
Introduction

Retroviral vectors based on the Moloney murine

leukemia virus（MoMLV）are the most commonly

used and studied vectors for gene therapy targeting

hematopoietic stem cells（HSCs）1. However, despite

the reasonable efficiency of in vitro transduction into

hematopoietic stem cells, long-term expression of the

transgene has not yet been achieved with retroviral

vectors in the majority clinical studies.

X-linked severe combined immunodeficiency（X-

SCID）is the most common form of severe combined

immunodeficiency and is characterized by an early

block in T and natural killer lymphocyte differentia-

tion. This disorder is caused by mutations of genes

encoding the γ-cytokine receptor subunit of inter-

leukin-2, -4, -7, -9 and -15 receptors2,3. Infection by

bacteria, viruses or fungi can be fatal to those with

this deficiency, unless allogeneic hematopoietic stem

cell transplantation（HST）is successfully performed.

However, before HST can be performed, HLA-iden-
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tical donors are necessary, and even after this proce-

dure, some patients continue to exhibit persistent

deficiencies in T-cell function4. This has prompted

several investigators to develop gene therapy tech-

niques to treat X-SCID by gene transfer into hema-

topoietic stem cells5,6. Clinical studies of gene therapy

using retroviral vectors have recently begun in

patients with X-SCID. Therapeutic gene transfer into

hematopoietic stem cells has resulted in not only in

vitro data, but also clinical evidence of immune func-

tion and has increased our understanding of gene

therapy itself 7,8. In this study, we constructed a

retrovirus vector with MND（myeloproliferative

sarcoma virus enhancer, negative control region

deleted, dl587rev primer-binding site substituted）in

order to improve gene therapy of X-SCID, and

we evaluated the transduction efficiency of this

vector into human CD34＋hematopoietic progenitors.

Materials and Methods

Retroviral vector construction

The XbaI fragment containing the IL-2Rcγ cDNA

sequence was isolated from pSRG1�IL-2R（kindly
supplied by Dr. Asao）and inserted into pGEM7zf to

produce pGEM7zf�IL-2R. PG1 is based on the
MoMLV originating from the LN vector constructed

by A. Dusty Miller9. To construct PG1-IL-2R, the IL-2

Rcr fragment was digested with XhoI and ApaI.

MND-IL-2R plasmid was constructed by insertion of

the PCR amplified IL-2Rcγ fragments into pMND-

MFG10. Briefly, using pGEM7zf�IL-2R as a template,
the 220 bp 5’fragment starting at the initiation co-

don and the 920 bp 3’fragment were separately

amplified by PCR. The oligonucleotide primers were

5’-AGAGCCAAGCGACATGTTGAAGCC-3’and 5’

CAATTCATGTAGTCGACATTGAA-3’for the 5’

fragment and 5’-TTGTGTTCAATCTCGAGTACATG-3’

and 5’-GGGCTACAGGATCCTGGGGAAGA-3’ for

the 3’fragment. The two amplified fragments were

inserted into the NcoI and ClaI sites of pMND-MFG

by triple ligation. The detailed protocol will be

provided upon request.

Establishment of retroviral packaging cells

Two types of high-titer amphotropic virus-pro-

ducing cells（GP Am12�PG1-IL-2R, GP Am12�MND-
IL-2R）were created by multiple infection with eco-

tropic viral supernatants from transient ecotropic

virus-producing BOSC 23 cells11. Briefly, BOSC 23

cells were first transfected by calcium phosphate co-

precipitation of the recombinant viral constructs

pPG1-IL-2R and pMND-IL-2R. Ecotropic viral super-

natants were collected from the transfected BOSC

23 cells. Amphotropic GP Am12 cells12 were made by

repeated（10 times）transduction with a mixture of

viral supernatants（5 ml）and standard medium（5

ml）. Expression of the IL-2Rcγ in the GPAm12 cells

was confirmed using flow cytometry analysis, as

described below.

FACS analysis

GP Am12 cells were washed twice and resus-

pended in phosphate-buffered saline. Cells were

stained in 200 µl with biotin conjugated anti

IL-2Rcγ（human TUGH4）antibody（Pharmingen）

on ice for 30 minutes, and excess antibody was

removed by washing. Cells were sequentially stained

with conphycoerythrin（PE）-conjugated streptavidin

（Pharmingen）. CD34＋progenitors were additionally

stained with fluorescein isothiocyanate（FITC）-anti-

human CD34 antibody（Pharmingen）.

