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Gene transfer vectors may cause clonal imbalance
and even malignant cell transformation by insertional
upregulation of proto-oncogenes. Lentiviral vectors (LV)
with their preferred integration in transcribed genes are
considered less genotoxic than gammaretroviral vec-
tors (GV) with their preference for integration next to
transcriptional start sites and regulatory gene regions.
Using a sensitive cell culture assay and a series of self-
inactivating (SIN) vectors, we found that the lentiviral
insertion pattern was approximately threefold less likely
than the gammaretroviral to trigger transformation
of primary hematopoietic cells. However, lentivirally
induced mutants also showed robust replating, in line
with the selection for common insertion sites (CIS) in
the first intron of the Evil proto-oncogene. This potent
proto-oncogene thus represents a CIS for both GV and
LV, despite major differences in their integration mecha-
nisms. Altering the vectors’ enhancer—promoter elements
had a greater effect on safety than the retroviral insertion
pattern. Clinical grade LV expressing the Wiskott-Aldrich
syndrome (WAS) protein under control of its own pro-
moter had no transforming potential. Mechanistic stud-
ies support the conclusion that enhancer-mediated gene
activation is the major cause for insertional transforma-
tion of hematopoietic cells, opening rational strategies
for risk prevention.
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INTRODUCTION

Gene vectors based on retroviruses are widely used for stable
genetic modification of somatic cells.! Improvements of retro-
viral vector technology have led to the design of self-inactivating
(SIN) vectors in which the enhancer-promoter sequences of the
long terminal repeats (LTRs) are deleted and instead the gene of
interest is expressed from an internal promoter. Another major

progress was the conversion of complex lentiviruses, such as the
human immunodeficiency virus type 1, into efficient gene vectors
that combine advantages of the SIN design with the potential to
stably transduce nondividing cells.? However, of all retroviruses
investigated to date, lentiviruses and derived vectors show the
greatest preference to integrate within active transcription units.
In contrast to gammaretroviral vectors (GV), lentiviral vectors
(LV) have no preference to integrate in a 10 kilobase window sur-
rounding the transcriptional start sites and also no preference to
integrate near regulatory gene regions that coincide with DNAse
1 hypersensitive sites.>* In freshly transduced primary human
hematopoietic cells, insertions near proto-oncogenes are at least
twice less likely for SIN-LV compared to LTR-driven GV.?

Considering the complex organization of individual genes
within the genome, the relatively global perspective of bioinfor-
matic “integrome” studies can hardly predict the functional con-
sequences of vector insertions. Illustrating this issue, in the few
cases of cell transformation observed to date when using LTR-
driven GV, the activation of cellular proto-oncogenes (LMO?2,
MDS-EVI1, CYCLIND2, or BMII) occurred from many types of
genomic locations: distant upstream or downstream, upstream
promoter-proximal, introns, and across gene borders.** Randomly
isolated cell clones transduced by SIN-LV showed that the likeli-
hood to activate a neighboring cellular gene largely depends upon
the type of the vector’s internal promoter, and similar observa-
tions were made with SIN-GV.? Recently, two model systems that
used pretransformed target cells showed evidence for insertional
transformation by LV containing strong enhancer—promoter
sequences located in the LTRs,'*!! whereas SIN-LV containing the
same enhancer-promoter sequences as an internal promoter did
not accelerate tumorigenesis. Based upon the comparison of LTR-
proficient LV and GV, evidence was obtained that the GV insertion
pattern induces a 10-fold increased risk of cell transformation.'
The actual risk induced by SIN-LV containing strong internal
enhancer-promoter sequences remained unknown.

We have previously used a simple cell culture model to quan-
tify the risk of hematopoietic cell transformation by GV dependent
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on their design. This assay uses dose-escalated gene transfer into
primary murine hematopoietic cells isolated from untreated adult
C57BL6 mice, and thus operates in a genetic background lack-
ing a pre-existing transforming lesion. Cell transformation is
detected by culturing cells post-transduction under myeloid dif-
ferentiation conditions, such that a replating step in limiting dilu-
tion suppresses residual self-renewal capacity unless insertional
upregulation of cellular proto-oncogenes occurs. Animal experi-
ments with a tumor end point are not required, and a quantifica-
tion of transforming events is greatly facilitated when compared
with presently available murine in vivo models. This approach,
here referred to as in vitro immortalization (IVIM) assay, is rela-
tively specific for upregulation of Evil or its close relative Prdm16
(refs. 12-14), both of which have been shown to be clinically
relevant as inducers of clonal imbalance in the context of a gene
therapy trial to treat patients suffering from an X-linked form of
chronic granulomatous disease.® Activating rearrangements in
the human EVII gene are a major driving force of acute myeloid
leukemia,” underscoring the potential clinical relevance of the
IVIM assay. As described earlier, the IVIM assay is able to quan-
tify the incidence of mutants on the basis of the initial number
of transduced cells and the clonal characterization of the mutants
that show robust replating after limiting dilution. We show that
the risk of insertional transformation by SIN-LV, just as previ-
ously reported for SIN-GV, depends upon the type of the internal
promoter. Owing to the high sensitivity of the assay, we describe
Evil as the first transforming common insertion sites (CIS) shared
by SIN-GV and SIN-LV, and formally define the enhancer as the
driving force of transformation in this model. SIN-LV designed to
correct a genetic disease using a cellular promoter were unable to
trigger cell transformation in this model.

