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Lentiviral vector (LV)-based gene therapy holds promise for a broad range of diseases. Analyzing more than
280,000 vector integration sites (VISs) in 273 samples from 10 patients with X-linked severe combined immu-
nodeficiency (SCID-X1), we discovered shared LV integrome signatures in 9 of 10 patients in relation to the ge-
nomics, epigenomics, and 3D structure of the human genome. VISs were enriched in the nuclear
subcompartment A1 and integrated into super-enhancers close to nuclear pore complexes. These signatures
were validated in T cells transduced with an LV encoding a CD19-specific chimeric antigen receptor. Intriguingly,
the one patient whose VISs deviated from the identified integrome signatures had a distinct clinical course.
Comparison of LV and gamma retrovirus integromes regarding their 3D genome signatures identified differen-
ces that might explain the lower risk of insertional mutagenesis in LV-based gene therapy. Our findings suggest
that LV integrome signatures, shaped by common features such as genome organization, may affect the efficacy

of LV-based cellular therapies.

INTRODUCTION

Lentiviral vectors (LVs) are widely being used to deliver genes into
hematopoietic stem cells (HSCs) or immune cells for therapeutic
intent (I1). Examples include gene therapy approaches for monogen-
ic diseases such as immunodeficiencies and sickle cell disease (2—4)
as well as the adoptive immunotherapy with T cells expressing chi-
meric antigen receptors (CARs) (5, 6). Lentiviral integration is me-
diated by the viral preintegration complex, in which the reverse-
transcribed viral genome is associated with the host chromatin
and integrated into the host genome via the viral integrase.
Despite recent advances (7), fundamental questions regarding the
underlying molecular mechanisms of viral integration remain
elusive including the role of local chromatin organization and the
global three-dimensional (3D) genome structure. While the precise
location of a vector integration site (VIS) can serve as a marker for
monitoring the corresponding clone and its subsequent evolution
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in longitudinal analysis (8-10), a systematic mapping of the inte-
grome can provide further insights into integration site selection
and may have important implications in terms of biosafety and ef-
ficacy for gene therapy.

Early studies of lentiviral VISs focused on the integration pattern
of the HIV (11-13). Subsequently, VISs were analyzed in patients
who received LV-transduced autologous HSCs as part of gene
therapy studies (14-20). However, only a small number of
samples were analyzed, resulting in a rather limited number of
VISs, which prohibited a systematic analysis of the LV integrome
to gain deeper insights into the genomics, epigenomics, and 3D
genome signatures. To address this limitation, we now took advan-
tage of our ongoing early-phase clinical study for infants with newly
diagnosed X-linked severe combined immunodeficiency [SCID-X1;
NCT01512888 (21)]. SCID-X1 is a rare, life-threatening disorder
caused by mutations in the gene IL2RG, which is shared by multiple
cytokine receptors necessary for the proper development and func-
tion of lymphocytes. Affected infants therefore present with severe
opportunistic infections during the first months of life. On this
ongoing clinical study, we have shown that this SCID-X1 gene
therapy approach is well tolerated and results in the development
of a functional immune system without evidence of malignant
transformation with a median follow-up of >2.5 years (21, 22).
Only 1 of our 23 patients (patient 1) required a second infusion
of genetically modified stem cells 1 year after his initial infusion
and since then has developed a functional immune system with a
follow-up of >4.5 years. We compiled 273 samples from the first
10 patients enrolled on this study, and we have profiled more
than 280,000 VISs. The unprecedented number of VISs provided
enough statistical power to investigate genomic features at a high
resolution. By integrating VISs with recent functional genomics da-
tasets generated in big data consortia (23, 24), we characterized here
a set of genomics, epigenomics, and 3D genome signatures that
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distinguish the LV integrome and confirmed our findings using
clinical-grade CD19-specific CAR (CD19-CAR) T cell products.
Beyond the performed analysis, our cohort presents a unique re-
source to examine LV integration site selection and its potential
clinical implications for a broad range of LV-based gene therapy
as well as immunotherapy approaches. In particular, the recent
report of a single patient, who developed myelodysplastic syndrome
(MDS) on a LV-based gene therapy study for adrenoleukodystrophy
(ALD) (25), underscores the importance and relevance of our per-
formed analysis.

RESULTS

Profiling LV integration sites of SCID-X1 patients

In our clinical study, infants received autologous HSCs transduced
with a LV encoding the IL2RG gene after low-dose, targeted busul-
fan conditioning (21). Nine of analyzed 10 patients received a single
dose of LV-transduced autologous CD34-positive Hematopoietic
Stem and Progenitor Cells (HSPCs) with a vector copy number
(VCN) of 0.16 to 1.13 except for one patient (patient 1), who re-
ceived two LV-transduced HSC infusions, 1 year apart. We investi-
gated the lentiviral integrations using patients’ samples, including
unsorted peripheral blood mononuclear cells (PBMCs) and sorted
PBMC populations, CD14"/CD15" myeloid cells, CD19" B cells,
CD3" T cells, and CD37/CD56" natural killer (NK) cells, for all pa-
tients, and unsorted and sorted bone marrow cells for patient 1 (fig.
S1A). VISs were determined by quantitative shearing linear ampli-
fication (qsLAM) polymerase chain reaction (PCR) (26), and for
this study, we built a VIS analysis pipeline as outlined in fig. S1B
(see the "Profiling and quantification of LV integration sites”
section for details, including signal and noise separation). By inte-
grating samples from different cell types and time points, we com-
piled a list of VISs for each patient, with the total number of sites
ranging from 770 to 72,000 (fig. S1C). Mapping VISs to the genome
revealed VIS patterns that were consistent between patients except
of patient 1 as judged by pairwise Pearson correlation coefficient
analysis (fig. S2A). For individual patients, the locations of VISs
within cell lineages were consistent; however, sharing of a specific
VIS between cell lineages, defined by individual base-pair integra-
tion sites, was uncommon (fig. S2B) and similarly for VISs of indi-
vidual patients across multiple time points (fig. S2C). Clonal
diversity, as defined by VISs, correlated with VCN when multiple
diversity metrics were used [UC50, oligoclonality index (OCI),
Shannon diversity index, Chao estimator] (fig. S2D).

Genomic and epigenomic signatures of LV VIS

To gain insight into the observed similarities and differences
between VIS patterns, we embarked on a detailed genomic and epi-
genomic analysis. One of the most notable features was the existence
of genomic regions with a high density of integration sites, so-called
hotspots (Fig. 1A) (27). More specifically, hotspots were identified
as 10-kb regions in which vector integrations occurred at a greater
frequency than expected. We found that these hotspots overlapped
in patients 2 through 10 (Fig. 1B) and identified recurrent integra-
tion genes (RIGs) (Fig. 1C and table S1) with seven RIGs (KDM2A,
PACS1, LOC101928855, CHD3, CARDS, GRB2, and KLC2) being
shared by eight or nine patients (Fig. 1D). Apart from hotspots
and RIGs, LVs integrated predominantly into introns and, after
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normalization, were strongly depleted in intergenic regions
(Fig. 1, E and F).

