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Although gene transfer to hematopoietic stem cells (HSCs) has
shown therapeutic efficacy in recent trials for several individ-
uals with inherited disorders, transduction incompleteness of
the HSC population remains a hurdle to yield a cure for all
patients with reasonably low integrated vector numbers. In
previous attempts at HSC selection, massive loss of transduced
HSCs, contamination with non-transduced cells, or lack of
applicability to large cell populations has rendered the proced-
ures out of reach for human applications. Here, we fused
codon-optimized puromycin N-acetyltransferase to herpes
simplex virus thymidine kinase. When expressed from a ubiq-
uitous promoter within a complex lentiviral vector comprising
the bAT87Q-globin gene, viral titers and therapeutic gene
expression were maintained at effective levels. Complete selec-
tion and preservation of transduced HSCs were achieved after
brief exposure to puromycin in the presence of MDR1 blocking
agents, suggesting the procedure’s suitability for human clin-
ical applications while affording the additional safety of condi-
tional suicide.
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INTRODUCTION
b-Globin gene disorders are the most prevalent inherited diseases
worldwide. They result from mutations that affect b-globin produc-
tion in patients with b-thalassemia and hemoglobin structure in
patients with sickle cell disease (SCD). Recent clinical data have pro-
vided evidence that the delivery of the b-globin gene by self-inactivat-
ing lentiviral vectors (LVs) is of significant clinical benefit in patients
with bE/b0-thalassemia major (TM)1–4 and SCD.5 However, the
correction of anemia and the achievement of transfusion indepen-
dence are more difficult to achieve in b-TM subjects with no residual
expression of b-globin chains6,7 and in SCD patients receiving limited
numbers of corrected hematopoietic cells.8 Furthermore, a wide
distribution of anti-sickling hemoglobin among the erythroid cells
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of patients with SCD is required for resolving symptoms.9 Thus, by
genetically correcting the vast majority of cells, it should be possible
to further improve the clinical course of hemoglobin disorders.

Suboptimal phenotype correction upon hematopoietic gene and
cell therapy can result from low levels of expression because of
site-dependent variegation and/or limited hematopoietic stem cell
(HSC) transduction. Position-dependent silencing can be limited by
the use of chromatin insulators,10 the ex vivo preselection of trans-
duced HSCs,11,12 and/or the integration of multiple copies of the vec-
tor into the cell genome.13 Vector copy number (VCN) in HSCs can
be increased by vector optimization,14 the use of a high vector titer,15

and improved manufacturing practices.16 The promoters of LVs en-
coding b-globin are specific to erythroid cells, minimizing the risk of
oncogene activation and cell transformation upon insertional muta-
genesis. Although increasing the number of vectors integrating into
the genome is an attractive approach for increasing the proportion
of vector-bearing HSCs and the probability of the therapeutic gene
being expressed, safety concerns remain because of the potential for
gene disruption and aberrant splicing events.17,18 We have docu-
mented clonal expansion caused by vector integration into the
HMGA2 gene and aberrant splicing in one patient with b-thalassemia
treated with lentiviral gene therapy.1 We show here that the average
VCN measured in transplanted cells as a pool can be misleading
s.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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and hide disparities between hematopoietic cells with reconstituting
activity, some of which are more transducible than others. Raising
the mean VCN in HSCs may thus disproportionately increase the
VCN in subpopulations of cells and raise the risk of oncogenic trans-
formation without increasing the overall probability of transduced
HSCs to the expected rate. The inclusion of a system to select genet-
ically modified cells without also increasing the number of copies of
the vector per cell may therefore be an appreciable advance to
increasing both the efficacy and safety of current LVs.

Post-transduction cell selection can been performed upon fluores-
cence-activated12 or magnetic19 cell sorting. Surface cell molecules
present the advantage of rapid cell sorting under good manufacturing
practice, but the process is costly and a proportion of gene-modified
cells are lost during the procedure. Drug selection strategies generally
require a long-lasting selection time, which is undesirable because
increasing culture time induces loss of engraftment ability and
decreased clonal diversity.20,21 Increasing timemay also favor survival
and engraftment of clones with vector insertion near oncogenes and
increase the risk of genotoxicity.22 Here, we investigated the use of
brief puromycin exposure in our clinical setting that enables efficient
production of a b-globin encoding LV, the transduction of HSCs over
short periods of time, transplantability with a minimal loss of in vivo
HSC activity, the expression of the b-globin gene to therapeutic levels
in erythroid cells, and the absence of bias toward LV integration near
oncogenes. We also combined this selection strategy with a condi-
tional suicide gene to maximize the safety of the gene therapy
product.

RESULTS
Optimal Dose and Timing for the Selection of Transduced

Hematopoietic Progenitors

Vectors expressing the puromycin N-acetyltransferase (PAC) gene
are derived from LVs that have been tested in approved human trials
for the gene therapy of the b-hemoglobinopathies (HPV569 and
BB305)1,2,5 (Figure 1A). Bone marrow CD34+ cells were transduced
with LTGCPU1, incubated for 24 or 48 hr, and transferred for
24 hr in selective medium. The absolute numbers of vector-bearing
erythroid progenitors (burst-forming unit-erythroids [BFU-Es])
were similar in the presence and absence of treatment, regardless of
the time allowed for PAC gene expression (Figure 2A). However,
incubation for 2 days was required for the myeloid (colony-forming
unit granulocyte macrophages [CFU-GMs]) and long-term progeni-
tor cells (long-term culture-initiating cells [LTC-ICs]) to acquire full
resistance to the antibiotic (Figure 2A). We hypothesize that optimal
expression level of the PAC gene may be reached earlier in erythroid
progenitors than in the other cells tested.

Mobilized peripheral blood (mPB) CD34+ cells were also transduced
with LTGCPU1 and treated with puromycin. The mean VCN per cell
was determined for pooled cells and compared with the theoretical
VCN obtained in optimal conditions (eradication of all non-trans-
duced cells and survival of all vector-bearing cells). In non-selective
conditions, the mean VCN was 0.17. Based on the assumption that
vector integration obeys Poisson statistics (see below), we calculated
that optimal selection should give rise to 1.08 copies of the vector
per cell. Mean VCN was close to the expected value if puromycin
treatment began at least 2 days after transduction (Figure 2B). Selec-
tion for 1 or 2 days resulted in similar VCN values, suggesting that
treatment for 24 hr was sufficient to eliminate most of the non-trans-
duced cells. With this optimized protocol, the proportion of vector-
bearing progenitors reached more than 90% following treatment
with 5 mg/mL puromycin (Figure 2C). The absolute numbers of trans-
duced progenitors were similar in the presence and absence of puro-
mycin (Figure 2D), confirming that selection had a minimal toxic
impact on vector-bearing progenitors with this procedure.

Dual PAC and HSV1-TK Globin LV

In order to improve the safety and efficacy of the gene therapy vector,
we fused a deleted version of the conditional herpes simplex virus
type 1 thymidine kinase (TK) suicide gene to the PAC open reading
frame (Figure 1A) and designed a sequence to optimize expression
in human cells (PAC/DTK_opt; Figure S1). We replaced the human
phosphoglycerate (PGK) promoter with the short intron-less version
of the human elongation factor 1 alpha (EF1A) promoter (EFS), and
the TAT-dependent U3 promoter/enhancer with the cytomegalovirus
promoter (CMV), to decrease the size of the vector and increase its
titer.14 The resulting LTGCPU7 vector had a functional titer that
ranged from 52% to 87% of that of the parental BB305 clinical LV
(Figure 1B). Transduced NIH 3T3 cells were readily selectable with
puromycin, and selected cells were sensitive to ganciclovir (Fig-
ure 1C). In addition, LTGCPU7-transduced cord blood (CB) progen-
itors were efficiently selected upon puromycin treatment (Figure 1D).

Resistance of Repopulating Cells to Puromycin Selection

In order to evaluate selection at the stem cell level, we transduced CB
CD34+ cells with LTGCPU7, treated them with puromycin, studied
them in vitro, and also injected them into NOD-scid IL2rgnull

(NSG) mice. The mean VCN (Figure 3A) and the percentage (Fig-
ure 3B) of vector-bearing cells were higher in the erythroid progeni-
tors from puromycin-treated cells. Conversely, the mean VCN in
human CD45+ (hCD45+) cells isolated from immunodeficient mice
receiving puromycin-treated cells was similar to that in the absence
of treatment (Figure 3C), indicating an absence of selection at the
SCID (severe combined immunodeficiency)-repopulating cell (SRC)
level.

A study in a transfected cell line has provided evidence that puromy-
cin is a substrate of the human multidrug resistance protein 1
(MDR1/ABCB1), but not of other multidrug resistance-related trans-
porters such as breast cancer resistance protein (BCRP/ABCG2) or
MDR-associated protein (MRP1/ABCC1).23 Forced expression of
MDR1 to protect hematopoietic cells in cancer patients treated with
MDR1 substrates such as anthracyclines and taxanes has led to tran-
sient selection of transduced cells,24,25 suggesting that endogenous
MDR1 is active in HSCs. Distinctively, colony-forming cells from
MDR1-transduced hematopoietic human cells are protected from
death.26 We thus hypothesized that endogenous MDR1 activity is
Molecular Therapy Vol. 26 No 2 February 2018 481
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Figure 1. Lentiviral Vector Constructs Used in This Study and the Parental Vectors, Titers, and Function

(A) All the LVs used encode the bAT87Q-globin chain under the control of the human b-globin promoter (bp) and hypersensitive sites (HS) of the b-globin locus control region

(LCR). The Tat-dependent HPV569, HPV524, and LTGCPU1 vectors contain a complete 50 long terminal repeat derived from HIV, whereas BB305 and LTGCPU7 contain a

cytomegalovirus promoter and enhancer (CMV) instead of the HIV U3 region. The HPV524 and LTGCPU1 vector backbones are similar to the previously described b-globin

lentiviral vector HPV569 except that they contain no chromatin insulators (cHS4). In LTGCPU1 and LTGCPU7, the human phosphoglycerate kinase 1 promoter (hPGK) or the

short intron-less version of the human elongation factor 1 alpha promoter (EFS) controls expression of the puromycinN-acetyltransferase (PAC) gene. A deleted version of the

herpes simplex virus type 1 thymidine kinase gene (DTK) starting at the second ATG is fused to PAC in LTGCPU7 through a two-amino acid glycine-serine linker. We designed

a sequence to optimize expression in human cells: PAC/DTK_opt (Figure S1). (B) Side-by-side comparison of BB305 and LTGCPU7 titers from four independent production

experiments. (C) NIH 3T3 cells were mock-transduced (NT; gray bars) or transduced with LTGCPU7 (black bars), and LTGCPU7-transduced cells were selected with

puromycin. Equivalent numbers of mock- and LTGCPU7-transduced/selected cells were treated with ganciclovir (GCV) at the indicated concentration. Living cells

were counted 3 days later. (D) Five different cord blood CD34+ cell samples were transduced with LTGCPU7, left untreated (�), or treated (+) 2 days post-transduction with

5 mg/mL puromycin for 24 hr and plated on semi-solid medium. The percentage of erythroid colonies carrying the vector is indicated. 50 colonies per condition were isolated

for vector detection.
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higher in HSCs than in more mature cells and precludes puromycin
selection at the stem cell level.

LTGCPU7-transduced CD34+ cells from five CB donors were
analyzed for the presence of MDR1. The percentage of MDR1+

cells was low 1 day after thawing (at the time of transduction),
but had increased by days 3 and 4 (Figure 3D; Figure S2), and was
higher for the more primitive CD34+CD133+ subset27 than for
CD34+CD133� cells. We concluded that day 3–4 CD34+ cells were
heterogeneous for MDR1 expression, and that cells with the highest
482 Molecular Therapy Vol. 26 No 2 February 2018
SRC activity (CD34+CD133+) had higher levels of MDR1 than other
CD34+ cell subsets.

