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The human immunodeficiency virus type-1 central DNAflap is a
crucial determinant for lentiviral vector nuclear import and gene
transduction of human hematopoietic stem cells

Aude Sirven, Francoise Pflumio, Véronique Zennou, Monique Titeux, William Vainchenker,
Laure Coulombel, Anne Dubart-Kupperschmitt, Pierre Charneau

Gene transfer in human hematopoietic
stem cells (HSCs) has great potential for
both gene therapy and the understanding
of hematopoiesis. As HSCs have exten-
sive proliferative capacities, stable gene
transfer should include genomic integra-
tion of the transgene. Lentiviral vectors
are now preferred to oncoretroviral vec-
tors especially because they integrate in
nondividing cells such as HSCs, thereby
avoiding the use of prolonged cytokine
stimulation. Human immunodeficiency vi-
rus type-1 (HIV-1) has evolved a complex
reverse transcription strategy including a

central strand displacement event con-
trolled in cis by the central polypurine
tract (cPPT) and the central termination
sequence (CTS). This creates, at the cen-
ter of HIV-1 linear DNA molecules, a 99-
nucleotide-long plus-strand overlap, the
DNA flap, which acts as a cis-determinant
of HIV-1 genome nuclear import. The rein-
sertion of the DNA flap sequence in an
HIV-derived lentiviral vector promotes a
striking increase of gene transduction
efficiency in human CD34 + hematopoietic
cells, and the complementation of the
nuclear import defect present in the paren-

tal vector accounts for this result. In a
short ex vivo protocol, the flap-contain-
ing vector allows efficient transduction of

the whole hierarchy of human HSCs in-
cluding both slow-dividing or nondivid-

ing HSCs that have multiple lymphoid
and myeloid potentials and primitive cells

with long-term engraftment ability in
nonobese diabetic/severe combined im-
munodeficiency mice (NOD/SCID). (Blood.
2000;96:4103-4110)
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Human hematopoietic stem cells (HSCs) have the potential have evolved a mitosis-independent nuclear import strategy §1at
regenerate the entire hematopoietic system, and as such, theyaamunts for their unique capacity, among retroviruses, to reph@te
the target cells both for gene therapy and the understandingedficiently in nondividing target cells3 ®
mechanisms regulating normal and pathological hematopoiesis. AsThe search for the viral determinants responsible for the act§/e
HSCs have extensive proliferative capacities, stable gene transfaclear import of the human immunodeficiency virus typegl
should include genomic integration of the transgene. Retrovir@gllV-1) complementary DNA (cDNA) genome is an active bu}
vectors based on Moloney murine leukemia virus (MoMuLV) haveontroversial field of investigatioh? HIV-1 has evolved a com- %
been very popular because they systematically integrate thpiex reverse transcription strategy including a central stra?ﬁd
genome into the host cell chromatin. However, like the wild-typdisplacement event controlled in cis by the central polypurine trgct
virus, MoMuLV-derived vectors do not integrate in nondividing(cPPT) and the central termination sequence (C¥%)Reverse R
cells including human HSCs that are almost all quiescent. Mairanscription results in a linear DNA molecule bearing in its cenér
prestimulation protocols using different cytokine combinationa stable 99-nucleotide-long plus-strand overlap, here referred té as
have been developed to trigger cell cycling of HSCs, and thus thebe central DNA flap. We have previously established that the
protocols induce HSC susceptibility to transduction by the oncoretentral DNA flap of HIV-1 is involved in a late step of HIV-];E
rovirus-derived, mitosis-dependent gene-transfer vectors. Hogenome nuclear import, immediately prior to or during viral DN@
ever, prolonged cytokine stimulation can induce differentiatiottanslocation through the nuclear pér&his result has important?é
together with proliferation, thereby leading to the loss of fundameimplications for the design of efficient lentiviral vectors because;flt
tal properties of HSCs during the transduction process. The useé®gssential to maintain the lentiviral nuclear import determinalits
prolonged cytokine stimulation to trigger cell cycling can bavithin vector constructs. Classical retroviral vector constructs &re
overcome by using lentivirus-derived vectors because lentiviruseplacement vectors in which the entire viral coding sequences
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between the 2 long terminal repeats (LTRs) are replaced by the
sequences of interektin the case of lentiviral vectors, this leads to
the deletion of the central cis-active cPPT and CTS sequences,
which suggests that such replacement vector constructs are
not optimal.

