GENE THERAPY

'.) Check for updates

A novel maxizyme vector targeting aber-abl fusion gene induced specific cell
death in Philadd phia chromosome-positive acute lymphoblastic leukemia
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Patients with Philadelphia chromosome—
positive (Ph *) acute lymphoblastic leuke
mia (ALL) generally have a poor progno-
sis and would benefit from the
development of new therapeutic ap-
proaches. We previously demonstrated
that an allosterically controllable ri-
bozyme, maxizyme (Mz), can induce apo-
ptosis in chronic myelogenous leukemia
(CML) cells. Ph + ALL cells harbor a bcr-
abl fusion gene (ela2) encoding a 190-
kDa fusion protein (p190) involved in dis-

ease pathogenesis. In this study, we have
designed a Mz that specifically cleaves
ela2 mRNA and transduced this ela2Mz
into Ph * ALL cells using a third-genera
tion lentiviral vector system. In3 of 5Ph  *
ALL cell lines, ela2Mz transduction re-
sulted in a significant decrease in viabil-
ity and increased cell apoptosis. We ob-
served a decrease in ela2 mRNA in all
Ph* ALL cells transduced with ela2Mz,
and the ela2 mRNA level was higher in
ela2Mz-resistant cells than in ela2Mz-

sensitive cells. All samples of primary
Ph+ ALL cells tested showed ela2Mz-
induced growth inhibition and apoptosis.
Importantly, ela2Mz did not influence the
colony formation of normal CD34 + cord
blood cells. These results indicate that
ela2Mz kills Ph + ALL cells specifically,
suggesting that it may be used as a novel
gene therapy strategy for Ph -+ ALL. (Blood.
2004;104:356-363)
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Introduction

The Philadel phia chromosome (Ph) can harbor one of several kinds
of fusion genes between bcr and c-abl and plays a major
pathogenetic role for chronic myelogenous leukemia (CML) and
acute lymphoblastic leukemia (ALL).:! The p190 bcr-abl fusion
gene (ela?) is detectable in 20% to 35% of patients with ALL.23
Patients shown to express the mRNA transcript encoding ela2 have
a poor prognosis despite intensive treatment such as high-dose
chemotherapy followed by hematopoietic stem cell transplanta-
tion.24 In addition, almost all of them become resistant quickly
even to imatinib mesylate (ST1571), a newly developed bcr-abl
tyrosine kinase inhibitor.>8 Therefore, development of ribozyme
therapy targeting the pl90 form of ber-abl is considered a
promising new therapeutic strategy.

A hammerhead ribozyme discovered initialy in aplant viroid is
known to be a strong RNA enzyme that only digests RNA at a
specific target sequence, NUX (N indicates any ribonucleotide; X
indicatesA, C, or U).*11 Therefore, we could design aribozyme for
the b3a2-type ber-abl fusion gene, one of the major fusion genesin
CML, which contains an NUX (GUU) sequence &t its particular
fusion junction, but not for other types of ber-abl fusion genes such
as b2a2 and ela2, which are found in CML and ALL, respectively.

To overcome this limitation, we previously developed a novel
ribozyme, which we named maxizyme (Mz), that does not require
the cleavage site at the junction site.*>4 In our previous study, we
demonstrated that a Mz targeting the b2a2-type ber-abl induced
apoptosisin the BV173 CML cell line2 and prevented the death of
mice that received BV 173 cell transplants,’> and we proposed that
it might provide anew strategy for future treatment of CML.

