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Vector-associated side effects in clinical gene therapy
have provided insights into the molecular mechanisms
of hematopoietic regulation in vivo. Surprisingly, many
retrovirus insertion sites (RIS) present in engrafted cells
have been found to cluster nonrandomly in close associa-
tion with specific genes. Our data demonstrate that these
genes directly influence the in vivo fate of hematopoietic
cell clones. Analysis of insertions thus far has been limited
to individual clinical studies. Here, we studied >7,000
insertions retrieved from various studies. More than 40%
of all insertions found in engrafted gene-modified cells
were clustered in the same genomic areas covering only
0.36% of the genome. Gene classification analyses dis-
played significant overrepresentation of genes associ-
ated with hematopoietic functions and relevance for cell
growth and survival in vivo. The similarity of insertion dis-
tributions indicates that vector insertions in repopulating
cells cluster in predictable patterns. Thus, insertion anal-
yses of preclinical in vitro and murine in vivo studies as
well as vector insertion repertoires in clinical trials yielded
concerted results and mark a small number of interesting
genomic loci and genes that warrants further investiga-
tion of the biological consequences of vector insertions.
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INTRODUCTION

Integrating gammaretroviral vectors have demonstrated the ability
tosuccessfullytreatlife-threateningdiseases,asconvincingly shown
by the correction of the genetic defect and amelioration of clinical
manifestations in X-linked and ADA-deficient severe combined
immunodeficiencies (SCID), in chronic granulomatous disease
(X-CGD) and in Wiskott Aldrich syndrome.'”” Unfortunately,
five treated X-SCID patients developed clonal acute T-cell
lymphoproliferative disorders,®* and two treated CGD patients
developed myelodysplasia.'’ In all cases, these complications
were causally linked to insertional activation of proto-oncogenes,
most strikingly LMO2 in X-SCID, and MDS1/EVI1 in X-CGD.
As a result, there has been recent intense investigation of vector
insertion patterns in an attempt to understand the influence of
vector design, target cell properties, and patient variables that
harbors an increased risk of genotoxicity, and to design safer
vectors and clinical gene therapy protocols.

Integrated murine gammaretroviral proviruses contain trans-
gene complementary DNA flanked by strong retrovirus promoter
and enhancer elements that potentially activate adjacent cellular
genes. Analysis of vector insertion patterns in the SCID-X1 tri-
als clearly demonstrated nonrandom and potentially detrimen-
tal insertion effects.>!*!? Clinical and experimental studies have
further shown insertion mediated clonal selection resulting in
in vitro immortalization of myeloid cells'*® and in vivo clonal
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Table 1 Distribution of retroviral insertion sites (RIS) detected in murine, nonhuman primate, and human preclinical and clinical studies

CMLe SCID Ff SCID UKs CGD* ADA-SCID I CD34v Primate* Mouse' Total
Mappable RIS 40 554 560 722 671 589 305 422 3,863
RIS pre? — 96 265 — 202 589 — — 1,152
RIS post® 40 458 295 722 469 — 305 422 2,711
RIS in gene post 58% 42% 46% 57% 43% — 55% 45% 49%
RIS in gene pre — 57% 52% — 50% 55% — — 53%
RIS gene region® post 73% 68% 70% 77% 71% — 73% 73% 73%
RIS gene region pre — 75% 76% — 68% 75% — — 74%
RIS TSS post 23% 33% 33% 29% 39% — 27% 39% 34%
RIS TSS pre — 28% 37% — 28% 33% — — 33%

Abbreviation: SCID, severe combined immunodeficiency.

Pretransplantation. PPost-transplantation. <In gene and 10kb upstream and downstream. Transcription start site. *Chronic myeloid leukemia study. X-linked severe
combined immunodeficiency, French study. 9X-linked severe combined immunodeficiency, United Kingdom study. "Chronic granulomatose disease study. 'Adenosine
deaminase deficient severe combined immunodeficiency, Italian study. Human retroviral transduced CD34* cells. “Nonhuman primate study. 'Subset of murine

studies.

dominance*'*'® or even subsequent leukemia in mice, nonhuman
primates and human trial participants.*'*-** We hypothesized that
biological consequences of insertional mutagenesis are much more
frequent than predicted, affecting neighboring genes in many
transduced repopulating cell clones. Comparative large-scale ret-
rovirus insertion site (RIS) analysis should enable investigators to
assess probable vector mutagenic effects before or in the absence
of overt clonal dominance in animal models and clinical trials.