We show here that introduction of the DNA flap sequence in an
HIV-derived lentiviral vectof® the resulting vector being called
TRIP vector, dramatically increased gene transduction efficiency in
human CD34 hematopoietic cells by strongly stimulating nuclear
import of the vector pre-integration complex. Most importantly, we
show that during a 24-hour ex vivo transduction protocol, an
efficient and equivalent transduction of the whole hierarchy of B
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Central DNA flap

bined immunodeficiency (NOD/SCID) mice. 40 -

human HSCs is indeed achieved. The transduced cells include slow % of CD34+EGFP+ cells

and nondividing HSCs, which have multiple lymphoid and my- 80 1 —ah
eloid potential, and primitive cells, which are able to establish 60 - P.______‘
long-term human hematopoiesis in nonobese diabetic/severe com-
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Materials and methods 0
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Collection and fractionation of cells

Adult bone marrow (BM), peripheral blood mobilized cell (PBMC), and
cord blood (CB) samples were collected with the informed consent of the . .
patients and mothers according to approved institutional guidelines. CD34 1200 4 M€an fluorescence 'ntenSIty
and CD34CD38 cells (representing 20% of total CD34cells) were
purified as previously describédCD34" cells were used immediately or 900 -
after storage in liquid nitrogen.

600 4
Lentiviral vector supernatants

300 4
The TRIP vector plasmid was constructed as previously desctiBegfly, A
a 178—base pair (bp) polymerase chain reaction (PCR) fragment encompass- 0 . r I r r
ing cPPT and CTS was inserted in the uniq@&l site of HR, the 0 100 200 300 400 500
HIV-1-derived vector described by Naldini et &ljn which the LacZ
reporter gene was replaced by the enhanced green fluorescent protein ng of P24/mL
(EGFP) coding sequence (Clontech Laboratories, Heidelberg, Germany),
as shown in Figure 1A. Vector particles were produced by transient EGFP fluorescence activity
calcium-phosphate cotransfection of 293 T cells with the vector plasmid, an 10
encapsidation plasmid lacking Vif-, Vpr-, Vpu-, and Nef-accessory HIV-1 8 4
proteins (p8.91§%2! and a vesicular stomatitis virus (VSV) envelope-
expression plasmid (pHCMV-GY, as previously describeld. Because 6 4
some variation is observed in the efficiency of transduction between 4
different batches of vector, all comparative experiments between HR and
TRIP vectors were performed with stocks of vector particles produced in 2 4
parallel. The concentration of vector particles was normalized by measuring
the P24 (HIV-1 capsid protein) content of supernatants. Both vectors 0 -
encode EGFP under the transcriptional control of an internal cytomegalovi- 0 100 200 300 400 500

rus (CMV) promoter. ng of P24/mL

)
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Figure 1. The central DNA flap increases the transduction efficiency of human

CD34* and CD34 *CD38~ CB cells by lentiviral vectors.  (A) Vector constructs. The
Tissue culture plates were coated with fibronectin (Bio-Whittaker FrancE?'P vector was derived from the previously described HR vector!8 by the insertion,
immediately upstream of the internal CMV promoter, of a central HIV-1 DNA fragment

Emerainville, France) according to the manufacturer’s instructions. Humgrﬁ]compassing the cPPT and CTS cis-active sequences. cPPT and CTS cis-active

CD34" populations were plated at 253 10° cells per mL in serum-free sequences are responsible for the formation of the DNA flap during HIV-1 reverse
mediun?® in the presence of 4g/mL polybrene (Sigma-Aldrich, Saint transcription.1315 Both vectors encode EGFP. (B) Dose-response transduction
Quentin Fallavier, France) and the following recombinant human (rlekperiments with TRIP (M, A) and HR (CJ, A) vectors. CD34* CB cells (M, [J) or
cytokines: 100 ng/mL stem cell factor (SCF) (Amgen, Neuilly sur Sein@’DSA*CDSS’ cells (A, A) from the same CB were exposed to vector particles for 24
France); 100 ng/mL Fit-3 ligand (FL) (Immunex Corporation, Seattle, WAﬂours in serum-free medium in the presence of cytokines, and after an additional 48

. . . . . 1ours of culture, EGFP expression was analyzed by flow cytometry (“Materials and
60 ng/mL interleukin-3 (IL-3) (Novartis France, Rueil-Malmaison, France)methods,,)l The upper panel shows the percentage of CD34*EGFP" cells, and the

and 10 ng/mL pegylated—megacaryocyte growth and differentiation facigjydie panel shows the MFI of the CD34*EGFP* cell population. The lower panel
(PEG-MGDF) (Kirin Brewery, Tokyo, Japan). shows the EGFP fluorescence activity of the CD34*EGFP™* cell population (percent-
Lentiviral vector particles were added at a concentration correspondiage of CD34*EGFP* cells multiplied by the MFI, arbitrary units). All are plotted as a
to 100 ng viral P24/mL (muiltiplicity of infectiors= 100) during 24 hours. function of vector concentration n.ormalize(.J according to_P24 levels. The da_ta shown
Cells were then washed and cultured in vitro in conditions that suppc?f? the results of one representative experiment out of 3 independent experiments.