Nevertheless, despite detection of MDR1 antigen in 40%–50% of
CD34+ hematopoietic cells (Figure S2), addition of MDR1 inhibitors
was unnecessary to achieve full puromycin selection of transduced he-
matopoietic CD34+ progenitor cells (Figures 2A–2D and 3A). We
therefore hypothesized that MDR1 activity in hematopoietic progen-
itors was insufficient to remove puromycin at a dose of 5 mg/mL. In
order to gain insight into the possible role of MDR1 in the resistance



Figure 2. Efficient Selection and Recovery of Transduced Progenitor Cells

(A) Adult bone marrow CD34+ cells were transduced with LTGCPU1. 24 or 48 hr later, cells were left untreated (�) or treated (+) with puromycin (10 mg/mL) for a further 24 hr.

The cells were then immediately plated on semi-solidmedium or grown in liquid culture for the evaluation of erythroid (BFU-Es) andmyeloid (CFU-GM) progenitor cell numbers

and to determine the number of long-term culture-initiating cells (LTC-ICs). At the end of the culture period, colony-forming cells were counted and picked (50 colonies per

condition) for qPCR analyses of the presence of the vector. The absolute numbers of transduced (black) and non-transduced (gray) progenitor cells are indicated.

(B) Mobilized bone marrow cells were transduced with LTGCPU1. 24, 48, or 72 hr later (1), cells were selected on puromycin (10 mg/mL) for 24 or 48 hr (2). The mean VCN for

non-selected (basal) and selected cells was determined for pooled cells and compared with the theoretical expected VCN in optimal selection conditions (Theo). (C and D)

Mobilized bonemarrow cells were transduced and selected 48 hr later with several concentrations (0–10 mg/mL) of puromycin during 24 hr. The percentages (C) and absolute

numbers (D) of transduced and non-transduced erythroid and myeloid progenitors are indicated. 25–40 colonies per condition were isolated for vector detection.

www.moleculartherapy.org
of hematopoietic cells to puromycin, we sorted CD34+CD243� and
CD34+CD243+ transduced cells, treated them with lower concentra-
tions of puromycin in the absence or presence of MDR1 inhibitor,
grew them in vitro, and compared VCNs (Figure S3). The experiment
was complicated by the fact that MDR1 is distributed as a continuous
rather than a discrete gradient at the surface of CD34+ cells, resulting
in overlapping sorted cell fractions. Nevertheless, at low puromycin
concentrations (1 and 0.3 mg/mL), the effect of the MDR1 inhibitor
(cyclosporine A) on the selection level was significant on MDR1+

progenitors, but not on MDR1� progenitor cells. In the presence of
inefficient amounts of puromycin (0.1 mg/mL), cyclosporine A had
no significant impact on VCNs. At the highest puromycin concentra-
tion (2 mg/mL), selection ofMDR1� andMDR1+ transduced cells was
independent of cyclosporine A. We therefore concluded that endoge-
nous MDR1 activity was, at least partially, responsible for inefficient
HSC selection. Expression and/or activity of MDR1 may be higher
in HSCs than in more mature committed progenitor cells.
MDR1 Inhibitors Release the Selection Inhibition of Immature

Cells

LTGCPU7 transduced CB CD34+ cells were treated with puromycin,
in the presence or absence ofMDR1 inhibitors. Mean VCNwas deter-
mined in pooled cells frommethylcellulose and in human cells recov-
ered from mouse bone marrow. In this experiment, selection level in
erythroid progenitors was unexpectedly lower in the absence than in
the presence of MDR1 inhibitors (Figure 4A). We hypothesize that
CB progenitors with variable levels of MDR1 expression may have
variable susceptibility to puromycin selection, depending on the sam-
ple considered. In the absence of MDR1 inhibitor, no selection of
transduced SRCs was observed (Figure 4B). By contrast, in the pres-
ence of inhibitors, puromycin was able to select vector-bearing cells
(Figure 4B). As expected, the selection of transduced SRCs and their
concomitant decreased number was associated with lower propor-
tions of human cells in mice receiving selected HSCs than in mice
receiving cells treated with puromycin only (Figure 4C). The lower
Molecular Therapy Vol. 26 No 2 February 2018 483
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Figure 3. Inefficient Selection of SRCs Is Correlated

with High-Level MDR1 in CD34+CD133+ Cells

(A–C) Cord blood CD34+ cells were transduced with

LTGCPU7, left untreated (�), or treated (+) 2 days post-

transduction with 5 mg/mL puromycin and plated on

semi-solid medium or injected into NSG mice. (A and B)

The mean VCN in pooled erythroid cells (A) and the ab-

solute counts of transduced and untransduced progeni-

tor cells (B) were determined for erythroid colonies

retrieved from methylcellulose (60 colonies per condition

were isolated for vector detection). Mice received 30,000

cells (five mice in the untreated group and six mice in the

treated group) or 150,000 cells (six mice in each group).

(C) The mean VCN values and their median were deter-

mined for human CD45+ cells sorted from the bone

marrow of individual mice 3 months after transplantation.

(D) Five different cord blood CD34+ cell samples were

transduced with LTGCPU7 and analyzed for the pres-

ence of CD243 (MDR1), CD34, and CD133 antigens on

the day of transduction (day 1) and 2 and 3 days later.

Results are the mean ± SD.
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rate of human cell reconstitution in the group of mice receiving cells
treated with puromycin only than in animals receiving untreated
cells, in the absence of selection at the SRC level, may be explained
by the influence of supporting cells on SRC homing, proliferation,
and/or differentiation.

We checked that the higher VCN in human cells resulted from a
higher proportion of modified SRCs, rather than the selection of a
small number of highly modified cells, by determining the proportion
of vector-bearing SRCs. LTGCPU7 transduced CB CD34+ cells were
selected and injected into NSG mice. The mean VCN in the hCD45+

cells of individual mice increased upon cell selection with puromycin
and cyclosporine A (Figure 4D). Erythroid progenitors retrieved from
seven mice, including three from the non-selected group and four
from the selected group, were recovered in the form of erythroid col-
onies and harvested. The vector was detected in 19% of cells from
mice in the non-selected group and 100% of cells from mice in the
selected group (Figure 4E), indicating that vector-bearing SRCs,
from which bone marrow erythroid progenitors are derived, had
been selected. VCN did not differ significantly between individual
BFU-Es, suggesting that the selection of transduced cells did not
particularly favor the cells with the highest VCNs (Figure 4F). How-
ever, a few colonies had high VCNs, and VCN values did not follow a
normal distribution (p < 0.05, Shapiro-Wilk test), suggesting that a
few cells may have been transduced more efficiently than others
(see below).
484 Molecular Therapy Vol. 26 No 2 February 2018
We also investigated the effect of the strategy on
the selection of mPB cells (Figure 4G). In SRCs,
the addition of the inhibitor increased mean
VCN by a factor of more than 7 (p < 0.001),
consistent with the efficient selection of vec-
tor-bearing SRCs (Figure 4H). As expected,
the overall level of reconstitution was lower in
mice injected with puromycin-treated SRCs than in other animals
(Figure 4I).

Recovery of Transduced Stem Cells

By evaluating the absolute numbers of these cells after selection in a
limiting dilution assay, we investigated whether the lower percent-
age of human CD45+ cells in NSG mice resulted purely from
the elimination of untransduced SRCs or whether it was also
attributed to a particular toxicity to transduced SRCs (Figure 5).
The frequency of SRCs was 4.4 times higher for control than for
treated cells (Figure 5A), and cell selection decreased the absolute
cell count by a factor of 5.4. The median transduction efficacies
for the erythroid progeny of these cells were 74.9% for selected cells
and 4.2% for control cells (Figure 5B). Therefore, the absolute
number of vector-bearing SRCs on day 4 was only 1.34 times higher
for untreated than for treated cells (Figure 5C). Reconstitution
levels as a function of the numbers of SRCs injected showed a
similar relationship regardless of selection, consistent with a lack
of dependence of culture conditions on cell fitness (Figure 5D).
Another experiment yielded similar conclusions (Figure S4). In
order to ascertain that MDR1 inhibition has a limited negative
impact on repopulating cells, CB hCD34+ cells were treated with
verapamil or cyclosporine A alone and transplanted in NSG
mice. The level of engraftment, the proportion of human CD34+

cells, and the relative proportions of myeloid and lymphoid cells
were similar compared to those measured in the control group



Figure 4. Selection of Transduced SRCs in the Presence of MDR1 Inhibitors

(A–C) Human cord blood CD34+ cells were transduced with LTGCPU7 and left untreated (�Pu) or treated 2 days later with 5 mg/mL puromycin, in the absence (�) or

presence of MDR inhibitors (verapamil [V, 20 mM], reserpine [R, 20 mM], mifepristone [M, 5 mM], or cyclosporine A [C, 2 mM]). Cells were plated on semi-solid medium or

injected into NSG mice (65,000 cells per mouse in the treated groups and 225,000 cells per mouse in the non-selected group, corresponding to identical numbers of input

cells before selection). (A and B) Mean VCN was determined for pooled cells from in vitro culture (A) and from human CD45+ cells sorted from the bone marrow of individual

mice 3 months after transplantation (B). (C) The human chimerism in the bone marrow of individual mice was also assessed by flow cytometry. The black bars indicate the

median value for mean VCN and the level of human chimerism. Levels of chimerism <0.01%were below the limit of quantification.Mice with such low levels of chimerismwere

not included in the calculation of median VCN in (B). (D–F) The experiment was repeated with puromycin and cyclosporine A (2 mM). Mean VCN was determined in human

CD45+ cells (D) and in human erythroid progenitors retrieved from individual mice (E and F). (E and F) The proportion of vector-bearing progenitors (E) and the VCN in individual

colonies (F) from NSG mice are indicated. The vector was detected in 12 of 63 colonies in the non-selected group and 33 of 33 colonies in the selected group (p = 10�16 in

Fisher’s exact test). The black bars indicate the median and interquartile values. (G–I) Mobilized peripheral blood CD34+ cells were transduced with LTGCPU7 and were left

untreated (�Pu) or treated 2 days later with 5 mg/mL puromycin, in the presence (C) or absence (�) of cyclosporine A (2 mM). Cells were plated on semi-solid medium, and

109,000 (untreated), 98,000 (puromycin), or 68,000 (puromycin + cyclosporin A) cells were injected into NSGmice. (G and H) Themean VCNwas determined for pooled cells

from in vitro culture (G) and for human CD45+ cells sorted from bonemarrow from individual mice 4months after transplantation (H). (I) The human chimerism in bone marrow

from individual mice was also assessed by flow cytometry. Black bars indicate the median value of mean VCN and human chimerism. Levels of chimerism below 0.01% are

below the limit of quantification. The mice concerned were not included in the calculation of median VCN in (H).
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(Figure S5). The lower percentage of human cells in mice receiving
selected cells therefore resulted primarily from the elimination of
non-transduced SRCs.
Transduced Hematopoietic Cells Are Sensitive to Ganciclovir

CB CD34+ cells were transduced with LTGCPU7, selected with puro-
mycin, and treated with ganciclovir (Figures 6A and 6B). The number
Molecular Therapy Vol. 26 No 2 February 2018 485
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Figure 6. Conditional Suicide and Expression of the b-globin

Therapeutic Gene

(A–D) Human cord blood CD34+ cells were transduced with LTGCPU7 and treated

2 days later with puromycin and cyclosporine A for 24 hr. (A and B) Non-transduced

(NT) and LTGCPU7-transduced cells were then treated with ganciclovir (GCV) for

3 days, counted (A), and plated on semi-solid medium for the evaluation of erythroid

progenitor cell eradication (B). Selected cells were also injected into 16 NSG mice,

half of which were treated with GCV 4 weeks later (50 mg/kg, 6 days per week, for

2 weeks). (C and D) Human chimerism (C) and VCN in human CD45+ cells (D) were

determined 2 months later. Levels of chimerism <0.01% were below the limit of

quantification. (E and F) Human CD34+ cells from a patient with sickle cell anemia

(producing sickle hemoglobin HbS) were transduced with BB305 or LTGCPU7.