The present report provides a comparative analysis of RIS
profiles from five different clinical gene therapy studies and three
preclinical models in toto.>'*-** RIS were analyzed with the same
bioinformatics tools and aligned to the identical human or ani-
mal genome using NCBI BLAST tools. Species and study specific
features were defined in relation to (i) genomic distribution of
RIS, (ii) relevance of common insertion sites (CIS), (iii) vector-
targeted genes and their classifications using gene ontology (GO)
and ingenuity databases, and (iv) analogy and predictive potential
of preclinical models for clinical applications.

RESULTS

Distribution of RIS among the different studies

To compare the RIS of different studies referring to the same
annotation of the human or mouse genome, all sequences were
imported as raw FASTA formatted sequence data. Out of 3,863
exactly mappable RIS, 1,316 and 2,547 RIS were derived from pre-
clinical and clinical samples, respectively. 2,711 RIS were deter-
mined in mature circulating blood cells or bone marrow samples
after transplantation (1984 in clinical samples) and 1,152 were
derived from CD34" cells present after transduction, but before
transplantation (563 in clinical samples). 49% (1,323 of 2,711) of
all RIS of post-transplantation samples and 53% (616 of 1,152)
of all pretransplantation samples were located in the transcribed
region of a RefSeq gene. When including the 10kb DNA region
surrounding RefSeq genes, we found ~3/4th (73%; 1,979 out of
2,711) of all RIS in post-transplantation samples and 74% (850 out
of 1,152) of RIS in pretransplantation samples in or near a RefSeq
gene. As expected from prior studies, a third of these insertion
sites were located within 10kb around the transcription start site
of the gene (Table 1).
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Presence of CIS in human/primate pre- and
post-transplantation samples

Comparative analysis of the 3,441 RIS of the human/primate data-
set including pre- and post-transplantation samples revealed that
45% (1,547 RIS) were clustered in small genomic regions, termed
CIS, compared to 6.5% expected under a uniform random distri-
bution of the RIS (P < 10*). The proportion of RIS involved in CIS
post-transplant (37%, 839 of 2,289) was significantly increased
compared to the corresponding proportion pretransplant (20%,
232 of 1,152), even after adjusting for the difference in RIS num-
bers between the pre- and post-transplant samples (P < 107°). The
degree of RIS clustering in the human/primate post-transplant
samples showed a further substantial difference to the pretrans-
plant cells. Out of all RIS involved in CIS post-transplant, 41%
(340 of 839) were involved in a CIS of 4th or higher order whereas
only 11% (25 of 232) of all RIS involved in CIS from pretransplan-
tation samples were located in CIS of 4th or higher order even
after adjusting for the difference in RIS numbers between the pre-
and post-transplant samples (P < 10™*). Most CIS were found to be
present in more than one study (Table 2). Even when eliminating
the very redundant CIS at the EVI1/MDSI locus from the CGD
trial, we still observed that 32% (724 of 2,174) of all post-trans-
plantation RIS were involved in CIS versus 20% of all pretrans-
plantation RIS (P < 107#).

Genes most frequently involved in CIS

In pretransplantation samples, one CIS of 5th order could be iden-
tified (FLJ10597, a zinc finger protein). The other 22 RefSeq genes
located in or near a CIS region of >5th order were found exclu-
sively in post-transplantation samples. For 18 of these genes, evi-
dence for direct involvement in tumor formation is available from
previous mutagenesis studies.?® Of the eight genes comprising CIS
locations of >7th order (BCL2, RBM34, PCBP1, PRDM16, MDS1/
EVII1, LMO2, CCND2, and SETBP1I), all are known as cancer pro-
moting genes. Of these eight genes, five have been associated with
overt clonal expansion in clinical trials.>*'° (Table 2). All human
and nonhuman primate in vivo studies showed insertions affect-
ing at least three CIS of 7th or higher order per 300 insertions
studied.
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Table 2 Common insertion sites (CIS) identified in post-transplantation samples of the murine, nonhuman primate, and clinical studies

CIS locus cMmL® X-SCID F* X-SCID UK CGD¢ ADA SCID¢ Primate’ Mouse?
CIS 5th order PSMA6 2 1 2
LOC152225 2 2 1
BACH2 1 3 1
DYRK1A 1 1 3
ZNF217 2 1 2
PTPRC 3 1 1
ESRRBL1 3 1 1
ANGPT1 3 1 1 1)
LYL1 1 2 1 1
GSN 2 2 1
THUMPD1 2 1 1 1
CIS 6th order RUNX1 3 1 1 1
Cl4orf4 4 1 1
MNI1 5 1
PDE4B 3 2 1
STAT3 3 1 2
BCL2L1 2 3
CIS 7th order BCL2 2 1 3 1
RBM34 2 2 2 1
MRPL36P1 3 2 1 1
CIS higher than 7th order PRDM16 36 (1)
MDSI1/EVI1 2 79 1 7 19
LMO2 5 2 5 1
CCND2 9 3
SETBP1 1 7 2

Abbreviation: X-SCID, X-linked severe combined immunodeficiency.