To investigate and extend the finding that lentiviral VISs are en-
riched in transcriptional units and active gene bodies (7, 28, 29), we
took advantage of Chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) data of CD34" HSPCs from the Roadmap Ep-
igenomics project (table S2) (23) and estimated the presence of VISs
in histone modification marks. Despite not all integrations happen-
ing in bone marrow repopulating HSCs, but rather in a mixed pop-
ulation of HSCs and committed progenitors, VISs of patients 2
through 10 were enriched (log, enrichment > 1) in active promoter
H3K4mel, enhancer H3K27ac, and gene body H3K36me3 marks
while being depleted in the repressive H3K27me3 mark (log, en-
richment < —1) (Fig. 2A). In contrast, for patient 1, VISs were not
strongly associated with active or repressive histone marks (-1 <
log, enrichment < 1). Given the high number of VISs analyzed,
we determined the signal intensity of the same histone modifica-
tions mapped in CD34" HSPCs in a 100-kb window flanking the
identified VIS. Patients 2 through 10 showed the same signatures,
with active marks having the strongest signal and repressive
marks the weakest signal (Fig. 2B; results are shown for patients 1,
2,3, and 6). These results were further confirmed using the 15 chro-
matin states specific for CD34" HSPCs as defined by the
ChromHMM algorithm (Fig. 2C) (30). In all patients except for
patient 1, VISs were strongly enriched in actively transcribed
regions and enhancers (states 3, 4, 5, and 6) and depleted in repres-
sive regions and heterochromatins (states 9, 13, 14, and 15).

Although we demonstrated for patients 2 through 10 a twofold
enrichment in active gene bodies and enhancer regions, this did not
explain the observed 10- to 100-fold enrichment of VISs in RIGs.
Examination of RIGs of HIV by DNA fluorescence in situ hybrid-
ization has demonstrated that these genes are located in proximity
to the nuclear pores (31), which suggests that the viral genome pref-
erentially integrates into active chromatin close to the nuclear pore
complex (NPC) (32). Motivated by the recent finding that NPC pro-
teins (e.g., NUP93 and NUP153) bind super-enhancers (SEs) (33),
we compiled a list of SEs in HSPCs from the literature (34, 35) to
determine whether VIS hotspots in our patient cohort were in prox-
imity to NPCs. For patients 2 through 10, 8% of VIS hotspots over-
lapped with SEs (Fig. 2D). When we limited the analysis to shared
VIS hotspots, this overlap increased to 20%. In contrast, the SE/VIS
hotspot overlap was about 1 to 2% for patient 1 (P = 3.26 x 10~° for
threshold 107° and P = 1.07 x 10~ for threshold 10™', Fisher exact
test). In general, hotspots were highly enriched in SEs in patients 2
to 10 (P = 0, randomization test using randomly sampled regions as
hotspots) but not the case for patient 1 (P < 10~ for threshold 107°
and not significant for threshold 107'% randomization test).

LV VIS signatures in 3D genome conformation

For additional insight into the relationship between VISs and the
3D architecture of the human genome, we analyzed the presence
of VISs in the different nuclear compartments, which can be
broadly divided into (i) an accessible and active compartment A
and (ii) a compartment B that comprises repressed genes (36).
More recently, these compartments have been further subdivided
into A1, A2, B1, B2, and B3 based on clustering and on differences
in multiple histone marks (37, 38). Using Hi-C data for HSPCs and
the corresponding compartment predictions (38, 39), we found that
hotspots of patients 2 through 10 showed notable enrichment in
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Fig. 1. Genomic signatures of lentiviral VIS. (A) Circular projection of the human genome with integration sites from patients 1, 2, 3, and 6. Gene names near integration
site hotspots are listed in the inner circle. (B) Overlap of VIS hotspots in patients. The numbers along the diagonal represent the number of hotspots in individual patients,
and the other numbers indicate hotspots common between pairs of patients. (C) RIGs in patients 1, 2, 3, and 6. Word clouds show the frequency of integration site
clustering at each of the genes. Genes with more VISs within them are shown in larger font. Patients 2, 3, and 6 share similar RIGs. (D) Top RIGs among patients.
Many RIGs were shared by patients 2 through 10; patient 1 had a set of unique RIGs. (E) The proportion of VISs located in various genomic regions. Most VISs fall in
introns. (F) Enrichment of VISs in various genomic regions. The enrichment is calculated by normalizing the number of VIS fall upon a region by a background, in which is

the number of VIS merely scales with the length of the region.

Yan et al., Sci. Adv. 9, eadg9959 (2023) 6 October 2023

30f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

15_Quies z'
A patient ® P1 ® P3 © P5 o P7 e P9 C 1sRreprowk| &
° P2 ¢ P4 o P6 e P8 e P10 13 ReprPC| § *
12_EnhBiv] % .
H3K9Ime3 % _
1_BivFink] N4 . Bt
H3K36me3 ‘& 10 Tsseiv) oE
. 9_Het 5. P3
H3K27me3 @ ° 8_ZNF/Rpts — 7% . ps
* P6
7_Enh : P7
H3K4me3 f, . . 3% . e
6_EnhG{ e A 4 s o P9
=z e P10
H3K4me1 4 5_TxWk - %
2 4 Tx ° 41
[ ]
H3K27ac e 3_TxFink{ * . Tt
-4 -2 0 2 2_TssAFink '? %
Log,(enrichment) 1_TssA -
0 ) P [3
B Log,(enrichment)
P1 P2 P3 P6_
- )
[}
£
% Mgy M"“\[ " [~ s 05 D
?
§ /\ /\ /\\1-6
X petraian, ) Hotspot threshold
I
2 0.8 . P<1x107
E ["mmprnin/] W r<1xwoe
S % 0.2
é \/ \/ \/0_4 g o
2 152 8@
[0} 3 A
£ 5 8%
3 g %2
x 05 = o'
AT T T T e T
5 s 90 . = — E— "
§ ,I}\fVWh'/“ ’ 3 |
& /V\'\' //V\_\ _/\,fV\At\\1 6 ..
S .
o
3 vl
2 0.8 0.0 ‘
-5 0 5-5 0 5-5 0 5-5 0 5 x10%bp

VIS (mid point) flanking region

Q’\ Q(D Q‘b Qb‘ QQJ QQ) Q’\ Q% ch Q\Q P2 to 10

Fig. 2. Epigenomic signatures of lentiviral VIS. (A) Enrichment of VISs in six histone marks. (B) Aggregation plots showing the signal intensity of six histone marks at the
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between hotspots and SE in patient 1 is significantly different from that of patients 2 to 10 (P = 3.26 x 10~ for threshold 107® and P = 1.07 x 10 for threshold 107'2,
Fisher exact test). Note that the reported values are still higher than the expected overlap by chance, which are less than 0.005.

compartment Al (Fig. 3A). Together, these results indicate that
compartment Al is in close proximity to NPCs, in contrast to com-
partment A2. This finding is consistent with a previous study that
mapped compartment A2 in close proximity to speckles, which are
located within the nucleus and not in its periphery (40). Whereas
more than 60% of VIS hotspots were mapped to compartment
A1, SEs were equally distributed, overall, between compartments
Al and A2 (Fig. 3B). Therefore, SEs located in compartment Al
(SE1) are more likely to overlap with VISs than are SEs in compart-
ment A2 (SE2). Likewise, similar to VIS hotspots, SE1s are spatially
proximal to one another by comparison with SE2s (Fig. 3C). Fur-
thermore, although the HSC products of patients 1 and 6 had
similar VCNs, 0.16 and 0.17, respectively (fig. S1C), 74% of VISs
of patient 6 resided in the active compartments Al and A2, as

Yan et al., Sci. Adv. 9, eadg9959 (2023) 6 October 2023

compared to only 51% of VISs of patient 1, excluding VCN bias
as a potential explanation (Fig. 3D).