LTGCPU7-transduced cells were left untreated (�), were selected with puromycin

(P), or selected with puromycin + cyclosporine A (PC). Transduced cells were plated

on semi-solid medium. The presence of the integrated vector was assessed in 48

individual erythroid colonies per condition (E), and the amount of transgenic he-

moglobin (HbAT87Q/HbAT87Q+HbS) was then compared between vector-carrying

BFU-Es (F). The black bars show the median and interquartile values.

Figure 5. Recovery of Transduced and Selected SRCs

Human cord blood CD34+ cells were transduced with LTGCPU7 and either left

untreated (�) or treated with puromycin + cyclosporine A (PC). On day 4, six groups

of mice received 10,000, 25,000, and 75,000 treated or untreated cells. (A) Three

months later, the proportion of hCD45+ cells in the bone marrow was evaluated by

flow cytometry, to determine the frequency of SRCs. (B) The proportion of trans-

duced SRCs is based on the proportion of their erythroid progeny (24 colonies per

mouse) carrying the vector. (C and D) These data were used to calculate the relative

numbers of transduced and non-transduced repopulating cells (SRCs) (C) and the

reconstitution capacity of SRCs (median proportion of human cells) in NSGmice (D).

SRC is here defined as a cell giving >1% hCD45+ cells among all CD45+ cells,

3 months after human cell infusion.
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of transduced erythroid progenitors decreased by a factor of 200 in
the presence of 1 mM ganciclovir. The transduced cells were injected
into 16 NSG mice. Four weeks later, eight of the mice received ganci-
clovir. Two months later, hCD45+ cells were detected in five of the
eight mice in the control group and in one of the eight mice of the
treated group, although the number of human cells was very small
in this mouse (Figure 6C). The absence of hCD45+ cells in mice
with levels below the limit of sensitivity (<0.01%) was confirmed by
the lack of enrichment observed on hCD45+ cell sorting (Figure S6).
The vector was detected at a similar copy number in ganciclovir-resis-
tant cells than in cells from mice that did not receive ganciclovir (Fig-
ure 6D), indicating that ganciclovir treatment eliminated most, but
not all, transduced cells.

b-Globin Gene Is Expressed at the Expected Level

Because transcriptional interference or competition between the two
promoters may be suppressive,28 the b-globin expression level was
486 Molecular Therapy Vol. 26 No 2 February 2018
compared with that of the parental vector. CD34+ cells from an indi-
vidual with SCD were transduced with BB305 and LTGCPU7. Trans-
duction occurred in 35% and 10% of the erythroid progenitor cells,
respectively (Figure 6E), so that VCNs are expected to be no more
than one in about 80% and 95% of transduced progenitors for
BB305 and LTGCPU7 vectors, respectively. LTGCPU7-transduced



Figure 7. Lentiviral Transduction and Comparison with a Random

Distribution

Human cord blood CD34+ cells were transduced at two different MOIs (3.7 and 6.2)

with a purified lentiviral LTGCPU7 vector preparation (see also Figure S9, experi-

ment 1). Cells were injected into NSGmice (75,000 cells per mouse, seven mice per

group). (A) Three months after cell infusion, human CD45+ bone marrow cells were

harvested, and mean VCN was determined. (B and C) Bone marrow cells were

plated on semi-solid medium, and VCN was determined inz50 individual colonies

per animal (z350 per MOI) to calculate the mean VCN (B) and the proportion of

vector-bearing cells (C) in the progeny of SRCs. (D and E) The VCN distribution was

compared with a Poisson distribution (D), and the odds ratio for the differences

between the observed and expected numbers of cells bearing particular numbers of

vector copies was calculated (E). (F) Before injection in NSG mice, cells were also

plated on semi-solid medium, and the VCN was assessed in z50 individual col-
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progenitor cells were efficiently selected (Figure 6E), and similar
amounts of therapeutic bAT87Q-globin protein were produced with
the two vectors (Figure 6F), suggesting an absence of transcriptional
interference or competition between the two promoters.

Efficient Transduction of Hematopoietic Cells upon Vector

Purification

In the above experiments, vectors were produced and concentrated by
ultracentrifugation. LTGCPU7 vector titers were between 5� 107 and
2 � 108 transducing units per milliliter. All transduction protocols
were carried out with 2 million CD34+ cells per milliliter and a 10%
vector preparation (v/v), giving an MOI of 2.5–10. The LTGCPU7
vector was purified to increase transduction efficacy. In this case a
batch of LTGCPU7 vector was made, and the supernatant was split
in two. One half was ultracentrifuged, whereas the other half was
subjected to purification by ion exchange chromatography before
ultracentrifugation. The titers were determined and the two vector
preparations were used to transduce CB CD34+ cells. The average
VCN did not exceed z0.5 with the crude extract, whereas it reached
values of z1 with the purified vector used at a lower MOI (Fig-
ure S7A). At the highest MOIs used, some of the cells were cultured
with or without puromycin for an additional day and plated in
methylcellulose. The percentages of transduced erythroid progenitors
were 18% for the crude vector and 56% for the purified vector, consis-
tent with the differences in mean VCN observed (Figure S7B).

CB CD34+ cells were transduced at MOIs of 3.7 and 6.2 with the pu-
rified LTGCPU7 preparation, and transduced cells were subsequently
infused into NSG mice. The mean VCNs measured in hCD45+ cells
from individual mice (Figure 7A) or in the erythroid progeny of
SRCs (Figure 7B) were higher than those obtained in experiments
performed with crude extracts at similar MOIs and in the absence
of selection (Figures 3C and 4B; Figure S4C). Transduction efficiency
in the SRC progeny reached 43.4% and 58.5% (Figure 7C) and was
higher than observed with the non-purified vector (Figure 5B).

Distribution of VCN Is Variable between Cell Subtypes

If all cells were equally susceptible to transduction, the distribution of
vector integration into individual cells should follow Poisson statis-
tics. The distribution and the percentage of transduced cells may
then be deduced from the mean VCN of the cell concerned (Fig-
ure S8). We compared, in the absence of selection, the distribution
of vector integration into individual cells with the expected values
calculated from the mean VCN in the populations concerned, based
on a Poisson distribution of single events. In erythroid progenitors
derived from transduced CD34+ cells, the distribution of vector inte-
gration events did not differ significantly from expectations (Fig-
ure 7F). Details are given in Figure S9 (experiment 1). Conversely,
in the progeny of SRCs, the observed distribution of vector integra-
tion events differed significantly from that predicted on the basis of
onies per MOI and compared with the expected values based on a Poisson distri-

bution. The bars shown in (A)–(C) represent the median values. Dots and bars in (E)

indicate the odds ratio and 95% confidence intervals, respectively.
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Table 1. Integration Site Frequency in the Vicinity of Genes and Oncogenes

Unique Sites
% Sites within
50 kb TSS

% Sites within
50 kb TSS Onco

% Sites within
100 kb TSS

Sites within
100 kb TSS Onco

Sites within 50 kb
TSS, % within 50 kb
TSS Onco

Sites within 100 kb
TSS, % within 100 kb
TSS Onco

% Sites where
Nearest TSS Is
TSS Onco

MRC 3,000 47.7 8.0 64.8 13.9 16.8 21.5 10.3

In Vitro

NS 94 73.4*** 19.1** 85.1*** 27.7** 26.1 32.5* 14.9

Sel 227 78.4*** 16.3*** 93.0*** 35.7*** 20.8 38.4*** 10.6

p valueb 0.382 0.503 0.035a 0.194 0.396 0.414 0.342

In Vivo

NS 147 84.4*** 17.7*** 93.9*** 29.9*** 21.0 31.9* 12.2

Sel 196 79.1*** 19.9*** 90.8*** 32.1*** 25.2* 35.4*** 13.8

p valueb 0.263 0.677 0.320 0.724 0.477 0.550 0.748

p valuec 0.047a 0.864 0.041a 0.772 0.475 0.758 0.565

p valued 0.906 0.375 0.642 0.472 0.362 0.378 0.369

MRC, matched random control; NS, non-selected cells; onco, oncogene; Sel, selected cells. *p < 0.05, **p < 0.005, and ***p < 0.0005, respectively, by Fisher’s exact test (two-tailed)
comparing test samples with MRC dataset.
ap < 0.05.
bFisher’s exact test (two-tailed) comparing samples from non-selected and selected groups.
cFisher’s exact test (two-tailed) comparing in vitro and in vivo dataset of non-selected samples.
dFisher’s exact test (two-tailed) comparing in vitro and in vivo dataset of selected samples.
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random distribution (Figures 7D and 7E; Figure S10), suggesting that
SRCs with different susceptibility to transduction coexist, and that
neither percentage of transduced cells nor vector distribution can
be straightforwardly and accurately deduced from mean VCN
measured in the progeny of repopulating cells.

We also compared the distribution of vector integration into individ-
ual cells after puromycin selection with values calculated in condi-
tions in which all vector-bearing cells survive and all untransduced
cells die. The proportion of cells with a VCN of 1 was slightly lower
than expected on the basis of the vector distributions obtained before
selection, in both erythroid progenitors derived from selected CD34+

cells and in the progeny of selected SRCs (experiments 1 and 3,
respectively; Figure S11). A small number of cells with insufficiently
strong PAC expression may therefore have been eliminated during se-
lection on puromycin. Accordingly, the mean VCN in the erythroid
progeny of SRCs was higher (p < 0.001) in selected cells (4.8 ± 2.9)
than in non-selected SRCs (3.1 ± 1.4).

Preferred Integration Sites after Puromycin Selection

Cells in which the vector integrates into genomic features associated
with high levels of gene expression may be favored during in vitro se-
lection, with further enrichment occurring in vivo through insertional
mutagenesis. We investigated this possibility by determining whether
vector integration sites post-selection and post-transplantation pre-
sented any evidence of such enrichment close to genes, particularly
those associated with cell growth, or chromatin features associated
with high levels of gene expression. In this case, we analyzed human
cells harvested from the bone marrow of NSG mice receiving selected
and non-selected transduced cells (experiment 3 described in Figures
S10 and S11). The mean VCN in hCD45+ cells from mouse bone
marrow was 4.6 ± 3.0 in selected cells and 2.5 ± 1.4 in non-selected
cells. Before transplantation, aliquots of cells were cultured on meth-
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ylcellulose. The mean VCN was 1.68 ± 0.01 for selected cells and
0.87 ± 0.01 for non-selected cells.

As expected, the proportions and distributions of insertion sites were
significantly different from those obtained for a matched random
control dataset (Figures S12 and S13; Table S1). No significant differ-
ence between non-selected and selected in vivo samples was observed
for any of the features investigated including the distance of insertion
sites to oncogenes (Table 1). We can, therefore, conclude that drug-
mediated selection had not biased the distribution of insertion sites
beyond the possible bias due to in vivo expansion. We evaluated
the potential distribution distortions specifically due to in vitro
drug selection or in vivo expansion through the following compari-
sons: (1) non-selected versus selected samples in vitro, to evaluate
the effect of drug selection; (2) non-selected in vitro versus non-
selected in vivo samples, to evaluate the role of cell expansion; and
(3) in vitro selected versus in vivo selected samples, to determine
whether any insertion biases observed were additive (Figure S14).
Both drug selection and in vivo expansion slightly distorted insertion
site distributions toward regions with a high transcription start site
(TSS) density, regions with a higher proportion of CpG islands, and
regions with a high density of DNase hypersensitive sites. Although
it is surprising to find that the selection of cells with insertion sites
within regions of high gene density was not associated with higher
transcript abundance, this observation is consistent with the higher
frequency of insertion sites upstream rather than downstream of
the TSS, with these insertions sites thus being located in non-tran-
scribed regions.

