (29). Naive T cells harboring an H.
hepaticus-specific transgenic TCR, HH7-2tg, were isolated
by fluorescence-activated cell sorting (FACS) from an HH7-
2tg male mouse, 12 weeks old, which also constitutively
expressed Streptococcus pyogenes Cas9 (SpCas9) (Figs. 1A
and Supplementary Table S1). Isolated naive HH7-2tg T
cells were activated in plates coated with a-CD3/CD28 un-
der TyO conditions in vitro. During activation, proliferat-
ing T cells were transfected with retrovirus harboring a sin-
gle guide (sg)-RNA targeting the first intron of ¢-Myc, an
oncogenic translocation hotspot in lymphoid cancers, mim-
icking gene editing in allogeneic T cells (16). The sgRNA-
expressing T cells were enriched by a CD90.1 marker (here-
inafter referred to as ‘activated T cells’) and then transferred
into four H. hepaticus-colonized 12-week-old male Ragl /-
mice with no endogenous B or T lymphocytes (Figure 1A
and Supplementary Table S1).

Upon H. hepaticus antigen stimulation, the infused HH7-
2tg T cells proliferated and differentiated into pathogenic
Ty17/Tyl cells, which induced inflammation in the large
intestine (Figure 1A and Supplementary Figure SIA-D).
Three weeks after infusion, >90% of the transferred T cells
in the large intestine were sgRNA positive (Supplementary
Figure S1E). The CD90.1-positive T cells selected from the
gut (hereinafter referred to as ‘inflammatory T cells’) were
subjected to primer extension-mediated sequencing (PEM-
seq) analysis to assess editing outcomes (Figure 1A). PEM-
seq is a high-throughput sequencing method that com-
prehensively captures genome-wide prey sequences fused
to the target site, which can be used to identify uncut or
perfect re-joinings, small indels, and junctions with chro-
mosomal translocations or exogenous DNA (14,28). Of
note, DNA products obtained after one-round primer ex-
tension are ligated to adapters with random molecular bar-
codes (RMBs); thus, PEM-seq distinguishes biological ex-
pansions from PCR duplicates, enabling comprehensively
quantification of genome editing products (14,28). Over
95% of the ¢-Myc target sites were edited with indels or
chromosomal translocations in both ex vivo activated T cells
from the donor mouse and inflammatory T cells from the
gut of Ragl~/~ recipient mice (Figure 1B). Moreover, every
type of main editing outcome remained at a similar abun-
dance before and after infusion (Figure 1C). Correspond-
ingly, the top five products were indels around the target
site and four of them were coincident in activated and in-
flammatory T cells (Figure 1D). Additionally, over 93% of
editing events had no impact on the coding region of the
c-Myc gene (Supplementary Figure S2A and B). Collec-
tively, these results indicate that the levels of various edit-
ing products persist before and after a 3-week infusion in
mice.

Chromosomal translocations in T cells undergo clonal expan-
sion

Besides the desired editing products such as indels, chro-
mosomal translocations were also frequently detected in
Cas9-engineered T cells (4,20). By convention, chromoso-
mal translocations are defined as junctions falling in an-
other chromosome or outside of the 500 kb region span-
ning the target site (13,28). We detected a total transloca-
tion frequency of 0.99% (1682 of 167 611 events, down to
1322 of 139 085 after normalization) in the ex vivo acti-
vated T cells before infusion (Figure 2A). In gut inflamma-
tory T cells after three weeks of stimulation, the transloca-
tion levels remained at 0.34-0.79% in the four recipient mice
(Figure 2A). In this context, the translocation frequency af-
ter infusion was not dramatically decreased as anticipated
but was instead maintained at approximately half of that
observed in the activated T cells. Translocation junctions
were distributed evenly in the genome of the activated T
cells, with none of the sites containing more than five junc-
tions after normalization (Figure 2B and C, see Materials
and Methods for details). In comparison, 1217 transloca-
tion hotspots were identified in the inflammatory T cells,
accompanied by decreased junctional diversity (Figure 2B
and C, see Materials and Methods for details). In total, 59
translocation hotspots were identified with 5-794 junctions
at the translocation site and 29 of the identified hotspots
fell in the gene region, which might be capable of induc-
ing gene dysregulation after fusion with c-Myc (Figure
2D). Moreover, each hotspot harbored translocation junc-
tions at the same nucleotide in the same strand orientation
(Figure 2C and Supplementary Table S2). Since transloca-
tion junctions at off-target sites routinely contained junc-
tions in both orientations, these hotspots were possibly de-
rived from clonal expansion of a single translocation event
(Figure 2E).