Transduction protocol
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lymphoid and myeloid differentiatidfl for 48 hours to ensure maximal

transgene expression. EGFE expression was analyzed in the*Gi284 Results

fraction by fluorescence-activated cell sorter (FACS) flow cytometry

(FACScan, Becton Dickinson, Pont de Claix, France). The 48-hour timentiviral vector—mediated gene transfer into CD34  * cells is

point was chosen to minimize EGFP quorescenc_e due to pseudotransdémianced by the central DNA flap

tion; less than 1% of the cells expressed EGFP in the presenceubf 2

Nevirapin (Roche, Meylan, France), an inhibitor of reverse transcriptase.First, using a 24-hour transduction protocol in the presence of
cytokines, we compared the transduction efficiencies of CD34

Hematopoietic cell cultures and CD34CD38 CB cells with HIV-1-derived vectors that

Colony-forming cells (CFCs) and long-term culture-initiating cells (LTcJacked (HR8vector) or harbored (TRIP vector), the triple-stranded
ICs) were assayed as descri3é@2 Lymphoid (B and natural killer [NK]) DNA flap structure (Figure 1A). In both vectolSGFP transgene

and myeloid (granulomonocytic and erythrocytic) potentials were assessxpression was driven from an internal CMV promoter. The
as described on MS5 stromal cells in the presence of rhSCF; rhFLpresence of the HIV-1 DNA flap in the lentiviral vector strikingly
rhPEG-MGDF; and rhiL-2, rhiL-7, and rhiL-15. The cytokine cocktail alsdncreased transduction efficiencies in CD32B cells, as measured
contained 10 ng/mL rhiIL-3 and, in some experiments, 2 U/mL rhEPQy the percentage of CD3&EGFP" cells (Figure 1B, upper panel,
(erythropoietin) (CILAG, Issy les Moulineaux, France). In all cases, Ce“iﬁdicated by squares). This result was independent of the quantity

were analyzed for EGFP expression by flow cytometry and phenotypgd o oo ysed. In a total of 8 experiments, using aconcentratiorgpof

using the following mouse monoclonal antibodies (mAbs): CD19-P : . orRos S
(phycoerythrin) (Becton Dickinson), CD15, CD14, GPA-PE (PharMinge \{ector particles corresponding to 500 ng P24/mL, 36%6% 2

Pont de Claix, France), CD11b-PE, CD56, and CD34-PE-Cy5 (Immungl€an= SD; range, 17%-63%) and 11%5% (range, 5%-20%) &
tech, Villepinte-Roissy CDG, France). Unspecific staining was detect&d CD34" cells expressed EGFP after exposure to the TRIP and BIR

using irrelevant mouse immunoglobulin G1 (IgG1) and IgM mAbs. vectors, respectivelyR(= .0002). This higher transduction effiz
ciency of TRIP versus HR vector was also true for the mage
PCR analysis immature CD34CD38" cells because in 3 experiments using the

jeolqn

. - N g
Integration of theeGFPtransgene was analyzed by PCR analysis on DNRame ng;er;tsr?/tlon O(: ve(l:to:ll’-lp%a)rg((;es, 469@85$ (;not(e)/ant fSD’”
extracted from CFC-derived colonies and from cells in lymphomyeloitf"9€: 0-78%) and only 0 (range, 5%-20%) of cells

cultures. DNA was prepared as previously descritfefimplification of were EGFP after exposure to the TRIP and HR vectors, resp
genomic DNA was performed on the entire extract with primers thdtvely (Figure 1B, upper panel, indicated by triangles). It g
amplify part of the vector-encoded EGFP sequen¢eSBCTCGAGCTA-  interesting to note that at high concentrations of vector particlgs,
GAGTCGCGGCCG-3 sense primer and 'SCCGGATCCCCACCG- the mean fluorescence intensity (MFI) was higher in cells trar§s-
GTCGCCACC-3 antisense primer). The amplification was performed foduced with the TRIP vector compared to the HR vector (Figure ]33,
35 cycles at an annealing temperature of 62°C, resulting in an 800-hfiddle panel), reflecting an increased level of EGFP proteingn

uor.