2Chronic myeloid leukemia study. ®X-linked severe combined immunodeficiency, French study. X-linked severe combined immunodeficiency, United Kingdom study. “Chronic
granulomatous disease study. ¢Adenosine deaminase deficient severe combined immunodeficiency, Italian study. ‘Nonhuman primate study. 9Subset of murine studies.

Overrepresentation of distinct gene categories

We used GO analyses to identify overrepresented functional gene
categories within the RIS datasets. The combined GO analysis using
all nine available post-transplantation datasets yielded significantly
overrepresented specific gene categories by Fisher’s exact test after
Bonferroni correction, including regulation of cellular processes,
protein kinase activities, and regulation of cell death (Table 3). In
contrast, GO analysis of the individual pretransplantation datasets
did not result in significantly overrepresented gene categories.

Network analysis using Ingenuity Pathway Analysis
To define specific physiological functions and networks included
in the RIS datasets, we performed comparative Ingenuity Pathway
Analyses (IPA). Ingenuity analysis also offers further insights
into gene data sets associated with specific diseases. In pre- and
post-transplantation samples, RIS are mainly found in genes
involved in hematological system development and functions.
Hematopoiesis-related gene classes are the only physiological
category significantly overrepresented in engrafted cells, i.e., post-
transplantation samples (Figure 1).

Overrepresented “molecular function” gene categories in
post-transplantation samples are “gene expression,” “molecular

Molecular Therapy vol. 19 no. 11 nov. 2011

growth and proliferation,” “cell death,” “cell cycle,” and other cel-
lular growth-related categories. In CIS genes, overrepresentation
of these categories is most significant. The most significant disease
gene categories in the RIS dataset is “cancer” followed by “immu-
nological disease;,” “hematological disease,” and “connective tissue
disorders.”

Predictive value of nonhuman preclinical data for
clinical studies

To study potential overlaps between human and mouse insertion
sites and to determine possible CIS in homologous human and
murine genomic regions, shared between both datasets, we trans-
lated the mouse gene names into human gene names using the
NCBI Matchminer” and the clone ID converter.?® One hundred
and four RIS (25%) of murine insertions were located within a
100kb region of human and nonhuman primate genes (pre- and
post-) harboring RIS. When we determined the CIS separately in
the mouse dataset we could show that 22% (92 RIS) of all inser-
tion sites were located in CIS. 19 RIS in mice could be identified
in the EVII gene locus (Supplementary Table S1). 44 (42%) of
the 104 mouse RIS corresponding to a gene locus in the human/
nonhuman primate dataset were located in a human/nonhuman
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Table 3 Gene ontology (GO) analysis of genes with an insertion site within the gene or the neighboring 10kb detected in post-transplantation
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samples
System Level*  Gene category Count® P value©
Functional group 1 Enrichment score 10,34
Biological process 2 Regulation of cellular process 267 1,40 x 10"
2 Regulation of physiological process 257 5,20 x 10°
3 Regulation of cellular physiological process 250 1,70 x 107
Functional group 2 Enrichment score 6,67
Biological process 4 Positive regulation of cellular physiological process 53 5,00 x 10°
3 Positive regulation of cellular process 59 4,40 x 10°
3 Positive regulation of physiological process 53 9,80 x 10°
2 Positive regulation of biological process 64 2,90 x 10°
Functional group 3 Enrichment score 6,34
4 Phosphotransferase activity, alcohol group as acceptor 79 1,70 x 10*
4 Kinase activity 95 1,00 x 10*
3 Transferase activity, transferring phosphorus-containing groups 101 6,00 x 10*
Functional group 4 Enrichment score 6,18
Biological process 2 Death 61 2,30 x 105
3 Cell death 61 1,10 x 10*
4 Programmed cell death 59 3,20 x 10*
5 Apoptosis 58 2,50 x 10°
Functional group 5 Enrichment score 5,42
Biological process 4 Regulation of programmed cell death 42 1,10 x 10°
5 Regulation of programmed cell death 42 3,40 x 10°
Regulation of apoptosis 41 7,70 x 10°
Functional group 6 Enrichment score 4,68
Biological process 3 Negative regulation of cellular process 68 6,70 x 10*
2 Negative regulation of biological process 70 3,40 x 10*
4 Negative regulation of cellular physiological process 58 4,00 x 10?
3 Negative regulation of physiological process 58 5,50 x 102