In our previous reports, we used a Moloney murine leukemia
virus (MLV) vector to transduce the Mz that targets the b2a2-type
ber-abl (h2a2Mz), which resulted in very low transduction efficien-
ciesinto primary leukemia cells from CML patients; therefore, we
could not demonstrate the effect of this Mz on these cells.’6 As a
high level of gene transduction was required to demonstrate the
effect of Mz on primary leukemiacells, we examined various kinds
of vector systems, including retroviral and adenoviral vectors, but
could not obtain a sufficient level. Moreover, gene transduction of
Ph* ALL cellswith the MLV vector was very difficult, even when
we used established cell lines as target cells. Recently, we and
others reported that gene transduction efficiencies of vesicular
stomatitis virus (VSV)—pseudotyped lentiviral vectors, which were
derived from human immunodeficiency virus type-1 (HIV), into
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patients' leukemia cells were much higher than those obtained
using the MLV vector.17.18

Therefore, we have developed a Mz-expressing HIV vector
targeting the p190-type ber-abl (ela2Mz) for the treatment of Ph*
ALL. This ela2Mz vector was designed to form an active
secondary structure only in the presence of the p190-type ber-abl
fusion gene and not in its absence (Figure 1A-B, reproduced from
Tanabe et al®) and was found to successfully digest synthetic ela2
oligonucleotide.’® In this study, we have successfully transduced
the ela2Mz into Ph* ALL cells with athird-generation HIV vector
system and examined the effect of this Mz on Ph* ALL cells and
normal human hematopoietic progenitor cells.

Materials and methods
Cell lines

Human cervical carcinoma cell line HelLa cells were cultured in Eagle
minimal essential medium supplemented with 10% fetal bovine serum
(FBS). The 293T cells, ahuman embryonic kidney cell line transduced with
simian virus 40 T antigen, were cultured in Dulbecco modified Eagle
medium (DMEM) with 10% FBS. Ph*™ ALL cell line OM9;22 cells were
kindly supplied by Dr K. Ohyashiki (Tokyo Medica College, Tokyo,
Japan),'® and KOPN-30, -57, and -72 cells were established as previously
reported.? Leukemia cell lines consisting of SUP-B15 Ph* ALL cells or
K562 CML-blastic crisis (CML-BC) cells were obtained from the Ameri-
can Type Culture Collection (Rockville, MD). The NB4 acute promyelo-
cytic leukemia cell line was kindly provided by Dr M. Lanotte (Hopital
Saint-Louis, Paris, France).2t All cells except for SUP-B15 cells, which
were cultured in Iscove modified Dulbecco medium (IMDM) supplemented
with 20% FBS, were cultured in RPM| 1640 medium supplemented with
10% FBS.

Primary leukemia cells and cobblestone area formation

Primary leukemia cells were obtained from peripheral blood (PB) or bone
marrow (BM) and used in the following experiments after obtaining
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Figure 1. Secondary structures of a maxizyme targeting the p190-type bcr-abl
fusion gene. The ela2Mz forms active and inactive structures when it recognizes
and binds to p190-type ber-abl mRNA (A) and normal c-abl mRNA (B), respectively.1®
The gray shaded areas represent the squence of c-abl mMRNA, and the bold letters
“CUC” are the NUX sequence. *Non—-Watson-Crick base pair.
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informed consent, and this study was approved by the institutional review
board of the Institute of Medical Science, The University of Tokyo. These
cellswere purified by Ficoll-Hypague centrifugation, and more than 98% of
the cells in the population were identified microscopically as leukemia
cells. After e1la2Mz transduction, 5 X 103to 5 X 10* cells were cocultured
with amouse stromafeeder cell line consisting of HESS-5 cells (agenerous
gift from Dr T. Tsuji, Science University of Tokyo, Chiba, Japan),22 which
were seeded in 6-well plates with IMDM and 20% FBS 2 weeks before
coculture and were formed into a confluent monolayer by the start of the
coculture. Cobblestone-like areas, which consisted of more than 5 leukemia
cells, were counted 14 to 17 days after transduction. A fraction of the cells
were also cultured in IMDM with 20% FBS without feeder cells up to 7
days after transduction to determine the transduction efficiencies and
apoptosis by flow cytometry (FCM).