Igpodls

PCR product. TRIP-transduced cells. Combining both the percentage of E’GFZP
o cells and the mean fluorescence intensity, the presence of the BNA
Assessment of the number of cell divisions flap sequence could enhance EGFP synthesis in C2lls by

CD34" cells were stained with PKH26 (Sigma-Aldrich) according to thénore than a 10-fold factor (Figure 1B, lower panel).
manufacturer’s instructions. Immediately after labeling, a CD3#ll

population corresponding to a narrow band of PKM28cells was isolated The central DNA flap promotes nuclear import of a lentiviral
by cell sorting” and transduced as described above. An aliquot of the%ctor in CD34 * cells

cells was cultured in parallel in the presence of @.¢/mL colcemid

(Demecolcemid, Sigma-Aldrich) to serve as an internal control of nondfg determine whether the effect of the flap sequence on nuc&ar
vided cells. Fluorescence of PKH26-labeled transduced cells was analyﬁ%ort was responsible for the observed increase in transducﬁbn
by flow cytometry at the end of the 24-hour transduction protocol as We”%?ﬁCienCy, we precisely quantified the different forms of tl‘%
after an additional 48 hours of culture in lymphomyeloid conditions. At that

time cells were analyzed for both EGFP expression and PKH26 s,taining.I rgrace”u'ar vector DNA present within human CD3@B cells 48 g

2 experiments cells having undergone 0 or 1 division were sorted, an8“r5 after exp_osure_ to the TRIP or HR vec_tors (Figure 2). O@e
single cell clones were cultured in LTC and lymphomyeloid conditioné’.everse'transc”bed in the cytoplasm, the linear vector DNAé'S
Sorting gates were defined in comparison with colcemid-treated cells, imported into the nucleus, where it either integrates or circularizgs,
generally into one LTR DNA circle. Using a specific strategy of
Transplantation of CD34 +* cells into NOD/SCID mice digestion and probing (Figure 2A), these different DNA forms were
accurately quantified by a Southern blot assay in CD34
jected into sublethally irradiated NOD-LtScid/scid (NOD/SCID) mice transduced cells. In CQIIS exposgd to the TRIP vector, 60% of the
(3-3.5 Gy at 0.43 Gy/mn in an x-ray Phillips RT250 irradiator). Fifteerptal ve_ctor D_NA had Integrated into the host cell D_NA’ 18% had
weeks later, BM cells were harvested from recipient mice, and the preseffiéeularized into one LTR circle, and 22% remained as stable
of human cells was assessed in individual mice by flow cytometry using tHélintegrated linear DNA. As previously descrit’@ LTR DNA
following mouse antihuman mAbs: CD38-PE, CD19-PE, CD34-PE-Cysjrcles were present only in trace amounts. Of note, this intracellu-
and CD14-PE. EGFP expression was also analyzed in each differentid@dvector DNA profile was similar to the profile observed in cells
population. Human CD34CD38" cells were then sorted on a FACSinfected with wild-type HIV-1! indicating an efficient nuclear
Vantage (Becton Dickinson) from the mouse BM and cultured in bulk or agport process. In cells exposed to the HR vector, a similar amount
§ipgle cell§ in LTC and lymphomyeloid conditions. Ten control mice wergs yyector DNA was synthesized, indicating that the presence of the
injected with the same number of mock-transduced cells. DNA flap sequence did not influence the rate of reverse transcrip-
tion. However, a marked alteration in the pattern of intracellular
HR vector DNA was evident. In cells exposed to the HR vector,
Statistical analyses were done using the Stutitst. there was a striking accumulation of untranslocated linear DNA

01+000¥28U/8171L0L9L/€

Immediately after transduction, 7-2010* cells were intravenously in

Statistical analyses
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Figure 2. Quantitative analysis of vector DNA nuclear import in human CD34 +

cells. (A) Strategy for the determination of vector DNA status in human CD34" cells.
DNA from human CD34*-transduced cells was extracted 24 hours after the end of
transduction and digested with EcoNI and Avall. DNA was further digested with Xhol
to minimize transfer bias due to the large size of circular DNA fragments. Southern
blot was then performed using a PCR-generated DNA fragment exactly overlapping
the EcoNl site as a probe. The internal 0.77-kb EcoNI-Avall DNA fragment, common
to all vector DNA species irrespective of their integrated or unintegrated state,
indicates the total amount of reverse-transcribed vector DNA in transduced cells. The
1.16-kb and 1.4-kb signals correspond to unintegrated linear DNA and one LTR
circular DNA, respectively. Due to the diversity of vector DNA integration sites, the
sizes of digested genomic fragments containing the 5’-part of the vector DNA were
very heterogeneous, and thus, the integrated vector DNA could not be revealed on
the blot. Because the PCR-generated probe exactly overlaps the EcoNlI site, the
intensity of each signal is directly proportional to the amount of the corresponding
vector DNA species. Thus, the amount of integrated proviral DNA can be calculated
by subtracting the signals of unintegrated linear and circular vector DNA from the total
amount of vector DNA. (B) Southern blot analysis of the vector DNA forms in
CD34*-transduced cells. (C) Phosphorimage quantitation of intracellular vector DNA
profiles in CD34™ cells transduced by TRIP or HR vectors. The results are expressed
as percentages of total vector DNA. The data shown in panels B and C are the results
of 1 representative experiment out of 3 independent experiments.
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forms (representing up to 80% of total vector DNA), and only low
amounts of nuclear forms (Figure 2B,C).

