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Targeting transgene expression to antigen-presenting cells derived from
lentivirus-transduced engrafting human hematopoietic stem/progenitor cells

Yan Cui, Jonathan Golob, Erin Kelleher, Zhaohui Ye, Drew Pardoll, and Linzhao Cheng

Hematopoietic stem cells (HSCs) repre-
sent an important target for the treatment
of various blood disorders. As the source

of critical cells within the immune sys-

tem, genetic modification of HSCs can
also be used to modulate immune re-
sponses. The effectiveness of HSC-medi-
ated gene therapy largely depends on
efficient gene delivery into long-term re-
populating progenitors and targeted
transgene expression in an appropriate
progeny of the transduced pluripotent
HSCs. Self-inactivating (SIN) lentiviral vec-
tors have been demonstrated to be ca-
pable of transducing mitotically inactive

cells, including HSCs, and accommodat-

transgene expression in transduced cells.
In this study, we constructed 2 SIN lentivi-
ral vectors, EFGFP and DR.GFP, to ex-
press the green fluorescent protein (GFP)
gene controlled solely by the promoter of

either a housekeeping gene EF-1 « or the

human HLA-DR e« gene, which is selec-
tively expressed in antigen-presenting
cells (APCs). We demonstrated that both
vectors efficiently transduced human plu-
ripotent CD34 + cells capable of engraft-
ing nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice.
When the EF.GFP vector was used, consti-
tutive high-level GFP expression was ob-
tained in all the human HSC progeny
detectable in NOD/SCID mice and in sub-

sequent in vitro differentiation assays,
indicating that engrafting human HSCs
have been transduced. In contrast, the
DR.GFP vector mediated transgene ex-
pression specifically in human HLA-DR
cells and highly in differentiated dendritic
cells (DCs), which are critical in regulat-
ing immunity. Furthermore, human DCs
derived from transduced and engrafted
human cells potently stimulated alloge-
neic T-cell proliferation. This study dem-
onstrated successful targeting of trans-
gene expression to APCs/DCs after stable
gene transduction of pluripotent HSCs.
(Blood. 2002;99:399-408)
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ing a nonviral promoter to control the

Introduction

Hematopoietic stem cells have the unique capability of repopulaxample, a preactivation lasting for 2 to 3 days is required for
ing the entire hematopoietic system, including the immune systeefficient RV transduction of HSPCs. Because HSPC engraftment
due to their self-renewal and pluripotent differentiation potentialactivities can be only maintained in culture for several days
Therefore, stable gene transfer to these stem cells has gmatently and extended culture often results in HSPC reduction, a
potential to achieve both long-term and short-term therapeusabtle balance of HSPC maintenance and high-level transduction
effects for the treatment of inherited and acquired hematopoietiaring ex vivo culture is critical. Second, the RV long terminal
disorders:® Currently, retroviral (including oncoretroviral andrepeat (LTR) is used in almost all the high-titer RVs as the promoter
lentiviral) vectors remain the only choice to stably transdud® transcribe the transgene as well as the viral genomic RNA.
hematopoietic stem/progenitor cells (HSPCs) efficiently, resultirgowever, the RV LTR has been found attributing to the inactive or
in permanent integration of the transgene into the host geridmeattenuated transgene expression in transduced cells after differentia-
However, transgene expression in all progenies of the transduciech and/or long-term culture and engraftméft® Insertion of an
HSPCs is often unnecessary and may even be detrimental in maagitional promoter into RVs often resulted in “promoter interfer-
circumstance&!° Thus, targeted and/or restricted expression ance” that reduced promoter activity of the internal promoter
transgenes efficiently and specifically in one relevant differentiand/or the LTR1-23 Deletion of the promoter element within the
tion lineage derived from the transduced HSPCs may be crucialRY LTR to avoid the promoter interference often resulted in a
achieve maximal therapeutic effectiveness and to limit potentis¢vere (100-fold) reduction of viral tite?S° Except in a few cases
adverse effects. such as the GATA-1 transcriptional factor binding and self-
Until recently, oncoretroviral vectors (RVs) have been the onlgctivation syster? it has been generally difficult to construct
delivery vehicles for HSPCs1° However, RV transduction re- high-titer RVs in which a transgene is solely controlled by a
quires division of the target cells while most of primitive HSPCson-LTR promoter.
are mitotically quiescent. Although significant progress has been Recently, attention has focused on vectors derived from lentivi-
made in improving conditions for ex vivo HSPC culture anduses (LVs) such as human immunodeficiency virus-1 (HIV-1),
transduction, RV design and production, and RV-mediated tranghich have been shown to transduce a variety of mitotically
gene expressiol;16 RVs still possess intrinsic limitations. Forinactive cells, including human HSPE&s31This is consistent with
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the notion that LVs can efficiently transduce cells that are in the Ghage colony-stimulating factor (GM-CSF) (Immunex, Seattle, WA) at 1
S, and G2 phases before cell division. In contrast, RV integrati®/mL was added. All the other cytokines were purchased from PeproTech
can occur only after breakdown of the nuclear envelope, concorffRocky Hill, NJ), except G-CSF and erythropoietin (Amgen, Thousand
tant with progression through the M phase of the cell cycle. We afks: CA).

others have found the pseudotyped LVs can transduce human

HSPCs efficiently as assayed in a surrogate transplantation modetonstruction and virus production

using nonobese diabetic/severe combined immunodeficie.n.cy.(NOPéIN LV pRLLhPGK.GFP Sin-18 (abbreviated as PGK.GFP) was kindly

L. . . ,%rovided by Dr Didier Trono, University of Geneva Medical Sch#dlve
HIV sequences and eliminating viral accessory proteins for iMgnstructed EF.GEP by replacing the human PGK promdgecRV to

proved transduction efficiency and saféty? further enhanced gant) sites in the PGK.GFP vector) with human E&-promoter from
favorability of LVs as delivery vehicles for HSPCs. Moreover, thglasmid pEF1/Myc-His-A (Invitrogen, Carlsbad, CA). The E&romoter
self-inactivating (SIN) modification of L¥"-3®which permanently (nucleotide 373 to 1560 as numbered in GenBank accession J04616)
disables the viral promoter after integration, enables transgesmntains the first exon, first intron, and part of the second exon before the
expression to be controlled solely by an internal promoter. Impotoding sequence (starting at nucleotide 1582). Similarly, we constructed
tantly, the SIN modification of LVs does not reduce viral titersPR-GFP by using the human (MHC II) HLA-Dirpromoter (nucleotide
which is in sharp contrast to what was observed previously wittP2 to 480, as numbered in GenBank accession X00274) to replace the

RV.%10 Thus, using SIN LVs with a specific promoter, we ma)PGK promoter Xhd to BarH! sites in the PGK.GFP vector). This
303—base pair promoter sequence has been shown to confer selective

achieve targetgd transgene expression in a specific IineageeQ ression of a transgene in MHC'licells#® Detailed sequences are
transduced pluripotent HSPCs. available upon request.