Preparation and culture of cord blood CD34* cells

Umbilical cord blood was drawn from the umbilical cord of healthy
volunteers using aheparinized syringe after obtaining informed consent and
the approval of the institutional review board of The Institute of Medical
Science, The University of Tokyo, based on the Declaration of Helsinki.
Mononuclear cells were purified from these samples by Ficoll-Hypaque
methods as previously reported.’® These cells were processed further to
isolate CD34" cells (CD34* cord blood cells [CBCs]) using a magnetic-
activated cell separation (MACS) direct CD34 progenitor cell isolation kit
(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufac-
turer’sinstructions. After 2 rounds of isolation, more than 95% of cellswere
CD34", as assessed by FCM. After transduction with the lentiviral vectors,
CD34* CBCswere cultured in IMDM supplemented with 10% BIT9500 (a
serum substitute; Stem Cell Technologies, Vancouver, BC, Canada), 100
ng/mL stem cell factor (SCF; Genzyme, Cambridge, MA), 100 ng/mL
thrombopoietin (Chemicon, Temecula, CA), and 100 ng/mL granulocyte
colony-stimulating factor (G-CSF; kindly provided by Chugai Pharmaceu-
ticals, Tokyo, Japan) for 14 days. To determine the colony-forming abilities
of ela2Mz-transduced CD34* CBCs, a sample of cells (300 cells) was
obtained immediately after the start of gene transduction and plated in
IMDM containing 30% FBS, 1% bovine serum albumin, 1.2% methylcellu-
lose, and the following hematopoietic factors: 25 ng/mL SCF, 10 ng/mL
interleukin-3 (kindly provided by Chugai Pharmaceuticals), 100 ng/mL
interleukin-6 (kindly provided by Ajinomoto, Tokyo, Japan), 10 ng/mL
G-CSF, and 2 U/mL erythropoietin (kindly provided by Chugai Pharmaceu-
ticals). Colony numbers were counted 14 days after transduction was
performed.

Construction of ela2Mz expression plasmids

The sequences and secondary structure of ela?Mz were reported previ-
ously’® and are shown in Figure 1. The ela2Mz-encoding DNA was
synthesized by polymerase chain reaction (PCR) using Platinum Pfx DNA
polymerase (Invitrogen, Carlsbad, CA) and synthetic oligonucleotides.
Template and primer sequences were as follows: left arm template,
5’-CCCGGTTCGAAACCGGGCACTACAAAAACCAACTTTGGTCC-
AGCCTGATGAGGAGCGTCTCCATGGAAAAAGGTACCCCGGA-3';
right arm template, 5'-CCCGGTTCGAAACCGGGCACTACAAAAAC-
CAACTTTTCTCAATGGCTGCATCGAAACCTCACTTGGTACCCC-
GGA-3'; a common sense primer for the right and left arms of ela2Mz,
5-TCCCCGGTTCGAAACCGGGCACTAC-3'; antisense primer for the
right arm, 5'-TATCCGGGGTACCTTTTTCCATGGAGACGC-3'; and an-
tisense primer for the left arm, 5-TATCCGGGGTACCTTTAAACCT-
TCTTTCGGAAG-3'. The PCR products were digested with Csp45! and
Kpnl and cloned downstream of the tRNAV@ promoter of ptRNA-KE,
which is a plasmid derived from tRNAVal/pUC-dt with a minor modifica-
tion in the 3" end of its cloning site (a Sall site was replaced with a Kpnl
site), as previously described.’® Finally, we confirmed the sequence of the
ela2Mz expression cassettes.
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Figure 2. Transduction of the ela2Mz expression vector into Ph* ALL cells. (A) Schematic diagrams of the 4 constructs used to produce the ela2Mz expression HIV(VSV)
vector. pHIV-ela2Mz, pMDLg/p.RRE, pRSV-rev, and pMD.G indicate the ela2Mz-encoding transfer vector, packaging plasmid, rev expression plasmid, and VSV G-protein
expression plasmid, respectively. P indicates tRNAV (pol Ill promoter of the e1a2Mz); MzL, ela2Mz left arm; MzR, ela2Mz right arm; CMV, cytomegalovirus promoter; LTR,
long terminal repeat; ¥, packaging signal; SD, splice donor; SA, splice acceptor; RRE, Rev-responsive element; R, repeat region; AU3, promoter/enhancer sequence-deleted
U3 (B); cPPT, central polypurine tract; CTS, central termination sequence; EF-1a, elongation factor 1a subunit promoter; hCD2, human CD2; WPRE, woodchuck hepatitis
virus posttranscriptional regulatory element; GAG, gag region of HIV-1; POL, pol region of HIV-1; pA, poly A; RSV, respiratory syncytial virus promoter; and VSV.G, vesicular
stomatitis virus G protein. (B) The hCD2 expression in the Ph* ALL cell line, KOPN-30. The hCD2 expression in KOPN-30 cells 3 days after transduction with control vector
(ECD2; Table 1) or ela2Mz expression vector (ela2Mz; Table 1) at an MOI of 10 was determined by FCM. Histograms in solid lines indicate untransduced cells and the area
under the solid lines represents vector-transduced cells. *The numbers above the bars indicate the percentage of hCD2-positive cells. (C) Transduction efficiencies into human
leukemia cell lines, including 5 Ph* ALL cell lines, with the ECD2 (M) or ela2Mz (%) vector. The results represent means of triplicate experiments.