This intracellular DNA profile strongly suggests a defect in the
nuclear import of HR DNA, which leads to a decreased proportion
of nuclear viral DNA species and a concomitant increase in the
proportion of untranslocated linear DNA molecules. Thus, the
strong defect in the nuclear import of the HR vector DNA in
CD34" cells was complemented by the insertion of the DNA flap
sequence. Upon establishing the benefit of the central DNA flap on
gene transduction in CD34and in CD34 CD38 cells, a subpopu
lation enriched in primitive hematopoietic cels°we performed
all further experiments with the TRIP vector.

The TRIP vector efficiently transduces CD34
from various sources

* cells isolated

We next tested the ability of the TRIP vector to transduce C'D3§
cells from CB, PBMC, and BM cells. A TRIP vector inoculur@
corresponding to 100 ng P24/mL was used in all experiments. Ing40
experiments, 40%t 16% (range, 17%-78%) of CD34CB cells §
were transduced. Interestingly, omitting cytokines led to a dropzin
the transduction efficiency (9% 5%; range, 2%-19%; & 14) as
previously observedf:31 We also successfully transduced CD34g
cells from adult sources such as cytokine-mobilized PBMC a%d
BM cells (29%=* 10% and 41%t+ 5%, respectively; r= 4)
(Figure 3A). PCR analysis on CFC-derived colonies confirmed §1e
proportion of progenitors that had been transduced (data not sho@n).
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High-efficiency transduction of slow-dividing immature
hematopoietic cells
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The main goal of gene transfer in human HSCs is to tarde
immature stem cells with extensive proliferating and differentiatifg
capacities. To demonstrate that the TRIP vector was ablegto
transduce such cells, different approaches were used. First,2we
observed that both CD34and CD34 CD38" cells from the sameg
CB samples were susceptible to transduction by the TRIP ve@or
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Figure 3. CD34 * cells from different hematopoietic origins are efficiently
transduced by the TRIP vector. (A) Comparison of EGFP expression in purified
CD34* cells from CB, adult PBMC, and BM cells transduced in parallel using a TRIP
vector concentration of 100 ng P24/mL. Dot-plot analyses demonstrating EGFP and
CD34 expression are shown. (B) EGFP expression in identically transduced CD34*
and CD34+CD38" cells isolated from the same CB sample. Percentages of gated
cells are indicated in each quadrant.
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respectively; n= 5) (Figures 1B and 3B). Second, as HSCs exhib#nalysis (Table 1). In these same slow-dividing cells, lymphomy-
a low mitotic activity®? it was important to demonstrate thateloid progenitors were identified. In experiment 1, 29.5% and in
slow-dividing or nondividing cells were transduced in our protocokexperiment 2, 24% of the progenitors were multipotent, ie, capable
To this end, CD34 CB cells were labeled with PKH26, a of differentiation in B, NK, and myeloid (M) cells. Of note, 40% of
fluorescent dye that intercalates into the cell membrane atiwese clones also differentiated into dendritic (D) cells (Figure 4B,
is diluted as the cell divides. A homogeneous population @xperiment 1). Importantly, 61% (experiment 1) and 37.5% (experi-
PKH2@isht CD34" cells was sorted and transduced. Immediateljnent 2) of these multipotent lymphomyeloid progenitors were
after exposure to the vector particles, more than 95% of the CD3#%ansduced (as assessed by EGFP expression) compared to 22% to
cells exhibited the same fluorescent intensity as colcemid-treat#f of more mature CD34cells that were committed to only one
cells, which indicated that they had not undergone mitosis duriigg 2 lineages (Table 1).
the transduction period (Figure 4A, day 1). Indeed, 80% of these Altogether these results indicate that the TRIP vector has the
cells had not yet begun to replicate their DNA (data not shown). ability to transduce slow-dividing progenitors, which include
We then analyzed EGFP expression as a function of cg@ffimitive LTC-IC and multipotential (NK-B+M +D) progenitors.
division 48 hours after transduction as a function of cell divisionThe lymphomyeloid potential of the slow-dividing sorted cells was
As it is generally believed that cells which are more immaturgimilar to that observed with fresh CD34CB cells}? indicating
divide slowly in vitro in the presence of cytokines, we arbitrarilfhat contact with and/or transduction by the TRIP vector had sio
distinguished a “slow-dividing” (0 and 1 division illustrated indetrimental effect on the hematopoietic potential of CD8 cells.
Figure 4A, middlg panel) cell population and_ a “rapid-diViding”Long-term NOD/SCID repopulating cells are transduced
(more than 2 divisions) cell population. Interestingly, 40.5%47% by the TRIP vector
of the slow-dividing cells and 36% 12% of the rapid-dividing 2
cells in these populations ¢a 3) expressed EGFP, respectivelyFinally, because long-term in vivo transplantability of human cefls
indicating that they had been transduced at equivalent levélsNOD/SCID mice is considered a hallmark of cell immatu?ﬁy,%
(Figure 4A, right panel). To confirm the immaturity of thewe injected CD34 CB cells immediately after transduction int§
slow-dividing cells, they were sorted (sorting gate shown in FiguméOD/SCID mice (3 experiments). Fifteen weeks after transplarga-
4A) and tested for the presence of LTC-ICs and cells able timn, human hematopoietic cells (CD34progenitors, CD19 z
generate both lymphoid (B and NK cells) and myeloid (granulomag-lymphoid, and CD14/CD15granulocyte and myelomonocyticz
rophagic cells) progenies. The proportions of slow-dividing cellsells) were present in the BM of 10 of 11 mice. (The proportion @f
that were LTC-ICs were 15% and 27% in experiments 1 and 2; bfiman cells varied between 0.5% and 62%, which is comparablg to
these LTC-ICs 33% and 50%, respectively, were EGBl? PCR controls injected with untransduced cells). Surprisingly, in§2
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Figure 4. The TRIP vector allows efficient transduction of slow-dividing multipotent CD34 + CB cells. (A) EGFP expression was studied as a function of cell divisions.