In the present study, we evaluated the ability of SIN LVS t0 Recombinant LVs were generated using the 3-plasmid system by
target genes into antigen-presenting cells (APCs) differentiateddtransfection of 293T cells through calcium phosphate precipitafiifs
vitro and in vivo from HSPCs. It is now appreciated that processingaddition to a transducing vector (PGK.GFP, EF.GFP or DR.GFP), 2 other
and presentation of antigens by different APC types are the initiedctors were used in viral production. One, pMD.G, expresses the vesicular
events in determining immune responses. Indeed, major endeavegnatitis virus G envelope protethThe other, pPCM\AR8.91, expresses
in engineering antigen-specific immunotherapy such as vaccirig HIV-1gag/pol, tatandrevgenes required for efficient LV productidh.
are focused upon the targeting of antigens to various APC subsBi§ 'atter 2 plasmids were also provided by Dr Trono. The ratio of a

such as dendritic cells (DCs), which are critical mediators of T-c tfranSdUCing vector, pMD.G, and pCMR8.91 was fixed at 1.5:0.5:2

. o043 ' ef r 10° 293T cells plated in a 35-mm dish or scaled up proportionally for
immunity. We postulated that large numbers of transduc rger dishes. Viruses were harvested at 48 and 72 hours after transfection
APCs/DCs could be generated from engrafted HSPCs after rasy titered based on percentages of GFRlls after transduction with

duction with specific genes to modulate immunity. To achieV&ially diluted viral supernatants. TF1 cells (MHC )Iwere used for
APC-specific transgene expression, we took advantage of the fae{ GFP as well as EF.GFP and PGK.GFP vectors, whereas 293T cells were
that major histocompatibility complex class 1l (MHC 1) genes ar@sed for titering the latter 2 vectors (with similar results). The titers,
expressed selectively in APCs and highly in DCs after differenti@alculated as transducing units (TUs) per milliliter of supernatants, were
tion and maturation. We constructed and evaluated 2 SIN Lwsually in the range of X 10° to 6 x 10° TUs per milliliter for all 3
expressing the green fluorescent protein (GFP) gene controlled tors, while EF._GFP consistently had a higher t?ter than PGK.GFP or
2 different internal promoters: DR.GFP, which employs a hum .GFP. To obtain more concentrated viruses, viral supernatants were

i . transferred to a filtration column (Centricon Plus-20, MWCO 100 000;
MHC ll-specific HLA-DRx promoter, and EF.GFP, which em Millipore, Bedford, MA) and centrifuged at 20@Gor 30 to 90 minutes at

ploys a. strong constitutive promoter.from the human translatig C. The method was also developed independently by Dr J. Reiser and
elongation factor & (EF-1a) gene. Using the NO_D/SCID moqsedescribed in detal” The concentrated viruses were tittered as above
engraftment model, we demonstrated selective expression (@ua"y in the range of 0.8 108-3 x 108 TUs/mL) and stored at 80°C.
transgene in MHC It human cells derived from the DR.GFP-

transduced HSPCs before and after engraftment of NOD/SCID o )

mice. Furthermore, GFP-transduced human DCs obtained fr(ﬁ(ﬁtecmn of replication-competent retroviruses

transduced and engrafted HSPCs are functional in stimulatimg rule out the possibility that replication-competent retroviruses (RCRs)
allogeneic T-cell proliferation. could be generated from the DR.GFP or EF.GFP LV, we randomly tested the
presence of viral proteins in culture media of stably transduced cells (after
continuous culture after transduction) and in sera of NOD/SCID mice
. engrafted with transduced human cells. The amount of the HIV-1 p24 viral
Materials and methods protein, which would exist in sera or culture media and gradually amplify if
RCRs arose, was determined using a p24 enzyme-linked immunosorbent
assay kit (ZeptoMetrix, Buffalo, NY). Within the detection limit (5 pg per
Immunodeficient NOD/LtSz-scid/scid (NOD/SCID) mice, originally ob-sample) of the assay, all the samples we examined were negative for RCRs
tained from Jackson Laboratory (Bar Harbor, ME), were bred and housed'iiuman cells and mouse sera.

the animal facility at Johns Hopkins Oncology Center. They were kept in a

pathqgen-frc_ee environment following a} protocol approved by the JOhﬂ%tibodies and flow cytometric analysis

Hopkins Animal Care and Use Committee. Human cell lines HeLa and

293T were maintained in Dulbecco modified Eagle medium (GIBCO BRIR-phycoerythrin (PE)—conjugated antihuman HLA-DR (MHC Il), CDl1a,
Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBED14, CD40, CD80, CD86, biotin-conjugated antimouse CD45 and
GIBO BRL). Epstein-Barr virus—transformed human B cells (HLA-DR Ter119, and CyChrome-conjugated antihuman CD45 monoclonal antibod-
and a HLA-DR" human leukemia cell line (TF1) and HLA-DR(U937, ies (mAbs) were purchased from PharMingen (San Diego, CA). PE-
K562, HL60, and EOL) cell lines were cultured in RPMI 1640 mediuntonjugated antihuman CD13, CD19, and CD83 were obtained from Caltag
(GIBCO BRL) supplemented with 10% FBS. For the TF1 cell line, whictiLaboratories (Burlingame, CA). PE-conjugated antihuman CD34 was
was derived from bone marrow (BM) blastic cells in a patient witpurchased from Becton Dickinson (San Jose, CA). PE-conjugated antihu-
erythroleukemia and is growth factor-dependérit,granulocyte-macro  man glycophorin A was obtained from Immunotech (Marseille, France).

Animals, cell lines, and cytokines
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Fluorescence-activated cell sorter (FACS) analysis was carried out using A
FACScan or FACSort (Becton Dickinson).

