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Cell-intrinsic and Vector-related Properties
Cooperate to Determine the Incidence
and Consequences of Insertional Mutagenesis
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In gene therapeutic approaches targeting hematopoietic
cells, insertional mutagenesis may provoke clonal domi-
nance with potential progress to overt leukemia. To
investigate the contribution of cell-intrinsic features and
determine the frequency of insertional proto-oncogene
activation, we sorted hematopoietic subpopulations
before transduction with replication-deficient y-retroviral
vectors and studied the clonal repertoire in transplanted
C57BL/6) mice. Progressive clonal dominance only
developed in the progeny of populations with intrinsic
stem cell potential, where expanding clones with inser-
tional upregulation of proto-oncogenes such as Evil
were retrieved with a frequency of ~10-*. Longitudi-
nal studies by high-throughput sequencing and locus-
specific quantitative PCR showed clones with >50-fold
expansion between weeks 5 and 31 after transplanta-
tion. In contrast, insertional events in proto-oncogenes
did not endow the progeny of multipotent or myeloid-
restricted progenitors with the potential for clonal domi-
nance (risk <10-%). Transducing sorted hematopoietic
stem cells (HSCs) with self-inactivating (SIN) lentiviral
vectors in short-term cultures improved chimerism, and
although clonal dominance developed, there was no
evidence for insertional events in the vicinity of proto-
oncogenes as the underlying cause. We conclude that
cell-intrinsic properties cooperate with vector-related
features to determine the incidence and consequences
of insertional mutagenesis. Furthermore, our study offers
perspectives for refinement of animal experiments in the
assessment of vector-related genotoxicity.
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INTRODUCTION

Multipotent stem cells support organ development in utero and
form a regenerative reserve in the ageing organism. In most organs
with a high cell turnover, somatic stem cells represent a rare cell
population that is characterized by a largely open chromatin

structure allowing the execution of multiple genetic programmes,
active maintenance of chromosome telomeres over multiple cell
divisions, and the capacity to repopulate specialized niches that
support self-renewal.’”* Organ-resident multipotent cells such
as hematopoietic stem cells (HSCs) are a preferred resource for
novel approaches in regenerative medicine. Gene-modified HSCs
can lead to sustained therapeutic effects in patients suffering from
severe genetic disorders of blood cell function.**

However, transformation of hematopoietic cells by semi-
randomly integrating gene vectors has been identified as a dose-
limiting toxicity of gene therapy in both animal studies and
clinical trials.**= Similar to the situation observed in murine and
avian tumors caused by replicating retroviruses, upregulation of
crucial proto-oncogenes by semi-random vector insertion in their
chromosomal neighborhood has been identified as a causal event.
The risk of insertional cell transformation by nonreplicating gene
vectors depends on the number of insertions acquired per cell, the
insertion properties, and the cargo of the vector.''> The impact of
the target cell type is less well understood, although this question
is of key interest to identify the parameters that explain the con-
text-dependence of insertional transformation. Underlining this
issue, it was recently demonstrated that mature T-lymphocytes are
largely refractory to malignant transformation even following ret-
roviral vector-mediated expression of potent oncogenes."

Current protocols used in model organisms and clinical tri-
als typically target a mixed population composed of a minority of
repopulating HSCs (<1%) and a majority (>99%) of more mature
hematopoietic progenitor cells (HPCs) that lack the potential for
long-term repopulation. To obtain deeper insight into the extent
of clonal skewing resulting from insertional mutagenesis, recently
several groups have studied insertion profiles in the progeny of
CD34% cells isolated before infusion and compared the results
with insertion profiles after long-term repopulation in clinical
studies.'"'® This approach assumes that insertional mutagenesis
may trigger the acquisition of long-term repopulation poten-
tial in HPC, which represent the great majority of the CD34%
population.

Following a similar concept, targeting highly purified HSCs
has been proposed to prevent insertional adverse events.'” Several
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studies provided evidence that HPCs, although originally lacking
the potential for long-term engraftment and self-renewal, can
be transformed by retroviral gene transfer of certain oncogenes,
further supporting the hypothesis that progenitor cells may
contribute to the origin of transformed clones after insertional
mutagenesis.’*?° Here, we addressed this important question in
a murine model of competitive bone marrow (BM) transplan-
tation using typical transduction conditions for y-retroviral
vectors but sorted cell populations as the starting material. In
the same model, we also used serial clonal tracking to investigate
the potential induction of clonal restriction following lentiviral
vector transduction.

RESULTS

Experimental strategy

To identify the origin of insertional mutants, we used syngenic
C57BL/6] mice in which donor and host cells are distinguished
by a chimerism in the common leukocyte antigen (CD45.27F
donor cells). We enriched repopulating hematopoietic cells,
including the most primitive HSCs, in the LSK population:
lineage marker negative, Scal®, and c-Kit*.?"?? In parallel, we
purified lineage marker negative, Scal—, and c-Kitt HPCs,
hereafter referred to as LK cells (Figure 1a). The purity of
the sorted subpopulations was >94%. Sorted cells were cul-
tured in serum-free media supplemented with recombinant
cytokines and transduced with y-retroviral vectors encoding
enhanced green fluorescent protein (EGFP) under control of
retroviral long terminal repeat (LTR) enhancer-promoters
(SFO1EGFPpre*) (Table 1). This vector type is known to trig-
ger insertional dominance or leukemias in murine models and
in a clinical trial.”®

After preparatory experiments to establish transplant doses
and transduction conditions, we achieved similar gene mark-
ing rates in LSK and LK cells (80 and 70% EGFP, respectively)
(Figure 1a). Reflecting the initial frequency of the populations,
we transplanted 19x more EGFP* LK than LSK cells (280,000
vs. 15,000 per recipient). The subpopulations were thus used in
quantities that match standard experimental conditions in stud-
ies of insertional transformation and clonal dominance. Control
animals received untransduced donor and host cells following the
same scheme (experiment 1, Table 1).