Construction and preparation of ela2Mz expression
lentiviral vector

We embedded genes encoding ela2Mz downstream of genes for human
tRNAVA, Our ela2Mz expression unit consisted of 2 tandemly arranged
tRNAVa-driven expression cassettes corresponding to each component of
the ela2Mz heterodimer, similar to previous reports.’?? This ela2Mz
expression unit was inserted into a self-inactivating lentiviral vector
plasmid, pHIV-ECD2, which was derived from pCS-CDF-EG-PRE and
contains human CD2 (hCD2; provided by Heath Science Research
Resources Bank, Osaka, Japan) as a marker gene (Figure 2A). We also
constructed control plasmids to make control HIV vectors as described in
Table 1. A b2a2Mz expression unit, which was used in our previous study,'?
wasinserted into the pHIV-ECD2 as the ela2Mz expression unit. Lentiviral
vector particles were produced as described previously.’® Briefly, the
pHIV-ela2Mz or control plasmids were cotransfected with the third-
generation packaging plasmid pMDLg/p.RRE (kindly provided by Cell
Genesys, South San Francisco, CA), pRSV-rev, and pMD.G into 293T cells.
Viral supernatants were harvested 48 and 72 hours after transfection, passed
through 0.22-pm filters (Millipore, Bedford, MA), and concentrated by 2
rounds of ultracentrifugation. The viral pellet was resuspended in serum-
free IMDM to obtain a 10 000-fold concentrate. Viral stocks were stored at
—80°C until assay, and vira titers were determined by the transduction of
HelL a cells with serial dilutions followed by FCM, ranging from 8 X 108 to
2 X 10° HeL a-transducing units per milliliter.

Inoculation of viral vectors

Human leukemia cell lines, primary leukemia cells, or CD34" CBCs (2 X
10°) were inoculated with ela?Mz vector or control vectors for 2 hours at
37°C in a CO; incubator. After inoculation at a multiplicity of infection
(MOI) of 0.1to 80, cellswere washed and cultured in RPM| 1640 with 10%
FBSfor leukemiacell linesexcept SUP-B15 cells, in IMDM with 20% FBS
for SUP-B15 cells and primary leukemia cells, or in IMDM with 10%
BIT9500, 100 ng/mL SCF, 100 ng/mL TPO, and 100 ng/mL G-CSF for
CD34% CBCs. To obtain CD2-expressing cells after transduction at low