To exclude the possibility that the translocation hotspots
were artifacts generated by PCR duplicates, we examined
the length distribution of sequencing reads extracted from
the same hotspot. The bona fide translocation hotspots
derived from clonal expansion should have diverse prey
lengths generated by sonication as well as diverse RMBs in-
troduced after one-round primer extension during library
preparation (Supplementary Figure S3A). We found that
these sequencing reads did show highly diverse lengths and
RMBs at each site, exemplified by the junctions on chr6:
21 910 984 in the inflammatory T cells from mouse #1
(Supplementary Figure S3B and C), ruling out the pos-
sibility of PCR duplicates. We also performed PCR and
Sanger sequencing analysis of three or four hotspots from
each recipient mouse and found that all the tested translo-
cation hotspots could be readily detected by PCR in the
inflammatory T cells but not in the activated T cells or
control naive T cells (Supplementary Figure S3D, E, and
Supplementary Table S3). Moreover, we found that two
hotspots from mouse #1 had the same junction site as those
observed in the activated T cells, and some hotspots oc-
curred in at least two mice, indicating that the translocation
hotspots might originate from preexisting chromosomal
translocations in the activated T cells before infusion (Fig-
ure 2F, G, and Supplementary Table S2). Collectively, we
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Figure 1. Global analysis of CRISPR /Cas9-induced editing products in T cells before and after infusion. (A) Experimental procedures for tracing the in
vivo progression of gene editing outcomes in engineered T cells. Naive T cells were isolated from an HH7-2tg mouse (male, 12 weeks old, expressing SpCas9
and a transgenic TCR, HH7-2) by FACS and then incubated with a-CD3/CD28, o-IFNw, and «-IL-4 for 2 days in vitro. After that, retroviruses harboring
guide RNA (gRNA), targeting the first intron of ¢- Myc, were introduced into the activated T cells for 3 days. Cells expressing gRNA were sorted out for
PEM-seq analysis, and 3 x 10° sorted cells were infused into each of four Rag//~ mice (male, 12 weeks old) that were colonized with H. hepaticus. Three
weeks after infusion, the engineered donor-derived inflammatory T cells in the large intestine were sorted for PEM-seq analysis to comprehensively quantify
each editing outcome. (B) Top: Schematics of editing outcomes detected by PEM-seq. Bottom: Bar plot showing the editing efficiency of CRISPR /Cas9
in the indicated samples by computing the percentage of editing events among total events. Act., activated T cells; Inf., inflammatory T cells from four
littermates 3 weeks after infusion (#1 — #4); indels, insertions, and deletions. (C) Proportions of junctions, deletions, and insertions among the editing
events. (D) The top five products in the activated (orange numbers) or inflammatory T cells at the on-target site. The gRNA sequence is underlined in the
reference sequence (ref.). The scissor and green shadow indicate the breakpoint and protospacer adjacent motif (PAM) of SpCas9, respectively. The top 5
outcomes in activated T cells are labeled with orange numbers, and the occurrence of the same products in inflammatory T cells is indicated with the same
number. Insertions (red), mutations (purple), and deletions (‘) are indicated in each product. Frequencies (freq.) of each product in the indicated samples

are listed on the right.

concluded that the identified translocation hotspots origi-
nated from robust clonal expansion of these translocation-
harboring T cells in response to H. hepaticus antigen
stimulation.

Viral DNA integration shows a clonal expansion pattern

We used retrovirus, an RNA virus, to deliver the gRNA
in our model (Figure 1A). Once entering T cells, the RNA
spanning from 5’- to 3’-long terminal repeat (LTR) will be
reverse transcribed into viral DNA (30) and integrate into
CRISPR /Cas9-targeted site to generate chimeric sequences
containing both targeted locus and viral DNA (Figure 3A).
We analyzed the PEM-seq libraries by aligning the translo-
cation sequences against the viral vector (13) and found that
virus integrations accounted for 4% of total editing events in
the activated T cells, and the frequencies remained at com-
parable levels for three weeks after infusion in vivo (Fig-