In a second experiment (experiment 2A, Table 1), we
further split the LSK population into long-term repopulating
HSCs (LTHSCs), short-term repopulating HSC (STHSCs), and
multipotent progenitor (MPP) cells following marker defini-
tions established for steady-state BM cells (Figure 1b).” We
transduced all three fractions with the y-retroviral vector
(Supplementary Figure S1la). In another arm of this experi-
ment (experiment 2B, Table 1), we transduced LTHSCs and
STHSCs with a lentiviral vector (Supplementary Figure
S1b). Therefore, a short culture time (<24 hours) in the pres-
ence of only two cytokines was used (Materials and Methods,
Table 1).

To monitor long-term repopulation, mice of all groups were
prospectively observed for 7 months, with regular analyses of
peripheral blood (PB) every 5-6 weeks and detailed final analysis
of PB, BM, spleen, and in some cases liver.
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Chimerism studies provide no evidence

for insertional dominance of HPCs

To detect insertional dominance, we monitored donor chimerism,
EGFP expression in PB leukocytes and analyzed the “integrome”
of transduced cells using a ligation-mediated PCR (LMPCR)
procedure that focuses on dominant bands and neglects weak
amplicons; previous studies have indicated that dominant bands

a Lin~ Lin
105 10°
100, - ? 10* @
@ & 1) B
2 | 2
CD45.2 mice % { 100.'
B2 v — 141 St
10010" 102 103 10% 10° -10%010210° 10* 10°
Sca-1 —492 Sca-1
Vector
[CTR EGFP LR
LSK LK

250 -
200 -
Q150
®100 ] .
50 4
: — .
102 103 10% 105 102 103 10% 10°
EGFP EGFP
LSK EGFP" 80% LK EGFP* 70%
b Ln PE—
105 MPP
104
10%, |
102
T
105
S 104
102 108 104 105 B |
- [a]
Lsk Sea o [10%
o 102. ST
10° I -
102 10% 10* 10°
105 |
104 |
103
P&
2
10 . LT

10°

CD34

Figure 1 Scheme of experiment and cell sorting conditions. (a) Sorted
LSK and LK cells from bone marrow of untreated CD45.2 mice were
prestimulated in serum-free conditions and transduced with y-retroviral
vector expressing EGFP fluorescent protein. Untransduced controls were
included for both LSK and LK groups. On day 4 cells were transplanted
into lethally irradiated congenic CD45.1 mice along with fresh CD45.1
competitor cells. Mice were observed for 7 months with regular analysis
every 5 weeks of transgene expression and clonal dominance status. (b)
The sorting procedure for LT and ST fractions of HSC and MPP followed
established conditions.?* EGFP, enhanced green fluorescent protein; LSK,
lineage marker negative, Scal™, and c-Kit™; LTR, long terminal repeat;
MPP, multipotent progenitor; SSC, side scatter.
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Table 1 Overview of experiments

Determinants of Insertional Mutagenesis

Donor cells No. of Type and
CD45.2%, transplanted cells  number of
sorted Day of Day of (input equivalents) competitor No. of Observation
Experiment Mouse ID population Vector transduction transplantation per mouse cells mice time, weeks
1 #1-5  LSK No n.a. 4 2.0 x 10° CD45.1%; 5 27
3x10°
#6-10 LK No n.a. 4 2.8 x 10° CD45.1%; 5 27
3x10°
#11-15 LSK v-Retroviral 2-3 4 1.5 x 10* CD45.1%; 5 27
(SF91GFPpre) 3x10°
#16-20 LK v-Retroviral 2-3 4 2.8 x 10° CD45.1%; 5 27
(SF91GFPpre) 3x10°
2A #21-25  STHSCs No n.a. 4 0.8 x 10° CD45.1%; 5 31
3x10°
#26-30 LTHSCs v-Retroviral 3 4 0.9 x 10? CD45.1%; 5 31
(SF91GFPpre) 3x10°
#31-35  STHSCs Y-Retroviral 2-3 4 0.8 x 10° CD45.1%; 5 31°
(SF91GFPpre) 3x10°
#36-40  MPP Y-Retroviral 2-3 4 1.7 x 10 CD45.1%; 5 31
(SF91GFPpre) 3x10°
2B #41-45  LTHSCs Lentiviral (pRRL. 0 1 0.9 x 107 CD45.17; 5 32
PPT.SEGFP.pre) 2x10°
#46-50  STHSCs Lentiviral (pRRL. 0 1 1.6 x 10° CD45.17; 5 32
PPT.SEGFP.pre) 2x10°

Abbreviations: HSC, hematopoietic stem cell; LTHSC, long-term HSC; MPP, multipotent progenitor; n.a., not applicable; STHSC, short-term HSC.

Host leukocytes were CD45.1%.
“Final analysis for recipient ST#31 was performed at week 27.

correlate with dominant clones.” Hereafter, we refer to this
approach as dominant band insertion site analysis (DBISA).

Following the known rules of hematopoietic reconstitution by
sorted cell fractions, we expected that LK cells were not capable
of long-term reconstitution unless being transformed by inser-
tional mutagenesis. We found that neither transduced (EGFP™)
nor untransduced (EGFP~) LK cells gave rise to significant
levels of long-term repopulation (kinetics in Figure 2a; repre-
sentative dot plots in Supplementary Figure S2). At early time
points (PB, 5 weeks), EGFPT LK progeny contributed only 0.31 £
0.27% (mean + 95% confidence interval) of the entire population
with a further continuous decline until week 27 (0.04 + 0.04%).
Donor chimerism in PB and BM fell to 0.3 £ 0.1 and 0.8 £ 0.3%,
respectively (Supplementary Table S1).