DISCUSSION
We describe here the properties of a relevant b-globin LV capable of
transducing a high proportion of hematopoietic cells with a limited
number of insertion hits.
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We decided to use the EFS promoter to control PAC/DTK expression
because it is relatively short (230 bp), is potent enough to express clin-
ically relevant genes,29 and is associated with a low transformation
potential.30 The LTGCPU7 LV was produced almost as efficiently
as the parental BB305 (<2-fold lower), and the vector expressed
both operational PAC and functional TK genes. In our culture condi-
tions, which are identical to those used in the clinical setting,31 MDR1
levels were correlated with the characteristic phenotype of stem cells
and increased over time, peaking at the time of selection. In the pres-
ence of MDR1 inhibitors,32 we show here that the MDR1 substrate
puromycin23 is effective to select vector-bearing CB and adult mPB
SRCs. Cyclosporine A has been shown to relieve lentiviral restriction
blocks in hematopoietic cells, but at a higher concentration than used
here.33 Furthermore, none of the inhibitors tested here in the absence
of puromycin was capable of altering the transduction rate at the con-
centrations indicated.

As expected, stem cell selection resulted in smaller numbers of human
cells being recovered fromNSGmice receiving treated SRCs than from
animals receiving untreated SRCs. We investigated whether the
smaller number of human cells recoveredwas due to an excessive toxic
effect of the selective molecule cocktail, on both vector-bearing and
untransduced cells, by determining the number of stem cells trans-
duced. With selection, a minimal decrease in the number of trans-
duced cells was observed following treatment, whereas most of the
non-transduced cells were effectively removed. The slightly smaller
number of transduced SRCs (z25%) may be caused by MDR1 inhi-
bition or the residual toxicity of cyclosporine A. However, although
this calcineurin inhibitor has been shown to be cytotoxic to some pri-
mary cells, these concentrations were much higher than that used
here.34,35 Furthermore, the hematopoietic reconstitution potential of
Mdr1�/� HSCs in mice is not affected.36 The proportion of human
cells after transplantation in NSG mice was correlated with the num-
ber of cells injected into themouse and independent of treatment con-
ditions, indicating that there was no effect on SRC fitness. Alterna-
tively, the integration of the vector into regions of heterochromatin
may have driven the production of a limited amount of the resistance
protein in a minority of transduced cells, leading to the observed cell
loss. Our observation that the proportion of cells with a low VCN is
slightly lower than expected after cell selection and the preferential dis-
tribution of insertion sites upstream of the TSS in gene-dense regions
is consistent with this notion. If this should prove to be the case, then
this procedurewould also select the cells with the highest probability of
expressing their transgenes. The pretransplantation selection of trans-
duced mouse cells by a fluorescence-based method has been shown to
obviate the subsequent consequences of gene silencing.12 This effect
would have the advantage of destroying cells harboring vectors, but
not expressing the therapeutic gene,12 thereby increasing treatment
efficacy. Importantly, drug-mediated selection had not biased the dis-
tribution of insertion sites beyond the possible bias due to in vivo
expansion, and the distribution biases were not cumulative.

The ultracentrifugation of non-purified LVs increases the concentra-
tion of cellular debris, membrane fragments, and denatured proteins,
which are toxic and decrease the efficiency of target-cell transduc-
tion.37 We therefore purified the vector by ion exchange chromatog-
raphy. This made it possible to transduce hematopoietic cells without
the plateau in transduction rate that is rapidly reached when hemato-
poietic cells are transduced with crude extracts.38,39 In this setting, the
LTGCPU7 vector preparation yielded a transduction efficacy close to
the approximately 50% required here to preclude a high frequency of
cells having a high VCN and to minimize the excessive removal of
cells. Lentiviral transduction rate and the distribution of the vector
in late progenitors were consistent with the expected values calculated
from the mean copy number in the bulk population of CD34+ cells
based on Poisson statistics, as suggested in a previous study.40 The sig-
nificant departure from an ideal Poisson distribution observed in the
progeny of SRCs, however, suggests that transduction efficiency is not
equal in cells at the most immature stages, resulting in a large number
of vector copies in the subpopulation most susceptible to transduc-
tion. These observations indicate that the initial transduction rate
for individual cells or colonies should be carefully monitored so as
to assess the generation of subsets of cells with a high VCN.
We show here that adjusting the initial transduction rate to z50%
and/or the mean VCN to z1 limits the frequency of SRC progenies
withR5 LV copies to about 1%. Conversely, the effort to transduce a
higher proportion of HSCs without selection by increased LV delivery
with elevation in the average VCN may enhance the risk of oncogen-
esis from multiple integrants per cell.

We included a suicide gene to decrease the risks related to the poten-
tial genotoxicity of integrative vectors and tomake it possible to ablate
cells with modified genes if a serious adverse event occurred. We
investigated the use of the TK gene because this strategy has been
used in many clinical studies.41 We incorporated DTK into our LV
because its smaller size was advantageous. Transduced cells were sen-
sitive to ganciclovir treatment, with a 1 mM solution decreasing the
number of hematopoietic progenitors by two orders of magnitude.
This level of sensitivity is similar to that seen in transduced cell lines
or primary T cells expressing DTK,42 or fusion proteins including TK
or its hypersensitive mutant form, TKSR39.43,44 Transduced SRCs
were almost completely eradicated, a result that compares favorably
with those of other in vivo studies.45 We were nevertheless able to
detect a few transduced human cells. The presence of these cells
may reflect insufficient drug sensitivity, epigenetic silencing of the
transgene, or mutations of the TK gene. Nevertheless, a large
majority of the transduced cells remained effectively eradicated.
Thus, although non-obligatory, the presence of DTK provides a
higher level of safety than the use of a vector without a suicide gene.

A potential obstacle to the persistence of modified hematopoietic cells
in vivo is the development of host immune responses to non-human
proteins. Viral TK has been reported to be immunogenic in adop-
tively transferred modified donor T cells, although conflicting data re-
flecting differences in the immune status of treated patients have been
published.46,47 Preserving recipient immunity may therefore render
PAC/DTK-expressing cells susceptible to an immune response.
Future studies will need to evaluate the induction of systemic
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tolerance to the PAC/DTK gene product in the setting of temporary
mild immune suppression with agents such as anti-thymocyte glob-
ulin,48 rapamycin,49–51 or other non-genotoxic molecules and before
the induction of central immune tolerance.52 Non-immunogenic
genes such as NGFR19 and inducible caspase-953 may also be consid-
ered, respectively, as alternatives to PAC for selection and DTK for
suicide switch strategies and similarly warrant future consideration
in the context of our current approach to improve the efficacy and
safety of lentiviral transduction of HSCs.

The cell transduction efficiency of LVs is difficult to control and pre-
dict, even with purified vectors, and is seemingly highly dependent on
patient samples.8,54,55 Finding agents to enhance the frequency of he-
matopoietic cell transduction is being considered,56,57 but higher
transduction efficacy on the fraction of cells highly permissive to
transduction may considerably increase the VCN per transduced cells
and the risk for insertional mutagenesis.58 Heterozygous b0/b+-thal-
assemia carriers are healthy. We have shown that the therapeutic
b-globin output on a per-gene basis is at least 70% of the normal
endogenous b-globin.1 Thus, patients with transfusion-dependent
b-thalassemia transplanted with 100% transduced allogenic stem
cells, carrying between one and two copies of a LV expressing
b-globin, should produce therapeutic levels of the protein. Indian
and Arabian homozygous patients with SCD having fetal hemoglobin
(HbF) levels of about 25% have all the symptoms of SCD but a milder
clinical course.59,60 In patients with compound heterozygosity for
HbS and b-globin gene deletion, with an inherited persistence of
HbF (S-HPFH), pancellular distribution of HbF (typically 30%), as
opposed to heterocellular, is considered to be responsible for the
benign syndrome.61,62 The mutant bAT87Q-globin chain expressed
by our LTGCPU7 vector inhibits HbS polymerization as efficiently
as the g-globin chain.63 Thus, the delivery of R1 vector copy per
erythroid cells should ensure that anti-sickling Hb levels are high
enough to cure most patients with SCD.

The decrease in total cell number due to selection may make it neces-
sary to increase the number of cells initially transduced, especially for
patients with SCD, for which autologous CD34+ cells are obtained by
bone marrow harvest because of the detrimental effect of granulocyte
colony-stimulating factor (G-CSF) that promotes acute complica-
tions. For subjects with b-thalassemia, the association of G-CSF
and plerixafor has been shown to display strong synergy,64 increasing
the number of mPB CD34+ cells, and is the preferred combination in
ongoing clinical trials.2 Plerixafor has also been shown to mobilize
HSCs effectively without the detrimental effect of G-CSF. It is
currently tested in humans with severe SCD (NCT02140554 and
NCT02193191) and may enhance the number of collected hemato-
poietic (stem) cells prior to ex vivo culture. Additionally, one part
of the drug product may be expanded ex vivo with agents such as
StemRegenin-1 or UM171 before cell infusion, in order to support
and accelerate neutrophil and platelet recovery.65,66 Myeloablative
conditioning with busulfan also needs to be optimally delivered to
achieve maximal hematopoietic engraftment by meticulous moni-
toring by pharmacokinetics analyses and adjustment of the dosing
490 Molecular Therapy Vol. 26 No 2 February 2018
to a fully myeloablative target value, as currently conducted in
ongoing clinical trials.2,5

The protocol described in this manuscript ensures efficient selection,
ensures high recovery rate of transduced hematopoietic stem/progen-
itor cells after only 24 hr of exposure to selective agents already
approved by medical agencies, and reduces the risks of multiple len-
tiviral insertions within susceptible hematopoietic cell subpopula-
tions. The vector titer is close to that of a vector currently used in
clinical trials, and the b-globin expression level is similar. The drug
selection method is affordable, rapid, easily scalable, and does not
bias the distribution of lentiviral insertion sites beyond the integration
preferences observed after lentiviral transduction of HSCs and recon-
stitution of hematopoiesis. High transduction rates can be obtained
with a low/medium VCN per cell, and the vector provides a means
of eradicating cells containing the modified gene in vivo if a serious
adverse event occurs. Toxicological studies, including evaluation of
the genotoxic potential of the modified vector, will have to be per-
formed before evaluation in subjects with b0/b0-thalassemia and
severe SCD.

MATERIALS AND METHODS
LV Preparation, Titration, and CD34+ Cell Transduction

The PAC and human PGK promoter sequences were synthesized
by Genscript (Piscataway, NJ, USA) and introduced between
the b-globin locus control region and the 30 polypurine tract of
HPV524 (HPV5691minus insulators) tomake LTGCPU1. LTGCPU7
is derived from themore recent b-globin LVBB30514 (Figure 1). In the
products of PAC/DTK constructs, the two proteins are linked via a
glycine-serine spacer (GS) and DTK starts at the second ATG of the
full-length HSV-TK sequence. The PAC/DTK_opt cassette was opti-
mized and synthesized by DNA2.0 (Newark, NJ, USA) for optimal
expression in human cells. Its sequence, together with that of the
EFS promoter, is given in Figure S1. Lentiviral particles were produced
as described previously67 and concentrated by ultracentrifugation.
Where indicated, purification was performed with aMustang Q anion
exchange membrane cartridge (Pall, Saint Germain-en-Laye, France)
and a 40K ZebaSpin desalting column (Thermo Fisher Scientific,
Villebon, France) before concentration. Infectious titers were deter-
mined in NIH 3T3 cells. Adult and CB CD34+ cells were cultured
in SCGM (CellGenix, Freiburg, Germany) and X-VIVO20 (Lonza,
Basel, Switzerland) medium, respectively. Two days after cell trans-
duction, cells were selected on puromycin hydrochloride (Sigma-
Aldrich, Lyon, France). Where indicated, mifepristone, reserpine,
cyclosporine A, and verapamil hydrochloride (all from Sigma-
Aldrich) were used at final concentrations of 5, 20, 2, and 20 mM
respectively, together with puromycin (5 mg/mL).