RESULTS

Lower incidence of transformation induced

by SIN-LV compared to SIN-GV

To address whether the clinically relevant SIN-LV may transform
primary cells by insertional mutagenesis even in the absence
of pre-established transforming lesions, we here performed a
direct head-to-head comparison with GV, using the IVIM assay
(experimental outline in Supplementary Figure S1).”>'* As a
positive control, we chose LTR-driven GV (SF91.eGFP.pre) with
the enhancer-promoter of spleen focus-forming virus (SFFV),
which exhibits high activity in hematopoietic cells and is known
to trigger leukemia by insertional mutagenesis in mice.'*” To
study the impact of vector backbone, we tested SIN-GV (GV.
SEeGFP.pre) and SIN-LV (LV.SEeGFP and LV.SEeGFP.pre)
containing the same internal enhancer-promoter of SFFV
(Figure 1a).

When exposing 100,000 cells per transduction in the IVIM
assay, GV vectors with the SFFV enhancer-promoter induced
replating in all experiments, and Southern blots revealed a maxi-
mum of two molecularly distinct clones per 100,000 transduced
cells for SIN-GV.'** The average incidence of independent
mutants obtained with this vector was thus 1-2 x 107°. LV with a
similar design and the same internal enhancer—promoter (SFFV)
reduced the incidence of mutants to 5 x 10°% replating clones
occurred in every second assay, which resulted in a significant
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(approximately threefold) reduction of immortalizing events as
compared to similarly designed SIN-GV (Fisher’s exact test P =
0.0058) (Figure 1b). Importantly, a single insertion was sufficient
for transformation by SIN-LV according to quantitative PCR
detecting vector integrations (Table 1, clone SI).
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Figure 1 Transforming activity of integrating vectors depends on
vector background and content. (a) Vectors tested in the in vitro
immortalization (IVIM) assay in the first set of experiments. We com-
pared the IVIM frequency of three SIN-LV with different internal pro-
moters (SFFV, PGK, and VAV) with an LTR-driven GV (SF91.eGFP.pre)
and a SIN-GV (GV.SF.eGFP.pre). The latter represents the gammaretrovi-
ral equivalent of LV.SF.eGFP.pre. We also tested a SIN-LV that expresses
WASP from the WAS promoter (LV.WASP.WAS). (b) Results of the IVIM
assay: plotted are the replating frequencies corrected for the mean copy
number as measured in the DNA of mass cultures taken 4 days after
transduction. In none of the assays performed (n = 8), we obtained
replating clones from untransduced cultures (mock), whereas SF91.
eGFP.pre transduced cells always led to immortalized clones (n = 8).
When transducing cells with the LV.SF.eGFP (n = 8) or LV.SF.eGFP.pre (n =
8), on average, every second assay developed replating clones (reduced
incidence of immortalization, P = 0.0058 Fisher’s exact test). In compari-
son, we have plotted results obtained with the GV.SF.eGFP.pre including
previously published data indicated in gray,'® and the positive control,
SF91.eGFP.pre. Horizontal bars indicate the median of all positive assays
for a given vector. eGFP, enhanced green fluorescent protein; LTR, long
terminal repeat; neg., negative; PGK, phosphoglycerate kinase; WAS,
Wiskott-Aldrich syndrome.
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Table 1 Insertion sites recovered from lentiviral immortalized clones transduced with the vector LV.SF.eGFP.pre (T1, T3, T5, T8, and S1) or
LV.SF.eGFP (Sul-1-1, Su1-1-2, Su1-1-3, and Su1-2-2)