Mock-transduced DR.GFP EF.GFP

Macrophage and DC differentiation after LV transduction of ® 94 02 %
human blood monocytes = %

O £ z
Human peripheral blood mononuclear cells were isolated by Ficoll- L $%{ ¥oo
Hypague (Pharmacia, Sweden) from healthy donors. Monocytes wer = “—21 :4_2_
enriched by plastic adherence after culturing peripheral blood mononuclee .1e 02| .la 2 3
cells (8 1% cells/well [9.4 cnd]) with RPMI 1640 medium plus 10% FBS ot M ST v - it i SRR S S i i
for 2 hours at 37°C. After washing, adherent cells were cultured in the sam == Lt P
medium supplemented with M-CSF (25 ng/mL) to induce macrophage GFP transgene expression

differentiation for 7 to 10 days. At days 2 and 3, adherent cells were

transduced with EF.GFP or DR.GFP LV twice witln8/mL polybrene. The

multiplicity of infection (MOI) was 30 for each round of transduction. Cells B

were harvested on day 10 and analyzed for expression of GFP an

macrophage markers (CD14 and HLA-DR). For DC differentiation, <« LCO10720.006 <« LC010720.008 «  LC010720.000

adherent monocytes were cultured in the same medium supplemented wi __ 1 = 21683
GM-CSF (800 U/mL or 150 ng/mL) and interleukin-4 (IL-4) (1000 U/mL or G e 2 e
20 ng/mL). Atdays 1 and 2, adherent cells were transduced with DR.GFPc T &% By gy
EF.GFP LV (2 mL/well, MOI= 10) with 8 wg/mL polybrene. After 4 to 6 = o - o
hours of incubation with LV, 2 mL fresh medium containing<2GM-CSF . B o . o
and IL-4 was added, and transduction continued overnight. At day 2 BRSBTS iy R B e A iy 7
transduction was repeated. At day 3, transduced cells were harvested a SEP i i
further cultured in 1 mL fresh medium containing GM-CSF and IL-4. When «  LCO10720.007 < LCO10720.010
IL-4 was added, no sign of cell proliferation was observed, in contrasttothe 35 :’- :—’
case when GM-CSF alone or M-CSF was added to monocyte cultures. £ ©Q w2l L2
day 6, 1 mL fresh medium containing tumor necrosis factor (TNRJnal 3 L ;1“'91'
concentration 50 ng/mL) was added to promote DC maturation. At day 8 o 3—2_ 3—2_
total cells were harvested and analyzed for expression of GFP and Dt O - -

Transgene 2 2

markers (HLA-DR and CD83) with PE-conjugated mAbs.

To quantitatively determine the specific transgene expression in MHC
11" cells, we defined the term “specificity factor” (SF) as the ratio of
percentages of GFPcells in all the MHC II" cells versus that in all the
MHC Il ~ cells:

b AT
10 10! 102 10° 107 "% 10! 102 10° 107
GFP GFP

_ GFP'MHC Il */total MHC II

F=
S GFP"MHC Il ~/total MHC 11~

For example, the SF of EF.GFP in transduced macrophages (Figure 1/
is [56/(56+ 36)]/[5/(5 + 3)] = 0.95. SF is independent of exact levels of
transduction efficiencies and is 1.0 if there are equal percentages of GFF
cells in MHC II" and MHC II~ cell populations. SF works best if both
MHC 11 * and MHC II” cells exist in fair percentages (Figures 2-4).

LV transduction of human CD34 * cells and DC differentiation

P h Z F

were obtained from_ AIICeIIs.(San Mateq, CA) CD3dells were purified  Figure 1. GFP expression in differentiated macrophages and DCs from human

by immunomagnetic selection (Miltenyi Biotec, Auburn, CA) and themlood monocytes after LV transduction.  (A) Adherent monocytes enriched from PBL
cryopreserved. The purity of CD3%ells was usually more than 95%. Onewere induced in culture to differentiate into macrophage by M-CSF. Adherent cells were
day before transduction, cryopreserved CB CD8#lls were thawed and transduced with DR.GFP or EF.GFP twice in 2 days. For mock transduction, the medium

Human G-CSF-mobilized peripheral blood or cord blood CD%#lls

. . . . . . used to collect LVs was added. Transduced cells were continuously cultured with M-CSF,
cultured (l@ Ce“S/mL) Ovemlght in QBSF-60 medium (Quallty BIOIOglcaI’ d adherent cells were harvested 7 days after transduction to analyze GFP and MHC I

. L g

Gaithersburg, MD). Human thrombopoietin (10 ng/mL), stem cell faCtof[;LA—DR) expression (A). (B) For DC differentiation and maturation, adherent monocytes
KIT ligand (SCF/KL) (100 ng/mL), and FLT3 ligand (FL) (100 ng/mL) were first cultured with GM-CSF and IL-4. Cultured monocytes were transduced twice as
were supplemented (the Tpo/SCF/FL [TSF] medium). In the followingefore. Four days after transduction, motile cells were collected and cultured for 2 more
days, these CD34cells were transduced with EF.GFP or DR.GFP L\days with TNF- in addition to GM-CSF and IL-4. At day 8 of culture, transduced cells were
(MOI = 10 to 60) once or twice by centrifugation at 2@0@r 4 hours at harvested _a_nd stained by PIE_-qonJugated antibodies to characterize GFP-transduceq cells
. . . . B). In addition to MHC Il staining (top panels), the DC phenotypes were further confirmed

room temperaturg. The cells with kusgs were then diluted W_Ith one Vo'“ﬁthe expression of a DC-specific marker CD83 (bottom right panels) and lacking of a
of the TSF medium, cultured overnight, and replaced with fresh TSFonocyte/macrophage marker CD14 (middle panels). Quadrant setting was based on
medium next morning. Three days after the first LV transduction, transackground staining by isotype-matched control antibodies. Percentages of various cell
duced CD34 cells were harvested for FACS analysis and for subsequentsubsets in each quadrant are indicated. (C) Photomicrographs of DR.GFP-transduced
vitro and in vivo studies described below. DC in vitro differentiation wa®Cs- After MHC I staining (B), DCs were spun onto glass slides and examined by
carried out by culturing the transduced cD34ells in RPMI 1640 fluorescence m|crqscopy (left, <X 1000 magnification) AofADC morphology. Cells with GFP
. transgene expression (green to yellow, open arrows) within transduced cells and MHC Il on

supplemented with 10% FBS, GM-CSF (800 U/mL), IL-4 (200 U/mL), an ell surface (red, closed arrows) are illustrated. Background green fluorescence was seen
TNF-a (20 ng/mL). The culture medium was replenished every 3 to 4 dayifinuclei of all the cells. The remaining cytospin slides were stained with the Wright-Giemsa
After 14 to 16 days of culture, mature human DCs in suspension wegaution (right, X 400 magnification). Note that the staining diminished GFP fluorescence

harvested and examined for GFP and MHC Il expression. signals butit better revealed DC morphology.
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CFC assays resulting in myeloid and erythroid lineage promoter. Then we compared titers and transgene expression of
differentiation in methylcellulose DR.GFP with LVs in which transgene expression is controlled by