Immunodeficient Mice

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD-scid IL2rgnull abbreviated to
NSG) mice were obtained from Charles River Laboratories (Saint
Germain sur l’Arbresle, France) and kept in individually ventilated
cages supplied with sterile food and autoclaved water. Animal
care and handling conformed to European Union (EU) Directive
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2010/63/EU on the protection of animals used for scientific purposes.
Experimental protocols were approved by the ethics committee for
animal experimentation of the CEA (French alternative energies
and atomic energy commission), under notification number 12-033.
Three- to four-month-old female recipients (at least six mice per
group) were sublethally irradiated with a dose of 2.8 Gy (1 Gy/min)
to the whole body (total body irradiation [TBI]). We then injected
104–105 transduced and selected human cells intravenously into
the mice on the day after irradiation. Where indicated, mice were
treated, 1 month after cell infusion, with intraperitoneal ganciclovir
(Cymevan, Roche Pharma), at a dosage of 50 mg/kg/day (or saline),
6 days per week for 2 weeks. Bone marrow hematopoietic cells
were harvested from the left and right femurs and tibias, 3 months
after the transplantation of human cells. They were used for
human progenitor assays, flow cytometric analysis, and hCD45 cell
sorting.

Human Cells

The study was approved by the ethics evaluation committee of
INSERM, institutional review board (IRB00003888) of the
French institute of medical research and health (IORG0003254
FWA00005831). CB cells were obtained from Saint-Louis Hospital
(Paris, France). mPB cells were collected from the residual cells
in bags prepared for transplantation at Pitié Salpêtrière Hospital
(Paris, France). Adult bone marrow cells were obtained from hip
operations at the “Centre Hospitalier Intercommunal” (Créteil,
France). The mononuclear cell fractions were isolated by gradient
separation, and human CD34+ cells were isolated with the CD34+

progenitor cell isolation kit (Miltenyi Biotech, Paris, France) and
the autoMACSPro instrument (Miltenyi Biotec).

Progenitor Assays and VCN Determination in Human Progenitor

Cells

For progenitor assays performed immediately after in vitro transduc-
tion and selection, 500–1,000 cells were plated in methylcellulose-
based medium already supplemented with human cytokines H4434
(STEMCELL Technologies, Grenoble, France). For progenitor assays
performed with human cells isolated from immunodeficient mice
after transplantation, the growth of mouse cells was prevented by
plating 100,000–1,000,000 cells on methylcellulose-based medium
H4230 (STEMCELL Technologies) supplemented with human stem
cell factor (50 ng/mL; PeproTech, Neuilly-sur-Seine, France), human
interleukin-3 (10 ng/mL; PeproTech), and human erythropoietin
(3 U/mL; Roche Pharma). The colonies were counted and collected
after incubation for 11–14 days, washed with PBS, and stored.
LTC-ICs were analyzed as previously described.3 The percentage of
vector-modified LTC-ICs during the readout phase of the assay was
determined by subjecting no more than one clonogenic myeloid col-
ony per well to qPCR-based scoring to ensure that only independent
LTC-ICs were analyzed. DNA from hematopoietic colonies was
recovered and amplified with the TaqMan Sample-to-SNP kit
(Thermo Fisher Scientific) and specific primers and probes (Supple-
mental Information) using the 7300 ABI Prism Detection system
(Applied Biosystems, Courtaboeuf, France). The results were
compared with those obtained with genomic DNA from a human
cell line containing a single copy of the integrated LV per haploid
genome. VCNs were determined by the comparative cycle threshold
(Ct) method and set at integer values.

Flow Cytometry and SCID-Repopulating Cell Assays

The antibodies used for cytometry were directed against murine
CD45 (clone 30-F11; Thermo Fisher Scientific), human CD45 (clone
5B1; Miltenyi Biotec), human CD33 (clone WM53; BD Biosciences,
Le Pont de Claix, France), human CD15 (clone VIMC6; Miltenyi Bio-
tec), human CD20 (clone 2H7; BD Biosciences), human CD3 (clone
BW264/56; Miltenyi Biotec), human CD133 (clone AC133; Miltenyi
Biotec), human CD34 (clone 581; BD Biosciences), and human
CD243 (clone UIC2; Thermo Fisher Scientific). Isotype control anti-
bodies were used to set the negative gates for the in vitro identification
of human cell subsets. Non-viable cells were excluded by SYTOX Blue
nucleic acid staining (Thermo Fisher Scientific) or with 7AAD
(Thermo Fisher Scientific). Data were acquired with aMACSQUANT
instrument (Miltenyi Biotec) and analyzed with FlowJo software
(Tree Star, Ashland, OR, USA). The percentages of human cells in
NSG bone marrow were calculated as follows: the number of human
CD45 cells was divided by the number of human plus mouse CD45
cells, and the result was multiplied by 100. For limiting dilution assays
and the assessment of human stem cell frequency, mice were arbi-
trarily considered to be positive for human SRCs if the level of human
chimerism 3months after transplantation was >1%, with the presence
of both myeloid and lymphoid cells. Mice that had not undergone the
transplantation procedure were used as a negative control. Back-
ground levels of human cell detection in these negative control
mice werez0.01% (Figure S6). The frequency of SRCs was calculated
by using Poisson statistics and L-Calc software (STEMCELL
Technologies).

Human CD45 Cell Enrichment for VCN Determination

Human cells from NSG mouse bone marrow were enriched to facil-
itate VCN determination in these cells and to confirm the absence of
human cells in immunodeficient mice as follows: single-cell suspen-
sions of bone marrow cells (20–70 million cells) were labeled by incu-
bation with 0.2 mL of whole-blood CD45 microbeads (Miltenyi
Biotech) in 50 mL of PBS supplemented with bovine serum albumin
(0.5%) and EDTA (2 mM) for 15 minutes, washed, resuspended in
1 mL, and sorted with an autoMACSPro instrument (Miltenyi
Biotech) and the possel_s program. Sorted cells were then resus-
pended in PBS for the evaluation of cell enrichment by FACS and
DNA extraction with the NucleoSpin Blood kit (Macherey Nagel).
Relative enrichment varied between 1- and 20-fold, depending on
the initial proportion of human cells (Figure S6). In mice with levels
of hCD45+ cells below background levels (0.01%), no enrichment was
observed, confirming the absence of human cells. Genomic DNA was
extracted with the NucleoSpin Blood kit (Macherey Nagel, Hoerdt,
France). Real-time PCR was performed with specific primers and
probes (Supplemental Information) using the 7300 ABI Prism Detec-
tion system and a 2� qPCR MasterMix containing Rox (Erogentec,
Liege, Belgium). VCNs were determined from the results obtained
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with genomic DNA from a human cell line containing one copy of the
integrated LV per haploid genome.

Transgenic Human Hemoglobin from Individual Erythroid

Colonies

Cells from erythroid bursts were lysed by adding 100 mL of H2O and
centrifuging at 20,000� g. The nuclei were retained for qPCR and the
assessment of vectormodification, whereas hemoglobin from individ-
ual erythroid colony supernatants was separated by ion exchange
high-pressure liquid chromatography (HPLC) on a PolyCAT A col-
umn (PolyLC). Elution was achieved with a linear gradient of buffer
A (40 mM Tris, 3 mM KCN; pH adjusted to 6.5 with acetic acid) and
buffer B (40 mM Tris, 3 mM KCN, 200 mM NaCl; pH adjusted to
6.5 with acetic acid) of different ionic strengths at a flow rate of
0.4 mL/min at 40�C. The detection wavelength was 418 nm. HPLC
analyses were performed with a Prominence chromatograph (Shi-
madzu) and LC Solution software.

Poisson Statistics and Vector Distribution

Distribution of VCNper Cell andPercentage of TransducedCells

in Non-selective Conditions

If cells from a specific lineage are transducible at a known mean rate
(m), if they are equally transducible, and if integration events occur
independently of each other, the number of vector copies per cell
(X) is a discrete random variable the scattering of which obeys a
Poisson distribution. The probability mass function of X is given by
f ði;mÞ=PrðX = i;mÞ= ðe�mÞ � mi=i!, where i is the discrete number
of vectors integrated per cell and m is the observed mean VCN
(Figure S8A). Thus, the probability of a cell being transduced is
PrðXR1;mÞ= 1� PrðX = 0;mÞ= 1� e�m. Therefore, if the mean
VCN/cell (m) in a specific cell population is known, and if the distri-
bution of VCN per cell follows a Poisson distribution, then the ex-
pected percentage of transduced cells in non-selective conditions is
ð1� e�mÞ � 100 (Figure S8B).

Expected Mean VCN after the Selection of Transduced Cells in

Optimal Conditions

In conditions of optimal selection, all non-transduced cells are erad-
icated and all vector-bearing cells survive. If, first, vector distribution
before cell selection follows a Poisson distribution, and second,
selection occurs in optimal conditions, then the expected VCN after
selection is:
expVCNSel =
ðPrðX = 1;mÞ � 1Þ+ ðPrðX = 2;mÞ � 2Þ+.+ ðPrðX = n;mÞ � nÞ

1� PrðX = 0;mÞ =
e�m

1� e�m
�
XN

i= 1

mi

i!
:

when m R 5, expVCNSelzm (Figure S8C). If the distribution of the
vector before selection does not obey Poisson statistics, then the ex-
pected VCN after selection in optimal selective conditions cannot
be predicted in this way.
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Expected Distribution after the Selection of Transduced Cells in

Optimal Conditions

This distribution is calculated based on the observed distribution
before selection. For each discrete number of integrated vectors per
cell, PrðX = iÞA = ðPrðX = iÞBÞ=ð1� PrðX = 0ÞBÞ , where the A and B
indices relate to values measured after and before selection,
respectively.

Insertion Site Retrieval

Human CD45+ (hCD45+) cells were harvested from the bone
marrow of mice 3 months after the infusion of transduced
human CD34+ cells. The numbers of insertion site recovery were
increased by preparing genomic DNA from these cells and their
progeny (obtained by culture in methylcellulose). The number
of in vivo insertion sites was calculated as the sum of unique inser-
tion sites retrieved from these two DNA preparations. Before
transplantation, aliquots of cells were subjected to culture on
methylcellulose from which genomic DNA was prepared. The num-
ber of in vitro insertion sites was determined with these cells.
A detailed explanation of the methodology used for the processing
and analysis of sequencing files is included in the Supplemental
Information.

Statistical Tests

Comparisons between two or more groups were performed using
Student’s t test, Mann-Whitney U tests (if the data were shown to
be non-normal in Shapiro-Wilk tests and/or if equal variance test
failed), and one-way ANOVA (possibly based on ranks). Degrees
of significance were calculated with SigmaPlot 10.0 software. Best-
fit curves rising to a maximum were constructed with SigmaPlot
10.0. We assessed the significance of differences between propor-
tions of cells bearing various numbers of LV copies in experimental
groups and expectations, by creating 2 � 2 contingency tables
assuming equivalent numbers of cells in the two groups. Non-
random associations between variables were assessed by Fisher’s
exact test. Odds ratio and 95% confidence interval were calculated
with GraphPad Prism 6. The frequency of LTC-ICs and SRCs and
the significance of differences between groups were determined
with L-Calc software (STEMCELL Technologies).