We then investigated how LVs integrated into SEs by examining
VIS locations relative to CTCF binding sites. We found that depend-
ing on the corresponding compartments, VIS could be either de-
pleted (in A1l and A2) or enriched (in B2 and B3) near CTCF
sites (Fig. 3E). VIS density was low near the ends of SE (mostly in
compartments Al and A2), where the CTCF signal was particularly
strong (Fig. 3F). This nonuniform distribution of VISs within a SE is
most likely explained by the fact that CTCFs are responsible for
forming multiple enhancer-promoter loops inside a SE (41). Con-
necting with the emerging picture on how SEs mediate the forma-
tion of coactivator condensation (42), our findings support a model
in which LVs preferentially target SEs proximal to NPCs and
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forming enhancer-promoter loops. LV integrations occur within SEs, being depleted near the CTCF binding sites but more likely in the regions in between (lightly colored
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integrate into chromatin loops created by CTCF and interacting
proteins (Fig. 3G).

The HSC LV integrome signature is present in LV-
transduced T cells

To determine the generalizability of the LV integrome signature
identified in HSCs of patients with SCID-X1, we took advantage
of T cells that were transduced with a clinical-grade LV encoding
a CD19-CAR. Despite the differences in the underlying cell type,
the LV integrome in CAR T cells exhibited (i) the same set of sig-
natures, including the existence of hotspots (fig. S3A); (ii) the same
preference for histone marks (fig. $3, B and C); (iii) overlap between
hotspots and SEs (fig. S3D); and (iv) strong enrichment for the
nuclear compartment Al (fig. S3E). The VIS pattern in CAR T
cells was similar to that in SCID-X1 patients 2 through 10, as
judged by Pearson correlation coefficients, with SCID-X1 patient
1 again being an outlier (Fig. 4A). Although multiple RIGs identi-
fied post-HSC transduction in patients with SCID-X1 were shared
by CAR T cells (e.g., PACS1, KDM2A, and CHD3), RIGs unique to
each cell type were also identified (e.g., IKZF3) (Fig. 4B). The pres-
ence of specific RIGs in different hematopoietic cell types is not un-
expected because histone modifications and 3D genome structure
are, to a certain extent, cell type specific (43).

LV integrome signature is distinct from the y-retroviral
integrome

The distributions of lentiviral VISs have been compared with y-ret-
roviral (gRV) integration sites in the past (12, 44, 45). By integrating
epigenetic data, it is widely established that LV integration sites are
spread along active gene bodies, whereas gRV prefer to target pro-
moter regions (7). This difference is of clinical importance because
in early gRV therapy trials for SCID-X1 and Wiskott-Aldrich syn-
drome, patients later developed T cell acute lymphoblastic leukemia
(T-ALL) with vector integration near the LMO2, CCND2, BMI1,
and/or MECOM gene loci (46—48). In addition, two patients on a
clinical study with X-linked chronic granulomatous disease devel-
oped MDS with monosomy 7 secondary to gRV insertions near the
MECOM gene locus (49). We examined VISs of our patients near
these genes, and while integration sites were located within introns,
we did not identify integration sites at the promoter regions of these
genes in the analyzed patients’ samples (Fig. 5A). We further inves-
tigated the discrepancy with respect to 3D genome organization.
Using compartment prediction for CD3-positive T cells (38), we
compared the LV integrome in our CAR T cells with the gRV inte-
grome obtained from two studies in which hematopoietic progeni-
tor cells (HPCs) or T cells were transduced with gRVs encoding
different transgenes (29, 50). While gRVss also integrated into com-
partment Al, the frequency was significantly lower compared to
LVs (Fig. 5B). This was mirrored by a higher frequency of gRV
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integration sites in compartments A2 and B. Intriguingly, the
LMO2, BMI1, and MECOM gene loci are all found in compartment
A2.

To compare LV and gRV integration sites in cells that were trans-
duced in parallel, we transduced T cells using LV and gRV encoding
the same transgene (IL2RG) used in our clinical trial. Integration
sites were profiled, paying particular attention to VISs near a set
of cancer-related genes that are associated with T cell acute lympho-
blastic leukemia (T-ALL), acute myeloid leukemia (AML), B cell
acute lymphoblastic leukemia (B-ALL), or MDS (51). Again, gRV
integration sites were more likely upstream of transcriptional start
site (TSS) (Fig. 5C). While only a small fraction of VISs were close to
cancer-related genes, LV VISs were enriched near tumor suppressor
genes as opposed to oncogenes based on annotation by Catalogue of
Somatic Mutation in Cancer (COSMIC) (Fig. 5D) (52). We found a
similar pattern when we examined the patients’ integration sites
near the same set of cancer-related genes (fig. S4A). Of note, VISs
were located in introns or 10 or 100 kb upstream of TSS and rarely in
promoter regions (fig. S4B), and the relative abundance of the cor-
responding VIS clones in all samples was low (fig. S4C). VISs exhib-
ited a polyclonal pattern in all profiled lineages except for patient 1
at all time points evaluated, consistent with our previous publica-
tion in which we had presented shorter follow-up data for the
first eight patients (fig. S4D) (21). Likewise, while we found integra-
tion sites within in the HMGA2 gene locus (fig. S5A), the relative
proportion of the corresponding clones were low, and there was
no evidence of clonal selection (fig. S5B) as reported for one
patient on a LV gene therapy study for p-thalassemia (15).

Single-cell profiling provides insight into distinct VIS
signature of patient 1

Why did the LV integrome differ in patient 1? Given the close link
between 3D genome architecture and the LV integrome, we per-
formed single-cell RNA-sequencing (scRNA-seq) and single-cell
ATAC-Seq (scATAC-seq) profiling of bone marrow samples from
patients 1 and 6 collected 18 months after gene therapy, to decipher
whether patient 1 had an altered 3D genome architecture (Fig. 6A).
Single-cell transcriptomic profiling revealed that major hematopoi-
etic cell types like T cells, B cells, and myeloid cells were present in
both patients (Fig. 6B) and that the LV-encoded IL2RG transgene
was expressed in T cells (Fig. 6C). The 5’ scRNA-seq in sorted T
cells further revealed the presence of different T cell subsets in
both patients; however, the frequency varied between both patients
(Fig. 6, D to F). Of particular interest is the emergence of indepen-
dent clusters with high and low transgene expression in multiple
types of T cells such as naive CD4 and CD8 subsets. Gene sets, in-
cluding cytoplasmic translation and ribosome, as well as immune
gene sets like major histocompatibility complex class proteins,
were enriched in T cells expressing high levels of the IL2RG trans-
gene (fig. S6, A and B). As compared to genes with similar expres-
sion, IL2RG transgene expression varied to a greater extent,
highlighting the positional effects of random integration on gene
expression levels (53). Expression variation was higher in patient
1 than patient 6 (Fig. 6G). T cell receptor sequencing (TCR-seq)
identified greater TCR diversity in patient 6 than in patient 1
(Fig. 6H), which is consistent with the observed difference in VIS
diversity (fig. S2D). Last, we profiled VISs for a small portion of
cells at a single-cell level using the scATAC-seq data and the
EpiVIA method (fig. S7, A and B) (54) and confirmed the presence
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of two integration sites within a single cell, as suggested by the rel-
ative frequency of individual VISs (fig. S7C).