Transduced human CD34cells were seeded onto 35-mm dishes inelther a human PGK promoter (PGK.GFP) or EF-firomoter

triplicate, each containing 450 cells in 1.2 mL methylcellulose medigEF'GFP)' Whe_n tested _in a variety of human MHC (such as
(Marrow-Gro, Quality Biological) supplemented with human stem cell F1 and Epstein-Barr virus—transformed B cells) and MHC i
factor (100 ng/mL), IL-3 (10 ng/mL), IL-6 (10 ng/mL), G-CSF (10 ng/mL), (U937, K562, HL-60, and EOL) hematopoietic cell lines, the
GM-CSF (10 ng/mL), and erythropoietin (5 U/mL). After 14 days ofDR.GFP vector directed GFP expression preferentially (20- to
culture, total numbers of granculocyte-monocyte colony-forming units00-fold) in the MHC It cells with intensities higher than
(CFU-GMs), mixed colony-forming units (CFU-mix), and erythroid burstPGK.GFP but slightly weaker than EF.GFP (data not shown). In
forming units (BFU-Es), as well as GFRolonies, were counted under acontrast, PGK.GFP or EF.GFP showed equivalent levels of GFP
Nikon light/fluorescence microscope. Additionally, colony-forming Ce'bxpression in both MHC i or MHC 11~ cell lines (the GFP signal
(CFC)—derived cells were harvested by diluting and washing off methylcegl EE.GFP was 3- to 20-fold brighter than that by PGK.GFP as
lulose with phosphate-buffered saline and then examined for GFP and M é(, ) 9 . .y ’
Il expression reported recentff). To assess whether the induction of MHC I

' (HLA-DR) expression will result in transgene up-regulation, we
Human CB CD34 * stem cell engraftment of NOD/SCID mice treated the transduced l—_|eLa cells with IHNafter DR.GFP

transduction. Corresponding to the up-regulation of MHC II

The DR:GFP, EF.GFP, or mock-transduc_ed C_B CD384lls were trans expression by IFNy, GFP transgene expression was also up-
planted into 8- to 10-week-old sublethally irradiated (300 cGy) NOD/SC”?eguIated by more than 10-fold in the transduced HeLa cells (data

mice via tail vein injection (2< 10 input cells per mouse). Six to 10 weeks
after transplantation, the BM and spleens of these engrafted NOD/SCrI]Bt shown). Subsequently, we used DR.GFP and EF.GFP vectors to

mice were harvested and analyzed for the presence of human'Gi4s. evaluate.gen.e transfer efficiency anq p.romoter specificity of these
GFP expression in MHC tl and MHC II- human cell populations was SIN LVs in primary human hematopoietic cells.

examined. Additionally, for further culture and in vitro differentiation L .

assays of engrafted human cells, murine (CD4bd Ter119) cells were Transgene expression in human blood monocyte-derived

first removed. Briefly, harvested cells from NOD/SCID BM and spleerf@acrophages and DCs by the DR.GFP SIN vector

were resuspended in phosphate-buffered saline with 6% FBS at@/mL . ) )
and incubated with biotinylated antimurine CD45 and Ter119 antibodies Aidherem monocytes were cultured with M-CSF or GM-CSF plus

wg/1@® cells) at 4°C for 30 minutes. After washing, the antibody-labele -4 to induce macrophage or DC differentiation, respectively.

cells were then incubated with streptavidin-conjugated magnetic bedtf€r 2 rounds of transduction by DR.GFP or EF.GFP SIN LV,
(Dynal, Oslo, Norway) for 30 minutes at 4°C (4 beads per cell). The cefansduced cells were cultured in complete media for an additional

mixture was then placed in the magnetic rack (Dynal) for 5 minutes, and theto 7 days before being analyzed by FACS for GFP and lineage
unbound human cells were collected. marker expression. For macrophage differentiation, adherent cells
DC differentiation from the enriched human cells engrafted in NODere harvested for analysis (Figure 1A). Nearly 100% of cells
SCID mouse BM was carried out similarly to peripheral blood stem celypressed CD14 (not shown), and most cells expressed moderate
(PBSC)—derived DC differentiation described above with the foIIowingeve|s of MHC Il (HLA-DR). After DR.GFP transduction, moder-
modification. At day 6 of DC differentiation, the suspension cells Wergie levels of GFP expression were observed in these MHGHd
completely removed to further eliminate murine cells in suspension. F 14*) macropha ticularly in th . highest
eP phages, particularly in those expressing highes

CFC assays after engraftment, enriched BM cells were added to methyl . .
lulose media supplemented with human GM-CSF, IL-3, and erythropoie(lilﬁveIS of MHC Il (Figure 1A). GFP expression by EF.GFP appeared

in each of duplicate 35-mm dishes. After 19 days of culture, numbers of tRa0re uniform regardiess of the MHC Il expression levels.
total and GFP colonies were counted, and the cells were harvested for T0 quantitatively determine the relative specificity of the

FACS analysis. transgene expression in the MHC population, we employed the
SF calculation (see “Materials and methods”). The dimensionless

Alloantigen presentation of differentiated human DCs in SF computes the percentage of GRRlls in MHC II* population

mixed leukocyte reactions versus that in the MHC tl population. Equal percentages of GFP

. N & . X
In vitro—differentiated human DCs either directly from transduced Clge”S in MHC II* and MHC II” cell populations result in S& 1. If

CD34 cells or from reconstituted NOD/SCID BM were irradiated at 300&;':P transgene_ is preferentially expressed in MHO:H”S' the SF
cGy and used as APCs in the mixed leukocyte reaction (MLR) T-céff the vector will be more than 1. Based on this formula, the SF of

proliferation assay. Briefly, cryopreserved human peripheral lymphocytBR.GFP in transduced macrophages was determined to be 2.13,
(effectors, 2x 10°/well) were seeded in 96-well plates with serially diluteawhereas that of EF.GFP was 0.95 (Figure 1A).

human DCs (stimulators, stimulator:effector ratios 1:10, 1:80, and 1:640, For DC differentiation, motile cells were collected at day 6 and
respectively) in triplicate. After 3 days of culture, the cells were pulsed witfyrther cultured with TNFe to promote DC maturation. Two days