Transduction of human CD34＋cell

Human CD34＋hematopoietic progenitors from

cord blood were isolated with a Dynabeads M-450

CD34 kit, and transduced three times with viral su-

pernatant from GP Am12�PG1-IL-2R and GP Am12�
MND-IL-2R cells in the presence of CH296, inter-

leukin IL-3, IL-6, SCF, TPO and Flt3 for 3 consecu-

tive days.

Clonogenic assay and detection of retroviral

vector in colonies by PCR

To evaluate the transduction efficiency, trans-

duced CD34＋progenitors were plated in methylcel-

lulose containing 50 ng�ml of SCF, 10 ng�ml of GMCSF,

10 ng�ml IL-3, and 3 units�ml of EPO（MethoCultTM

GF H4434）for committed progenitors. After ten

days, the colonies were isolated and analyzed indi-

vidually by PCR for the presence of the retroviral

vector and were subjected to southern blot analysis13.
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Results

Vector producing cells

As shown in Fig. 1, two types of vector plasmids

（pPG1-IL-2R, pMND-IL-2R）were constructed. Vec-

tors were designed such that the long terminal re-

peat（LTR）drives IL-2Rcγ. The 5’LTR of PG1-IL-2R

was the Mo-MLV LTR and that of MND-IL-2R was

modified by substituting the MPSV enhancer for

that of MoMLV before deleting the negative control

region and replacing the PBS of the MoMLV to that

of the endogenous murine retrovirus dl587rev. Two

types of high-titer amphotropic virus-producing cells

（GP Am12�PG1-IL-2R, GP Am12�MND-IL-2R）were
created by transduction with ecotropic viral super-

natants from BOSC 23 cells. Since both vectors

lacked a drug-selectable marker, a direct measure-

ment could not be made for the viral titer of packag-

ing cells. Stable high expression of IL-2Rcγ both on

the GPAm12 cells was confirmed by flow cytome-

tory（Fig. 2）．

Expression of IL-2 Rcγ on CD34＋cells

Human CD34＋hematopoietic progenitor cells

were transduced with PG1-IL-2R and MND-IL-2R

vectors for three days. When CD34＋cells were

maintained in the presence of IL-3, IL-6, SCF, TPO

and Flt 3, progenitors began to differentiate and ex-

pression of CD34 was reduced. On the forth day,

19.5％ of cultured cells with growth factors were

double positive for anti-CD34 and anti-TUGH4 anti-

bodies, while double-positive cells increased to 27.4％

and 27.2％ after transduction with the IL-2Rcγ

transgene via the PG1-IL-2R and MND-IL-2R vectors

（Fig. 3）.

Clonogenic assay and detection of retroviral

vector in colonies by PCR

The transduced CD34＋progenitor cells were

plated onto methylcellulose and hematopoietic

colonies were detected. Transduction efficiency into

GM-colonies was 32％ for the MND-IL-2R vector and

34％ for the PG1-IL-2R vector, as determined by

PCR-southern blot analysis in two separate

experiments（Fig. 4）（Table 1）.

Fig. 1 Diagram of retroviral vectors
Vectors were constructed so that LTRs drive IL-2Rcγ genes in both constructs. NCR;
negative control region, PBS; primer binding site, dl587PBS; endogenous murine retrovirus
dl587rev, （A）n; polyadenylation signal.
The MND-LTR was modified by replacing the MoMLV enhancer with the MPSV enhan-
cer, deleting the NCR and replacing the PBS of the MoMLV with that of the endogenous
murine retrovirus dl587rev.
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Discussion

HSCs are capable of self-renewal to maintain a

long-term supply of progeny and are capable of dif-

ferentiation into multiple hematopoietic lineages.

These cells are therefore regarded as an ideal target

for permanent cures via gene therapy14. In order to

achieve gene transfer into HSCs, retroviral vectors

based on Mo-MLV vectors are currently the most

commonly used tool. Despite considerable success in

murine models, most of the clinical trials conducted

to date using MoMLV-based vectors have yielded

mixed results. Even with reasonable transduction ef-

ficiency into human CD34＋cells using Mo-MLV vec-

tors, expression of the therapeutic gene is seen in a

limited number of transduced cells and gradually de-

creases to undetectable levels. In retroviral vector

systems, expression of the inserted gene is driven

by the LTR as an enhancer. It is now known that

the LTR of MoMLV is often subject to silencing in

vitro and in vivo15,16 and this phenomenon is partially

due to several negative factors in the LTR.