MPP progeny (experiment 2A) showed somewhat better sur-
vival long-term, although it was also not capable of establishing
significant levels of hematopoiesis. EGFPT™ MPP progeny con-
tributed 10.38 £ 2.11% of PB leukocytes at early time points (6
weeks post-transplantation) with a decline to 1.48 £ 0.62% at final
analysis (31 weeks, Figure 2¢). Donor chimerism analysis in PB,
BM, and spleen reached only 3.3 + 1.7, 1.7 + 0.4, and 2.4 £ 0.3%,
respectively (Supplementary Table S1). While y-retroviral trans-
duction was efficient (~70%, Supplementary Figure S1a), no evi-
dence was obtained for preferential survival of EGFP™ cells within
the MPP progeny (Supplementary Figure S2).

LMPCR is more sensitive to detect transduced cells than flow
cytometry but preferentially amplifies insertions from domi-
nant clones.” The pattern of y-retroviral vector insertion sites
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(VISs) became reproducible when the starting material contained
~5 x 10* cells, corresponding to ~50ng of clonal genomic DNA
(Supplementary Figure S3a,b). In the LK progeny, authentic
insertion sites could be recovered at early time points (week 11). In
the MPP progeny, an oligoclonal pattern persisted until late time
points (e.g., week 26, Supplementary Figure S4). DBISA revealed
that one VIS in LK progeny and 7 out of 38 (18.4%) VISs in MPP
progeny marked overt or suggested proto-oncogenes (Stat5b in
LK; Fos, Bach2, D16Ertd472e, Notchl, Il4ra, Cd47, and BC031781
in MPP, Supplementary Tables S2 and S3). Despite such “suspi-
cious” hits, some clones disappeared at later time points and none
outcompeted competitor cells to contribute to >2% of hematopoi-
esis. Thus, we obtained no evidence that LK cells or MPP, or their
transduced progeny, contribute to systemically relevant levels
of clonal imbalance after retroviral vector-mediated insertional
mutagenesis.

Dominant clones originate from cultured HSCs

Although transplanting almost 20-fold lower cell numbers in
comparison with the LK conditions, the LSK progeny efficiently
repopulated hosts in competition with cotransplanted, freshly iso-
lated host-type cells (Figure 2a; engraftment analyses of individual
animals in Supplementary Figure S2). y-Retroviral marking rates
for LSK EGFP™ progeny at week 27 in PB were 7-40%, accounting
for 30-70% of donor-derived hematopoiesis (Figure 2a,b). Three
mice showed a slight increase of the proportion of EGFP* cells
within the donor population after 16 weeks. Similar results were
obtained in the progeny of y-retrovirally transduced STHSCs,
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Figure 2 Contribution of EGFP* donor cells to peripheral blood leukocytes and gene marking within the donor population. (a,b) LSK and
LK, y-retroviral transduction. (c,d) STHSC, LTHSC, MPP, y-retroviral transduction. (e,f) STHSC and LTHSC, lentiviral transduction. Values at week 0
for STHSC and LTHSC correspond to FACS analysis of cultured aliquots performed 7-18 days after transduction. BM, bone marrow; EGFP, enhanced
green fluorescent protein; FACS, fluorescence-activated cell sorter; HSC, hematopoietic stem cell; LSK, lineage marker negative, Scal *, and c-Kit™;
LTHSC, long-term repopulating HSC; MPP, multipotent progenitor; PB, peripheral blood; Spl, spleen; STHSC, short-term repopulating HSC.

in marked contrast to the LK and MPP progeny (Figure 2c,d,
Supplementary Figure S2). The progeny of STHSCs persisted at
relatively high levels long-term even in the absence of y-retroviral
transduction (untransduced control group in Supplementary
Figure S2). We cannot exclude that the culture conditions may
have contributed to the long-term repopulation potential of
STHSCs (see Discussion).

Interestingly, y-retroviral transduction of purified LTHSCs
was inefficient with our experimental conditions and these cells
showed a substantial loss of their competitive repopulation
potential (Figure 2c,d and Supplementary Figure S2). Control
experiments with lentiviral transduction conditions revealed
that this was not due to an experimental artefact in the sorting
of LTHSC:s.

Efficient marking of STHSCs and LTHSCs after
overnight lentiviral transduction

To explore hematopoietic reconstitution after transducing
STHSCs and LTHSCs using human immunodeficiency virus-1-
based lentiviral vectors with their improved ability to transduce
nondividing cells, we devised a short-term transduction proto-
col in a minimal cytokine cocktail, similar to earlier reports (see
Material and methods and Table 1 for details).”” Of note, the len-
tiviral vector contained the same retroviral enhancer-promoter as
the y-retroviral vector, albeit as a single element located between
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self-inactivating (SIN) LTR. Considering that SIN vectors with
an internal retroviral enhancer-promoter may trigger insertional
transformation,'? this vector was chosen to allow for potential
upregulation of a proto-oncogene in case of a semi-random inser-
tion event in its vicinity. However, the lentiviral vector design is
expected to lower the risk of insertional gene activation because
the number of active enhancers is reduced to one, and direct gene
activation by the 3’-LTR is not possible.

Compared to the results achieved with the prolonged
y-retroviral transduction protocol, we observed a significantly bet-
ter engraftment of transduced cells with the lentiviral conditions
(Wilcoxon rank sum test P < 0.05), although interanimal variabil-
ity was still pronounced (Figures 2e,f and 3a,b; Supplementary
Figure S2 and Supplementary Table S1). Surprisingly, STHSCs
again showed superior long-term repopulation than LTHSCs
(see Discussion). Within individual animals, marking levels were
relatively stable, suggesting no major silencing of expression.
Some animals tended to increase marking levels after week 12
(Figure 2e,f), as previously observed using the y-retroviral condi-
tions (Figure 2 b,d).