On the basis of single-cell profiling, another discrepancy
between P1 and P6 is the composition of their immune cells. Spe-
cifically, P1 has a large population of T cells and a small population
of B cells, whereas B cells dominate in B6. To examine whether the
immune cell composition in P6 is the norm just like all the VIS-
related features, we analyzed available flow cytometric data of
bone marrow samples from all 10 patients (fig. S8A). We found
that the flow cytometry data are consistent with the single-cell pro-
filing data. Moreover, unlike P1 in whom T cells are most abundant,
the composition in most patients mirrors P6, with B cells being
more abundant than T cells (fig. S8B).

Given the close proximity of the LV integrome to the NPC, we
next analyzed the expression of NPC-related genes and found no
difference between the two patients, making an intrinsic NPC
defect in patient 1 unlikely (Fig. 7A). Likewise, scATAC-seq data re-
vealed no significant differential accessibility in these patients, indi-
cating similar chromatin organization (Fig. 7B). In particular, the
open chromatin regions of patient 1 overlapped more with the hot-
spots patient 6 than with patient 1's own hotspots (Fig. 7C). There-
fore, our results suggest that patient 1 had only a transient change,
rather than a permanent change, in his 3D genome structure during
LV transduction.

Integrome signatures have limited predictive power on
clonal selection

To determine whether VISs confer a selection advantage, we took
advantage of the estimated relative VIS frequency (clonal abun-
dance) in longitudinal samples from each patient and developed a
classification model to predict clonal repopulation by using VISs.
Abundant clones were more likely to have integrome signatures
that (i) overlapped with SEs and (ii) histone modification signals
such as H3K36me3. In contrast, clones with integrome signatures
that included (i) VISs located within compartment B and (ii) a
strong H3K27me3 signal tended to be rare (fig. SOA). However,
the overall predictive power of the integrome signatures on future
clonal population was rather limited, as evidenced by training a clas-
sification model that integrates all signatures (fig. S9B).

DISCUSSION

In this study, by incorporating the high number of VISs in samples
from infant patients with SCID-X1, we have deciphered a set of LV
integrome signatures in HSCs, which are shaped by local chromatin
structure, the locations of SE, as well as the global 3D genome or-
ganization. Because of common underlying mechanisms in LV in-
tegration, these signatures are shared by CAR T cells, and some of
them have been previously reported in vitro post-HIV infection, as
well as in other HSC-based gene therapy studies in older patients
(55-57). As compared to the study of HIV-1 integration in T cells
by Lucic et al. (57), our study of lentiviral VISs confirms the gener-
alizability of the integration of different lentiviruses and suggests a
model in which LVs integrate into the first open chromatin region
encountered (i.e., compartment A1) once they enter the nucleus
through NPCs, which also function as scaffolds for SEs, thus influ-
encing 3D genomic structure (58-61). While evolution shapes
natural viruses to use this strategy for maximizing their survival,
gene therapy has adopted the strategy to maximize the chance of
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Fig. 6. Single-cell profiling of bone marrow samples from patients 1 and 6. (A) Uniform Manifold Approximation and Projection (UMAP) plots showing the major cell
types identified in patients 1 and 6 by using scRNA-seq and scATAC-seq. (B) Expression of markers of hematopoietic cell lineages. (C) Expression of the transgene IL2RG in
patients 1 and 6. (D) Major markers for various T cell clusters. (E) UMAP plots showing several types of T cell in patients 1 and 6 profiled using 5 scRNA-seq. Both patients
have regulatory T cells (Tegs) and CD4 memory (mem) T cells; P6 has more CD4 and CD8 naive T cells; P1 has more CD8 mem and effector T cells. (F) Expression of IL2RG
transgene in patients 1 and 6 by 5’ scRNA-seq profiling of T cells. (G) Expression variation of IL2RG transgene (circled in red) in cells of patients 1 and 6. Expression variation
is quantified by coefficient of variation (CV). Compared to other genes with similar mean expression, IL2RG expression variation (also known as expression noise) is high.
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clonotypes in patients 1 and 6.
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Fig. 7. Single-cell profiling provides insight into distinct lentiviral integrome
of patient 1. (A) Average expression of genes related to NPC assembly (TMEM170A,
NUP205, AHCTF1, NUP98, NDC1, NUP107, RTN4, NUP93, and NUP153). (B) Differen-
tially accessible regions (DARs) in B cells in patients 1 and 6. Accessibility is quan-
tified by counts per million (CPM) and compared by fold change (FC). DARs in red
were more accessible in patient 1 (log,FC > 0), and DARs in blue were more acces-
sible in patient 6 (log,FC < 0). DARs were rare in all cell types [false discovery rate <
0.05, exact test with Benjamini-Hochberg (BH) correction]. (C) Overlap of hotspots
with open chromatin regions identified by scATAC-seq. Open chromatin regions in
both patients had a greater overlap with hotspots in patient 6 than with those in
patient 1. There were 86 hotspots in patient 1 and 1112 hotspots in patient 6. Stat-
istical significance was estimated by sampling two sets of random hotspots 500
times. All the differences reported were statistically significant (*P < 1073, **p
<1079).

inserting transgene in the open chromatin and thus optimizing
transgene expression. The strategy could be a double-edged
sword, as integration into active sites might increase the risk of in-
ferring with existing gene regulation.

One of the most consistent observations in our VIS analysis is
the unusual distribution of P1. scATAC-seq suggested that a poten-
tial cause is a transient change in the 3D genome structure of his
HSCs during LV transduction. Intriguingly, patient 1 had dissemi-
nated CMV infection secondary to SCID-X1 when his HSCs were
collected, and nuclear egress of CMV capsids in infected cells is as-
sociated with nuclear lamina disruption (62—-64). It has been report-
ed that the perturbation of NPC influences HIV integration.
Specifically, translocated promoter region—depleted cells exhibited
less integration mapping to regions enriched in deoxyribonuclease I
hypersensitive sites or histone modification H3K36me3 (32). Their
observations resemble the case of P1. Future studies are needed to
determine whether there is CMV changes the VIS pattern of LVs.

Besides being used as a proxy to understand chromatin organi-
zation, the integrome signatures have potential implications in
terms of safety and efficacy for gene therapy. Insertional mutagen-
esis remains a major concern of LV- and gRV-based gene therapy.