In order to overcome these problems with

MoMLV-LTR, an MND vector was constructed with

a modified LTR. Firstly, MoMLV enhancer repeats

were replaced with those from a related virus, the

myeloproliferative sarcoma virus, which has greater

Fig. 3 Expression of IL-2Rcγ on CD34＋cells
Non-transduction（A）; Transduction with PG1-IL-2R vector（B）; Transduction with MND-IL-2R
vector（C）.
CD34＋cells are maintained with growth factors in the presence of CH296, progenitors start to
differentiate and expression of CD34＋is decreased on the forth day. The proportion of double-
positive cells increased to 27.4％ and 27.2％ after insertion of the IL-2Rcγ transgene via the PG1-
IL-2R and MND-IL-2R vectors, while this was 19.5％ in non-transduced control.

Fig. 2 FACS profile of retroviral―packaging cells
Two types of high-titer amphotropic virus-producing
cells（GP Am12�PG1-IL-2R, GP Am12�MND-IL-2R）
were prepared. GP Am12�PG1-IL-2R（A）; GP Am12�
MND-IL-2R（B）. The y axis represents the number
of examined cells, and the x axis shows expression
of TUGH4.
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Table 1　Evaluation of retroviral transduc-
tion efficiency into GM-colonies

MND-IL-2RPG1-IL-2R

9/3010/30EXP. 1
7/20　7/20EXP. 2

32%（16/50）34%（17/50）Total

transcriptional activity in HSCs17. Secondly, the nega-

tive control region of MoMLV-LTR was deleted to

prevent binding of the YY-1 protein, which can

downregulate LTR-directed expression18. Thirdly,

the MoMLV PBS region was substituted with the

PBS from dl587rev virus19 in order to prevent bind-

ing of the repressor binding protein, which inter-

feres with LTR-directed transcription20. This vector

was reported to show a higher frequency of expres-

sion in embryonic cartinoma（F 9）10 and in murine

HSC in vitro, and a longer expression in murine HSC

in vivo than the standard MoMLV vector21.

In the present study, these modified retroviral

vector systems were applied to create the new vec-

tor plasmid for gene therapy for the most promising

target disease, X-SCID with the objective of attain-

ing a higher transduction efficiency into human

CD34＋hematopoietic progenitors. Transduction effi-

ciency into hematopoietic progenitors showed more

than 30％ in colony assay, whereas the enhancement

of expression of IL-2 Rcγ on CD34＋cells was

approximately 10％ in FACS analysis . This

discrepancy might be caused by the low intensity of

IL-2Rcγ on CD34＋cells or lower affinity to IL-2 Rcγ

of TUGH4 antibody.

A new vector plasmid, pMND-IL-2R, was con-

structed and a high-titer amphotropic virus-pro-

ducing cell population, GP Am12�MND-IL-2R, was
established. Our initial goal that this newly created

retroviral vector could be transduced into human

CD34＋progenitor cells as efficiently as the MoMLV-

based vector was clearly confirmed. The use of this

newly created vector may be advantageous for gene

therapy of X-SCID.

Unfortunately, two patients in a gene therapy

clinical trial for X-SCID have since developed acute

lymphoblastic leukemia（T-cell type）as a serious

adverse event22. These events are thought to have

been caused by retroviral vector insertion into the

LMO-2 gene region on chromosome 11, which regu-

lates the differentiation of lymphoid and myeloid

Fig. 4 Transduction efficiency by GM-colonoy assay
N.C. ; non-transduced cell-derived colony as negative control.
An arrow indicates the band derived from transgene IL-2cγ cDNA.
Transduced CD34＋progenitors were plated on methylcellulose and after ten days, colonies were
isolated and individually analyzed by PCR with oligonucleotide primers（5’-TCCAAGTGCAA-
TTCATGTAC-3’plus 5’-CGGAGCAGTCACACTCTAAG-3’）for the presence of retroviral vector
and subject to southern blot analysis using a fragment of IL-2cγ cDNA as a probe. The upper band
corresponds to the genomic IL-2cγ band, and the lower band（～800bp）results from the integrated
vector. These figures（left; GM conolies derived from CD34＋cells transduced with GPAm12�PG1-
IL-2R, right; those with GPAm12�MND-IL-2R）show representative data of PCR-southern blot analy-
sis of a colony.
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lineages23. Currently, we investigators who partici-

pated in the studies of gene transfer into hema-

topoietic stem cells have a responsibility to the

patients to elucidate how these adverse events oc-

curred. Our ultimate goal is to apply this vector sys-

tem to an in vivo animal model and to confirm not

only the efficacy of this vector, but also the clinical

safety of gene therapy by determining whether

these events recur in such a model.
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