Insertion site analysis reveals preferential

v-retroviral hits in proto-oncogenes

To address whether a bias toward insertions in proto-oncogenes
or related signaling genes had occurred in the progeny of sorted

www.moleculartherapy.org vol. 17 no. 9 sep. 2009
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Figure 3 Donor chimerism (CD45.2% cells) analysis in recipients
transplanted with progeny of y-retrovirally or lentivirally transduced
sorted populations of HSCs. (a) Donor chimerism final analysis in BM,
PB, and Spl of recipients transplanted with progeny of y-retrovirally or
lentivirally transduced long-term repopulating fraction of HSCs (LTHSCs).
Average donor chimerism calculated for five mice of each experimental
group. Error bars indicate 95% confidence intervals. (b) Donor chime-
rism final analysis in BM, PB, and Spl of recipients transplanted with prog-
eny of y-retrovirally or lentivirally transduced short-term repopulating
fraction of HSCs (STHSCs). Error bars indicate 95% confidence intervals.
BM, bone marrow; HSC, hematopoietic stem cell; LTHSC, long-term
repopulating HSC; PB, peripheral blood; Spl, spleen; STHSC, short-term
repopulating HSC.

cell fractions, we analyzed hematopoietic samples of all 50 mice
(overview in Table 1) every 5-6 weeks by DBISA (band pattern
of the five recipients of transduced LSK cells in Figure 4a). Clonal
fluctuations occurred in all mice, with oligoclonal stabilization in
four of the five recipients (#12-15, Figure 4a). STHSC progeny
generated the same oligoclonal pattern with progressive reduc-
tion of diversity and long-term persistence (representative data
in Figure 4b). The poor results achieved with y-retroviral trans-
duction of purified LTHSCs indicate that this pattern cannot be
attributed to the potential contamination of STHSC cultures with
a priori LTHSCs.

As in our previous studies using DBISA,”'*** we excised the
most prominent amplicons, likely to reflect dominant clones,*
for sequence analysis. To address whether the pattern observed
in the PB reflected the primary site of hematopoiesis, we analyzed
samples from BM and spleen. In all cases the dominant bands
chosen for insertion site sequencing were also found in at least
one of these two major hematopoietic organs (Supplementary
Figure S4b,c).

The complete list of “dominant amplicons” recovered in LSK
progeny (n = 52) and STHSC progeny (n = 49) by DBISA is pro-
vided in Supplementary Tables S2 and S3. Very similar to our ear-
lier studies targeting a bulk population of lineage-negative cells,**
we found an over-representation of insertions within 150kb of
genes listed as common insertion sites in the retrovirally tagged

Molecular Therapy vol. 17 no. 9 sep. 2009
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cancer gene database (Supplementary Table S4).* We found no
difference in the distribution around the transcriptional start site
between the IDDb, data sets derived from primitive cell popula-
tions (LSK and STHSCs) and data sets originating from cell popu-
lations that lack the potential for clonal dominance (LK and MPP)
(P = 0.432, Wilcoxon rank sum test).

Clonal restriction in the progeny of lentivirally
transduced STHSCs and LTHSCs

Insertional pattern of cultured (untransplanted) y-retrovirally
transduced MPP and STHSCs revealed highly polyclonal situa-
tions (data not shown), as reported earlier.* Analysis of cultured
cells also demonstrated the ability of y-retroviral vectors to trans-
duce the progeny of LTHSCs (data not shown). The lentiviral
LMPCR protocol demonstrated an initial polyclonal pattern espe-
cially in the mice receiving transduced STHSCs, whereas mice
receiving transduced LTHSCs showed a more oligoclonal pattern
(Figure 4c,d). Based on the number of observed integrations, we
estimate that about 10% of the initial LTHSC input (~90 cells per
animal, Table 1) manifested as dominant clones. This suggests
that many LTHSCs may have lost their homing and engraftment
properties due to the induction of cell cycle activity in response to
cytokines,? and that others did not become dominant as a result
of the known cell-intrinsic heterogeneity. Towards the final anal-
ysis, a trend to oligoclonal dominance was also observed in the
STHSC group, with consistent clonal representations in PB, BM,
and spleen (Figure 4d; Supplementary Figure S5). Remarkably,
this had no impact on overall marking levels and chimerism
(Figure 2e,f; Supplementary Figure S1). In contrast, the LTHSC
group showed a similar clonality pattern at the final analysis as at
week 8 (Figure 4c¢), revealing the correctness of our conditions for
cell sorting.

To address whether the clonality pattern observed in mice
receiving lentivirally transduced HSCs was the result of inser-
tional mutagenesis, we sequenced the dominant amplicons, using
the same criteria as above (Supplementary Table S5). Dominant
amplicons of lentiviral insertions were not enriched for locations
close to proto-oncogenes or other signaling genes (Supplementary
Table S4) and instead showed a much more frequent insertion
in repeat regions than y-retroviral insertions. Thus, although
the vector contained a strong internal retroviral promoter that
is capable of long-distance enhancer interactions and proto-
oncogene upregulation from a SIN vector,” “integrome” studies
gave no evidence for clonal imbalance as a result of insertional hits
in proto-oncogenes by lentiviral vectors. The absence of “suspi-
cious” insertion events reveals a strong cell-intrinsic component
in the induction of the observed clonal dominance.