Insertion Site Retrieval and Analysis

See Supplemental Information.
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SUPPLEMENTAL FIGURE LEGENDS 

Supplemental Figure 1: Sequence of the optimized expression cassette EFS-PAC/TK 

Yellow: intron-less short EF-1 promoter (EFS); blue: puromycin acetyl-transferase (PAC) from Streptomyces 
alboniger; green: deleted thymidine kinase gene of HHV1 (TK). 

Supplemental Figure 2: Cell culture and MDR1 expression in human hematopoietic CD34+ cells 

Five different cord blood CD34+ cell samples (CB1 to CB5) were transduced with LTGCPU7 and analyzed for 
the presence of CD243 (MDR1), CD34, and CD133 antigens on the day of transduction (A: day 1) and two (B: 
day 3) and three days (C: day 4) later. Top panels: identification of CD34+CD133+, CD34+CD133- and CD34-

CD133- cell subpopulations. Bottom panels: Proportion of cells expressing MDR1 (CD243) and mean 
fluorescence intensity (MFI) in the different cell populations. (D) Correlation of MDR1 and CD133 expression 
in CD34+ cells on days 1, 3 and 4. 

Supplemental Figure 3: Puromycin selection on sorted MDR1- and MDR1+ progenitor cells 

CD34+ cells from two different human cord blood samples were transduced with LTGCPU7 and sorted into 
CD34+CD243- (MDR-) and CD34+CD243+ (MDR+) cell fractions. Cells were analyzed for the presence of 
CD243 (MDR1), CD34, and CD133 before cell sorting and in the enriched cell fractions (A1 and B1). They 
were treated with either 2 µg/mL (A) or 1µg/mL, 0.3µg/mL, 0.1 µg/mL puromycin (B), with (+) or without (-) 
cyclosporine A (2µM). The mean VCN values were determined in pooled progenitor cells (A2 and B2). Except 
with 0.1µg/mL puromycin, VCN obtained in puromycin treated cells were significantly higher than in the 
absence of the antibiotic (not shown). Fold-increases and p values are given for comparison of samples grown 
with and without cyclosporine A.  

Supplemental Figure 4: Effect of experimental conditions on SRC fitness 

Human cord blood CD34+ cells were transduced with LTGCPU7 and treated with puromycin + cyclosporine A 
(PC) or left untreated (-). On day 4, six groups of mice received 15,000, 40,000 and 140,000 treated or untreated 
cells. Three months later, the proportion of human cells present was evaluated by flow cytometry, to determine 
SRC frequencies (A) and the reconstitution capacity of SRCs in NSG mice (B). The mean VCN values were 
determined for human CD45+ cells from individual mice (C). As in the experiment presented Figure 5, VCN 
was higher in mice receiving selected cells than in mice receiving non-selected cells and treated and non-treated 
cells had similar reconstitution capacities in NSG mice.   

Supplemental Figure 5: Effect of MDR1 inhibitors on repopulating cells 

Three days after thawing, human cord blood CD34+ cells were left untreated (-) or treated with verapamil 
(20µM) or cyclosporine A (2µM) for 24 hours. On day 4, three groups of 7 NSG mice received 70,000 treated or 
untreated cells. Ten weeks later, the proportion of human cells present was evaluated by flow cytometry to detect 
human leukocytes, human CD34+ cells, lymphoid and myeloid cells. The proportions of human CD45+ cells, 
human CD34+ cells and the relative proportions of human CD20+, human CD3+, and human CD33+/CD15+ were 
not statistically different between the three groups. 

Supplemental Figure 6: Enrichment of NSG bone marrow in human CD45+ cells  

Representative flow cytometry analyses on four bone marrow samples with initial proportions of human cells 
ranging from 0.09% to 80.5% of leukocytes and a negative control mouse (bottom). FSC versus SSC plots 
showing the typical positions of mouse and human cells, mostly granulocytes for mouse cells and lymphocytes 
for human cells, in humanized mice. The graph shows the inverse correlation between the initial percentage of 
human cells and enrichment. An absence of enrichment is associated with the smallest numbers of cells detected 
in the gate for human CD45+ cells, in the range of that found in non-injected control mice (<0.01%). 

Supplemental Figure 7: VCN and lentiviral vector purification 

A batch of LTGCPU7 vector was made, and the supernatant was split in two. One half was ultracentrifuged, 
whereas the other half was subjected to purification by ion exchange chromatography, followed by 
ultracentrifugation to obtain the same volumes. The two vector preparations were used to transduce CB CD34+ 



 
 

cells at three different MOI, with non-purified (MOI=0.18, 1.8, 8.9) and purified (MOI=0.05, 0.5, 2.5) vector 
preparations, and plated on semi-solid medium. VCN was determined for pooled cells, two weeks later (A). At 
the highest MOI, transduced cells were left untreated (-) or treated (+) with puromycin for 24 hours, plated on 
semi-solid medium, and the presence of the integrated vector was assessed in individual colonies (B).  

Supplemental Figure 8: Poisson statistics 

Probabilities of vector copy number per cell and probability mass function (A), and expected percentages of 
transduced cells (B) if vector distribution follows Poisson statistics; expected mean VCN after selection of 
transduced cells (C) if selection occurs through optimal conditions and if vector distribution before selection 
follows Poisson statistics. µ is the average value of vector copy number per cell; i is the discrete number of 
vector copy per cell. The probability mass function is defined only at integer values of i. The connecting lines are 
guides for the eye.  

Supplemental Figure 9: The rate of transduction of mature progenitor cells follows a Poisson distribution 

Two cord blood CD34+ cell samples (Experiments #1 and #2) were transduced at several MOIs (a,b,c) and 
cultured in semi-solid medium. Results from experiment 1 are those summarized Figure 7F, where CD34+ cells 
were transduced at two different MOIs (3.7 and 6.2). VCN was assessed by qPCR in >50 individual erythroid 
colonies per MOI (A1). The expected numbers of cells carrying discrete numbers of vectors (A3) were deduced 
from the average VCN in erythroid colonies (A2), on the basis of Poisson statistics. Here is an example of 
calculation: for experiment#2b, where the mean VCN is 0.702 in 57 erythroid colonies, the probability for cells 
to carry 3 vector copies is: [e-µ x µi]/i! = [e-0.702 x (0.702)3]/3! = 0.029; the expected number of erythroid colonies 
with 3 copies is therefore 0.029 x 57 ≈ 2 (A3). The observed numbers of vector-bearing cells were compared 
with the expected numbers (B). The statistical significance of differences was assessed with Fisher’s exact test, 
for 0, intermediate (1-2), and larger numbers (≥3) of VCNs (C).  

Supplemental Figure 10: The rate of transduction of SRCs does not follow a Poisson distribution 

Two cord blood CD34+ cell samples (Experiments #1 and #3) were transduced at several MOIs and transplanted 
into NSG mice. Experiment #1 of this figure is part of experiment #1 in Figure S9; results have been 
summarized Figure 7D. VCN was assessed by qPCR in ≥299 individual erythroid colonies derived from mouse 
bone marrow hCD45+ cells (A1). The expected numbers of cells bearing discrete numbers of vectors (A3) were 
deduced from the mean VCN in SRC-derived erythroid progenitors (A2), according to Poisson statistics (A). The 
expected numbers were compared with the observed numbers of vector-bearing cells (B). The statistical 
significance of differences was determined in Fisher’s exact tests on populations with a low, intermediate or 
larger VCN (C).  

Supplemental Figure 11: The selection of transduced progenitors counterselects cells at VCN of 1 

Two cord blood CD34+ cell samples (Experiment #1 and #3) were transduced at several MOIs. Experiments #1 
and #3 are part of the experiments #1 and #3 depicted in Figures S9 and S10. In experiment #1, transduced cells 
were selected and cultured on semi-solid medium. In experiment #3, transduced cells were selected and 
transplanted into NSG mice. The VCNs of CD34+ cell-derived erythroid progenitors (Experiment #1) and of 
SRC-derived erythroid progenitors (Experiment #3) were determined for the indicated number of colonies (A1). 
The theoretical numbers of vector-bearing cells after selection (A2) were calculated if all transduced cells 
survived and none of the non-transduced cells survived. They are based on the numbers of vector-bearing cells 
observed before selection (indicated Figure S9A1 and Figure S10A1). Here is an example of calculation: for 
experiment#3, where the number of colonies carrying 3 copies is 40 and the number of transduced colonies is 
285 before selection (Figure S10A1), the theoretical number of colonies carrying 3 copies among 161 (after 
selection) is 40/285x161=23 (A2). The distributions of vector-bearing cells were compared with the theoretical 
distribution (B). The statistical significance of differences was assessed using Fisher’s exact test (C). 

Supplemental Figure 12: Integration site analysis in vitro and in primary transplants 

Percentages of insertion sites within introns and exons, and outside genes (A); percentage of insertion sites 
upstream and downstream from the TSS of the closest gene (B), percentage of insertion sites upstream and 
downstream from the closest TSS (C), percentage of insertion sites upstream and downstream from the TSS of 
the closest oncogene (D). The p-values given are for the comparison of non-selected and selected conditions 
using Fisher’s exact test (two-tailed). The significance of comparisons between the matched random control 
(MRC) data set and other groups is indicated as follows: * p<0.05, ** p<0.005, *** p<0.0005. 



 
 

Supplemental Figure 13: Distribution of integration sites with respect to specific genomic features 

Distribution of unique integration sites with respect to TSS density (A), transcript abundance (B), DNAse I HS 
density (C) and CpG island density (D) within a window around integration sites. See the materials and methods 
section for an explanation of genomic features. The p value for the comparison between non-selected (NS) and 
selected (Sel) conditions was obtained in a Mann-Whitney U test. All comparisons between the matched random 
control (MRC) data set and other groups yielded a p-value <0.0001 (not shown). 

Supplemental Figure 14: Insertion site distribution biases 

Distortion of the proportion or distribution of unique integration sites with respect to TSS position (A), oncogene 
TSS position (B), position in the gene (C), transcript abundance (D), TSS density (E), CpG island density (F), 
and DNAse I HS density (G). The p values were calculated as indicated in Figures S12 and S13. 
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µ
0,1 0,5 1 2 3 4 5 6 7 8 9 10

i

0 9,05E-01 6,07E-01 3,68E-01 1,35E-01 4,98E-02 1,83E-02 6,74E-03 2,48E-03 9,12E-04 3,35E-04 1,23E-04 4,54E-05
1 9,05E-02 3,03E-01 3,68E-01 2,71E-01 1,49E-01 7,33E-02 3,37E-02 1,49E-02 6,38E-03 2,68E-03 1,11E-03 4,54E-04
2 4,52E-03 7,58E-02 1,84E-01 2,71E-01 2,24E-01 1,47E-01 8,42E-02 4,46E-02 2,23E-02 1,07E-02 5,00E-03 2,27E-03
3 1,51E-04 1,26E-02 6,13E-02 1,80E-01 2,24E-01 1,95E-01 1,40E-01 8,92E-02 5,21E-02 2,86E-02 1,50E-02 7,57E-03
4 3,77E-06 1,58E-03 1,53E-02 9,02E-02 1,68E-01 1,95E-01 1,75E-01 1,34E-01 9,12E-02 5,73E-02 3,37E-02 1,89E-02
5 7,54E-08 1,58E-04 3,07E-03 3,61E-02 1,01E-01 1,56E-01 1,75E-01 1,61E-01 1,28E-01 9,16E-02 6,07E-02 3,78E-02
6 1,26E-09 1,32E-05 5,11E-04 1,20E-02 5,04E-02 1,04E-01 1,46E-01 1,61E-01 1,49E-01 1,22E-01 9,11E-02 6,31E-02
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9 2,49E-15 3,26E-09 1,01E-06 1,91E-04 2,70E-03 1,32E-02 3,63E-02 6,88E-02 1,01E-01 1,24E-01 1,32E-01 1,25E-01
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13 1,45E-23 1,19E-14 5,91E-11 1,78E-07 1,27E-05 1,97E-04 1,32E-03 5,20E-03 1,42E-02 2,96E-02 5,04E-02 7,29E-02
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Pr(X=i) = (e-µ)*(µi)/i! ; range of average VCN values: 0.1 - 10 