Yan et al., Sci. Adv. 9, eadg9959 (2023) 6 October 2023

For example, subsets of patients enrolled on gRV-based gene
therapy trials for SCID-X1, Wiskott-Aldrich Syndrome, or
chronic granulomatous disease developed malignancies (46-49).
However, the risk of insertional mutagenesis seems to be lower
with self-inactivating gRVs (65), suggesting the importance of the
strength and long-range activity of gRV promoters, and moderate
cellular promoters are less genotoxic (66, 67). While vector design
plays a major role to insertional oncogenesis, we explored the pos-
sible influences of VISs on insertional mutagenesis in terms of their
statistical integration preferences. Although LVs and gRV's have dis-
tinct preferences for histone modifications (7), gRV integration
occurs during mitosis, in which compartmentalization disappears
across the genome (68, 69). Our analysis showed that LV integration
sites exhibit a strong bias toward compartment Al, whereas gRV
sites are more uniform. Thus, genome compartmentalization
might prevent LV integration close to oncogenes that are linked
to gRV VIS-mediated mutagenesis, since these are located in com-
partment A2. In this regard, little is known currently about the LV
integrome signature of the ALD patient, who developed MDS post-
gene therapy, and it would be of great interest to analyze it with our
developed pipeline.

Apart from the integration signatures, we examined the integra-
tion sites near key cancer-related genes and used their frequency to
monitor the possibility of clonal dominance. Being consistent with
our observed signatures, we did not find VIS at the promoter of on-
cogenes like LMO2 (45). While we focused solely on the genomic
location of VIS with respect to the cancer-related genes, it could
be further examined in terms of the chromatin states. Given an en-
richment of VIS in enhancer regions, the possibility of vector inte-
grations causing global rearrangement such as disruption of
topologically associating domain boundaries cannot be ruled out
(70). In general, our data suggest that LV integration sites are
more commonly found in tumor suppressor genes rather than on-
cogenes, presenting a rather different kind of safety concern because
LV could inactivate the targets by insertion inside exons. Of course,
the absence of VIS at certain problematic loci could be a conse-
quence of the limitations of our VIS profiling assay. The overlap
of integration sites identified across different time points or cell
types showed no strong evidence of saturation, leading to the pos-
sibility of finding problematic integration sites by increasing the
number of samples or sequencing depth. Fortunately, proliferating
clones would be abundant and thus will be likely to be profiled even
there is a lack of saturation. Nevertheless, as the VIS signatures re-
ported are statistical in nature, the lack of saturation does not affect
the related conclusions.

A related question of interest is whether integration sites drive
clonal kinetics. Our model demonstrated that VISs do not appear
to be key drivers for clonal kinetics. The hypothesis comes with a
caveat that the promoter used in the vector is not particularly
strong (71). Nevertheless, as LV signature regions tend to be in
the open chromatin that is transcriptionally active, the abundant
clones tend to express high levels of the LV-encoded transgene.
High levels of IL2RG expression might be advantageous for
SCID-X1 gene therapy since it could potentially promote the devel-
opment of functional T, NK, and B cells. Since for other gene
therapy applications, levels of transgene expression might not
confer an advantage, correlations between VISs and outcome
most likely dependent on the targeted disease. In addition, the in-
fluence of integrations sites on outcome might also be vector
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dependent based on recently performed VIS analyses on CD19-
CAR T cell products (72, 73).

Here, we performed single-cell profiling on patients’ samples to
examine transgene expression on a single-cell resolution. We iden-
tified the expected lineages and particularly the emergence of clus-
ters with high and low transgene expression in multiple types of T
cells. As compared to T cells with low transgene expression, T cells
with high transgene expression expressed gene sets suggestive of a
highly functional state. It is tempting to speculate that low and high
transgene expression on a single-cell level is a consequence of the
location of VISs, and future studies are needed to explore this pos-
sibility. The effects on gene expression by factors like local chroma-
tin structures or spatial positioning of genes within the nucleus have
previously been studied by high-throughput reporter assays (53).
However, chromatin position effects have not been carefully ex-
plored in the context of LV-based gene therapy. Our single-cell pro-
filing showed that IL2RG transgene expression varied to a greater
degree (also known as expression noise) than genes with similar ex-
pression levels. While the consequences of positional effects remain
unknown, the observed expression noise is likely due to the random
spatial distribution of the transgene. Future studies that simultane-
ously profile VISs and transcriptomes on a single-cell level might be
able to provide additional insights.

In conclusion, our study has uncovered previously unknown
ways in which the 3D structure of the human genome influences
lentiviral integration and highlights the significance of dynamic
nuclear organization in lentiviral gene therapy. In addition to the
biology, our data so far do not show evidence of clonal evolution
consistent with insertional mutagenesis. Our findings have transla-
tional relevance because the identified integrome signatures could
be used as biomarkers for LV-based gene therapy and should be ap-
plicable to a broad range of cellular therapies that are being devel-
oped to treat human diseases.

MATERIALS AND METHODS

Study design

The objective of this study was to characterize the canonical geno-
mics and epigenomics properties of the LV insertion sites using
samples from 10 patients currently enrolled in our SCID-X1 clinical
study (NCT01512888). As integrome signatures are statistical prop-
erties, unsorted and sorted PBMC samples of a patient at different
time points were integrated to increase statistical significance. To
characterize the signatures, we integrated VISs with a variety of ge-
nomics and functional genomics including epigenomics and Hi-C
data. To determine whether the signatures are independent of the
vector but universal for a wide range of lentiviral therapy, samples
from CD19-CAR T cell therapy study (NCT03573700) were ana-
lyzed. Single-cell profiling of bone marrow samples was performed
to provide additional insight on the VISs of patient 1, which are
farther away from the integrome signatures as compared to the
other patients.

Human samples

Human samples were obtained from two clinical studies. The SCID-
X1 clinical study (NCT01512888) (21) was approved by the US
Food and Drug Administration and by the institutional review
boards at St. Jude Children's Research Hospital (St. Jude) and the
University of California San Francisco (UCSF) Benioff Children'’s
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Hospital. Ten consecutive patients who lacked a matched sibling
donor (six at St. Jude Children’s Research Hospital and four at
UCSF Benioff Children’'s Hospital) received their stem cell
product. Written informed consent was obtained from the legal
guardians of the patients. The CD19-CAR T cell therapy study
(NCT03573700) was approved by the US Food and Drug Adminis-
tration and by the institutional review board at St. Jude.

LV and generation of genetically modified cell products

The replication-incompetent VSVG-pseudotyped LVs used for the
clinical studies have been described previously (21, 71, 74, 75).
Briefly, the vectors are self-inactivating third-generation lentivirus-
es that are devoid of any viral transcriptional enhancers or promot-
ers. The 3’ partially deleted viral long terminal repeat (LTR)
includes a 400-bp fragment from the chicken hypersensitive site 4
chromatin insulator element. The generation of clinical-grade LV-
transduced CD34" progenitors cells from patients with SCID-X1
was described previously (21). Figure S10 shows a schematic of
the vector. LV-transduced CD19-CAR T cells from healthy
donors and patients were generated from leukapheresis products
by using a protocol established at our center (76).

Profiling and quantification of LV integration sites
Generation of a Jurkat clone with 20 defined VISs

For testing and optimizing the performance of our VIS identifica-
tion pipeline, we used a previously generated Jurkat clone as de-
scribed (26). The Jurkat clone has 20 VISs (it was originally
reported of having 19 VIS, and since then, one additional VIS in
chr X with a weaker signal was identified). In short, we spiked-in
5 or 10 ng of DNA from the 20-VIS clone to 1000 ng of DNA
from wild-type Jurkat cell line and test the gsLAM PCR assay and
the bioinformatics pipeline (see below).