ure 3B). The virus integration sites in the activated T cells
were distributed across the viral genome with 1836 junc-
tion sites, with modest enrichments in the two LTR regions
(Figure 3C and Supplementary Figure S4A). The virus in-
tegration sites were also enriched in the LTRs in the inflam-
matory T cells, but the diversity of identified junctions in
the retrovirus genome decreased greatly, and the accumu-
lated numbers at each junction site were higher than those
in the activated T cells (Figure 3C, D, Supplementary Fig-
ure S4A and B). Specifically, dozens of sites in the region
between LTRs harbored hundreds of junctions after infu-
sion for three weeks (Figure 3C). In addition, more than
50% of virus integration sites were unique in each recipient
and <7% (10 out of 146) of virus integration sites were co-
incident in the four mice (Supplementary Figure S4C), im-
plying a random selection of virus integrations. Collectively,
these data indicate that the cells containing integrated viral
DNA also experienced clonal expansion after infusion for
three weeks in vivo.
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Figure 2. Chromosomal translocations in genome-edited T cells show TCR-independent clonal expansion in vivo. (A) Percentage of translocations among
the editing events. (B) Circos plots showing the distribution of translocations in both activated and inflammatory T cells. The red triangles on chrl5 mark
the gRNA targeting site. The outer circle indicates the reference chromosomes, labeled by number or character; the inner circle presents translocations
(normalized to editing events) in ¢-Myc and genome-wide in the activated (black) or inflammatory (blue) T cells. Each bar represents the number of
translocations in a 1-Mb bin with a log scale. The red lines in the inflammatory T cells indicate hotspots of translocations between ¢-Myc and the indicated
loci (see Materials and Methods for more details). The normalized numbers of translocations and hotspots are presented on the top. (C) Dot plot shows
distribution of the number of junctions at each translocation site with a 1-bp bin. Each dot represents a unique translocation in one sample. Red lines show
the mean value. ****P < 0.0001; two-tailed Mann-Whitney U test. (D) Proportions of translocation hotspots located in the gene regions. (E) Schematic
showing the establishment of translocation hotspots via clonal expansion of infused T cells. (F) Dot plots showing the distribution of translocation junctions
at the indicated sites in both activated and inflammatory T cells. 1-bp bin. (G) Each expanded translocation in (F) has an identical sequence in activated

and inflammatory T cells.

Large deletions and insertions expand stochastically in vivo

The vast majority of target mutations induced by
CRISPR/Cas9 were deletions and insertions (Figure
1C). Regarding deletions, the relative percentages of small
(<100 bp) and large (101 bp to 500 kb) deletions remained
constant, respectively, before and after infusion for three
weeks (Supplementary Figure S5A). Most of the deletions
fell in the 1-kb regions downstream of the target site, with
a declining trend over the length of that region in activated
T cells (Figure 4A), while fluctuations in both proximal
and distal regions were observed in the inflammatory T
cells (Figure 4A, B, and Supplementary Figure S5B). Cor-
respondingly, the infused T cells exhibited lower junction
diversity and harbored more deletions per junction site
than the activated T cells; the average number of deletions
at each site was elevated up to 5-fold after infusion (Fig-
ure 4C and Supplementary Figure SSC-E). For instance,

two highly expanded large deletions accounted for 37.19%
and 4.31% of large deletions in inflammatory T cells from
recipient #1 and #4, respectively (Figure 4D-G). Of note,
different highly-expanded large deletions were distinct in
four recipients (Figure 4B and Supplementary Figure S5B),
indicating a stochastic expansion of large deletions induced
by Cas9 cleavage. Besides large deletions, small deletions
clonally expanded after infusion as well, exemplified by a
61-bp deletion in mouse #2 (Supplementary Figure S5B, F
and G).

Insertions accounted for over 20% of the editing events
(Figure 1C). Similar to those of deletions, the frequencies
of insertions also exhibited a declining trend over length
in both activated and inflammatory T cells (Figure 4H).
Among all the insertions, a 1-bp T insertion accounted for
>73% in both activated and inflammatory T cells (Supple-
mentary Figure SSH). Due to clonal expansion, pileups of
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Figure 3. Viral DNA insertions in the edited T cells undergo clonal expansion after infusion. (A) Schematic of viral DNA insertions identified by PEM-seq.
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insertion junctions with irregular length were observed in
inflammatory T cells, while the length distribution curve of
insertions was relatively smooth in the activated T cells (Fig-
ure 4H and Supplementary Figure S51). Specifically, a 15-bp
insertion at the junction of chr15:61 987 102 was enriched
by up to 170 copies in the inflammatory T cells from mouse
#2 (Figure 41 and Supplementary Figure S5I).

Cas9-induced SVs persist for two months

To investigate the long-term progression of Cas9-induced
SVs in vivo, we generated another batch of experiment and
kept the inflammatory recipients for as long as 2 months af-
ter T cell infusion (Supplementary Figure S6A and Figure
1A). Consistently, CRISPR /Cas9 efficiently targeted the c-
Mpyc locus and generated chromosomal translocations at a
frequency of 0.98% in ex-vivo activated T cells (Figure 5A
and B). Chromosomal translocations presented in the in-
flammatory T cells 3 weeks post infusion, and notably per-
sisted for even 2 months at levels from 0.17 to 0.59% (Fig-
ure 5B). One junction hotspot was detected in activated T
cells, while 5-20 hotspots were observed in the recipients,
indicating a clonal expansion as previously observed (Fig-
ure 5C and Supplementary Table S4). Of note, we found
that the inflammatory T cells from a 3-week-infusion re-
cipient (Inf. #5) had a level of translocation at ~3.36%,
much higher than 0.98% in ex-vivo activated T cells. Re-
markably, 72.2% of identified translocation junctions in Inf.
#5 fell in a hotspot on the Pik3apl gene, which was ex-
tensively expanded from the only hotspot in activated T
cells (Figure 5B-D). Ten translocation hotspots from 2-