Distance to
transcriptional
Clone Location Gene ID Gene symbol Chromosome start site Orientation Description
Sul-1-1 123277522  232358/56619 EG232358/ 6 19,171/-37,633 F/F C-type lectin domain family 4, member e
Clec4e
Sul-1-1 2783957 100039652 LOC100039652 Y -2,121 F Undefined
Sul-1-1 149560299  436240/245671 EG436240/KI1f8 X 6,968/-112,289 F/R Forkhead box protein R2/Kruppel-like factor 8
Sul-1-1 85296511 668848/72416 LOC668848/ 17 45,291/-106,385 F/F Leucine-rich PPR-motif containing
Lrpprc
Sul-1-1 35354036 79221 Hdac9 12 —140,297 Histone deacetylase 9
Sul-1-1 35490247 70844 4921508M14Rik 12 69,278 F Undefined
Sul-1-1 105021827 18479 Pak1 7 30,378 P21 (CDKN1A)-activated kinase 1
Sul-1-1 31273821  235135/235134 Tmem45b/Nfrkb 9 -1,998/80,023 F/F Transmembrane protein 45b/nuclear factor
related to kB binding protein
Sul-1-2 149560210  436240/245671 EG436240/KIf8 X 6,968/-112,289 F/R Forkhead box protein R2/Kruppel-like factor 8
Sul-1-2 89794920 23897 Hax1 3 7,688 F HCLSI1-associated X-1
Sul-1-2 35490247 70844 4921508M14Rik 12 69,278 F Undefined
Sul-1-3 144779029  230895/21938 Vps13d/Tnfrsflb 4 5,869/57,744 R/R Vacuolar protein sorting 13 D (yeast)/tumor
necrosis factor receptor superfamily member 1b
Sul-1-3 35490428 70844 4921508M14Rik 12 69,097 F Undefined
Sul-2-2 41780680 100042493/  LOC100042493/ 4 6,476/71,449 R/F Interleukin-11 receptor, o chain 1
16157 I1lral
Su PGK1 98502989 100042886 LOC100042886 2 68,111 R Undefined
S1 30001200 14013 Evil 3 104,614 R Ecotropic viral integration site 1
T3 85088565 629794 LOC629794 14 72,424 F Undefined
T3 149974890 242773 Slc45al 4 51,393 R Solute carrier family 45, member 1
T3 129757608  67596/11923  5830405N20Rik/ 10 -26,708/-40,355 R/R RIKEN cDNA 5830405N20 gene/neurogenic
Neurod4 differentiation 4
T3 30011891 14013 Evil 3 -115,305 R Ecotropic viral integration site 1
T5 91443715 26905 Eif2s3x X 14,275 R Eukaryotic translation initiation factor 2,
subunit 3, structural gene X-linked
T5 85088427 629794 LOC629794 14 72,562 F Undefined
T5 129757637 67596/11923  5830405N20Rik/ 10 —26,708/-40,355 R/R RIKEN cDNA 5830405N20 gene/neurogenic
Neurod4 differentiation 4
T5 149974890 242773 Slc45al 4 51,393 R Solute carrier family 45, member 1
T5 30011891 14013 Evil 3 -115,305 R Ecotropic viral integration site 1
T5 14189293 14048 Eyal 1 110,987 F Eyes absent 1 homologue (Drosophila)
T1 45957914 383644 LOC383644 1 -10,714 R Undefined
T1 16337259 67448 Plxdc2 2 59,310 R Plexin domain containing 2
T1 111132431 11906 Atbfl 8 -106,113 F AT motif binding factor 1
T1 76450223 59093 Pcbp3 10 -25,690 F Poly(rC) binding protein 3
T1 66090451 73668 Ttc21b 2 4,223 F Tetratricopeptide repeat domain 21B
T1 99829528 18679 Phkal X 10,009 F Phosphorylase kinase alpha 1
T1 111620859 629967 LOC629967 11 -31,229 R Zinc-finger protein 93
T1 127071678 11606 Agt 8 21,929 F Angiotensinogen (serpin peptidase inhibitor,
clade A, member 8)
T8 20266790 208618 Ftl4 2 55,250 R Enhancer trap locus 4
T8 30010825 14013 Evil 3 —-114,239 R Ecotropic viral integration site 1
T8 33655308 19027 Sypl 12 16,475 R Synaptophysin-like protein
T8 67588105 433715 LOC433715 4 -3,781 F Undefined
T8 74820773 100043883 LOC100043883 17 17,238 R Undefined
T8 50013507 240283 Dmxl1 18 20,840 R Dmx-like 1
T8 21259938 19720 Trim27 13 -11,890 F Tripartite motif protein 27
T8 66706410 70918 Nsun7 5 55,046 F NOL1/NOP2/Sun domain family, member 7
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Lower fitness of mutants induced by SIN-LV