Exp%Tdcells = (1-e-µ)*100; range of average VCN values: 0.1 - 10 

µ 0,1 0,5 1 2 3 4 5 6 7 8 9 10
Exp%Tdcells 9,5 39,3 63,2 86,5 95,0 98,2 99,3 99,8 99,9 100,0 100,0 100,0

ExpVCNsel = S(Pr(X=i)*i)/(1-Pr(X=0)) ; range of average VCN values (before selection): 0.1 - 10 

µ 0,1 0,5 1 2 3 4 5 6 7 8 9 10
ExpVCNsel 1,1 1,3 1,6 2,3 3,2 4,1 5,0 6,0 7,0 8,0 9,0 10,0

=> When µ ≥ 5, ExpVCNsel ≈ µ

=> When µ ≥ 5, Exp%Tdcells ≈ 100 %

The function is defined only at integer values of 
i. The connecting lines are guides for the eye.
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Experiment#1b

Observed numbers of non-selected erythroid
progenitors with variable integration events (in vitro)

Expt: 1a(n=53) 1b(n=53) 2a(n=51) 2b(n=57) 2c(n=52)

copies Observed colony numbers
0 37 26 32 27 11
1 13 22 14 25 25
2 3 4 5 4 12
3 0 1 0 0 4
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 1 0

Average VCN in erythroid progenitors

1a 1b 2a 2b 2c

0.358 0.623 0.471 0.702 1.173

Expected numbers of non-selected erythroid
progenitors according to the average VCN and
Poisson statistic

Expt: 1a(n=53) 1b(n=53) 2a(n=51) 2b(n=57) 2c(n=52)

Copies Expected colony number
0 37 28 32 28 16
1 13 18 15 20 19
2 2 6 4 7 11
3 0 1 1 2 4
4 0 0 0 0 1
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0

VCN Obs Exp Tot
p-value 

(2-sided)

0 37 37 74

1.00000not 0 16 16 32

Total 53 53 106

1 13 13 26

1.00000not 1 40 40 80

Total 53 53 106

2 0 2 2

1.00000not 2 53 51 104

Total 53 53 106

1 or 2 16 16 32

1.00000not (1 or 2) 37 37 74

Total 53 53 106

3 0 0 0

1.00000not 3 53 53 106

Total 53 53 106

4 0 0 0

1.00000not 4 53 53 106

Total 53 53 106

>=3 0 0 0

1.00000not (>=3) 53 53 106

Total 53 53 106

VCN Obs Exp Tot
p-value 

(2-sided)

0 26 28 54

0.84607not 0 27 25 52

Total 53 53 106

1 22 18 40

0.54803not 1 31 35 66

Total 53 53 106

2 4 6 10

0.74147not 2 49 47 96

Total 53 53 106

1 or 2 26 23 49

0.69703not (1 or 2) 27 30 57

Total 53 53 106

3 1 1 2

1.00000not 3 52 52 104

total 53 53 106

4 0 0 0

1.00000not 4 53 53 106

total 53 53 106

>=3 1 1 2

1.00000not (>=3) 52 52 104

Total 53 53 106

VCN Obs Exp Tot
p-value 

(2-sided)

0 32 32 64

1.00000not 0 19 19 38

Total 51 51 102

1 14 15 29

1.00000not 1 37 36 73

Total 51 51 102

2 5 4 9

1.00000not 2 46 47 93

Total 51 51 102

1 or 2 19 19 38

1.00000not (1 or 2) 32 32 64

Total 51 51 102

3 0 1 1

1.00000not 3 51 50 101

Total 51 51 102

4 0 0 0

1.00000not 4 51 51 102

Total 51 51 102

>=3 0 1 1

1.00000not (>=3) 51 50 101

Total 51 51 102

VCN Obs Exp Tot
p-value 

(2-sided)

0 27 28 55

1.00000not 0 30 29 59

Total 57 57 114

1 25 20 45

0.44360not 1 32 37 69

Total 57 57 114

2 4 7 11

0.52773not 2 53 50 103

Total 57 57 114

1 or 2 29 27 56

0.85150not (1 or 2) 28 30 58

Total 57 57 114

3 0 2 2

0.49557not 3 57 55 112

total 57 57 114

4 0 0 0

1.00000not 4 57 57 114

total 57 57 114

>=3 1 2 3

1.00000not (>=3) 56 55 111

Total 57 57 114

VCN Obs Exp Tot
p-value 

(2-sided)

0 11 16 27

0.37122not 0 41 36 77

Total 52 52 104

1 25 19 44

0.32104not 1 27 33 60

Total 52 52 104

2 12 11 23

1.00000not 2 40 41 81

Total 52 52 104

1 or 2 37 30 67

0.21887not (1 or 2) 15 22 37

Total 52 52 104

3 4 4 8

1.00000not 3 48 48 96

total 52 52 104

4 0 1 1

1.00000not 4 52 51 103

total 52 52 104

>=3 4 6 10

0.74121not (>=3) 48 46 94

Total 52 52 104

Observed numbers

Expected numbers

A1

B

C

Supplemental Figure 9
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Observed numbers of non-selected
SRCs with variable integration
events

Expt:
1a 

(n=355)
1b 

(n=350)
3 

(n=299)

copies

0 201 144 13

1 94 85 66

2 22 64 86

3 22 42 40

4 10 13 29

5 3 2 17

6 0 0 19

7 0 0 9

8 0 0 9

9 1 0 9

10 1 0 0

11 0 0 1

12 1 0 0

13 0 0 1

Average VCN in erythroid
progenitors

1a 1b 3

0.817 1.146 3.050

VCN Obs Exp Tot
p-value 

(2-sided)
Odds
ratio

95%

0 201 157 358

0.00123 1.65 1.22 - 2.21not 0 154 198 352

Total 355 355 710

1-2 116 180 296

< 0.00001 0.47 0.35 - 0.64Not (1-2) 239 175 414

Total 355 355 710

≥ 3 38 18 56

0.00767 2.24 1.25 - 4.01not (≥ 3) 317 337 654

Total 355 355 710

Observed numbers

Expected numbers

A1 B C

Supplemental Figure 10

Expected numbers of non-selected
SRCs according to the average
VCN and Poisson statistic

Expt:
1a 

(n=355)
1b 

(n=350)
3 

(n=299)

copies

0 157 111 14

1 128 128 43

2 52 73 66

3 14 28 67

4 3 8 51

5 0 2 31

6 0 0 16

7 0 0 7

8 0 0 3

9 0 0 1

10 0 0 0

11 0 0 0

12 0 0 0

13 0 0 0
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Experiment#1b VCN Obs Exp Tot
p-value 

(2-sided)
Odds
ratio

95%

0 144 111 255

0.00762 1.54 1.13 - 2.10not 0 206 239 445

Total 350 350 700

1-2 149 201 350

0.00011 0.55 0.41 - 0.74Not (1-2) 201 149 350

Total 350 350 700

≥ 3 57 38 95

0.04655 1.60 1.03 - 2.48not (≥ 3) 293 312 605

Total 350 350 700
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Experiment#3
VCN Obs Exp Tot

p-value 
(2-sided)

Odds
ratio

95%

0-2 165 124 289

0.00078 1.76 1.27 - 2.44not (0-2) 134 175 310

Total 299 299 598

3-5 86 150 236

< 0.00001 0.40 0.36 - 0.59Not (3-5) 214 149 362

Total 299 299 598

≥ 6 48 27 75

0.01312 1.92 1.17 - 3.18not (≥ 6) 251 272 523

Total 299 299 598
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Experiment#3



Observed numbers of selected cells with variable
integration events

Erythroid progenitors (in
vitro)

SRCs

Expt: 1a (n=53) 1b (n=53) 3 (n=161)

copies
0 4 3 0
1 29 31 15
2 13 8 43
3 5 8 16
4 2 2 27
5 0 0 26
6 0 0 8
7 0 0 6
8 0 0 1
9 0 0 0
10 0 0 0
11 0 0 0
12 0 0 0
13 0 0 3
14 0 0 4
15 0 0 2
16 0 0 2
17 0 0 6
18 0 0 1
19 0 0 1

VCN Obs Exp Tot
p-value 

(2-sided)
Odds
ratio

95%

1 29 43 27
0.00638 0.28 0.12-0.67not 1 24 10 77

Total 53 53 104
2 13 10 27

0.63810Not 2 40 43 77
Total 53 53 104
≥ 3 7 0 10

0.01265 17.26 0.96-310.6not (≥ 3) 46 53 94
Total 53 53 104

Observed numbers

Expected numbers

A1 B C

Supplemental Figure 11

Expected numbers of selected cells with variable 
integration events, according to proportions
determined in non-selected cells

Erythroid progenitors (in
vitro)

SRCs

Expt: 1a (n=53) 1b (n=53) 3(n=161)

copies
0 0 0 0
1 43 43 37
2 10 8 48
3 0 2 23
4 0 0 16
5 0 0 10
6 0 0 11
7 0 0 5
8 0 0 5
9 0 0 5
10 0 0 0
11 0 0 1
12 0 0 0
13 0 0 1
14 0 0 0
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0

VCN Obs Exp Tot
p-value 

(2-sided)
Odds
ratio

95%

1 31 43 27
0.01919 0.33 0.14-0.79not 1 22 10 77

Total 53 53 104
2 8 10 27

0.79654Not 2 45 43 77
Total 53 53 104
≥ 3 10 2 10

0.02833 5.93 1.23-28.56not (≥ 3) 43 51 94
Total 53 53 104

VCN Obs Exp Tot
p-value 

(2-sided)
Odds
ratio

95%

1 15 37 52
0.00130 0.34 0.18 - 0.66not 1 146 124 270

Total 161 161 322
2 43 48 91

0.60691Not 2 118 113 231
Total 161 161 322
≥ 3 103 75 178

0.02422 2.04 1.30 -3.18not (≥ 3) 58 86 144
Total 161 161 322
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Supplemental Figure 12
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Supplemental Figure 13
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SUPPLEMENTAL TABLE 1 

Position relative to genes; p‐values: Fisher exact test (2‐sided) 

  Samples vs. Matched Random Control  Selected vs. non 
selected 

Vitro vs. vivo 

  Vitro  Vivo 
Vitro  Vivo 

Non 
selected 

Selected   Non 
selected 

Selected 
Non 

selected 
Selected 

Intron  2.2x10‐8  4.6x10‐22  2.5x10‐11  2.4x10‐18  0.560  0.450  0.882  0.817 
Exon  1.000  0.025  0.614  0.614  0.246  0.785  0.708  0.505 
Intergenic  4.5x10‐8  8.2x10‐25  4.9x10‐12  3.5x10‐20  0.154  0.349  1.000  0.522 

Bold font: p<0.05 

Distances to the closest gene; p‐values: Fisher exact test (2‐sided) 

  Samples vs. Matched Random Control  Selected vs. non 
selected 

Vitro vs. vivo 

  Vitro  Vivo 

Vitro  Vivo 
Non 

selected 
Selected   Non 

selected 
Selected 

Non 
selected 

Selected 

In the closest gene  4.5x10‐8  8.2x10‐27  4.9x10‐12  3.5x10‐20  0.154  0.349  1.000  0.522 
0‐10kb upstream the 
closest gene 