1 pCi/well (3.7 X 10* Bq) of [*H]thymidine and harvested 18 to 20 hoursafter, more than 94% of the cells were found to express high levels
Iater with a Packard Mic_rgma_te cell hgrvester (Packgrd BioScienc&f MHC II. Most of these cells ¥ 80%) expressed a DC marker
Meriden, CT)._ The{lﬂ]thym|d|ne incorporation was determined through a(CD83) and lacked the monocyte/macrophage marker CD14 (Fig-
Packard Matrix 96 direds-counter. ure 1B, lower panels). The morphology of DR.GFP-transduced
DCs was further examined in slides by histology staining and
fluorescence microscopy (Figure 1C). Very few cells showed the
Results macrophage morphology, and GERnature DCs were readily
seen. By both methods, about 30% of mature DCs expressed GFP
transgene after transduction by both vectors, and GFP signals were
slightly lower in DR.GFP-transduced DCs. The lower transduction
To achieve restricted transgene expression in APCs that selectivefficiency of DCs may be due to lower titers of the unconcentrated
express MHC Il molecules such as HLA-DR, we constructed a SIlVs used (MOl = 10) than in the transduction of macrophages
LV containing the HLA-DRx promoter as the sole internal (MOl = 30). For blood B cells that are also MHC |llow levels of

Preferential transgene expression in MHC Il * cells mediated
by the DR.GFP vector
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transduction were repeatedly observed by both vectors (with group (Figure 2A). The SF of DR.GFP and EF.GFP in transduced
MOI up to 50), although GFPcells were observed in MHC1l PBSCs was determined to be 3.1 and 0.6, respectively
cells (data not shown). It is unclear why peripheral blood—derivg#igure 2A,D).

B cells were difficult to transduce even after activation. To further examine DR.GFP-mediated gene delivery into pro-
genitor cells and the transgene expression in differentiated progeny

Efficient transduction of human CD34 * HSPCs and selective with various levels of MHC Il expression, the transduced human

transgene expression in MHC Il + cells by the DR.GFP vector PBSCs were differentiated in culture into either DCs or erythroid/

myeloid lineages. After 16 days of DC differentiation, more than
95% of the suspension cells exhibited the DC phenotype (ie,
H-gphologically rich in surface dendrites, high levels of surface

We next examined transgene expression in MHCcklls derived
from transduced HSPCs by DR.GFP. Cryopreserved CR&
SCs were cultured for 24 hours and transduced once (MOI 10-2e
Thr fter tran tion by DR.GFP or EF.GFP, t 20%,
traneszjggj iel?s inabi(tjr:“g:jrgupbsyexprgsseg GFPG(Fig’ua:ZOZUA).OM s ). Further examination of GFP expression in DCs deri_ved from
than 95% of the cells expressed MHC Il (Figure 2A) as the startir}Be IDR.GFP—transduced PBSCs dem_onstrated substantial specific-
CD34" cell population. The MHC Il expression in most CD34 1Y in MHC 11 cells (SF =12.6, Figure 2B,D). In contrast,
HSPCs has been reported previod8i A closer examination of GFP-expressing cells derived from EF.GFP-transduced PBSCs
the MHC Il (HLA-DR) expression in the transduced CD3dells Were equally allocated between the MHC' land MHC II”
revealed that GFP expression was almost exclusively restricteddpulations (SF 1.0, Figure 2B,D).

the MHC II* cell population in the DR.GFP transduction group. In  DR.GFP- and EF.GFP-transduced PBSCs were also assayed in
contrast, similar percentages of GFeells were detected in both methylcellulose for CFCs, resulting in erythroid/myeloid differen-
MHC 11t and MHC II- populations in the EF.GFP-transducediation. Mock-, DR.GFP-, and EF.GFP-transduced PBSCs all

‘ression of MHC I, CD86, CD40, CD83, and CD1a) (Figure
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Figure 2. Specific GFP expression in DR.GFP-transduced blood CD34 * cells and their progeny differentiated in vitro. (A) Human CD34* PBSCs were transduced with
DR.GFP or EF.GFP LV at an MOI of 10. GFP and MHC Il (HLA-DR) expression of these transduced CD34" cells was analyzed 3 days after transduction. (B) Human DCs were
differentiated from the above-transduced CD34" cells for 16 days in the presence of human GM-CSF, IL-4, and TNF-a. Expression of the DC cell surface markers and the
correlation of GFP with MHC Il expression in these human DCs were examined by FACS analysis. The histogram of staining with each specific antibody (filled lines) overlays on
the background staining (open lines) using the corresponding isotype-matched control antibody. (C) Transduced cells were differentiated in methylcellulose for
erythroid/myeloid CFC assays. CFC-derived differentiated cells (non-DCs) were harvested on day 14 and examined for GFP, MHC II, myeloid (CD13 and CD33), and erythroid
(glycophorin A, GlyA) cell lineage marker expression. (D) The SF of each vector to direct MHC I1--specific transgene expression (see “Materials and methods”) in transduced
CD34* cells, DCs, and non-DCs derived from the transduced CD34" cells.
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formed BFU-E, CFC-GM, and CFU-mix colonies, and colonyy us and other¥13.15.1629.32-3¢jgure 3C illustrates a representa
numbers in 3 groups were similar, ranging from 185 to 207 (totalive FACS analysis of NOD/SCID BM at 10 weeks after transplan-
We found that 42% of the total colonies in the EF.GFP grougation. These animals had about 20% human CDdélls in the
displayed strong GFP signal by fluorescence microscopy. HowevBM (Figure 3C, top panels), and the engrafted human cells were
25% of the colonies in the DR.GFP-transduced group were'GFRurther analyzed for the expression of GFP and human-specific
and their GFP fluorescence intensities were much weaker, indisarface markers such as CD34, CD19, and CD13 as wellas MHC ||
tive of transgene down-regulation in differentiated erythoridfFigure 3C). In the animals engrafted with DR.GFP- or EF.GFP-
myeloid progeny. To further examine the correlation of GFP artdansduced CBSCs, 41% to 88% of the human cells expressed GFP
MHC Il expression in CFC-derived progeny, the cells werat high levels (Table 1 and Figure 3C). Ten weeks after transplanta-
harvested from the methylcellulose assay (called non-DCs) atioh, about 20% to 30% engrafted human cells in mouse BM
analyzed via FACS. In these mixed populations consisting oétained the CD34 phenotypes, about 60% expressed a human B
monocytes, granulocytes, and erythroid cells, about 20% of thell marker (CD19), and about 5% expressed a marker for mature
cells expressed cell surface MHC 1l (Figure 2C). GRiells were myeloid cells (CD13). Consistent with previous rep&H% more
found only in MHC II* cells in the DR.GFP transduction groupthan 90% of the human cells in the BM of NOD/SCID mice of both
(non-DC, SF= 26, Figure 2C). GFP cells in the DR.GFP group groups were MHC It at 10 weeks after transplantation, including
were restricted to cells expressing the highest level of CD13/CD&D19" B lymphocytes (about 60%), CD34cells (about 30%),
differentiation marker (Figure 2C), and the intensity of GFP signatnd fewer CD13 cells (Figure 3C). Cells expressing high-level
was lower than in differentiated DCs. These GRRHC 11 * cells GFP were found in all the expected human cell subsets in the
are likely to be monocytes and macrophages present in the CROD/SCID engraftment model, particularly in mice engrafted with
assay. The other major cell type present in the CFC assayBBE.GFP-transduced CBSCs (Figure 3C and Table 1). Notably, these
erythroid cells (glycophorin A), which are MHC I (data not GFP" cells found in vivo in the DR.GFP transduction group were
shown), contributing to 20% to 30% of the non-DCs (Figure 2Cgxclusively in the MHC It population (SF= 4.8) but equally
Notably, none of these erythroid cells expressed GFP derivdi$tributed between CD34and CD34 cells (Figure 3C). In
from DR.GFP-transduced PBSCs (Figure 2C). In contrast, in teentrast, GFP cells in the EF.GFP transduction group were
EF.GFP transduction group, GFP was expressed in both MHEnll  distributed between MHC tland MHC II- populations (SF= 1.3,
MHC I~ non-DCs with no preference (SF1.1, Figure 2C,D). Figure 3C,E). Similar patterns and percentages of GR&man
cells were observed in the spleen of engrafted NOD/SCID mice
(Figure 3D and Table 1). The SF of either vector in human cells
residing in mouse BM and spleen is shown in Figure 3E.