Next to the incidence of replating mutants, the assay also reports
their “fitness” or self-renewal capacity. As mutants expand before
the replating step, the frequency of positive wells in limiting dilu-
tion analysis reflects the self-renewing capacity of the clone.’!*
Assuming a positive correlation of the number of insertions with
the risk of activating mutations, we correct the replating efficiency
by the post-transduction copy number to calculate a replating
index.">' To determine the average replating index of the mutants,
we ignored assays with a negative result in the replating step
(because no mutants were detectable in these cases). Interestingly,
LV-induced mutants tended to have a lower replating index than
GV harboring identical internal SFFV enhancer-promoters
(approximately fourfold reduction, Figure 1b and Table 2). The
post-transcriptional regulatory element derived from the wood-
chuck hepatitis virus, frequently used to boost titers and transgene
expression in LV,*® had no significant effect (compare LV.SE.eGFP
and LV.SEeGFP.pre in Figure 1b and Table 2). Irrespective of the
backbone (LV and GV), SIN vectors induced a significantly lower
replating index than the LTR-driven GV (GV SIN versus GV LTR

© The American Society of Gene & Cell Therapy

P =0.03, LV SIN versus GV LTR P = 0.011 Wilcoxon two-sample
test, Figure 1b).

CIS in the Evil proto-oncogene shared
by SIN-LV and SIN-GV
To investigate whether the clones induced by LV shared CIS with
the mutants induced by GV, we analyzed integration sites by
ligation-mediated PCR. CIS in independent clones indicate selec-
tion for transformation.' In three of the six lentiviral clones exam-
ined, insertions occurred in a relatively small region of 11 kilobases
(9%) of the first intron of the Evil proto-oncogene (Figure 2a).
All insertions within this region retrieved from immortal clones
were in reverse orientation, irrespective of the vector type used
(Figure 2a). To our knowledge, this is the first demonstration of
a shared transforming CIS for these only remotely related retrovi-
ruses (murine leukemia virus—based SIN-GV and human immu-
nodeficiency virus type 1-based SIN-LV).

Quantitative reverse transcription-PCR and northern blots
revealed strongly increased Evil expression starting from the
second alternative exon 1b, but not from exon 1la. Interestingly,
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Figure 2 Evil is a common insertion site for both gammaretroviral and lentiviral vectors. (a) Insertion sites identified in Evil: in three of six
independent lentiviral clones analyzed, we detected one insertion site in the first intron of Evil (long arrows with asterisks). The insertions were found
within a region comprising about 11 kilobases in which most of the gammaretroviral vector (GV) insertions were detected so far. Previously reported
insertion sites detected in in vitro immortalization clones are indicated as short hatched arrows (GV.SF.eGFP.pre) and short arrows (SF91.eGFP.pre).™
GV insertions recovered in leukemias and dominant clones in vivo in the mouse are indicated below the horizontal line.?” (b) Northern blot analysis
showing strong upregulation of Evil transcript in all clones analyzed compared to the expression levels in mock-treated cells (left lane). (c) Evil
expression levels in immortalized clones that were obtained and expanded in this study. All clones show strong upregulation of £viT mRNA when
compared to the level in mock cells (grown for 2 weeks as mass culture).
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Table 2 Replating activity as a function of vector design

Lentiviral Insertional Mutagenesis

Number of replating

Number of replating Mean copy number

Replating index

Vector clones (100 cells/well) clones (10 cells/well) per cell Replating frequency (frequency/copy number)
LV.WASP.WAS 0 n.d. 2.52 0 0
0 n.d. 5.15 0 0
0 n.d. 3.12 0 0
0 n.d. 0.80 0 0
Median 2.82
LV.PGK.eGFP 0 n.d. 6.03 0 0
0 n.d. 7.24 0 0
2 n.d. 6.13 0.00021 0.00003
0 n.d. 8.09 0 0
0 n.d. 9.00 0 0
0 n.d. 8.00 0 0
0 n.d. 20.07 0 0
0 n.d. 19.80 0 0
Median 8.04
LV.VAV.cGreen 0 n.d. 4.40 0 0
0 n.d. 6.13 0 0
3 n.d. 2.35 0.00032 0.00014
0 n.d. 3.01 0 0
0 n.d. 2.84 0 0
0 n.d. 2.13 0 0
0 n.d. 2.35 0 0
0 n.d. 7.95 0 0
Median 2.93
LV.SEeGFP 95 n.d. 8.23 0.04545 0.00553
0 n.d. 8.37 0 0
0 n.d. 9.00 0 0
0 n.d. 8.00 0 0
23 n.d. 7.00 0.00274 0.00039
7 n.d. 3.00 0.00076 0.00025
0 n.d. 15.21 0 0
0 n.d. 16.92 0 0
Median 8.30 0.00274 0.00039
LV.SE.eGFP.pre 44 n.d. 16.00 0.00613 0.00038
0 n.d. 22.00 0 0
7 n.d. 2.00 0.00076 0.00038
13 n.d. 4.00 0.00146 0.00036
58 3 11.00 0.00842 0.00077
0 0 15.00 0 0
27 n.d. 0.99 0.00330 0.00334
0 n.d. 1.46 0 0
Median 7.50 0.00330 0.00038
GV.SEeGFP.pre 96 29 16.40 0.04340 0.00265*
84 16 16.65 0.02000 0.00120°
13 4 20.92 0.00130 0.00006*
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Table 2 (Continued)
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Number of replating