Validation of DBISA by high-throughput

sequencing, locus-specific quantitative PCR,

and quantitative RT-PCR

It could be argued that the selection of dominant amplicons
for sequencing studies, as performed in DBISA, represents an
arbitrary choice. We thus implemented a novel approach of
high-throughput insertion site analysis (HTISA) using the 454
sequencing method.?® Using barcoded primers® for the second
exponential PCR step of the LMPCR protocol, we were able to run
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Figure 4 Insertion sites analysis at different time points after BMT. (a) y-Retroviral VIS analysis in PB samples of individual LSK recipients #11-15
obtained by LMPCR. Arrows indicate selected insertion sites. (b) y-Retroviral VIS analysis in PB samples of individual STHSC recipients ST#31-35.
(c) Lentiviral VIS analysis in PB samples of individual LTHSC recipients LT#41-45. (d) Lentiviral VIS analysis in PB samples of STHSC recipients
ST#46-50. BMT, bone marrow transplantation; i.c., internal control of LMPCR reaction; LSK, lineage marker negative, Scal¥, and c-Kit™; M, marker;
LMPCR, ligation-mediated PCR; LTHSC, long-term repopulating hematopoietic stem cell; PB, peripheral blood; STHSC, short-term repopulating
hematopoietic stem cell; VIS, vector insertion site; W, water; weeks, weeks after transplantation.

multiple samples in a single HTISA. In y-retrovirally transduced
LSK and STHSCs, HTISA mapped 3.6x more insertion sites than
the “manual” approach (388 vs. 107), and the HTISA sequences
were significantly less frequently associated with proto-oncogenes
(4.6% of 388 vs. 8% of 107; P < 0.001 in Fisher exact, two-sided)
(Table 2, Supplementary Table $4). VISs obtained by HTISA are
available on request. Dominant amplicons from DBISA led to a
significantly higher number of sequence reads in HTISA, whereas
weak amplicons that we had neglected in DBISA gave rise to rela-
tively rare sequence reads in HTISA. This confirmed that VISs
close to proto-oncogenes increased the likelihood of clonal domi-
nance, manifesting in dominant PCR products.
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To better quantify the kinetics of clonal dominance, we studied
selected clones from four recipients by longitudinal locus-specific
quantitative PCR. For 12 retroviral VISs, we designed amplicons
with internal probes to detect a fusion sequence between the ret-
roviral vector and the neighboring cellular DNA. These data not
only further support the validity of DBISA (compare Figure 5
and Figure 4a,b), they furthermore showed that individual clones
amplified between fivefold to 56-fold from week 5 until week 31
(Figure 5). In many recipients analyzed in this way, at least one of
the expanding clones had a VIS next to a putative proto-oncogene
or developmental gene [Mafgin LSK#11 (Figure 5a); Evil and Brd7
in LSK#12 (Figure 5b); Sox7 in LSK#15 (Figure 5c); and again

www.moleculartherapy.org vol. 17 no. 9 sep. 2009
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Table 2 VIS distribution according to gene classes (+150kb), HTISA

¥-Retroviral Y-Retroviral Lentiviral Lentiviral Y-Retroviral
LSK #11-15 STHSCs #32, 34 LTHSCs #41-45 STHSCs #46-50 IDDb neutral
5 weeks 27 weeks 6 weeks 31 weeks 8 weeks 32 weeks 8 weeks 32 weeks 10-28 weeks
No. of VIS 245 86 36 21 60 42 253 136 161
No. of genes 965 555 240 152 277 159 963 447 918
RTCGD CIS (%) 2.8 6.5 5.8 6.6 1.8 2.5 3.7 2.7 7.9
RTCGD hits (%) 8.2 13.9 14.6 10.5 7.2 6.9 10.2 8.9 17.6
Tumor suppressor (%) 0.1 0 1.2 0 0 0.6 0.2 0.9 0.3
Oncogenesis (%) 1.6 2.3 1.7 1.3 0.4 0 1.2 0.2 2.3
Signal transduction (%) 8.0 12.8 9.2 19.7 11.6 16.4 10.3 8.1 13.5
Unclassified (%) 22.7 24.7 30 25.7 27.4 20.1 25.8 22.8 25.6

Abbreviations: CIS, common insertion site; HTISA, high-throughput insertion site analysis; LTHSC, long-term HSC; RTCGD, retrovirally tagged cancer gene database;
STHSC, short-term HSC; VIS, vector insertion site.

Data obtained by 454 pyrosequencing, HTISA. Analysis performed for window +150kb from VIS; IDDb neutral: insertional dominance database?* reanalysis focusing
on VISs from y-retroviral primary recipients with fluorescent or surface markers; RTCGD genes retrieved from http://rtcgd.abcc.ncifcrf.gov; biological process from
PantherDB www.pantherdb.org. Data files downloaded 21 June 2008. For each data set we analyzed the indicated amount of sequences (No. of VIS). This yielded
the indicated number of genes within a £150kb window (No. of genes). For each class (tumor suppressor, oncogenesis, signal transduction), the % of genes
overlapping with the class is given.
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Figure 5 Locus-specific qPCR analysis of selected clones in y-retroviral LSK and STHSC progeny. (a—c) Locus-specific gPCR analysis of selected
clones in individual recipients of LSK cells. Relative quantification of a target gene amplicon was estimated in comparison to amplicon at early time
points, corresponding week 5 for (a) LSK#11, (b) LSK#12, and week 11 for (c) LSK#15. (d) Locus-specific qPCR analysis of selected clones in recipi-
ent ST#32. Relative quantification of Evil amplicon was estimated in comparison to amplicon at time point 5 weeks after BMT; for Smad3, Edem2,
Mrpl1 amplicons in comparison to 11 weeks. Each analysis was performed in triplicate. Error bars indicate standard deviations. BMT, bone marrow
transplantation; LSK, lineage marker negative, Scal™, and c-Kit*; qPCR, quantitative PCR; STHSC, short-term repopulating hematopoietic stem cell.