To further examine the gene transduction into pluripotent
human HSPCs engrafted in the BM of NOD/SCID mice, human
We next tested the specificity of the HLA-BRpromoter in the cells were further cultured under different conditions favoring
DR.GFP vector to direct transgene expression in human cellsaither DC or myeloid/erythroid lineage differentiation. We found
vivo using the NOD/SCID mouse model. We first used human cotblat human cells isolated from BM or spleens after engraftment
blood stem cells (CBSCs) because they have higher engraftere capable of differentiation into mature DCs. Most§0%) of
ment capacity in this mouse model than PBSCs or BM CD34he differentiated cells displayed a DC phenotype after being
cells12-13.16.50-52 Cyropreserved CB CD34 cells were cultured cultured with human GM-CSF, IL-4, and TNk{Figure 4A). In
overnight and transduced twice with DR.GFP or EF.GFP at tlee DR.GFP transduction group, GFRells were almost exclu
MOI of 60 in the next 2 days. Two days after the last transductiosively found in MHC II* cells, particularly in those expressing the
GFP and CD34 expression of the transduced cells was examinechighest level of MHC Il (Figure 4A). Both transgene and MHC I
FACS analysis. Under our culture and transduction conditionsxpression were up-regulated after DC differentiation. In contrast,
more than 90% of cells still maintained CD34 (Figure 3A) anGFP" cells in the EF.GFP group were more uniformly distributed
MHC Il expression (data not shown), and about 50% of thieetween existent MHC tland MHC II- populations (Figure 4A).
transduced CBSCs expressed GFP 2 to 3 days after transductiorSimilarly, in the CFC assay resulting in myeloid/erythroid
(Figure 3A). These cells were then used for NOD/SCID transpladifferentiation, we found that about 50% of colonies in the EF.GFP
tation as well as for in vitro differentiation assays. group were GFP, whereas less than 10% of the colonies in the

After 14 days of in vitro differentiation in methylcellulose, DR.GFP group were GFR We also examined the correlation of
numbers of total colonies and GFRolonies were determined. GFP and MHC Il expression in CFC-derived erythroid/myeloid
Figure 3B is a representative illustration of colonies derived froifmon-DC) cells after engraftment, as in the CFC progeny before
mock-, DR.GFP-, and EF.GFP-transduced CBSCs and shoerggraftment (Figures 2C and 3B). Once again, GFP expression was
percentages of GFRcolonies. Subsequent FACS analysis showdimnited only to the MHC I populations in the DR.GFP transduc
similar patterns of preferential transgene expression in MHC lition group (SF= 9.5). In contrast, in the EF.GFP group, GFP was
cells by DR.GFP (data not shown), as we observed with PBS€gpressed in both MHC tland MHC II- populations (SF= 1.5,
(Figure 2C). The reduction of GFP expression in MHC dells  Figure 4B).
particularly in BFU-E colonies explains the reduced number of Based on our in vivo and in vitro data, we conclude that
GFP* colonies from DR.GFP-transduced CBSCs (Figure 3B).  engrafting and pluripotent human HSPCs have been transduced by

To examine transgene expression in engrafted human cells frowth DR.GFP and EF.GFP vectors. Under the conditions employed
CBSCs after transduction, NOD/SCID mice were terminated 6 {transduction at days 1 and 2), 50% SCID repopulating cells, DCs,
10 weeks after transplantation. Human (CD¥Bell engraftment as well as CFC progenitors were transduced, as evident in the
and GFP expression in mouse BM and spleens were analyzE& GFP transduction group. In contrast to the BFgromoter,
Among the 15 animals that underwent transplantation, up to 208#ich expressed more ubiquitously, the HLA-BRromoter in the
human cells were detected in the NOD/SCID BM and about 1% R.GFP vector directed transgene expression preferentially in
2% in spleens (Table 1), consistent with previous results publishstHC Il * cells in vivo and in vitro and highly in mature DCs.