Jurkat cells were transduced with the CL20-4i-EF1ahccOPT
vector at a multiplicity of infection (MOI) of 100 and were subse-
quently sorted into 96-well plates at 1 cell per well. Cell clones were
expanded, and genomic DNA was extracted from selected clones.
VCN was measured using the quantitative PCR method. One
clone with an estimated VCN of 19 was chosen for further experi-
ments. VCN was verified by Southern blot analysis and fluorescence
in situ hybridization using a vector-specific probe. The purified
plasmid containing 4458 bp of the provirus form of the integrated
vector was labeled with a red deoxyuridine triphosphate (dUTP)
(AF594; Molecular Probes) by nick translation. The labeled probe
was combined with sheared human DNA and hybridized to meta-
phase chromosomes or interphase chromatin derived from the 20
copy Jurkat cell clone using routine cytogenetic harvest methods
(4',6-diamidino-2-phenylindole) and analyzed. The locations of
all 20 VISs are listed in fig. SI1.
qsLAM PCR assay
To identify the genomic locations of lentiviral insertion sites and
quantify their abundance, a gsSLAM PCR assay was developed
(26). Here, we summarize the procedures as previously described
in (26). gsLAM PCR is based on random sonication so that the
average DNA fragment size can be controlled to average about
250 to 800 bp per sonicated sample. While some shearing sites
can still be too close to the VIS, the random shearing does allow
fragments with appropriate length to be generated for a given
clone. An advantage of random shearing is that each individual
shear site arising from a specific VIS will be unique, allowing the
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clonal abundance to be estimated by counting the number of unique
shear sites associated with each VIS (77, 78). Sheared DNA ends
were repaired to form blunt-ended DNA, and 3’ deoxyadenosine
monophosphate (dA) tails were then added to the blunt ends.
Adapter ligation was performed using the commercially available
NEBNext Multiplex Oligos for Illumina kit that allows direct com-
patibility with the Illumina MiSeq system. After adaptor ligation, 50
cycles of linear PCR were performed, which is then followed by
streptavidin capture of a biotinylated primer homologous to the
U5 LTR region of the CL20 LV (fig. S10, from 1 to 650 bp). Last,
12 cycles of nested PCR were performed using a second set of
primers that bind 23 bp from the end of U5 region and to the
adaptor. The sequences that are required for Illumina MiSeq have
been incorporated into the nested LTR-U5 primer, so that the only
exponential PCR amplification used in gsLAM PCR protocol is a
single round of 12 cycles of PCR. The final PCR products were
mixed and then size-selected for the 350- to 800-bp fragments on
a 2% E-gel. The resulting amplified templates are then directly pro-
cessed according to the protocol provided with the Illumina MiSeq
instrument, and libraries were sequenced by Illumina MiSeq with a
150-bp read length in paired run.

Bioinformatics pipeline

A VIS calling pipeline was developed together with the qsSLAM
assay. Figure S12A shows an overview of the bioinformatics strategy.
The pipeline begins by parsing the raw Illumina fastq files. The 5’
end of the chimeric reads is the 3’ LTR of the LV, whereas the 3" end
is human DNA with the PCR adaptor. Therefore, the primer se-
quences were first trimmed, specifically ATCCCTCAGACCCTTT-
TAGTCAGTGTGGAAAATCTC from the forward read and
GACTGCGTATCAGT from reverse. The former sequence is part
of the 3’ LTR of the LV, and the latter is the adapter sequence. An
error rate (—e) of 0.1 was allowed, and a minimal trimmed length of
30 was required. Trimmed reads were aligned to the hgl9 reference
genome using Burrows-Wheeler Aligner (BWA). Postmapping pro-
cessing was then performed, including the filtering of singleton
reads, pairs mapped onto different chromosomes, as well as pairs
with insertion >1000 bp. Figure S12B shows the distribution of
the length of pair-end reads after postmapping processing in
Jurkat clone samples. Vector integration to repetitive elements in
the genome might present a technical issue. In general, less than
0.2% of reads are mapped to multiple locations in the genome.

As the LV is found at the 5" end of a read, the genomic starting
coordinate of a read mapped to the human genome corresponds to
the location of a VIS (fig. S12C). We assume two reads with iden-
tical start, and end coordinates are the results of PCR amplification
from a piece of DNA came in the same cell. On the other hand, two
reads with the same start sites but different end sites came from two
cells of the same clone (therefore with the same VIS), and the dis-
crepancy in the end sites is a consequence of random sonication.
The number of total reads and the number of unique reads (non-
duplicated) are two ways to quantify the relative abundance of
clones in a sample. Counting the number of unique reads associated
with a VIS is essentially counting the number of shear sites in the
3" end.

Although in theory the starting coordinate of a read corresponds
to the location of a VIS, due to potential issues like PCR artifacts, a
few base pairs might be truncated, and the starting position might
offset from the actual integration site. To investigate the resolution
limit of our assay, we made use of the Jurkat clone with known VISs.

Yan et al., Sci. Adv. 9, eadg9959 (2023) 6 October 2023

We aggregated the reads whose starting coordinates are +50 bp near
the 20 known sites. We found that the starting coordinates of most
reads are within a few base pairs to the known sites, with the major-
ity of those located precisely at the known sites (fig. S12D). We con-
cluded that the setup has a resolution limit for identifying a VIS, and
reads whose starting coordinates within the limit were originated
from the integration site. Therefore, in the last step of our pipeline,
a distance parameter “d” was introduced for merging. Two sites
could only be merged if they are on the same strand. On the basis
of fig. S12D, d was chosen to be 8.

Last, to reduce the number of false positive, we previously kept
only the insertion sites with unique reads number of >2 or total
reads number of >5 (21). Such a relaxed criterion was used
because the primary concern was to detect clones that might
cause clonal proliferation at the later stages of the clinical trial.
For the purpose of this study, more stringent criteria were used
(see the next sections). For each sample analyzed, our bioinformatic
pipeline provides a list of VISs including genomic coordinates,
strand, whether it is located at introns or intergenic regions, infor-
mation of the nearest genes, etc. The source code of the pipeline and
a step-by-step tutorial can be found in https://zenodo.org/
record/8147727.

Separating signal and noise

We have run the gsLAM assay and the VIS bioinformatics pipeline
for the Jurkat cell clone with 20 known insertion sites. We found a
strong signal of all the 20 sites in all six biological replicates. Besides
the 20 known sites, hundreds of extremely rare sites (presumably
false positive) were detected. In all the replicates, we found that
all combined these rare sites represented roughly 1% of the total
number of reads (fig. S13A). As every cell contains the same 20
sites, the relative abundance of each site should theoretically equal
to 5%. We found that the relative abundance of the sites was roughly
5%, in which the deviations observed are presumably due to the ef-
ficiency of PCR for different DNA sequences (fig. S13B).

The observation that extremely low abundance false discoveries
compose of roughly 1% of all the reads suggests the noise level of the
qsLAM assay. We therefore used the same approach to remove po-
tential false discoveries in patient samples.