*Determines the specificity and coverage of the result. A low number indicates high coverage and low specificity and a high number indicates low coverage and high
specificity. "Number of genes of the corresponding gene class with an insertion hit. <P value determined by Bonferroni adjusted Fisher’s exact test
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Figure 1 Ingenuity pathway analysis (IPA). Genes of post-transplantation samples of all studies with an insertion within the gene or in the
neighboring 10kb were classified according to physiological function. The x-axis indicates the category to which the analyzed genes contribute.
We show only the significant categories. For each analyzed gene group the statistical significance (Bonferroni corrected Fisher’s exact test) of
overrepresented genes in a pathway is given on the y-axis.
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Table 4 Pyrosequencing results of the British X-SCID study

Comparative Insertion Site Analysis

Table 5 Presence of cancer genes near insertion sites.

Insertion- CGC*  Percentage RTCGD® Percentage
Days after associated Unique RIS Genes in genes of CGC genes of RTCGD

Patient  transplantation Cell fraction reads per sample Sample dataset found genes found genes

1 d430 CD3 3,453 158 Al RIS 1,628 63 4% 450 28%
d588 CD3 4,943 523 ALl CIS 505 34 7% 192 38%
d2001 Neutro 332 11 CIS 2nd o. 292 10 3% 92 32%
d2001 PBMCs 2,923 552 CIS 3rd o. 88 5 6% 31 35%

2 d292 CD3 2,758 12 CIS 4th o. 44 6 14% 23 52%
d404 CD3 1,953 40 CIS 5th o. 26 3 12% 14 54%

3 d159 CD3 1,485 44 CIS 6th o. 24 2 8% 12 50%
d259 CD3 3,405 83 CIS >7th o. 31 8 26% 20 65%
d488 CD3 1,110 66 2Cancer gene census; contained 384 human cancer genes. PRetrovirus Tagged

Cancer Gene Database; contained 3,381 mouse genes affected by retroviral
d793 CD3 2,513 44 insertion.
d1581 PBMCs 1,512 123

4 357 Cb3 9.04 20 sites between human and primates. However, although the recent
d1693 PBMCs 5,185 267 publication of the rhesus genome also allows sophisticated map-

5 d49 PBMCs 2,189 11 ping of RIS to the actual species genome, the use of the human

6 d236 CD3 1,489 61 genomic sequence allows direct comparisons and more precise
41091 CD19 17 . annotations of genes and other genomic features. The comparison
41091 D3 400 0 of RIS between nonhuman preclinical and human clinical studies

showed a large overlap: 77 RIS (25%) of the primate study could
d1091 CD56 >7 3 be localized in human CIS, including EVII as the only CIS locus
d1091 Gran 0 0 >5th order. In primates, seven RIS were located in EVII.
d1091 Mono 2 2

7 484 CD3 5 2 Human in VIV.O insertion inventories with

g 4180 D3 1678 " pyrosequencing technology . o '

4 To investigate whether standard linear amplification mediated
362 D3 1,041 10 PCR (LAM-PCR) analysis followed by shotgun cloning of PCR
ds39 CD3 1,449 51 products in bacteria and Sanger sequencing identifies the full
d717 PBMCs 4,131 206 spectrum of RIS efficiently, we reanalyzed materials from the
Post-chemo PBMCs 3,998 601 British X-SCID study with next generation sequencing, namely
9 ds9 PBMCs 2281 203 pyrosequencing (GS FLX, 454/Roche) on samples derived from
all 11 patients at different time points after transplantation.

d166 CD3 1,897 25 . . . . . .
Sequencing reactions were carried out in five different runs with
diee b1 ! ! the 454 GS FLX platform (Roche, Mannheim, Germany). In total,
d166 Gran 0 0 we collected 224,457 reads. After aligning the sequences against
di66 Mono 0 0 the human genome assembly (Build 36.2) via NCBI BLAST and
d545 PBMCs 3,930 307 removing short sequences, sequences with incomplete or without