Preferential transgene expression in MHC Il * human
cells engrafted in NOD/SCID mice with
DR.GFP-transduced CD34 * cells
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Figure 3. Targeted GFP expressionin MHC Il * human cells before and after NOD/SCID mouse engraftment with DR.GFP-transduced CD34 *cells. (A)Analysis of GFP
and CD34 expression in human CB CD34" cells 3 days after DR.GFP, EF.GFP, or mock transduction. (B) Differentiation of the transduced CB CD34™ cells in methylcellulose
for CFC assays. Representative photographs of BFU-E, CFU-GM, and CFU-mix under light (top panels) and fluorescence (bottom panels) microscopy after 14 days in culture
by an inverted microscope (magnification, X 50). The percentages of GFP bright (GFP ") colonies in each group were calculated, and the averages of triplicates are shown at
the bottom. (C) FACS analysis of engrafted human cells in the NOD/SCID BM 10 weeks after transplantation with DR.GFP- or EF.GFP-transduced CB CD34* cells (mice no. 15
and 20, respectively, in Table 1). Engrafted human cells were first identified in dot plots (top panels, human CD45 versus forward scatter) and gated for further analysis. The
percentages of human (CD45*, shown in boxes) cells are indicated at the top of dot plots. Further examinations of GFP expression versus human CD34, CD19, CD13, and
MHC Il markers in gated human CD45" populations are illustrated (bottom panels). (D) FACS analysis of GFP and MHC Il expression in gated human populations in the spleen
of engrafted NOD/SCID mice. (E) Quantitative analysis of transgene expression specificity in human MHC II™ populations found in the NOD/SCID BM and spleen (SP) after
engraftment of DR.GFP- or EF.GFP- transduced CD34" cells.
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Table 1. Percentages of human (h) CD45- and GFP-expressing cells in NOD/SCID mice after engraftment of lentiviral-transduced human CB CD34 * cells
Bone marrow Spleen
Mouse ID no. Weeks hCD45* GFP* in hCD45* hCD45* GFP* in hCD45"

Mock-transduced (Background) (Background)

12 6 8.4 1.0* 2.6 0.3

14 6 0.8 1.0 0.8 2.6

11 10 18.3 0.2* 1.7 0.8*

13 10 4.4 0.8 0.7 1.0

Mean = SE (n=4) 8.0 =33 0.8 +0.2 15+04 1.2+04
DR.GFP-transduced

10 6 4.0 43.1* 1.4 0.6

16 6 11.2 62.1* 3.3 16.6

17 6 10.8 70.0 14 55.8%

19 6 1.8 11.8 0.7 4.6

15 10 20.8 77.7* 2.1 66.1*

18 10 7.2 70.5% 2.6 49.0

Mean + SE (n=6) 9.3x25 559+ 9.2 19+04 32.1*105
EF.GFP-transduced

21 6 4.7 33.3* 1.8 41.6*

23 6 3.4 17.0 13 4.3

24 6 0.7 10.5 0.7 4.7

20 10 18.9 88.0* 1.8 56.6%

22 10 13.8 41.0* 0.7 50.1

Mean = SE (n=15) 83+31 38.0 £ 12.2 1.3+0.2 31.5+10.1

*Percentages of GFP* in hCD45" cells were determined from human cell-enriched samples via murine CD45 and Ter119 depletion.

Human DCs derived from the BM and spleen of engrafted

A NOD/SCID mice were potent APCs in stimulating
T-cell proliferation
To further confirm the proper antigen presentation function of the
transduced DCs after engraftment, the immune stimulatory potency
of these cells was examined in the MLR assay with allogeneic
human T lymphocytes subsequent to transplantation and ex vivo
differentiation/maturation. As shown in Figure 5, these human DCs
stimulated strong allogeneic-MLR responses even at stimulator:
Control DR.GFP EF.GFP effector (T cells) ratios as low as 1:640. The stimulatory capacity of
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Figure 4. Differentiated DCs from transduced human cells that had engrafted in the
NOD/SCID mice. Human cells derived from transduced CB CD34" cells were isolated
from the BM of engrafted NOD/SCID mice (Figure 3C). Enriched human cells were
cultured with human GM-CSF, IL-4, and TNF-« for 14 days to allow DC differentiation and
maturation as in Figure 1. (A) FACS analysis of GFP and other DC surface marker
(including MHC 1) expression in differentiated human DCs after transplantation. The
control group shows the differentiated DCs without GFP transduction. (B) Quantification of
the transgene expression specificity of either vector in MHC II* cells among DC- and
CFC-derived progeny (non-DCs, as in Figure 2C) differentiated in vitro subsequent to the
engraftment of transduced CD34™* cells.

Figure 5. Stimulation of human T cells by in vitro—differentiated DCs after

engraftment of transduced CD34 + cells. In this MLR T-cell proliferation assay,
human PBLs (as effectors) were harvested from an unrelated (allogeneic) healthy
donor and seeded (2 X 103/well) in 96-well plates in triplicate. Differentiated human
DCs from BM (Figure 4) or spleen (SP) of the NOD/SCID mice that received
transplants of DR.GFP-, EF.GFP-, or mock-transduced CD34" cells were added in a
serial dilution as APC stimulators. DC and T cells were cultured together for 3 days at
stimulator-effector ratios of 1:10, 1:80, and 1:640. The stimulation of lymphocyte
proliferation was determined by [*H]thymidine incorporation after the 3-day culture
and 18-hour pulsing. The mean incorporations (counts per minute, cpm) from 3
triplicates were calculated and plotted, in comparison to the DCs differentiated from
CB CD34" cells without the transduction and engraftment steps (CB CD34-DC).
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in vivo—derived DCs after transplantation was compatible to that abed camccommodate both intronless and intron-containing promoters
transduced DCs derived from untransplanted human CBSCs (Figdch as EF-d) up to 5 kilobases long (plus DNA sequences of gene
ure 5). Furthermore, there were no obvious differences in the stimutend other genetic elements). Therefore, the SIN Livicse flexible in

tory effects of DCs derived from mock- and LV-transduced cells. selecting the promoter of choice to achieve either sustained or
restricted transgene expression after stable transduction of pluripo-
tent HSPCs. For this reason, we may be able to achieve more
Discussion DC-specific transgene expression using promoters from rectortlgd

. . DC-specific genes after the promoter sequences are delirfated.
This study addressed 2 important aspects of stem cell gene therapyBy transducing pluripotent HSPCs, we can obtain genetically

ffici li i luri HSP i 2 . L
efficient transgene delivery into pluripotent HSPCs and rEStr'Ct%ijﬂed DC progenitors that are capable of engrafting into

transgene expression in a selected differentiation lineage of tral . RO
duced HSPCs. We demonstrated efficient gene delivery inE(EOD/SClD mouse BM, differentiating into mature DCs, and