Number of replating Mean copy number

Replating index

Vector clones (100 cells/well) clones (10 cells/well) per cell Replating frequency (frequency/copy number)
96 30 22.00 0.04400 0.00200°
9 2 25.50 0.00110 0.00004*
92 41 26.60 0.04167 0.00157°
70 n.d. 3.60 0.01306 0.00363
96 n.d. 8.60 0.04575 0.00532
5 n.d. 4.50 0.00053 0.00012
91 n.d. 11.60 0.02955 0.00255
10 n.d. 1.44 0.00110 0.00076
35 n.d. 3.21 0.00453 0.00141
Median 14.00 0.01653 0.00149
SF91.eGFP.pre 96 n.d. 7.00 0.04575 0.00048
70 n.d. 2.78 0.01299 0.00467
43 n.d. 4.64 0.00595 0.00128
85 n.d. 2.26 0.02174 0.00963
88 n.d. 5.23 0.02500 0.00478
44 n.d. 5.50 0.00613 0.00112
75 n.d. 5.50 0.01515 0.00275
64 n.d. 6.66 0.01099 0.00165
Median 5.36 0.01407 0.00220

Abbreviation: n.d., not determined.
Reference data as described earlier.’

Mds-Evil fusion transcripts were downregulated compared to
controls in all clones tested. Northern blots showed a common
larger band irrespective of the type of vector used, matching the
full-length Evil transcript starting from exon 1b (BCO76620).
Shorter transcripts were also induced whose sizes differed
depending on the vector used (Figure 2b). An alternative tran-
script terminating with exon 8 (AK051098) could be amplified
from immortalized clones. Expression of this shorter transcript
in murine lineage-negative cells was not transforming (n = 3), in
contrast to the established transforming activity of the full-length
Evil transcript."”? It remains to be determined whether the differ-
ent splice pattern observed dependent on the type of integrated
vector sequences contributed to the observed differences in cell
fitness.

Real-time reverse transcription-PCR indicated a >500-fold
induction of Evil mRNA in clones induced by LV, similar to data
obtained after insertional transformation with GV (Figure 2¢).!*!*
This supports the conclusion that the lower incidence of mutants
obtained with LV compared to GV is primarily related to the inte-
gration pattern.

SIN-LV equipped with cellular promoters

are less genotoxic

In a further series of experiments, we addressed whether the replace-
ment of the SFFV enhancer-promoter by cellular promoters would
reduce the transforming risk of LV insertions. We tested SIN-LV
containing cellular constitutive promoters derived from the VAV
and PGK genes. Replating cells could only be observed with a very
low frequency, indicating a low incidence and also a low fitness of
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potential mutants (Figure 1b). Sustained growth was not observed.
Insertion site analysis revealed untransduced cells or, in one clone, an
insertion in a region of low gene density on chromosome 2 (Table 1),
suggesting background replating activity. Thus, the choice of the pro-
moter was more important to prevent the induction of mutants than
the difference between the GV and LV insertion pattern.

Furthermore, we assessed whether experimental conditions
could be adapted to test clinical vectors expressing potentially
therapeutic genes. The SIN-LV named WASP.WAS is a poten-
tially therapeutic construct expressing the Wiskott-Aldrich syn-
drome (WAS) protein under control of a fragment of its own
promoter. WAS patients suffer from a severe inherited immuno-
deficiency syndrome. WAS promoter native regulatory sequences
are weak compared to other promoters such as phosphoglycerate
kinase (PGK) or SFFV,” but may preserve natural gene regula-
tion. Preclinical murine studies did not reveal potential induction
of leukemia in the long-term follow-up.?! In the IVIM assay, up
to five copies of this vector per cell did not induce replating, in
contrast to the control SIN-LV containing the SFFV enhancer-
promoter (Figure 1b).