The results of one representative experiment (Table 1, experiment 1) out of 2 experiments are illustrated here. CD34+ PKH26Pright cells were sorted on day 0 and transduced
during 24 hours with 500 ng P24/mL TRIP viral stock. On day 1 the PKH26 fluorescence profile of the transduced CD34* cells (indicated by a solid line) was compared to that of
the nondivided colcemid-treated CD34* cells (indicated by a broken line), demonstrating that at the end of the vector exposure, more than 95% of the cells had not undergone
division. A histogram profile of the PHK26 fluorescence in the cells exposed to the vector after an additional 48 hours of culture in lymphomyeloid conditions is shown (day 3). At
this time point, cells have undergone between 0 and 5 divisions (gates 0 to 5). The dot-plot on the right shows EGFP expression in each of the division peaks indicated in the
histogram. (B) Flow cytometry analysis of the progeny of a single TRIP-transduced CD34" cell, sorted using the gate corresponding to the slow-dividing population. Briefly,
slow-dividing CD34* cells were sorted (the sorting gate corresponds to gates 0 and 1 in the histogram in panel A) and cultured at one cell per well in culture conditions allowing
the differentiation of both lymphoid (B and NK) and myeloid cells. Three weeks later, cells from clones containing at least 500 cells were labeled with mAbs directed against
CD19 (B cells), CD56 (NK cells), CD15 (granulocytes), CD14 (myelomonocytic cells), and CD1a (dendritic cells). Each clone was analyzed individually, and the forward
scatter and side scatter criteria (FSC/SSC) profiles were carefully monitored. Expressions of markers in cells present in the specific FSC/SSC morphological gates (gates 1 to
4) are shown.
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Table 1. Transduced long-term culture-initiating cells and multipotent lymphomyeloid progenitors are detected in slow-dividing CD34 + cord blood cells

No. transduced/total progenitors (% of transduced)

Transduced Lonlg-ter*m Lymphomyeloid culturet
per total _culture” Proliferating
Exp. cells, %% LTC-ICs clones Monopotent Bipotent Tripotent
1 55 3/9 (33) 28/61 (46) 13/29 (45) 4/14 (28.5) 11/18 (61)
2 21 8/16 (50) 18/67 (27) 8/37 (22) 4/14 (28.5) 6/16 (37.5)

LTC-ICs indicate long-term culture-initiating cells; CB, cord blood; EGFP, enhanced green fluorescent protein.

*In each experiment, 60 slow-dividing cells were sorted and cultured at one cell per well. Cultures were terminated after 5 weeks, and the contents of each well were
individually plated in clonogenic assays. Out of 60 input cells, 9 cells (15%) in experiment 1 and 16 cells (27%) in experiment 2 were retrospectively identified as LTC-ICs.

tOne hundred twenty slow-dividing cells were sorted and cultured at one cell per well. In experiments 1 and 2, 61 and 67 clones, respectively, contained enough cells (more
than 500 cells) after 2 to 4 weeks to allow phenotyping by flow cytometry. In experiments 1 and 2, 29 of 61 clones and 37 of 67 clones, respectively, contained only cells from one
lineage defining monopotent progenitors (CD19* B, CD56" NK, or CD14* CD15* myeloid cells). Similarly, 14 of 61 input cells in experiment 1 and 14 of 67 input cells in
experiment 2 were bipotent progenitors (B+NK, B+M, and NK+M), and 18 (29.5%) of 61 input cells and 16 (24%) of 67 input cells, respectively, were tripotent cells
(B+NK+M). These proportions are similar to those we have previously observed with unmanipulated CD34+ CB cells.1?