10 215 CD19 19 1 LTR sequences an'd df)ubl'e sequences, we obtalr%ed %,629' mappa-

ble RIS. The RIS distribution per patient, at specific time intervals
d215 CD3 2,769 11 . . . . . . .

relative to transplantation and in specific cell lineages is shown in
d215 CD56 2,834 12 Table 4. Of these RIS, 487 (13%) could be detected at more than
d215 Gran 118 2 one time point or in more than one lineage. If we subtract these
d215 Mono 0 0 double RIS we identified 3,142 unique RIS (Supplementary Table
daal PBMCs 2,043 105 $2). We compared the 3,142 pyrosequenced RIS with the 295 RIS

1 41219 PBMCs 4788 5 identified using Sanger.sequencmg on post-tran.sl?lantatlon sam-

ples from the same patients. As not all of the original LAM-PCR

Total 70,012 3,629

Abbreviation: PBMC, peripheral blood mononuclear cell.

primate CIS. This corresponds well to the findings in the human/
nonhuman primate dataset.

Insertions from primate models were analyzed using the
human database to allow the direct comparison of the insertion

Molecular Therapy vol. 19 no. 11 nov. 2011

products could be resequenced by 454 because of lack of material,
we could not carry out a formal comparison of the relative effi-
ciency of each method. However, 77 RIS (26%) identified by Sanger
sequencing were also identified by 454 pyrosequencing technol-
ogy, suggesting that the pyrosequencing approach yields similar
results to Sanger sequencing. The large number of RIS identified
via high throughput sequencing impressively demonstrates the
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Table 6 Common insertion sites (CIS) of order seven or higher of 454
X-SCID samples and comparison with Sanger CIS

CIS in comparative X-SCID UK Sanger

CIS order Gene analysis® sequencing
7 PTPRC 5th order 1 RIS
ANKRD44
MAML3
PIM1 2nd order 1 RIS
ANGPT1 5th order
MRVI1
ZNRF1 2nd order
PRKCBP1 4th order 3 RIS
PLCB4 2nd order
RUNX1 6th order 1 RIS
C200rf94
8 ENSA
MRPL36P1 7th order 1 RIS
FOXP1 2nd order
STK10 2nd order 1 RIS
TRIO
NINJ2
9 LOC283551 3rd order 1 RIS
10 and more TOMM?20
MLLT3 4th order 1 RIS
HMGA2 2nd order 1 RIS
BCL2L1 4th order 2 RIS
MDS1 >9th order
LMO2 >9th order
ETVe6 2nd order
ZNF217 2nd order
PACSIN2
BTN3Al
PSMAG6 5th order
GPR97
PRKCB1 2nd order

2Shows in which order of the comparative study the gene has been found. ®Shows
how many RIS contributing to these CIS were found in the original British X-SCID
analysis performed via Sanger sequencing.

extent of the clonal inventory. Four hundred and four RIS (13%)
of the pyrosequencing samples and 230 (15%) RIS involved in CIS
could be detected more than once at different time intervals.
Concerning the occurrence of CIS in the pyrosequenced
SCID-X1 samples, we detected 1,560 RIS (50%) in such CIS
compared to 187 (6%) expected under a uniform distribution
(P < 107). If we examined only the RIS located in CIS, we found
710 (46%) in CIS >4th order, 534 (34%) in CIS >5th order and 404
(26%) in CIS 26th order. Among the 505 genes involved in CIS, 34
(7%) are listed in the human cancer gene census (CGC) database®
and 192 (as much as 38%) in the mouse Retrovirus Tagged Cancer
Gene Database (RTCGD).*® Higher order CIS have a higher per-
centage of genes listed in these two cancer gene databases. In CIS
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>7th order, 8 (26%) of the 31 genes are listed in the CGC and 20
(65%) in the RTCGD database (Table 5). The genes involved in
CIS 27th order are listed in Table 6. Twenty of the 31 genes were
CIS genes also in the comparative analysis, and 10 also occurred
in the British Sanger sequenced samples (Table 6). Ingenuity anal-
ysis of the pyrosequencing samples confirmed the results obtained
with the comparative meta-analysis based on Sanger sequencing.