Table 1. Mz expression and control HIV(VSV) vectors

Genes inserted in HIV(VSV) vectors*

ela2Mzleft ela2Mzright
Vector Abbreviation CD2 tRNAVd arm arm
HIV-ECD2 ECD2 F = = =
HIV-tRNAVal tRNA + + - -
HIV-ela2zMzL ela2MzL = aF aF =
HIV-ela2MzR ela2MzR + + - +
HIV-ela2Mz ela2Mz A= 4F 4 +

+ indicates inserted; and —, not inserted.
*Indicated genes were inserted in parental HIV vector.

titers, cells were selected by the magnetic beads method using a MACS
CD2 MicroBead kit (Miltenyi Biotech) 3 days after transduction.

Determination of transduction efficiency

Transduction efficiencies of target cells were determined by examining
hCD2 expression. Cells transduced with vectors were stained with fluores-
cein isothiocyanate (FI TC)—- abeled anti-hCD2 antibody (Becton Dickinson
Pharmingen, San Diego, CA) and analyzed by FCM, using a FACS Calibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Primary leukemia
cells were also stained with biotin-labeled antihuman CD19 antibody
(Becton Dickinson Pharmingen) and then stained with allophycocyanin-
labeled streptavidin (Becton Dickinson Pharmingen). CD34* CBC cells
were also stained with phycoerythrin-labeled antihuman CD34 antibody
(Becton Dickinson Pharmingen). These double-stained cells were analyzed
by 2-color FCM.

Determination of viability and apoptosis

To determine the viability of cells transduced with ela2Mz or control
vectors, we counted live and dead cell numbers every 2 or 3 days up to 14
days by the trypan blue exclusion method. Apoptosis of cells was
determined using the annexin V—apoptosis detection kit | (Becton Dickin-
son Pharmingen) according to the manufacturer’s instruction. We stained
cellswith FITC-labeled annexin V and propidium iodide (PI) and analyzed
them by 2-color FCM.

Determination of copy number of integrated viral DNA

The copy number of the integrated lentiviral DNA in the host cells was
determined by the real-time Alu-PCR method, which amplifies and
quantifies the sequences between genomic Alu repeat sequences of the host
cells and the LTR of integrated HIV vectors, as reported previously.?*
Briefly, DNA extracted from Ph* ALL cells transduced with HIV(VSV)
vectors was amplified with the following PCR primers and probes using
TagMan Universal PCR Master Mix and ABI PRISM 7700 Seguence
Detection System (Applied Biosystems, Branchburg, NJ). PCR primer and
probe sequenceswere asfollows: MH535 (Alu-PCR sense), 5'-AACTAGG-
GAACCCACTGCTTAAG-3'; MH704 (Alu-PCR antisense), 5'-TGCTGG-
GATTACAGGCGTGAG-3'; and MH603 (Alu-PCR probe), 5'-FAM-
ACACTACTTGTTGCACTCAAGGCAAGCTTT-TAMRA-3'. The copy
number of integrated vector DNA was calculated from a standard curve
drawn by the copy number of vector DNA and the threshold cycle number
of Alu-PCR for stably transduced 293T cells cultured for 1 month after
transduction with the ECD2 vectors. The copy number of vector DNA in
stably transduced 293T cells was determined by Alu-PCR for the HIV—ong
terminal repeat (HIV-LTR) as described previously.!8 To determine the copy
number of integrated vectors per cell, the copy number of B-actin DNA was
also determined by real-time PCR with TagMan 8-actin Control Reagents
(Applied Biosystems).
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Detection of the ela2Mz expression