month-infusion mice also contained junctions in activated
T cells due to clonal expansion, exemplified by the hotspot
on 1700019D03Rik from Inf. #8 (Figure 5D and Supple-
mentary Table S4). No translocation hotspot was coinci-
dent in the two batches; while one translocation hotspot on
Agps was observed in both Inf. #7 (3-week infusion) and
Inf. #8 (2-month infusion) in the second batch (Supplemen-
tary Tables S2 and S4), suggesting a stochastic selection of
chromosomal translocations in vivo.

Similar to chromosomal translocations, viral DNA inte-
grations in 2-month-infusion mice also showed clonal ex-
pansion patterns similar to those with 3-week-infusion (Fig-
ure 5E, F, and Supplementary Figure S6B). Specifically, an
integration at 3’-LTR expanded to 30 401 (down to 12 112
after normalization) clones after 2-month infusion and ac-
counted for 89.1% of identified viral DNA integrations in
Inf. #8, causing a 2-fold increase of total viral insertions
(Figure 5E and Supplementary Figure S6B). Moreover, the
percentages of large deletions in inflammatory T cells after
2-month infusion were comparable to those for 3-week infu-
sion and both were lower than that of activated T cells (Fig-
ure 5G, H, and Supplementary Figure S6C). Collectively,
these data indicate that SVs persist and undergo substan-
tial and stochastic clonal expansion in the infused T cells
for at least 2 months in vivo.

DISCUSSION

In this study, we used a chronic inflammation mouse model
with unique TCR-Tg T cells that specifically recognize an
H. hepaticus antigen (29). The colonization of H. hepati-
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cus stimulates TCR-Tg T cells, similar to other TCR T and and G). Recently, reports showed that infused T cells persist
CAR T cells that are activated by tumor cells. We employed for up to 9 months or even decades in CAR T clinical trials
the high-throughput sequencing method PEM-seq to trace (4,7). Dozens of SV-harboring T cells could expand hun-

TCR-Tg T cells from activation to inflammation and pre- dreds of fold under antigen stimulation, and SVs did not ap-
sented a comprehensive profile of the progression of SVs in- pear to be involved in the expansion process (Figures 2B, C,
duced by gene editing. Unexpectedly, the SVs did not vanish and 5C). In this context, the proliferation of T cells could be
by themselves during proliferation selection under inflam- stimulated by cytokines, independent of the TCR, and the
mation but persisted at a relatively high level in vivo for three mechanism of selection of TCR or CAR T cells upon anti-

weeks and two months post-editing (Figures 2A, 3B, 5B, 5E, gen stimulation remains a puzzle (9,31). Therefore, SVs are
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likely passengers but not the driving force for the selection
of TCR T cells in our tested cases. However, it is possible
that some cells may gain a proliferation advantage if their
CRISPR /Cas9-induced SVs possess oncogenic properties.
In addition, no significant difference of translocation fre-
quencies was detected between male and female mice after
a 3-week infusion and SVs-harboring T cells in female re-
cipients also underwent clonal expansions (Supplementary
Figure S7TA-D and Table S1), excluding the gender influ-
ence on SV persistence and expansion.

Our observations may shed light on the development of
oncogenic chromosomal translocations in T or B lympho-
cytes. In this study, T cells stably expressing Cas9 were
edited at ¢-Myc by retrovirus-delivered gRNA, which is
not favorable for clinical settings for CAR or TCR T ther-
apy. However, the way to deliver Cas9 and gRNA might
alter the formation of SVs and barely affect in vivo pro-
gression of SVs after infusion. Moreover, ¢-Myc-mediated
oncogenesis on the persistent and expanded SVs was not
observed in this study. Therefore, our findings also raise
concerns about the safety of CRISPR/Cas9-edited T cells
meditated immunotherapy. Persistent SVs might be a prob-
lem for CRISPR /Cas9-edited TCR T cells or similar CAR
T cells, as these SV-containing cells may gain more muta-
tions during further clonal expansion. To circumvent poten-
tial harm of SVs, new gene editing strategies that either elim-
inate chromosomal abnormalities, such as Cas9TX (20), or
avoid DSB generation, such as base editors or prime edi-
tors (32), should be applied to reduce SVs before large-scale
transfer of gene-edited T cells into patients. Efficient de-
livery of editor protein and gRNA by Ribonucleoprotein
(RNPs) instead of virus should also be used to avoid viral
DNA integration as well (33). In addition, it is essential to
trace the long-term persistence of SVs after infusion in pa-
tients, as randomly expanded SVs cannot be predicted from
ex vivo engineered T cells.
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