DISCUSSION

Because of the limited number of subjects in individual clinical
phase I trials and the small animal hosts of preclinical gene ther-
apy models, single insertion studies can only allow limited statis-
tical evaluation on how intensively the insertion site preferences
of retrovirus vectors influence functional integrity and fate of the
targeted cells in vivo. Differences in annotations of the mammalian
genomes used for mapping and differences in bioinformatical and
statistical approaches to analyze RIS sequences have hampered
comprehensive comparative integrome studies. We reasoned that
a meta-analysis comparing and pooling data from numerous RIS
datasets of clinical and preclinical gene therapy trials should allow
to substantially extend the insights in insertion preferences of gam-
maretroviral vectors. We performed a comparative bioinformati-
cal analysis that overcomes technical limitations by realigning the
raw sequence data of distinct preclinical and clinical RIS datasets
resulting from transduction of primitive hematopoietic stem and
progenitor cells to an identical build of the species’ genome. This
reanalysis found largely identical results as previously obtained in
the individual studies. However, we noticed also differences due
to varying analysis parameters compared to the original studies
(e.g., genome annotation, determination of the gene(s) next to an
integration site, criteria for CIS, statistical analysis). These changes
demonstrate clearly the necessity of standardized genome annota-
tions and bioinformatical/mathematical analyses for meta-analy-
ses as presented here.

The combined view of the resulting information set encom-
passed data from 24 individual patients, 1 normal donor, 142 mice,
23 primates, and 1 in vitro set of transduced cells with a combined
content of 3,863 insertions. Retrovirus vector insertions were not
at all randomly distributed, and had far more influence on the bio-
logical fate of engrafted cells than had initially been anticipated.
Across all datasets, the affinity of the viral insertion repertoire
to genes was quite surprising. When analyzing both human and
nonhuman primate datasets obtained from post-transplant sam-
ples, we found that ~73% of RIS were located in or within 10kb
of RefSeq genes. A similar frequency of integrants located in and/
or near RefSeq genes was found in pretransplant samples, reflect-
ing a very high affinity of gammaretroviruses for these genomic
regions.

CIS affecting the same genomic region in different cells of the
same or different individuals provided a simple but highly effective
statistical tool to demonstrate nonrandomness in the distribution
of insertions. In addition, CIS allow for an estimate of potential
genomiic sites of functional deregulation in a background of sites
without such effects.”-** The likelihood of detecting CIS increases
with the number of RIS retrieved. However, even after statistical
sample-size correction, the frequency of CIS was much higher
than can be anticipated based on the gene preference of murine

www.moleculartherapy.org vol. 19 no. 11 nov. 2011
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leukemia virus-derived vectors alone. Our analysis of the pooled
datasets indicated that >40% of gammaretroviral RIS in engrafted
hematopoietic cells were clustered in genomic regions. CIS regions
were predominantly identical between independent studies, even
when conducted in different species, with their overall target area
representing a very small fraction of the entire genome. The major-
ity of frequently affected (“higher order”) CIS genes are known to
promote cellular transformation (as listed in RTCGD and CGC
cancer gene databases***’) and have been found activated by gam-
maretroviral insertion in preclinical'®*** and clinical studies.>*!°

In pretransplantation samples, the proportion of 2nd order CIS
was >10-fold higher than the expected random value calculated.
The number of pretransplantation CIS may point to a preference
for specific gene regions already at the time of transduction, which
could be due to differences in the accessibility of genes to vector
insertion or due to the presence of transcription factors that facili-
tate insertion into these specific genomic areas.” In lentiviruses
it has been shown that regulatory viral LTR elements present in
the preintegration complex can bind a variety of transcription fac-
tors.*® For retroviruses only a correlation between transcription
factor-binding sites and retroviral insertion has been described.””*
At the moment, there is no direct evidence for tethering leading to
integration for gammaretroviral vectors.*

Whether highly overrepresented insertion loci might be
related to the underlying clinical condition, vector design or trans-
gene effects has been ground for speculation.>®'”??! Qur data do
not fully support this hypothesis. We found that prominent CIS
(i.e., of 5th to 7th orders) were targeted by gammaretroviral inser-
tion in many data sets, indicating that the mechanism of selection
is not restricted to the particular constellations in single trials.
However, some of these studies might share characteristics rele-
vant for the interpretation of this finding. These include a selective
advantage resulting from transgene expression at different levels,
different types of immunodeficiency that influence bone marrow
and immune function, and specific vector elements.