Vector enhancer but not promoter sequences
explains the induction of mutants in the IVIM assay
In cell clones transduced by GV and LV, dysregulation of neigh-
boring cellular genes depended on the nature of the vector’s
enhancer—promoter.”” The mechanisms underlying the induction
of potential transformation remained unknown. Using the IVIM
assay, we addressed whether the insertional transformation
depended on the enhancer or rather active promoters. To this

www.moleculartherapy.org vol. 17 no. 11 nov. 2009
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end, we chose LTR-driven GV that give the highest incidence
of transformation in our model,'* and are also more likely than
SIN vectors to reveal a potential role of the promoter in proto-
oncogene activation. The SFFV enhancer-promoter consists of
a highly condensed cluster of transcription factor binding sites
(TFBS) surrounding the so-called core element, and an extended
basal promoter region with CAAT-TATA boxes (Figure 3a).'* We
first generated LTR-GV in which we deleted the entire enhancer,
the promoter, or both (constructs AE, AP, and AEP, respectively;
Figure 3b). In comparison to the parental construct, AP did not
reduce the incidence of immortalization but lowered the mutants’
fitness (Figure 3c). This suggests that the LTR-contained promoter
activity is not required for immortalization. In contrast, AE, and
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accordingly also AEP, did not induce replating, revealing the
enhancer as the primary determinant of transformation in the
IVIM assay. This is consistent with studies performed using rep-
lication-competent retrovirus as insertional mutagens to trigger
leukemia or lymphoma in vivo,” and also fits to the molecular
analysis of transforming events induced by vectors in preclinical
models and clinical trials.5™

Single-point mutations in the enhancer alter

the risk of insertional transformation

To address whether the fitness of the clones depended on indi-
vidual TFBS within the complex enhancer array, we chose three
well-characterized mutants.” In the above studies, the SFFV
enhancer-promoter contains an imperfect direct repeat of the
enhancer array (SFp in Figure 3). In construct SFa, this imper-
fect direct repeat is deleted, which attenuates the enhancer. In
construct mut-Spl based on SFo,, two Spl TFBS at the edges of
the ~115 base pair enhancer array were destroyed, further weak-
ening the enhancer by ~40%.” In construct mut-Ets based on
SFo., the TFBS upstream of the core element is mutated to bind
only GATA but not ETS transcription factors, which attenuates
enhancer activity in myeloid but not erythroid cells.”® Although
exchanging SFP for SFo had no significant effect on the rate and
degree of immortalization, the additional destruction of the ETS
TFBS (SFo.mut-Ets) led to a significant reduction of the replating
index in comparison to SEP (Wilcoxon two-sample test P = 0.04)
(Figure 3¢). In contrast to the mutation of the ETS TFBS, destroy-
ing both TFBS for SP1 (SFo.mut-Sp1) had no clear effect in the
IVIM assay. This may suggest that SP1 binding to the retroviral
enhancer is not necessary for long-distance enhancer interactions
with neighboring cellular promoter. None of these three enhancer
mutations (SFo, SFo.mut-Ets, or SFo.mut-Sp1) was sufficient to
suppress the induction of replating clones.

A closer look at Figures 1b and 3c reveals that the replating
index of cells transduced by identical vectors may vary in the IVIM
assay. This variance is potentially caused by well-documented
intrinsic differences in the fitness of primary hematopoietic cells**
and the variable nature of the integration sites, thus precluding a
better resolution of the impact of individual enhancer mutations.

Figure 3 Enhancer sequences are the driving force of replating
activity. (a) LTR-driven GV were generated that carried deletions of the
complete enhancer (Nhel-Aflll, 30-264), or promoter (Aflll-Ascl, 264—
413), or the enhancer and promoter. The deletions were introduced in
the vector SF391.eGFP.pre. After retroviral transduction, the deletions
were present in both LTRs. Further vectors had specific mutations in tran-
scription factor binding sites, either in the Ets binding site at position
139, or both Sp1 sites at positions 102 and 220. Those mutations were
introduced in the SFo, an LTR with a deletion of the imperfect direct
repeat of the enhancer array.* (b) Vector constructs used in the IVIM
assays in the second set of experiments. (c) Replating index derived in
the IVIM assays performed with enhancer deletion and enhancer muta-
tion vectors: the deletion of the SFFV enhancer (SF391.AE) from the viral
LTR leaving the promoter intact abrogated the immortalization ability of
the SFB91.eGFP.pre as did the complete deletion of the viral enhancer—
promoter (SFR91.AE/P). The mutation of an Ets site reduced the replat-
ing frequency/copy number ~10 times (P = 0.03). The data points shown
for the SFB91.eGFP.pre contain those obtained in this experimental set
(black) and data points that were obtained in the previous experiments
as shown in Figure 1 (gray). eGFP, enhanced green fluorescent protein;
LTR, long terminal repeat; neg, negative.
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Nonetheless, the results obtained with the enhancer mutants indi-
cate that gradual differences of enhancer activity determine the
fitness of the transformed clones (Figure 3c).