Effects of VCN, read coverage, and GC content

As the gSLAM PCR assay amplifies the regions near VISs, the
number of reads generated at the end is determined by the VCN
in a sample. We performed the qsLAM assay for Jurkat cell line
with different amount of 20-VIS clone DNA (5 and 10 ng).
Figure S14A shows the total number of reads in the raw fastq files
and the number of reads containing the viral LTR used for PCR am-
plification. In general, samples with 10 ng of spike-in DNA (higher
VCN) have higher fraction of reads with viral LTR (fig. S14B).
Assume that the mass of a human haploid genome is 3.59 pg, the
total VCN of a sample with 10 ng of spike-in DNA is given by

10n.
VNl = ——2_ % 20 = 5.6 x 10°

3.59pg

Samples with 5.6 x 10* total VCN lead to 1.2 to 2.5 million reads,
and in which 90% of the reads have the LTR sequences. In general,
such coverages lead to high-quality estimates. Coverages are
reduced for samples with only 5 ng of spike-in DNA. Since in
each patient sample, 1000 ng of DNA is extracted. If we assume
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the VCN per cell is 0.2, then

1000ng
3.59pg

VCNypal = x 0.2 =56 x 10*

In other words, patient samples with average VCN 0.2 have com-
parable coverages with the Jurkat samples with 10 ng of spike-in
DNA. In general, the read coverage of a sample is strongly deter-
mined by sample VCN, but in principle, a polyclonal sample and
a clonal dominant sample could have the same VCN.

We then examined to what extent the read coverage determines
the number of insertion sites identified in patient samples. Unlike
the Jurkat samples, the effect of patient VCN on sample read cov-
erage is not strong, but the number of VISs for patients with similar
VCN could be very different. Nevertheless, for individual patients,
we do not see a positive correlation between the number of reads in
a sample and the number of integration sites (fig. S14C).

We further examined the effect of GC content. For Jurkat
samples with spike-in DNA from the 20-VIS clone, we did find a
strong correlation between the number of reads corresponding to
a VIS and the GC content nearby (+100 bp) the site (fig. S15A). Ap-
parently, the correlation is merely a result of a particular VIS
(chrX:123484310-123484311) with very low GC content. For
patient samples, we did not observe any strong dependence
(fig. S15B).

Filtering and integration of VISs in patient samples

Peripheral blood and bone marrow samples were sorted using flow
cytometry into CD34" progenitors and myeloid cell (CD14"/
CD15%), B cell (CD19%), T cell (CD3%), and NK cell (CD3~
CD56") lineages, and genomic DNA was extracted. DNA samples
were analyzed by quantitative PCR with the use of a standard
curve derived from a single-copy cell clone. The mean VCN per
cell in the pre-infusion transduced CD34" cells and bone marrow
CD34" cells was measured in pooled myeloid colony-forming
unit assays after 14 days of culture. The VISs of individual patient
samples were profiled using the same qgsLAM PCR assay and the
bioinformatics described above. To minimize the number of false
discoveries, we used a rationale based on the observation found in
the Jurkat clone analysis (fig. SI3A). Essentially, any chimeric read
with viral and human DNA could potentially correspond to a VIS.
Nevertheless, some of these potential VIS have extremely low read
counts. Therefore, we filtered out the bottom 1.5% of reads that cor-
respond to the potential VIS with the lowest clonal abundance (the
number of reads). As found in the Jurkat clone analysis, the fraction
of reads corresponding to false discovery (everything other than the
20 known sites) is 0.77 + 0.32%, the cutoff 1.5% is a rather stringent
cutoff. Figure S16 shows the effect on the number insertion sites in
each patient by varying the cutoff.

To compile a complete list of integration sites for a patient, in-
tegration sites across samples were matched. In short, overlapping
integration sites (defined from the start position to the end position
in the VIS calling output) from different samples were regarded to
be the same site, although the procedure might potentially merge a
few integration sites that were close to one another. On the basis of
the compiled list, a frequency matrix storing the total number of
reads mapped to each of the integration sites across samples from
different cell types and time points was constructed for quantifying
clonal populations.
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It is worthwhile to mention that unlike the real integration sites,
the noise/false discoveries in general do not follow the integrome
signatures (fig. S17). Signatures like overlap with active histone
marks H3K36me3 and H3K27ac are enriched in real VISs but de-
pleted in false discoveries. On the other hand, false discoveries are
likely to be found on regions like compartment B, overlap with re-
pressive marks H3K27me3, as compared to real VISs.

Profiling integration sites of gRV and LV in T cells

CD4" and CD8" T cells were isolated from PBMCs from three
healthy donors using CD4 and CD8 MicroBeads (Miltenyi Biotec
#130-045-101 and #130-045-201, $680) according to the manufac-
turer's recommendations and activated with T Cell TransAct (Mil-
tenyi Biotec #130-111-160) in RPMI media supplemented with 10%
fetal calf serum, 1% GlutaMAX (Thermo Fisher Scientific,
#35050061), interleukin-17 (IL-7; 10 ng/ml; Peprotech, #200-07),
and IL-15 (Peprotech, #200-15). After 48 hours, 5 x 10° cells were
transduced on retronectin-coated plates (RetroNectin Recombinant
Human Fibronectin Fragment, Takara #T100B) in the presence of
protamin sulfate at a MOI of 25 with either LVs or gRVs encoding
the IL2RG transgene. The day after transduced cells was transferred
to G-Rex 6 Well Plate (WilsonWolf Superior Cell Culture Devices,
#80240M). Half media was changed after 4 days in culture, and cells
were grown in G-Rex for a total of 7 days before pelleting and cryo-
preservation. DNA from 5 x 10° cells was extracted using the
Maxwell RSC Blood DNA Kit (Promega, #A51400) according to
manufacturer’'s recommendation. VCN and VIS determination
are described elsewhere in the “Profiling and quantification of LV
integration sites” section above. New primers were designed for
the gRV: IMC-Biot-gRV-LinPCR: /5BiotinTEG/AACCCTCTTG-
CAGTTGCATC and IMC-il-1gtta-gRV-LTR: AATGATACGGC-
GACCACCGAGATCTACACTCTTTCCCTACAC-
GACGCTCTTCCGATCTNNNagttaCTCCTCTGAGT-
GATTGACTACC.

Quantifying clonal diversity

Different measures of diversity were used to quantify the diversifi-
cation of integration sites in each sample. The number of unique
integration sites in a sample simply measures the number of
unique clones without considering their sizes. Therefore, the
UC50 was used; this is defined as the number of unique clones
that constitute the top 50% of the sample’s abundance (79). The
OCI, based on the Gini coefficient, ranges between 0 and 1, with
a value of 0 representing a distribution in which each clone has
the same population and a value of 1 representing an upper
bound whereby a single clone makes up the entire population
(77). The Chao estimator (80), which is often used in metagenomics
for estimating the true number of species because of a lack of se-
quencing depth, was used as an alternative metric. Shannon diver-
sity index (entropy) is another widely used measure of diversity that
accounts for both the abundance and evenness of clones. For poly-
clonal samples, all these metrics are high.