Evil in ST#32 (Figure 5d)]. High levels of transcriptional activa-
tion were observed for Sox7, a gene involved in Wnt signaling®
(5,098 £ 455x in LSK#15, Figure 6), and also for the transcription
factor Evil, which is essential for HSC’s self-renewal®! (>tenfold
upregulation in recipients LSK#12 and ST#32, Figure 6).

Having validated the consequences of VIS in proto-oncogenes
(gene upregulation coupled with clonal expansion), the DBISA
data reveal a frequency of functionally relevant insertions in Evil
in the order of ~1 in 75,000 LSK-derived cells, and 1 in 4,000
STHSC-derived cells (reflecting the numbers for transplanted
cells and engrafted mice in Table 1). In contrast, no such event
was detected in 1,400,000 transplanted y-retrovirally transduced
LK progeny, 85,000 y-retrovirally transduced MPP progeny, or
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8,000 lentivirally transduced STHSC progeny. In line with this
finding, lentiviral insertions in the progeny of enriched HSCs
were significantly less likely to occur close to proto-oncogenes and
did not show a time-dependent enrichment for such events under
the experimental conditions chosen in this study, in contrast to
the results obtained with y-retroviral vectors (Table 2). We thus
conclude that cell-intrinsic and vector-related properties cooper-
ate to determine the incidence and consequences of insertional
mutagenesis.

DISCUSSION
This study reveals that the cultured progeny of HSCs, but
not HPCs, is the primary source of insertional mutants after
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Figure 6 Transcriptional dysregulation of loci targeted by y-retroviral
insertional mutagenesis. Real-time RT-PCR shows dysregulation of
selected targeted alleles in BM, PB, Spl of selected mice (LSK#12, LSK#15,
ST#32, and ST#34). The expression level of the control mouse CD45.2
(BM, PB) or CD45.1 (Spl) was set to 1. Mean values of at least three
measurements. Error bars indicate 95% confidence intervals. BM, bone
marrow; LSK, lineage marker negative, Scal™, and c-Kit™; PB, peripheral
blood; RT, reverse transcription; Spl, spleen.

y-retroviral transduction. Insertional dominance of LSK-derived
cells, and of the STHSCs contained therein, was demonstrated
based on progressive clonal restriction with over-representation
of hits in potential or established proto-oncogenes, upregula-
tion of the affected genes, and clonal expansion as validated by
insertion site-specific quantitative PCR. In contrast, despite the
transplantation of almost 20-fold more transduced cells and the
relatively frequent detection of insertions in proto-oncogenes, the
progeny of MPP and more mature HPC (LK cells) was unable to
give rise to dominant clones. These data reveal that the pre-exist-
ing intrinsic repopulation potential dominates the susceptibility
of hematopoietic cells to insertional mutagenesis.

A surprising finding made in both the y-retroviral and the
lentiviral arms of our study was that STHSCs provided a better
chimerism long-term than LTHSCs. This can be attributed to a
combined effect of higher cell numbers (reflecting STHSCs abun-
dance in vivo) and a culture-dependent “enhancement” of STHSC
function. Of note, the phenotype of STHSCs and LTHSCs has
been established using freshly isolated cells.?"** In our experimen-
tal conditions, the sorted cell populations are exposed to cytokines
and may thus change their fate in vitro before receiving a poten-
tial transforming hit by a retroviral vector. Even relatively short
culture periods of >8 hours have been shown to alter the func-
tional properties of HSCs.™ Irrespective of the potential effects of
the cell-culture conditions, the absence of sustained clonal domi-
nance in the progeny of MPP or LK cells underlines the existence
of hierarchically organized cell-intrinsic features as a confounding
factor of insertional transformation.

Our study allows a more accurate determination of the risk
associated with y-retroviral vector insertions. The chance to induce
clonal dominance by insertion of a vector with strong enhancer-
promoter in the LTR was found to be around 1 in 10,000 repopu-
lating HSCs, at least two orders of magnitude higher than in HPCs.
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These results strongly suggest that previous y-retroviral tracking
studies performed in animals and clinical trials after transplanting
mixed populations of HSCs and HPCs primarily reflected inser-
tional events occurring in the minor fraction of a priori HSCs or
their progeny arising during cell culture before transplantation.
When attempting to define insertional repertoires before trans-
plantation, it may thus be better to focus on (the progeny of) pop-
ulations that are highly enriched for HSCs. It will be important to
determine whether in genetic diseases that may affect early stages
of hematopoiesis (such as X-linked severe combined immuno-
deficiency), the origin of insertional mutants might extend into
more committed populations.®

As y-retroviral vectors preferentially target open chroma-
tin and active genes,* the epigenetic status of HSCs and their
daughter cells arising during ex vivo culture may contribute to
their increased risk by providing better access to the transforming
genes. Cell-intrinsic factors that regulate engraftment after trans-
plantation® play a role in the frequency with which different cell
types can lead to dominance, and could be affected by dysregula-
tion of engraftment genes. However, the progeny of cultured LK
cells or MPP cells that exhibited limited engraftment was unable
to expand to clonal dominance even when containing insertions
in proto-oncogenes. In the murine setting studied here, telomere
insufficiency appears to be an unlikely explanation for the resis-
tance of more mature progenitor cells to insertional transforma-
tion.*® Similarly, transduced mature T-cells were able to engraft
recipient mice but were unable to induce uncontrolled expansion
even when transduced with retroviral vectors expressing overt
oncogenes."” This suggests that besides potential alterations of
engraftment, the primary limitation controlling the emergence of
insertional mutants is associated with proliferation potential and
sustained self-renewal, which is considered to be the hallmark of
long-term repopulating HSCs.”” Of note, even short-term repopu-
lating HSCs are estimated to produce a clonal progeny of >10"
blood cells.”” This is several orders of magnitude above the num-
bers required to detect insertional mutants in the recently estab-
lished replating assays,'>*® and suggests that cell-culture assays
targeting primary hematopoietic BM cells are not necessarily
scoring the transformation of true HSCs.