On day 7 after transduction with ela2Mz or control vector, total RNA was
isolated from leukemia cells or CD34* CBCs using a Qiagen RNA/DNA
mini kit (Qiagen, Hilden, Germany) according to the manufacturer’'s
protocol, and the RNA was treated with amplification-grade DNase |
(Invitrogen) to digest contaminating DNA. The cDNA was synthesized
using a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen)
with the following reverse transcription (RT) primers. To detect the right or
left arm of ela2Mz, RT-PCR was performed on 300 ng RNA using
AmpliTag Gold DNA polymerase (Applied Biosystems) and the following
PCR primersin afina volume of 50 wL, with 35 cycles of thermal cycling
at 95°C for 30 seconds, 57°C for 30 seconds, and 72°C for 30 seconds.
RT-PCR for glyceraldehyde phosphate dehydrogenase (GAPDH) was
performed using an oligo (dT) RT primer and the following primers as a
control for the RT-PCR of ela2Mz. PCR primer sequences were as follows:
RT primer, 5'-AAAAAAA-3’ (complementary sequence of the transcrip-
tiona stop sequence in the ela2Mz expression cassettes); a common sense
primer for the right and left arms of ela2Mz, 5'-ACCGTTGGTTTCCG-
TAGTGTAGTGGTTATC-3'; antisense primer for the right arm, 5'-
TAAACCTTCTTTCGGAAGAAGCCCTTCAGC-3'; antisense primer for
the left arm, 5'-TTTCCATGGAGACGCTCCTCATCAGGCT-3'; and
GAPDH, 5'-ACCACAGTCCATGCCATCAC-3' (sense) and 5'-TCCAC-
CACCCTGTTGCTGTA-3' (antisense). PCR products were examined by
electrophoresisin a 2% agarose gel.

Detection of bcr-abl mRNA

To quantify p190-type ber-abl mRNA, cDNA synthesized from total RNA of
Ph* ALL cellsusing an aligo (dT) primer as described in the preceding section
was andyzed by real-time PCR using TagMan Universd PCR Master Mix and
ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Copy
numbers calculated from the threshold cycle number and a standard curve were
normalized againgt vaues determined for GAPDH. Probe and primer sequences
were as follows: ber-abl, 5'-FAM-CGCCCTCGTCATCGTTGGGCCAGATC-
TAMRA-3' (probe), 5'-ATCGTGGGCGTCCGCAAGAC-3' (sense primer),
5'-GCTCAAAGTCAGATGCTACTG-3' (antisense primer); and GAPDH, 5'-
VIC-CAAGCTTCCCGTTCTCAGCC-TAMRA-3' (probe), 5'-GAAGGT-
GAAGGTCGGAGTC-3' (sense primer), and 5'-GAAGATGGTGATGG-
GATTTC-3' (antisense primer).

Results
Effect of the ela2Mz on Ph* ALL cell lines

We transduced ela2Mz into Ph™ ALL cell lines with the third-
generation lentiviral vector system at an MOI of 10. To determine
the transduction efficiencies of the ela2Mz expression vector and
control vectors, we examined the transgenic expression of human
CD2in Ph* ALL cells by FCM. As shown in Figure 2B, 100% of
KOPN-30 Ph* ALL cells were transduced with the ela2Mz
expression vector or ECD2 vector. In addition, the transduction
efficiency of these vectorsin al cell linestested was 100% (Figure
2C). The transduction efficiency of al of the remaining vectors
(Table 1) was aso 100% in al cell lines (data not shown).
Expression of the CD2 transgene was maintained over the entire
period of the assay (data not shown). After transduction of the
ela2Mz vector, the survival rate of OM9;22 Ph* ALL cells began
to decrease from day 7 and was about 30% on day 14 (Figure 3A).
The viability of the other Ph*t ALL cell lines that were tested,
KOPN-30 and KOPN-72, also decreased after ela2Mz vector
transduction (Figure 3B). In addition, as for those cells, there were
no live cells 21 days after transduction with the ela2Mz vector
(data not shown). Ph* ALL cellstransduced with control vectors at
an MOI of 10, however, did not exhibit this decrease in survival
rate (Figure 3A-B). To further determine the specificity of the
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Figure 3. Effect of ela2Mz transduction on the survival of Ph* ALL cells. (A)
Death of OM9;22 Ph* ALL cells (p190-type bcr-abl positive) and K562 CML-BC cells
(p190-type ber-abl negative) transduced with the indicated vectors, or untransduced,
was determined by the trypan blue exclusion test every 2 or 3 days. The results
represent means of triplicate experiments. (B) Viabilities of leukemia cell lines
transduced with the ECD2 (M) or ela2Mz (%) vector on day 14. These results
represent means =+ SDs of triplicate experiments. (C) Apoptosis of the Ph* ALL cell
line KOPN-30 transduced with ela2Mz. KOPN-30 cells transduced with the ECD2 or
ela2Mz vector were stained with FITC-labeled annexin V and Pl on days 7 and 14
and were analyzed by 2-color FCM. Cells in each quadrant correspond to the
following conditions: bottom left, live; bottom right, in early apoptosis; top right, in late
apoptosis or dead. *The numbers in the plots indicate the percentage of cells in that
quadrant. (D) Copy numbers of integrated lentiviral vector per cell transduced with
the indicated vectors at an MOI of 0.1 ((J), 1 (M) or 10 (&). As for the cells transduced
atan MOI of 0.1, the results of CD2* cells selected by magnetic bead separation are
shown. These results represent mean + SD of triplicate experiments.