Determining hotspots and RIGs

VIS density for a sample was calculated by binning the genome and
counting the number of VISs in each bin. The density of VISs in
Fig. 1A was generated using the circlize tool (81). The density was
calculated by binning the genome into 100-kb bins with a sliding
window of size 50 kb. Correlation coefficients shown in fig. S2

13 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

were Pearson coefficients between the density profiles across pa-
tients or samples. For hotspot calculation, a reduced bin size of
10 kb was used. The number of VISs inside a bin was compared
to a Poisson distribution with an expectation equal to the total
number of VISs normalized by the size of the genome. Bins with
P values less than the cutoff of 107° with Bonferroni correction
were defined as hotspots. A more stringent threshold of 107> was
also used. The analysis of RIGs is performed by integrating all
samples and counting the number of VISs falling upon a gene.
Results in table S1, as well as the word clouds, did not depend on
a particular threshold. The analysis like Figs. 1D and 4B showed the
top RIGs, which are essentially for each patient, the genes with the
highest number of VIS.

Genome annotation, functional genomics, and cancer data
Gencode (release 19) on the reference chromosomes was used for
annotation. The mapping of VISs to genome annotation was per-
formed using Homer (82). Histone modification data for CD34"
cells were downloaded from the ENCODE project (https://
encodeproject.org). These data included bed files for peaks and
bigWig files for signal tracks. The signal at a VIS and its flanking
regions was extracted using bwtool (83). All file accession
numbers and related information are listed in table S2. SEs were
downloaded from dbSuper (35), but the data originated from refer-
ence (34). Lists of SEs in CD34" samples were merged to form a final
list for subsequent analysis. The overlap between VISs or hotspots
and various genomic features such as SEs was calculated using bed-
tools (84). ChIP-seq data for HSPCs (CD34"), as well as Hi-C data
for HSPCs and CD3™ T cells, were obtained in GSE104579 (39). The
contact maps downloaded are of quality MAPQ30. Reads were ex-
tracted using the tool Straw (85) for interchromosomal read counts,
at 100-kb resolution with Knight-Ruiz (KR) normalization. The
compartment assignment of the HSPC contact map was download-
ed from the Supplementary data of (38). All datasets used in the
study were based on the hgl9 annotation. The list of T-ALL—
related genes was downloaded from the Bushman Lab website
(http://bushmanlab.org/links/genelists).

Single-cell profiling of bone marrow samples

Bone marrow samples from patient 1 and patient 6 at the 18-month
time points were used. These two patients were chosen because their
VCN values were similar, but their clonal structures and clinical
outcomes were different. Flow-sorted CD34/CD45-positive cells
were captured with the Chromium Controller (10x Genomics).
For scRNA-seq, libraries were prepared with Chromium Single
Cell Gene Expression 3’ v3 Kits (10x Genomics) and sequenced
on NovaSeq 6000 systems (Illumina). Sequencing data were run
on Cell Ranger version 3.1.0 to generate feature barcode matrices.
The resultant output was preprocessed using Seurat (86), and anal-
ysis for such features as cell type identification and differential ex-
pression was performed using Seurat and an in-house pipeline. For
scATAC-seq, libraries were prepared with the Chromium Single
Cell ATAC Kit v1.1 (10x Genomics) and sequenced on a NovaSeq
6000 system with an S1 flow cell to obtain more than 400 million
read pairs per sample. Sequencing data were processed by Cell
Ranger ATAC version 1.2.0. Analysis of scATAC-seq data, e.g., to
detect clustering and identify differentially accessible regions
(DARs), was performed using the SNAPATAC tool (87), with
built-in specific tools MACS (88) for peak calling and chromVAR
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(89) for calculating the motif score. For 5’ scRNA-seq and TCR-seq,
flow-sorted CD45" CD3" T cells were used to generate gene expres-
sion libraries according to the Chromium Next GEM Single Cell 5’
Kit v2 and TCR libraries according to the Chromium Single Cell
Human TCR Amplification Kit (10x Genomics). The combined li-
braries were sequenced on Illumina NovaSeq 6000 system
(INlumina).

The statistical significance of the difference in the overlap
between hotspots and open chromatin in patients 1 and 6 shown
in Fig. 6C was determined by sampling two sets of random
genomic regions of the same size as the two sets of hotspots. The
overlap between a set of open chromatin regions and the set of hot-
spots for patient 1 was denoted as X, and that for patient 6 as X4. X
and X4 were approximated by normal distributions in which their
means [ty and variances 0%y were estimated on the basis of the 500
trials. Under the null model, the difference X, — X, followed a
normal distribution with mean py — px_ and variance O'ZXI +
o’x,. P value was estimated by the resultant normal distribution.

Quantification of transgene expression at the single-

cell level

The provirus sequence of length 4619 bp (fig. S10) was added as an
additional chromosome to the human genome hg19. Pair-end reads
were mapped to the host + virus genome by Cell Ranger. To quan-
tify transgene expression in a single cell, the number of reads
mapped to the provirus sequence, from the starting position of
IL2RG (2758 bp) to the 3’ end, was counted.

Identification of VISs in single-cell ATAC-seq

The EpiVIA tool (54) was used to identify VISs from scATAC-seq
data. Pair-end reads were mapped to the host + virus genome (the
provirus sequence was added as an additional chromosome in hg19)
by bwa. Chimeric reads were identified from the bam files, includ-
ing cases (i) reads in which one end mapped to the viral genome and
the other end to the host genome, (ii) reads in which both ends
mapped to the host genome but a small soft-clipped fragment at
one end matched the provirus sequence, (iii) reads in which both
ends mapped to the viral genome but a small soft-clipped fragment
at one end matched the human genome. Integration sites were then
identified from the chimeric reads, and the cellular barcodes were
extracted separately; thus, VISs were profiled at a single-cell level.
Depending on the types of chimeric reads, a VIS may not be pre-
cisely located but rather specified by the start and end positions. For
simplicity, only the potential starting positions were displayed.
Because of factors such as the sequencing depth, chimeric reads
were rare. VISs were identified in only a small fraction of the
cells. Step-by-step instructions for 10x scATAC-seq can be found
in our Zenodo/GitHub repository.

Classification model to predict clonal abundance

The location of a VIS was used to train a classification model to de-
termine whether the abundance of the corresponding clone was
high or low or, more specifically, to determine the average abun-
dance of CD3 samples across time points. The VIS location was
written into a set of features that could be 3D conformational (the
compartment in which the VIS was located), epigenetic (the signals
for various histone marks at/near the VIS), or genomic (annotation,
DNA strand, etc.). A dataset was compiled from the VISs of nine
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patients (P2 to P10) because the clonal abundance in these patients
exhibited clear near-Gaussian distributions. For each of the nine pa-

tients, the clonal abundance was fitted using a Gaussian model. The
positive training set (high abundance) and the negative set (low

abundance) were defined as clones with abundance of (>y; +
2.80;) and (<y; — 20;) respectively, where y; and o; are the mean
and variance of the Gaussian model for patient i.

The classification model was constructed using CatBoost (90)

with built-in categorical features support. Eighty percent of the
VISs from the dataset were used for training the model and
tuning the parameters; the remaining 20% were used for validation
and for area under the curve calculations. Fivefold cross-validation
was adopted for confirming the performance of the model on the
entire dataset. The feature importance, whose total value was nor-
malized to 100, shows by how much, on average, the prediction
changed if the feature value changed.
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