In contrast to previous studies addressing the oncogenic poten-
tial of purified murine HPCs,'®2 the vectors used here did not
encode leukemogenic oncogenes. Our data imply that insertional
upregulation of a single cellular gene, in contrast to the expression
of more complex oncogenic fusion proteins such as MLL-ENL'
or MLL-AF9,% is not sufficient to transform HPCs. The ability to
elicit leukemia by genetic modification of HPCs has indeed been
shown to depend upon the nature of the oncogene expressed.”
We hypothesize that similar restrictions operate in other organs,
greatly reducing the risk of insertional mutagenesis especially
in tissues with a high frequency of cells lacking the potential for
extensive proliferation.

Initial insight into the signals evoking a self-renewal pro-
gram with sustained proliferation in transformed HPCs has been
obtained.’>”” Some of the underlying genes (such as homeobox
genes) may well be hit by insertional mutagenesis.”**** Insertional
dysregulation of more than one gene may thus required to con-
vey the potential for clonal dominance to cells lacking stem cell
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potential. Such a scenario may be possible when dose-escalated
gene transfer takes place,'’ and is typically encountered in tumors
originating from replicating MLV in vivo.”® In contrast, upregu-
lating a single proto-oncogene such as Evil or the related gene
Prdm16 in HSCs may suffice to induce leukemia.®*

Our data also indicate that a better purification of stem cells may
not necessarily reduce the genotoxic risk of gene transfer, unless the
number of transduced HSCs is restricted. Interestingly, we found
that lentiviral transduction of a limited number of purified HSCs
reduces the risk of inducing clonal imbalance by insertional events
close to proto-oncogenes, although the overall efficiency of gene
transfer into HSCs was significantly increased compared to the
y-retroviral conditions. Thus, the differences that were previously
identified between lentiviral and y-retroviral gene targets in a study
of cultured CD34% cells, with evidence reported of a significantly
higher risk of y-retroviral vectors to integrate in the vicinity of
proto-oncogenes,* appear to have major functional consequences.
However, in the clinical setting, lentiviral insertions in proto-
oncogenes may still occur more frequently than observed here,
considering the considerably larger cell number typically treated in
humans. This may explain why in a comparison of lentiviral and
y-retroviral insertion sites performed in repopulating cells from
nonhuman primates, both vector types exhibited a similar over-
representation of insertions close to proto-oncogenes.* Therefore,
developing vectors with safer expression cassettes that are less likely
to activate proto-oncogenes in stem cells remains an important way
to reduce the risk of insertional mutagenesis.’>*>** A more contro-
versial issue is whether a limitation of target cell numbers, as per-
formed here and suggested by others earlier,”” may be beneficial.
When transplanting a limited number of gene-modified HSCs in a
myeloablative setting, the increased hematopoietic stress resulting
from the need for strong expansion may antagonize the potentially
increased safety associated with the smaller insertional repertoire.
Conversely, removing STHSCs from LTHSCs (once appropri-
ate markers are available in the human system) might reduce the
potential for malignancy in submyeloablative transplant situations
where STHSC:s are not required to accelerate engraftment.

Finally, the kinetics and insertion profile of the lentivirally
transduced HSC populations suggest that clonal dominance
occurring after transplantation of gene-modified HSCs is not nec-
essarily caused by insertional mutagenesis but may rather reflect
the known cell-intrinsic heterogeneity.*>*** We would expect that
in humans clonal restriction may require longer follow-ups than
in the murine model. Bioinformatical analyses of individual genes
or gene networks associated with clonal dominance thus need to
be coupled with functional studies before expanding cell clones
can be addressed as transformed mutants. In this regard, this
study indicates that murine experiments performed to address the
relative safety of different vectors and target cells on insertional
biosafety in the hematopoietic system can be refined to relatively
small group sizes, observation times <25 weeks and an “inte-
grome” rather than a tumor endpoint.

MATERIALS AND METHODS

Cell sorting and flow cytometry. LSK (Lin"¥*IL7R"*¢Scalt¢"ckit"¢") and LK
(Lin*#°IL7R™#Scal sckit"s") hematopoietic subpopulations were isolated
by staining of freshly prepared CD45.2 BM cells with PerCPCy5.5-1abeled
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anti-Scal, APC-labeled anti-c-kit, and a cocktail of PE-labeled mono-
clonal antibodies (mAbs) directed against lineage markers (CD11b, Grl1,
Ter119, CD3, CD4, CD8, B220, IL7R). MPP (LSK CD34™ Flt3¥), STHSCs
(LSK CD34% Flt37), and LTHSCs (LSK CD34~ Flt3™) were sorted as
described,” using c-kit-APC, Scal-PerCPCy5.5, FIk2-PE (CD135), CD34-
FITC, and biotinylated antibodies against lineage markers in combina-
tion with Streptavidin-PE-Cy. Erythrocytes, debris, and dead cells were
excluded by forward scatter, side scatter, and 4,6-diamidino-2-phenylin-
dole gating, and cell aggregates by forward-scatter area vs. pulse width gat-
ing. Gates were set according to control samples using the Fluorescence
Minus One approach. FACSAria, LSRII, and FACS-Calibur instruments
(Becton Dickinson, Heidelberg, Germany) were used for cell sorting and
analysis. Data were analyzed using Flow]Jo software (Tree Star, Ashland,
OR). Antibodies were purchased from BDPharmingen or eBiocience (San
Diego, CA).