1.000  0.318  1.000  1.000  0.786  1.000  1.000  0.505 

>10kb upstream the 
closest gene 

5.1x10‐3  2.7 x10‐9  1.2x10‐5  7.5x10‐8  0.312  1.000  0.607  1.000 

0‐10kb downstream 
the closest gene 

0.815  0.206  0.848  0.740  0.344  1.000  1.000  0.232 

>10kb downstream 
the closest gene 

1.2x10‐5  5.2x10‐18  3.0x10‐6  3.0x10‐13  0.164  0.142  0.603  0.559 

Bold font: p<0.05 

Distances to the closest transcription start site; p‐values: Fisher exact test (2‐sided) 

  Samples vs. Matched Random Control  Selected vs. non 
selected 

Vitro vs. vivo 

  Vitro  Vivo 

Vitro  Vivo 
Non 

selected 
Selected   Non 

selected 
Selected 

Non 
selected 

Selected 

0‐100kb upstream 
the closest TSS 

0.045  0.077  0.509  0.032  0.007  0.416  0.048  0.758 

0‐100kb downstream 
the closest TSS 

1.5 x10‐8  4.4x10‐11  3.0x10‐10  3.x10‐7  0.257  0.150  0.679  0.489 

>100kb the closest 
TSS 

2.2x10‐5  3.6x10‐22  3.2x10‐16  2.7x10‐16  0.035  0.320  0.041  0.475 

Bold font: p<0.05 

Distances to the closest oncogene transcription start site; p‐values: Fisher exact test (2‐sided) 

 
Samples vs. Matched Random Control 

Selected vs. non 
selected 

Vitro vs. vivo 

  Vitro  Vivo 
Vitro  Vivo 

Non 
selected 

Selected   Non 
selected 

Selected 
Non 

selected 
Selected 

0‐100kb upstream 
the closest TSS 

0.817  1.9x10‐3  0.065  1.4x10‐3  0.057  0.599  0.208  0.878 

0‐100kb downstream 
the closest TSS 

1.3x10‐5  2.4x10‐12  9.3x10‐6  4.8x10‐7  0.887  1.000  0.631  0.352 

>100kb the closest 
TSS 

7.8x10‐4  4.2x10‐15  1.0x10‐6  3.7x10‐10  0.194  0.724  0.772  0.472 

Bold font: p<0.05 

   



 
 

SUPPLEMENTAL TABLE 2 

Unique lentiviral insertion sites, mapped on hG19 (Excel file). 

 

  



 
 

SUPPLEMENTAL METHODS:  

Insertion site retrieval and bioinformatics 

DNA was extracted with the Nucleospin Blood kit (Macherey Nagel). All primers were purchassed from 
Eurogentec (see primer list). Linear amplification-mediated (LAM) PCR was performed essentially as 
previously described.1 Each DNA sample (500 ng) was linearly amplified for 50 cycles with the 5’-biotinylated 
primer LTR1b and Q5 high-fidelity DNA polymerase (New England Biolabs, Evry, France). Linear PCR 
products were captured on M-280 streptavidin-coupled Dynabeads (ThermoFisher Scientific), and 
complementary DNA strands were synthesized with the Klenow fragment of DNA polymerase I (NEB) and 
hexanucleotides. The resulting double-stranded DNAs were separately digested with MluCI, MseI or HinP1I, 
ligated to complementary linker cassettes (LK3, LK4 and LK5, respectively) with the Fast Link DNA ligase 
(Lucigen, Middleton WI, USA), and denatured with sodium hydroxide. De novo synthesized (non-biotinylated) 
single-stranded DNA fragments were purified with a magnetic stand and pooled by sample. Exponential PCR 
was performed on pooled samples with primers LTRIIIB and LCII, and the Q5 polymerase, for 35 cycles. PCR 
products were purifed with NucleoMag NGS beads (Macherey Nagel), in a 1.1:1 ratio, and quantified using the 
Qubit fluorometric assay (ThermoFisher Scientific). Next-generation sequencing (NGS) libraries were generated 
by PCR amplification on 40 ng of PCR products with the LCII-SEQ and LTRIV-SEQ primers, for 12 cycles 
with Q5 polymerase, and were purified with nucleoMag NGS beads used in a 0.8:1 ratio. It was possible to 
sequence all amplicons in one run, because each library was prepared with a specific LTRIV-SEQ primer, these 
primers differing by 6 to 12 nucleotides introduced between the Illumina adapter sequence and the nucleotide 
sequence complementary to the vector LTR. PCR products were analyzed with the 2100 Bioanalyzer high-
sensitivity DNA chip (Agilent), quantified with the Qubit assay, mixed in equimolar concentrations with 
genomic libraries to compensate for low diversity, and sequenced on a NextSeq 500 instrument (Illumina) by the 
NGS core facility of I2BC (I2BC, CNRS, Gif-sur-Yvette, France). Once the run was completed, the reads were 
demultiplexed with bcl2fastq2 version 2.15.0 and cutadapt verstion 1.9.1, and FASTQ format files were 
generated for downstream analysis.  

Demultiplexed reads were analyzed on a local Galaxy platform, with the Galaxy open-source 
application2 and tools obtained from the Galaxy tool shed.3. The linker cassette sequence was removed with Trim 
Galore! (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and reads were processed with tools 
from the FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Low-quality base calls (Phred score < 20) 
were trimmed at the 3’ end, and reads of overall poor quality were discarded (Phred score < 25 for at least 10% 
of their bases). Reads containing the internal vector sequence were identified with the Burrows-Wheeler Aligner 
(BWA)4 and discarded. Actual vector-genome-junction reads were identified by mapping the lentiviral vector 
long terminal repeat (LTR) with BWA, imposing an overall minimal sequence homology of 89% on the last 42 
nucleotides of the LTR and a perfect match on the last three bases. Selected reads were trimmed for the LTR 
sequence, and reads of >29 bp were aligned with the Hg19/GRCh37 human genome with BWA. The resulting 
BAM alignment files were filtered with SAMtools to retain only reads mapped with the highest mapping 
probability (mapping quality score of 37).5 The integration site position for each read was retrieved, formatted in 
BED format,6 and integration sites were considered to be identical if their relative alignments began within 3 bp 
of each other. Collision filtering was performed to assign insertion sites to their correct group of samples, based 
on a minimal read abundance >90%. Insertion site position are presented Table S2. A matched random control 
(MRC) dataset was  generated by the random extraction of 3000 insertion sites of DNA sequences mapped onto 
the Hg19/GRCh37 human genome, with distances to the closest cutting site for MiuCI, MseI, or HinP1I of 20 to 
500 bp.  

The degree of enrichment in integration events around genomic features was compared between the 
MRC dataset and the  insertion sites retrieved from LTGCPU7-transduced cells. Using the BEDTools suite,6 the 
distance to the closest transcription start sites (TSS) of refseq genes and oncogenes,  the intersection with exons 
and introns, and the densities of transcripts, DNAse I hypersensitive sites (HS) and CpG islands were 
determined. The genomic coordinates of CpG islands, refseq genes, and DNAse I HS sites were obtained from 
the University of California Santa Cruz (UCSC) annotation  database 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database).7 The list of oncogenes was retrieved from the 
allonco data set (http://www.bushmanlab.org/links/genelists) generated by Doctor Rick Bushman (University of 
Pennsylvania). The DNAse I HS sites of CD34+ cells were obtained from data generated through the ENCODE 
project8 (Prof. Stamatoyannopoulos, University of Washington) and archived under UCSC accession number 
wgEncodeEH001885. The expression profile was generated from RNA-seq data generated by the BLUEPRINT 
Consortium for cord blood hematopoietic stem cells. It has been archived by the European Genome-phenome 
archive under the experiment number EGAX00001157677 as part of the EGAD00001002316 data set. A full list 
of the investigators contributing to data generation is available from www.blueprint-epigenome.eu. Funding for 
the project was provided by the European Union's Seventh Framework Programme (FP7/2007-2013) under grant 
agreement no 282510 – BLUEPRINT. 



 
 

Primer list 

Primers and probes used for real-time PCR 
Assay  Amplicon  Primer and 

Probe 
Sequence (5’‐3’)  modification  Concentration 

(nM) 

NIH3T3 
Titer 

Lentiviral 
vector 

GAGF  GGAGCTAGAACGATTCGCAGTTA  ‐  720 

GAGR  GGTTGTAGCTGTCCCAGTATTTGTC  ‐  720 

GAGP1  ACAGCCTTCTGATGTCTCTAAAAGGCCAGG  5’FAM 3’TAMRA  140 

Mouse 

Actin 

mbactF  ACGGCCAGGTCATCACTATTG  ‐  900 

mbactR  CAAGAAGGAAGGCTGGAAAAGA  ‐  900 

mbactP1  CAACGAGCGGTTCCGATGCCCT  5’FAM 3’TAMRA  250 

Vector 
copy 
number 

Lentiviral 
vector 

HPV569F21  TGTGTGCCCGTCTGTTGTGT  ‐  900 

HPV569R19  CGAGTCCTGCGTCGAGAGA  ‐  900 

HPV569P2  CAGTGGCGCCCGAACAGGGA  5’FAM 3’BHQ1  200 

Human  
HCK 

hHCKF1  TATTAGCACCATCCATAGGAGGCTT  ‐  900 

hHCKR1  GTTAGGGAAAGTGGAGCGGAAG  ‐  900 

hHCKP3  TAACGCGTCCACCAAGGATGCGAAT  5’YY 3’BHQ1  200 

FAM, 6‐carboxyfluorescein ester; TAMRA, tetramethyl‐6‐carboxyrhodamine; YY, yakima yellow; BHQ1, black hole quencher‐1 
 

Primers used for LAM‐PCR 
step  Cassette  Primer  Sequence (5’‐3’)  modification  Concentration 

(nM) 

Lin PCR    LTRIB  GCCTCAATAAAGCTTGCC  5’biotin‐TEG  1.7 

Ligation 

LK3 
(MluCI) 

LC1  GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG  ‐   

LC3  AATTCCTAACTGCTGTGCCACTGAATTCAGATC  ‐   

LK4 
(MseI) 

LC1  GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG  ‐   

LC4  TACCTAACTGCTGTGCCACTGAATTCAGATC  ‐   

LK5 
(HinPI) 

LC1  GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG  ‐   

LC5  CGCCTAACTGCTGTGCCACTGAATTCAGATC  ‐   

Exp PCR 
  LTRIIIB  GTGTGACTCTGGTAACTAGAG  ‐  167 

  LCII  AGTGGCACAGCAGTTAGG  ‐  167 

Biotin‐TEG, Biotin‐ triethylene glycol spacer 
 

Primers used for the constitution of Illumina libraries 
Primer  Sequence (5’‐3’)  Concentration 

(nM) 

LCII‐SEQ  CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTAGTG
GCACAGCAGTTAGG 

100 

LTRIV‐SEQ  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT–BC‐
GATCCCTCAGACCCTTTTAGTC 

100 

LTRIV‐SEQ‐BC1  BC = AGTCAA     

LTRIV‐SEQ‐BC2  BC = GGCTACCC     

LTRIV‐SEQ‐BC3  BC = ACAGTGCCCT     

LTRIV‐SEQ‐BC4  BC = TAGCTTTTATAG     

LTRIV‐SEQ‐BC5  BC = CTTGTA     

LTRIV‐SEQ‐BC6  BC = GATCAGCG     

LTRIV‐SEQ‐BC7  BC = ATCACGATCT     

LTRIV‐SEQ‐BC8  BC = TTAGGCCTCTAG     

LTRIV‐SEQ‐BC9  BC = CAGATC     

BC: 6 to 12 nucleotides introduced between the Illumina adapter sequence and the nucleotide sequence complementary to 
the vector LTR 
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