DISCUSSION

The present study, summarizing results of 90IVIM experiments
conducted with a panel of 13 different vectors, supports several
important conclusions. First, the enhancer sequences contained
in semi-randomly integrating LV and GV are the major cause of
transformation (Figure 3), which is consistent with observations
from animal models and clinical studies.** %" Second, despite
their lack of preference for promoter-proximal regions or DNAsel
hypersensitive sites, SIN-LV may still hit genomic regions from
which enhancer-mediated proto-oncogene upregulation may
occur (Figure 2), and accordingly, SIN-LV may trigger cell trans-
formation of hematopoietic cells depending on the type of inter-
nal enhancer-promoter used (Figure 1). Third, if vectors contain
strong enhancers that cannot be effectively shielded by genetic
insulator elements, the lentiviral integration pattern is safer than
the gammaretroviral (Figure 1). Finally, our results also suggest
that the woodchuck hepatitis virus, a post-transcriptional enhancer
of vector titer and transgene expression,' has no major role to play
in the potential transformation of hematopoietic cells.

In a tumor-prone mouse model, the insertion pattern of LV
was calculated to be approximately tenfold safer than that of
GV.® As our experimental conditions reflect two independent
oncogenic parameters (incidence and fitness of the mutants),
our study indicates a similar magnitude (approximately threefold
reduced incidence, approximately fourfold reduced fitness). At
first glance, the threefold reduced incidence detected in the IVIM
assay is compatible with global integrome studies of LV and GV,
which indicated an approximately twofold higher risk of GV to hit
promoter-proximal regions. However, the genomic organization
of the Evil gene is quite complex, as indicated in Figure 2, with
transcription potentially initiated from three different positions:
exon 1 of the upstream Mds gene, and exons 1a or 1b of Evil. In
the mutants obtained in the IVIM assay, GV and LV insertions
cluster in a region of only 11 kilobases that is far upstream of exon
1b. This region would be intronic if transcription is initiated in
exon la or starts from MdsI. The actual risk of transformation in
such loci can hardly be predicted based on global analyses of inte-
gration pattern, and requires functional models such as provided
in the IVIM assay.

In the tumor-prone mouse model, only LV with active LTRs
lead to insertional transformation of hematopoietic cells, whereas
SIN-LV, even when containing the strong internal SFFV enhancer-
promoter, did not trigger transformation above the background
levels of this model.'® This indicates a relatively high sensitivity of
the IVIM assay to detect insertional transformation events. The
tumor-prone model selected for proto-oncogene activation by
enhancer interactions or a splice mechanism, which implies a leaky
termination at the 3" LTR.' It is thus possible that differences in
the regulation of splicing and transcriptional termination contrib-
ute to the differential insertional risk profile of the tested vectors.
Of note, human immunodeficiency virus type 1 and gammaretro-
viruses show substantial differences in these post-transcriptional
events.”® Another recent study showed that LV equipped with
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active LTRs can transform an established interleukin-3 dependent
B cell line to growth-factor independence, and again, gene acti-
vation involved a splice event between the lentiviral major splice
donor and cellular exons." SIN vectors cannot create such fusion
transcripts involving the major splice donor due to its location
upstream of the internal promoter, and approaches to improve
transcriptional termination have been described.”

Others have recently used a modification of the IVIM assay
to suggest that the addition of insulator elements in SIN-LVs can
reduce their genotoxic risk.*® Although they reported that SIN-LV
equipped with an internal retroviral enhancer-promoter can trans-
form murine hematopoietic cells, the exact integration events and
the incidence of mutants were not determined. In line with our data
obtained with SIN-GV," this report supports the rationale to equip
LV with insulator sequences to reduce their genotoxic potential.*

To our knowledge, the present study is the first direct compar-
ison of the genotoxic risk induced by SIN-GV and SIN-LV in an
experimental model that was able to detect insertional transfor-
mation induced by those vectors. Modifications of the IVIM assay
may allow to broaden the spectrum of oncogenic events that can
be monitored with similar high sensitivity, and to test the impact
of different vectors in a human cell background and/or other cell
lineages. The synopsis of the currently available data already pro-
vides compelling evidence that for new clinical trials, appropriate
vector design will substantially lower the frequency of insertional
adverse events.

MATERIALS AND METHODS

Vector design. Vectors LV.SEeGFPpre (RRL.PPT.eGFP.pre), GV.SE
eGFP.pre (SRS.SEeGFPpre), RSF91.eGFP.pre, LV.VAV.cGreen (RRL.
PPT.VAV.cGreen), and LV.WASPWAS (RRL.PPT.WASP.WAS.pre) have
been described.”*'=** The vector pCL1.PPT.SFFVeGFP (LV.SEeGFP)
was kindly provided by Helmut Hanenberg (Department of Pediatric
Oncology, Hematology and Immunology, Children’s Hospital, Heinrich
Heine University, Disseldorf, Germany).** pRRLsin18.ppt hPGKeGFP
(LV.PGK.eGFP), originally conceded by Luigi Naldini (TIGET, Milano,
Italy), encodes the eGFP under the control of the human PGK promoter
and a PRE. The latter was deleted for the present study. LTR-driven GV
with deletions of the enhancer, promoter, or enhancer-promoter were con-
structed as indicated in Figure 3.