. .potently stimulating human T cells (Figure 5). Our study has
NOD/SCID repopulating human HSPCs by a short tranSduc'[l(g)novided new insights on human APCs/DCs differentiated from

protocol, as measured by GFP transgene expression in multiple . :
lineages derived from transduced HSPCs. The high-level geglrégraftlng HSPCs. For example, we found that DC progenitors can

delivery and persistent expression was evident by the fact that 4 uer: grédsilg:'\ég 'nerr:';l;ee stl\:l:i r;d Sglrifnfrbbmeceiu?:nfggcgfnqzln
to 88% of human cells (including lymphoid and myeloid lineages 9 d y 9

) . . )
engrafted in NOD/SCID mice were GFP(Table 1). Similar ells. However, we did not find human MHC ||ge||s W'th the
. e . . ature DC phenotype (CD83 CD40", and CD889" either in
transduction efficiencies were observed in human progenitor cells . .
) . . . mouse BM or spleens. Our results are consistent with a recent
capable of generating erythroid/myeloid colonies and DCs, before an

after transplantation. As evident with the transduction group by thgPOrt that human DC differentiation is blocked prior to the CD83

EF.GFP vector, the transduction efficiency of pluripotent human HSPH r%g:alrn hl\:)(v)vz\//i?lvt\zhg}lﬁgr tt:?;rgr\;fairgigt (gzgfﬁ;aggi;?ftfnéintia-
engrafted in NOD/SCID mice—evaluated by persistent transge en from human HSPCs in NOD/SCID mice or whether simply a

expression in multiple lineages—achieved in this study was compara‘b?e . S : .
to or higher than other reported studie®3>¥These observations _ractlon of engrafted human HSPCs maintained their pluripotency,

. ) : . . . _including the ability to differentiate in subsequent DC cultures. The
collectively confirmed the potential of LV in gene delivery into o
. : o latter hypothesis is supported by the fact that about 30% of
engrafting human HSPCs at high efficiencies. engrafted human cells retained the CD3henotype (Figure 3C)
The more unique and significant aspect of this study is tl 9 u : yp Igu

demonstration of restricted transgene expression in a specific line weeks afte_r engra“”?‘?”t- Future experiments with the NOD/
derived from transduced pluripotent HSPCs. We specifically focused D_model with the addition of h””.‘a” fetal thyml_Js and/or human
APCs/DCs in this study because of our interest in expressing gel &oklnes may aII(_)W us to examine the function, as well as
selectively and highly in APCs/DCs. We constructed a SIN L ansgene expression, in the human APC/DC progeny matured in

(DR.GFP) containing the MHC IllI-specific promoter from the hum Vo aflter I—{SF:Cdttra?sdtl:ﬁtlogRag(lj:Itjr?_cstplztantatlgn. In parall?_I',Sv;E
HLA-DRa gene, which is expressed selectively in APCs and highly i a.\;]e e};%s r?r € mo ?snt ;. .W b ? rgns_,mglc ilmo;Jsfer nti ls
mature DCs. We found that almost all of the GFéells derived from US'N9 IMmunocompete ice. We observed similarly prelerentia

DR.GFP-transduced HSPCs were MHC ($uch as DCs, B cells, and and high-level transgene expression in mouse APCS/DCs in

other APCs), whereas those derived from EF.GFP-transduced HSﬁ%?aonSt'tUted mice after HS_P C transplantatlon_ by the_DR.GFP Lv
: _ . and another SIN LV containing a model antigen driven by the

were found in both MHC I and MHC II- (such as erythroid) A-DR i blished data. March 2001). We h {

populations. The restricted transgene expression by the DR.GFP ve'EHSr o promoter (unpublished data, Marc )- We hope to

in MHC 11+ cells was observed in cells derived from freshly transducem N di;cliafiile: tlsveb;;?g E?Tgczfgée:m ;ﬁsé?f?;r;tgtﬁﬂg?ll}l
PBSCs and CBSCs (Figures 2-4) as well as engrafted human cellsih .7 . us su . ) u
ly in vivo from transduced HSPCs following transplantation and

. . . I
NOD/SQID mice (Flgure' 3 and 4) DR'GF.P mgdlated transgert% xamine immune responses mediated by transduced APCs/DCs
expression was increased in progeny that acquired high-level expressio . o .
L2 . ._expressing a specific antigen or regulatory molecule.
of MHC Il (such as DCs) after engraftment and/or in vitro differentia- . Lo
In summary, this study demonstrated the feasibility of targeted

tion, in parallel with the endogenous HLA-DR expression. Quantita- A e 1 L . L9
tively, the SF of the DR.GFP vector was 3.5 to 26 in various progeni%g ne expression in s_pecmc differentiation lineage derived in VIvO
derived from transduced HSPCs. In contrast, the SF of the EF.G pm tr_ansduced pluripotent stem cells. The method_ology provides
vector was about 1 (0.6 to 1.5), indicating no preference of transge%ebas'_s for future targeted gene therapy appllcatlons_ to reduge

L " = pbotential adverse effects of broad transgene expression and in-
expression in MHC It cells. In addition to the SF measurement, whic : . . .

: crease therapeutic effectiveness mediated by gene transduction of

calculates the ratios of GFPcell numbers, we also found that the
intensity of transgene expression after DR.GFP transduction Iarg'é\3§ PCs and other types of stem cells.
correlated with that of MHC II. Notably, in mature DCs after in vitro
differentiation/maturation, the intensity of transgene expression
mediated by the HLA-DR promoter was very high, close to those
mediated by the EFel promoter. Therefore, we demonstratedA‘CknOWIedgments
targeting transgene expression to MHC ¢klls such as APCs/DCs We thank Dr Didier Trono for providing the pRLLhPGK.GFP Sin-18
after transduction of pluripotent HSPCs. We conclude that selectilestiviral vector and 2 packaging and envelope-expressing vectors, Dr
expression of the transgene mediated by DR.GFP in MH@élls  Curt Civin and Ms Rene Smith for providing NOD/SCID mice, Dr
results from the inactivation of HLA-D& promoter in MHC I Dae-Chul Joeng for Wright-Giemsa staining, Ms Leslie Meszler for
cells and its activation in differentiated DCs as the endogenoteshnical assistance of microscopic photographing, and gifts from
gene. We also believe that similar strategies by the SIN LV can bee Topercer family and Mrs Doris Needle to D.P. We gratefully
used for targeting transgene expression to other specific hematoppipreciate the intellectual discussion and suggestions by Drs Peter
etic lineages after HSPC transduction and differentiation if a@ao and Xianzheng Zhou. We also thank Drs X. Zhou, Katherine
autonomous and specific promoter is available. The SIN LV wé&hartenby, and Enrico Novelli for critical reading of the manuscript.
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