ela2M z-induced cytotoxicity, wetransduced cellswith the b2a2Mz
expression HIV vector. Thisvector contains the Mz expression unit
that has been reported to digest b2a2-type ber-abl RNA and to
induce the apoptosis of BV173 CML-BC cells!? and did not affect
the viability of Ph* ALL cell lines (data not shown).

In contrast, the viability of KOPN-57 and SUP-B15 Ph* ALL
cellsdid not decrease upon ela2Mz vector transduction nor did that
of the p190-type ber-abl-negative K562 and NB4 cells (Figure
3A-B). To determine the mechanism of ela2Mz-induced cell death,
we performed an annexin V assay to look for signs of apoptosis. In
ela?Mz-sensitive KOPN-30 cells, apoptotic cells began to appear 7
days after ela2Mz vector transduction and increased in number
until day 14 (Figure 3C). In other ela2Mz-sensitive Ph* ALL cells,
but not in ela2Mz-resistant Ph™ ALL or pl90-type bcr-abl—
negative cells, apoptosis was induced similarly by ela2Mz vector
transduction (data not shown).

Integration of the ela2Mz vector

Recently, X-linked severe combined immunodeficiency (SCID-
X1) patients whose lymphocytes were transduced with an MLV
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Figure 4. Expression of the ela2Mz and p190-type bcr-abl mRNA. (A) Expression
of the left and right arms of ela2Mz in KOPN-30 and KOPN-57 cells transduced with
the indicated vectors was examined by RT-PCR using specific primer pairs. RT-PCR
for GAPDH was performed as an internal control. The pHIV-ela2Mz plasmid was
used as a positive control for the PCR. The RT-PCR products were electrophoresed
through a 2% agarose gel and were stained with ethidium bromide. (B) Quantification
of p190-type bcr-abl mRNA in Ph* ALL cell lines transduced with or without the
ela2Mz by real-time RT-PCR using specific primer pairs and probe. The copy
number of bcr-abl mRNA was calculated from the standard curve. The results
represent means = SDs of triplicate experiments. *The amount of RNA was
normalized by the copy number of GAPDH mRNA.