FTransduction efficiency was evaluated as the percentage of slow-dividing CD34" cells expressing EGFP 48 hours after exposure to TRIP vector particles (Figure 4).

lw)
experiments (6 mice), it was noted that whereas 50% of the injectexcoretrovirus-derived vectors, can integrate in the genomeg_, of
cells expressed EGFP, more than 80% of the human cells deteateddividing cells. Based on our recent demonstration that inclusion
15 weeks later were EGFPAnNalysis of a representative mouse iof the central DNA flap of HIV-1 dramatically enhances virﬁ
shown in Figure 5A. To demonstrate that CD8D38" cells genome nuclear impottye derived a new construct, deS|gnated
present in the BM of NOD/SCID mice had been transduced amide TRIP vector, by inserting this central DNA flap in the HR
were functional, in one experiment these cells were sorted awector. Here we show that this TRIP lentiviral vector, Whlcg_l
grown in lymphomyeloid bulk culture. After 2 weeks these cellencodes the EGFP transgene, can efficiently transduce very pémi-
produced CD19 B, CD56" NK, and CD14 monocytic cells and tive human progenitors during a very short culture period (24
GPA* erythroblasts in the presence of rhEPO, and all these cefisurs) in the presence of cytokines. This conclusion is based c%w 2
expressed EGFP (Figure 5B). Moreover, analysis of the progenysgfts of data: (1) Approximately 40% of CDB4ells could be g
single-cell cultures indicated that multipotent EGRP+ NK + M transduced and could express tE&FP transgene during a:
progenitors were present among CD&8D38  human cells en sustained period of time. With selected batches of vector, it |saof
grafted in NOD/SCID mice (Figure 5C) at a frequency of 20%note that more than 60% of the CD3dells could reproducibly be“
which is identical to that observed in comparable experiments wifansduced. (2) Similar high proportions of cells derived fro"gq
fresh CD34 CB cells!® In addition, this cell population contained myeloid LTC-ICs, multipotent lymphomyeloid progenitors, an@
transduced LTC-ICs (data not shown). These results definitivqtyhg term repopulating NOD/SCID mouse cells expressed EG?P
demonstrate that the TRIP vector efficiently transduces functionabiicating the efficient transduction of progenitors functlona@
primitive and multipotent CD34CD38™ human CB cells with the ¢lose to stem cells.
abl'lty to sustain Iong-term hematOpOleSlS in NOD/SCID mice. A ma]or determinant was the use of the modified vectgr
including the central DNA flap. Indeed, we first compared tige
transduction efficiencies of HR and TRIP vectors on CDa#d
Discussion CD34°CD38" cells from human CB. The amount of both vectos
used in transduction experiments was normalized by the P24 cagsid
In an attempt to transduce very primitive human HSCs, we testptbtein content of vector supernatants. This method proved tgzbe
the efficiency of lentiviral vectors that in contrast to murineeliable. First, the amounts of P24 antigen in HR and TRIP vecgor
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stocks produced in parallel were very comparable. Second, tranells that divided slowly, ie, completing 0 or 1 division in 3 days,
duction with the P24-normalized amounts of HR and TRIP vectoexpressed EGFP. Among the slow-dividing cells, up to 50% and
resulted in the approximately equivalent quantities of reverséd% of LTC-IC and lymphomyeloid progenitors, respectively,
transcribed vector DNA in the vector-exposed cells (Figure 2ientified in single-cell experiments were transduced. This demon-
indicating the presence of similar levels of functional vectostrates that the TRIP vector can integrate into slowly proliferating
particles in normalized vector stocks. Regardless of the doseroéiltipotent progenitors, an important result because it is usually
vector used and based on the percentage of EGRPrescent admitted that the most primitive multipotent cells are not actively
cells, the flap-containing vector was more efficient in transducinzycling 33242
CD34" and CD34CD38" CB cells than the HR vector. Previous experiments have shown that NOD/SCID-repopulat-
When a high concentration of TRIP vector particles was useag cells could be transduced by the HR vector, with transduction
for transduction, an increase in the fluorescence intensity of as many as 27% of human CD456ells*! As we expected, the
transduced cells was also observed. Because the insertion of TRIP vector resulted in a better transduction efficiency in NOD/
DNA flap sequence does not influence the transcriptional activi§CID-repopulating cells. Surprisingly, whereas only 50% of TRIP-
of the internal CMV promotet.the higher level of EGFP expres transduced CD34 CB cells expressed EGFP 48 hours after
sion observed with the TRIP vector is likely to be due to multipleransduction in 2 experiments, at least 80% of their progeny