If CIS are a statistical indicator of clonal in vivo selection, we
hypothesized that ranking the most frequently encountered CIS
should predict which loci most likely produce clinically symp-
tomatic manifestations of insertional mutagenesis.*® Strikingly,
the top five most frequent CIS were exactly those loci associated
with clinically relevant adverse insertional side effects that have
occurred in clinical retrovirus gene therapy: LMO2, MDS1/EVII,
PRDM16, SETBP1, and CCND2. Moreover, MDS1/EVI1 was the
most preferred insertion region in mice and nonhuman primates.
Unfortunately, the available transduced human CD34* cells can-
not strictly be used as a “starting cell population” to measure the
degree of clone selection upon engraftment of transduced cells in
vivo: The pretransplantation CD34" cells are highly heterogeneous
and only a very small fraction of the cells (<1%) has long-term
repopulation capacity. Hence, this cell subset is not available for
integration analysis and direct comparison of the integration pat-
tern of the transduced heterogeneous CD34" cells with the pattern
observed in engrafted cells to assess potential signs of clone selec-
tion may lead to interpretation errors. Thus, in the meta-analysis
presented here, we focused on the description of the presence
of CIS rather than draw conclusions on frequency and extent of
clonal selection.
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While the development of a leukemia depends on secondary
events,'®* our data demonstrate that functional effects of muta-
genesis in the CIS gene regions as a first event is not related to
single insertions into particular codons. Insertion locations in
a particular CIS often differ by tens of thousands of base pairs.
Therefore, we can hypothesize that their biological effects are not
likely caused by direct mutagenic effects on the primary sequence,
but rather result from e.g,, changing the resident gene’s activity
by enhancer interference, trans-splicing or incapacitation of the
original gene’s transcript.

For a stratification of CIS according to gene function, involved
gene loci were assessed by GO analysis and IPA. GO analysis
revealed significantly overrepresented gene categories in post-
transplant samples. These genes were involved in the regulation
of cellular processes or cell death. The proteins are likely to have
kinase- or transferase activity. Ingenuity analysis revealed that vec-
tors were found in or near genes that are involved in physiological
functions of the hematopoietic system, a preference already evi-
dent before transplantation.

Our comparative analysis elucidates a surprisingly high degree
of retroviral insertion preferences in our in vitro and in vivo data
sets. Depending on the function of the activated genes, one can
hypothesize that in vivo selection of clones following engraftment
may positively influence the therapeutic success of gene therapy
by favoring vector-containing clones over nontransduced cells,
but may reach an increased incidence of progression to abnor-
mal clonality, overt myelodysplasia or leukemia. Quantitative
determination of CIS is a valuable tool for the identification of
the genomic context in which adverse events are more likely to
occur.* Prior to the clinical utilization of new vectors, it appears
both necessary and feasible to assess safety with a large-scale RIS
analysis from preclinical in vitro and in vivo models using high
throughput screening of transduced cells. An acceleration of the
insertion retrieval procedure could in future result in (i) a faster
monitoring of the genomic RIS distribution which might sub-
stantially help to detect insertional side effects very early and to
ameliorate the treatment of the patient and (ii) a prescreening of
clones with potentially safe integrations if only a limited number of
transduced clones are assumed to be used for clinical gene trans-
fer (e.g., induced pluripotent stem cells).* Analyzing CIS might
also help to define genes whose temporary expression can foster
engraftment and expansion of stem cells in a clinical setting.

MATERIALS AND METHODS

Sequencing and insertion site analyses. LAM-PCR, LM-PCR, bacterial
cloning and Sanger sequencing were performed as previously described.*"**
The RIS datasets included were from a CML gene marking study,” two
SCID-X1 clinical trials,**' a CGD clinical trial> an ADA-SCID clinical
trial,** a pretransplantation dataset from human CD34* cells,” a subset of
murine studies® and a rhesus macaque study.”

To verify data obtained using shotgun cloning of LAM-PCR products
in bacteria, direct high throughput pyrosequencing of a single clinical trial
was performed and compared to the results of the conventional cloning
method. Comparisons were conducted using different cell fractions from
all patients of the X-SCID, London, UK trial at variable time points. The RIS
were determined by direct 454 sequencing (Roche) of LAM amplification
products.” To analyze different samples in parallel in one sequencing
run, a fusion primer containing one of 24 distinct barcodes was used to
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amplify the conventional LAM-PCR product.*-* The LTR-fusion primers
and linker fusion primers (MWG Biotech, Ebersberg, Germany) were
designed as recommended by Roche for amplicon sequencing and used
at concentrations of 5.6 pmol. 30-100ng of purified LAM-PCR products
were used as template for fusion primer PCR. PCR was performed by
initial denaturation 2 minutes at 95 °C followed by 11 cycles of 95°C for 45
seconds, 60 °C for 45 seconds and 72°C for 1 minute, terminated by a final
extension of 5 minutes at 72 °C. 5 ul of PCR product were visualized on a 2%
agarose gel, and DNA concentrations of each PCR product were quantified
(Nanodrop Technologies, Wilmington, DE). The barcoded PCR products
were pooled and sequenced with the 454 GS FLX platform (Roche).