Production of vector supernatants. Gammaretroviral and lentiviral
supernatant production was performed using 293T cells as previously
described, using ecotropic or VSVg envelopes.”* Cells were maintained
in Dulbecco’s modified Eagle’s Medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin/streptomycin, and 2 mmol/l glutamine. Some
of the VSVg-pseudotyped supernatants were concentrated by ultracentrif-
ugation. Viral titers determined on HT1080 and SC-1 cells by flow cytom-
etry were in the range of 10° to 107IU/ml in unconcentrated supernatants
and in the range of 10 to 10° in the concentrated ones.

Northern blot. Standard procedures were used for northern blots.* Specific
probes were directed against Evil exons 4-8.

Isolation of lineage-negative bone marrow cells and retroviral trans-
duction. Lineage-negative (Lin~) bone marrow cells of untreated C57BL6/]
mice (Charles River Laboratories, Wilmington, MA) were transduced as
previously described.* Briefly, Lin~ cells were isolated from complete bone
marrow by magnetic sorting using lineage-specific antibodies (Lineage Cell
depletion kit; Miltenyi, Bergisch Gladbach, Germany) and cryopreserved
in aliquots. Before retroviral transduction, Lin~ cells were prestimulated for
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2 days at a density of 1-5 x 10°cells/ml in StemSpan medium (Stem Cell
Technologies, Vancouver, British Columbia, Canada) containing 50ng/
ml mSCE, 100ng/ml hFlt-3 ligand, 100ng/ml hIL-11, 10ng/ml mIL-3
(PeproTech, Heidelberg, Germany), 1% penicillin/streptomycin, and
2mmol/l glutamine. Cells were transduced on two following days (days 3
and 4, Figure 3) or on four following days (days 3-6, Figure 1) using 10° cells
per initial transduction. Virus preloading was carried out on RetroNectin-
coated (10 pug/cm? Takara, Otsu, Japan) suspension culture dishes by spi-
noculation for 30 minutes at 4°C. The culture volume was increased from
500 ul medium for 1 x 10° cells by 250 ul on following days, reaching a total
volume of 1.25ml on day 6. DNA samples for real-time PCR analysis (copy
number) and flow cytometry (FACSCalibur; Becton Dickinson, Heidelberg,
Germany) were taken 4 days after the last transduction.

IVIM assay. After retroviral transduction, cells were expanded as mass
cultures for 2 weeks in Iscove’s modified Dulbeccos medium containing
50 ng/mlmSCEF, 100 ng/ml hFlt-3ligand, 100 ng/ml hIL-11, 10 ng/ml mIL-3,
10% fetal calf serum, 1% penicillin/streptomycin, and 2 mmol/l glutamine.
During this time, density was adjusted to 5 x 10° cells/ml every 3 days. After
mass culture expansion for 14 days, cells were plated into 96-well plates at
a density of 100 cells/well or 10 cells/well.'"* Two weeks later, the positive
wells were counted, and the frequency of replating cells was calculated
based on Poisson statistics using L-Calc software (Stem Cell Technologies).
Selected clones were expanded for further characterization.

TagMan real-time PCR analysis. Quantitative PCR was performed on an
Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems,
Foster City, CA) using the QuantiTect SYBR Green Kit (Qiagen, Hilden,
Germany) as previously described." Quantitative PCR detected eGFP,
cGreen, or woodchuck hepatitis virus.” To measure vector copy num-
bers, the vector-specific signal was normalized to the signal of the
housekeeping gene FlkI. Results were quantified using the efficiency-
corrected comparative C, method. To evaluate mRNA expression, RNA
was extracted from expanded clones using RNAzol (Wako Chemicals,
Steinbach, Germany) and the RNeasy micro kit (Qiagen). Reverse tran-
scription was performed with 0.5-2pug RNA using PowerScript MLV
reverse transcriptase (Becton Dickinson), and real-time PCR for Evil
expression as described.!”

Statistical analysis. To determine whether the replating frequencies/vector
copy number was significantly different, the values were log-transformed,
and a Wilcoxon two-sample test was performed. Plotted are the untrans-
formed data. Data from experiments are expressed as mean = SEM. P <
0.05 was considered significant. Incidence of positive assays for each vector
was calculated by Fisher’s exact test or Wilcoxon two-sample test.

SUPPLEMENTARY MATERIAL

Figure $1. Primary lineage negative bone marrow (BM) cells harvested
from untreated C57BL6 mice are expanded in cytokine-supplemented
medium and transduced at defined numbers (100,000 cells per
transduction) with y retroviral or lentiviral vector supernatants.
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