integration events of the vector genome into target cells. Howeveagrvested from BM of engrafted NOD/SCID mice were transduogd
increasing the vector dose did not permit the CD84ll popula (6 of 7 recipient mice). Similarly, Miyoshi et &l detected a:
tion to be transduced to homogeneity. This could be explained itrmnsduction efficiency of 35% in CFCs recovered from NOI/
fraction of the CD34 cell population was refractory to transduc SCID mice even though the original clonogenic progenitors wére
tion by lentiviral vectors that, for instance, might be related to theansduced with an efficiency of 12% to 17%. These data haveﬂed
variable proportion of cells being in the GO or early G1 ph#s§é. us to speculate that the NOD/SCID-repopulating cells and multlgo-
In the case of HIV-1, it has been shown that in naive lymphocyteignt progenitors are particularly susceptible to transduction ﬁ)y
which are in GO, the HIV replicative cycle aborts due to aientiviral vectors. Moreover, during 2 in vitro experiments, singg
incomplete reverse transcription procés¥.A second possibility progenitors able to generate a progeny of B, NK, and M cdlls
explaining the refractoriness of certain CD3dells to lentiviral appeared more efficiently transduced than monopotent and bipaient
vector transduction could be the lack of nuclear import of thgrogenitors (Table 1), and CD3@D38" cells exposed to the TRIPZ
retrotranscribed HIV-1 genont. Finally, toxicity is possibly vector in the same conditions as CD3dells expressed EGFP iré‘r
induced at a high concentration of vector particles. higher proportion (Figures 1 and 3). Alternatively, the transduct@n
The cPPT and CTS cis-active sequences, which are responsisiiecess by lentiviral vectors may alter the homing and/or survivgl/
for the formation of the DNA flap during reverse transcription, arproliferation properties of transduced cells, thereby resulting ing&n
located at the center of lentiviral genomes and overlap iedion increased engraftment in NOD/SCID mice.
of the integrase coding sequend@QOL). The crucial role of the We demonstrate here that the flap structure restores the nu&ear
DNA flap in vector DNA nuclear import most probably account$mport defect of HIV-1-based replacement vector genomes, the@by
for the previously reported heterogeneous efficiency of transdugramatically increasing the transduction efficiencies of hum@n
tion of CD34" cells by lentiviral vectors. Indeed, an efficientCD34" hematopoietic populations from different sources. TRE,
transduction is described using vectors in which the transgei@ flap-containing vector, is able to efficiently transduce hun%n
replaces the envelope andMef coding sequences of the HIV-1 HSCs defined by their slow-dividing rate, multipotentiality, argi
genome?-3%40 However, the HIV-1 GAG and POL proteins areability to establish long-term active human hematopoiesis in the
encoded by such vector constructs, thereby representing a m&® of NOD/SCID mice. Importantly, the transduction process 5f
disadvantage because deficient HIV particles are produced by tB34* cells did not alter their quantitative and qualitative dlffereg
transduced cells. Amuch lower efficiency of transduction has begation potentials. The highly efficient transduction of human HSEs
reported with classical “gutless” nonimmunogenic lentiviral vechy the TRIP vector will undoubtedly open multiple gene therafly
tors deleted for the entire coding sequences and thus for the cengiigblications and help to resolve fundamental questions regar@ng

DNA flap sequencé’ 4! the biology of human HSCs.
In this study the HR vector appeared significantly less efficient

than the TRIP vector in transducing CD3dnd CD34CD38 CB

cells. Thus, in all experiments assessing the potential of transduced

cells, the TRIP vector was used. Despite the optimized nucleACknowIedgments

import observed with the TRIP vector, we could not transduce more

than 20% of the CD34.CB cells in the absence of cytokine duringWWe would like to thank A. Roucleand P. Ardouin for their
the transduction protocol. This rather low efficiency might be duexpertise in the production of NOD/SCID mice, V. Schiavon for
to the inability of metabolically inactive cells to efficiently cell sorting, B. I1zac for technical assistance, Dr Van Nifderick and
reverse-transcribe the vector, as was previously described for twleagues for kindly providing CB samples, and Naomi Taylor for
wild-type HIV-1.3% However, we clearly demonstrate here that theritical comments on the manuscript. We also thank Amgen for
TRIP lentiviral vector integrated into cytokine-activated CD34 rhSCF, Kirin for hPEG-MGDF, CILAG for rhEPO, and Immunex
cells that did not complete mitosis (Figure 4A). Indeed, 55% of ther rhFIt3-L.
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