In the context of the European 6th framework project (CONSERT),
we have developed an insertion site database (LAM-PCR database) that
can store, reanalyze and update the location and associated features
of retroviral vector integrants. The software trims, aligns, locates and
annotates the genomic human or murine RIS. The sequences obtained
were analyzed by uploading the reads as a FastA format to the LAM-PCR
database (https://consert.gatc-biotech.com/lampcr/index.html). We have
used NCBI BLAST for the alignment of the sequences on human (Build
35) or mouse (Build 37) genome assembly. The RIS of the primate study
have only been aligned to the human genome. For the analysis of the SCID
sequences obtained by 454 (Roche) high throughput sequencing we used
the LAM-PCR Database with NCBI BLAST Build 36.2. The sequences are
available in the database. User name and password should be requested
from the corresponding author. The blast results for each sequence are
given in Supplementary Table S3.

Definition of CIS. The determination of CIS has been performed manu-
ally. In brief, we have measured the distance between individual integrants
independently of being located in or outside of gene-coding regions. Two
RIS form a CIS if they fell within a 30kb window. We call such an inser-
tion region CIS of 2nd order. A CIS of 3rd order bears three RIS in a 50kb
window and a CIS of 4th order four RIS in a 100kb window. For CIS of 5th
order or higher we assumed a window of 200kb. These definitions imply
that a CIS of higher order always contains at least one CIS of lower order.

GO analysis and IPA. To classify vector-targeted genes according to GO
terms and/or their interactions, for each RIS we classified the closest RefSeq
genes interrupted by the vector or within 10kb of the RIS. GO analysis
was performed using the publicly available NIH-DAVID Bioinformatics
resources (http://david.niaid.nih.gov/david/ease.htm)* and IPA analysis
using a license for the IPA bioinformatics application, version 7.5 (www.
ingenuity.com). In these analyses, each gene was scored only once, even if
multiple RIS were located within the gene or within 10kb of the gene.

Biostatistics. Computer simulations were used to derive datasets of 10,000
synthetic random insertion events for each analysis. Comparisons between
the observed and expected properties of experimental versus random RIS
were made. To assess the randomness in the occurrence of CIS, we applied
mathematical models of CIS formation accounting for the number of RIS,
size of the genome, known insertion preferences and other parameters as
previously described.”

The comparison of the number of CIS before transplant and after
transplant was analyzed using a modified Monte Carlo approach which
adjusts for the differences in the number of insertion sites in the two
datasets. In brief, let n .and n__ be the numbers of RIS before and after
transplantation, and let RIS _and RIS __ be the set of the exact positions of
these RIS, respectively. In our analysis it turned out thatn _<n_ . Random
samples of size n,. were drawn repeatedly (10,000 simulation runs) from
RISPOS‘, and for each of these samples the numbers of CIS of order 2,...,8
were counted. This yielded simulated distributions (n = 10,000) of the
number of CIS (of each order), with which the observed numbers of CIS
in RIS were then compared to obtain P values. This comparison was not
biased by the differences in the sample sizes Moo Moy because the random
samples drawn from RIS contained the same numbers of RIS as RIS | .
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The overrepresentation of gene categories affected by an insertion was
examined using the output of the NIH-DAVID Bioinformatic resources
software. Overrepresented gene categories were determined by Fisher’s
exact test, which compares the proportion of genes having at least one RIS
and belonging to a particular category, with the proportion of all genes
that fall into this category. The results were adjusted for multiple testing
using the Bonferroni correction of the P values provided by the software.
Note that this analysis presupposes that under the null hypothesis all
genes have the same probability of being affected by a RIS. This is only an
approximation, given that even in the special case of uniform distribution
of the RIS this probability depends on the length of the genes.

Statement. Human and animal studies have been approved by the authors
institutional review boards. For the human studies the Declaration of
Helsinki protocols were followed and patients gave their written informed
consent.

SUPPLEMENTARY MATERIAL

Table S$1. Identical insertion regions between mouse and human/
nonhuman primate dataset.

Table $2. Table of insertion sites (RIS) of 454 sequenced SCID UK
samples.

Table $3. Table of insertion sites (RIS) of Sanger sequenced samples.
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