Retroviral constructs and retroviral transduction. The y-retroviral vector
pRSF91GFPpre* contains the LTR derived from spleen focus-forming virus,
the primer bindingsite and leader sequences derived from the murine embry-
onic stem cell virus, EGFP as the transgene, and the woodchuck hepatitis
posttranscriptional regulatory element.*” High titer ecotropic vector stocks
were produced following established protocols.*” pRRL.PPT.SEGFP.pre, a
SIN third generation human immunodeficiency virus-1 lentiviral vector,*
was pseudotyped with the glycoprotein of vesicular stomatitis virus. Viral
particles were concentrated by low-speed centrifugation and resuspended
in serum-free StemSpan medium (Stem Cell Technologies, Vancouver,
Canada). For y-retroviral transduction, cells were cultivated in serum-free
medium supplemented with murine interleukin-3 (20 ng/ml), murine stem
cell factor (50ng/ml), human FMS-like tyrosine kinase-3 (50 ng/ml), and
human interleukin-11 (50 ng/ml; all cytokines from Peprotech, Hamburg,
Germany). Untransduced control cells were kept in the same cytokine con-
ditions until the day of BM transplantation. On the second day LSK and LK
cells were y-retrovirally transduced with a multiplicity of infection (MOI) 5
and 10, respectively, and on day 3 with MOI 10 for both LSK and LK cells.
STHSCs and MPP cells were transduced with MOT 10 at days 2 and 3. Given
the limited cell number, LTHSCs were y-retrovirally transduced only once
with MOI 20 on day 3. To determine transduction efficiency, aliquots of
STHSCs and LTHSCs were kept in vitro in the presence of murine inter-
leukin-3 (20 ng/ml), murine stem cell factor (50 ng/ml), human FMS-like
tyrosine kinase-3 (50ng/ml), human interleukin-11 (50ng/ml) for addi-
tional 3 days (day 7 in vitro) and 10 days (day 18 in vitro), respectively. For
lentiviral transduction of LTHSCs and STHSCs, an MOI of 30 was used in
serum-free medium in the presence of murine stem cell factor (50 ng/ml),
human interleukin-11 (50 ng/ml), and protamine sulphate (8 ug/ml), and
cells were cultivated for 20 hours in Retronectin coated plates.

Mice and transplantation conditions. Mice purchased from Charles River
(Sulzfeld, Germany) Germany were kept in microisolators in the specific
pathogen-free animal facility of Hannover Medical School. C57BL/6]
(CD45.2) female mice served as cell donors, congeneic female CD45.1
mice (B6.SJL-Ptprc*Pep3®/Boy]) as recipients. Experiments approved by
the local ethical committee were performed according to their guide-
lines. Before BM transplantation (<24 hours), recipients 212 weeks of age
were conditioned by myeloablative irradiation (10 Gy). Donor cells were
cotransplanted intravenously with freshly isolated unfractionated BM cells
for radioprotection, as indicated (Table 1). Transplanted mice received
ciprofloxacin at 100 mg/ml in drinking water for the first 2 weeks.

Chimerism analysis. Please refer to Supplementary Materials and
Methods.

Vector integration site identification, bioinformatical analyses, and real-

time PCR of neighboring genes. Please refer to Supplementary Materials
and Methods.
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Pyrosequencing (HTISA). LMPCR was performed on PB of retrovirally
transduced LSK cells (25 samples, 5 mice, 5 time points), PB of retro-
virally transduced STHSCs (10 samples, 2 mice, 5 time points), PB and
BM of lentivirally transduced STHSCs (20 samples, 5 mice, 3 time points
and 1 BM sample), and PB and BM of lentivirally transduced LTHSCs (20
samples, 5 mice, 3 time points and 1 BM sample) as described.*” After expo-
nential PCR, products were digested with Sacl or HindIII for lentiviral or
y-retroviral amplicons, respectively. A nested PCR with primer contain-
ing a 20-bp 454 adapter and an 8-bp DNA barcode” was performed. The
primers were:

y-retrovirus LTR: 5-GCC TCC CTC GCG CCA TCA Glbarcode]
CC ATG CCT TGC AAA ATG GC-3; lentivirus LTR: 5-GCC TCC CTC
GCG CCA TCA G[barcode]AGT AGT GTG TGC CCG TCT GT-3%
common linker primer: 5* GCC TTG CCA GCC CGC TCA G-AGT GGC
ACA GCA GTT AGG-3".

DNA concentrations of the nested PCR products were determined and
equal amounts (1.7 ng/sample) of DNA were mixed for further emulsion
PCR and 454 pyrosequencing (GATC, Konstanz, Germany). The resulting
sequences were clustered using CD-HIT software,” aligned using BLAST
and annotated using in-house designed software.

SUPPLEMENTARY MATERIAL

Figure S1. Transduction efficiency of sorted cells as analyzed by flow
cytometry.

Figure $2. Engraftment analysis performed on bone marrow of re-
cipients from different experimental groups.

Figure $3. LMPCR sensitivity validation in two independent experiments.
Figure $4. y-retroviral vector insertion site analysis in different organs.
Figure $5. Lentiviral vector insertion site analysis in different organs.
Table S1. Donor chimerism (CD45.2" cells) final analysis in peripheral
blood, bone marrow, and spleen of primary recipients.

Table $2. Insertion sites recovered from y-retroviral LSK and LK EGFP
progeny (DBISA).

Table $3. Insertion sites recovered from y-retroviral LTHSCs, STHSCs,
and MPP EGFP progeny (DBISA).

Table $4. Vector insertion sites distribution according to gene classes
(£150kb), DBISA.

Table S5. Insertion sites recovered from lentiviral LTHSC and STHSC
EGFP progeny (DBISA).

Materials and Methods.
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