vector have been reported to develop leukemia, and insertional
mutagenesis is an important problem in the gene therapy using
retroviral vectors.?® In retrovira transduction, the number of
integration sites/cell was reported to be increased at higher MOI.26
Hence, we tried to transduce the ela2Mz vector to OM9;22 and
KOPN-30 cells at alow titer to reduce the integration of the vector
DNA. Atan MOI of 1, although the transduction efficiency of these
cellswas 96% to 98%, the viability of OM9;22 cells and KOPN-30
cellson day 7 was about 50% and 60%, respectively, indicating that
the cytotoxic effect under these conditions was less than that at an
MOI of 10. Moreover, the viability of KOPN-30 cells recovered to
the initial level of transduction on day 14. We also examined the
effect of ela2Mz in OM9;22 or KOPN-30 cells when transduced
with oneinfectious particle. Those cellswere transduced at an MOI
of 0.1 followed by magnetic sorting for CD2, and results similar to
those seen in nonsorted cells transduced at an MOI of 1 were
obtained. To clarify the relation between the effects of ela2Mz and
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the transduction titer, we measured the number of chromosomally
integrated vectors in those cells. As shown in Figure 3D, the copy
number of integrated DNA in OM9;22 or KOPN-30 cells trans-
duced at an MOI of 1 and 10 was about 0.5 and 1.5 per cell for
OM9;22 cellsand 0.9 and 2 per cell for KOPN-30, respectively. In
addition, similar to the copy numbers of integrated vector DNA at
an MOI of 1, those in CD2* OM9;22 and KOPN-30 cells
transduced at an MOI of 0.1 were about 0.5 and 0.8 per cell,
respectively (Figure 3D). These results suggested that the integra-
tion of vector DNA into the chromosome of leukemia cells is
important to realize the cytotoxic effects of ela2Mz, and relatively
low copy number of integrated DNA, which were obtained by the
transduction at an MOI of 10, was considered to be enough.

The ela2Mz expression in Pht ALL cells

To confirm the expression of ela2Mz RNA in ela2M z-transduced
cells, we performed an RT-PCR assay for the left and right arms of
the ela2Mz gene. In both ela2M z-sensitive KOPN-30 and ela2Mz-
resistant KOPN-57 cells, we detected both arms of ela2Mz 7 days
after transduction with the ela2Mz vector (Figure 4A). In al other
cell lines transduced with the ela2Mz vector, both arms of ela2Mz
RNA were also detected (data not shown). As ela2Mz expression
was confirmed in both ela2Mz-sensitive and -resistant cells, one or
more mutations in the ela2Mz-targeting sites of the ber-abl fusion
gene were thought to underlie the ela2Mz resistance. Analysis of
the ela2Mz-recognition and -digestion sequences of the ber-abl
MRNA in both ela2Mz-resistant and ela2Mz-sensitive Ph* ALL
cells, however, revealed no such mutation. Therefore, an aterna-
tive mechanism, such as failure of the bcr-abl mRNA reduction or
the contribution of oncogenes other than ber-abl to cell survival,
could underlie the resistance of KOPN-57 and SUP-B15 cells
to ela2Mz.

Decrease of p190-type bcr-abl expression in Ph* ALL cells

To evaluate the effect of e1la2Mz on the expression level of ber-abl,
we measured the copy number of ber-abl mRNA by quantitative
real-time RT-PCR using specific primers and probes. A decrease
in ber-abl MRNA was observed not only in ela2Mz-sensitive
OM9;22, KOPN-30, and KOPN-72 Ph* ALL cells but also in
KOPN-57 and SUP-B15 cells (Figure 4B). The bcr-abl mRNA
copy number in ela2Mz-resistant cells, however, was higher
than that in ela2Mz-sensitive cells after ela2Mz transduction
(Figure 4B).

Titer escalation study

Because the insufficient decrease of ber-abl mRNA was a possible
mechanism of ela2Mz resistance, we transduced ela2Mz into
KOPN57 and SUP-B15 cells at a higher MOI to observe the extent
of the resistance by titer escalation. In KOPN57 cells, growth

Figure 5. Effect of titer escalation on ela2Mz transduc-
tion into Ph+ ALL cell lines. KOPN-57 (A) and SUP-B15 (B)
cells were transduced with the ECD2 or ela2Mz vector at the
indicated MOI. Cell death was determined by the trypan blue
exclusion test on days 7 (M) and 14 (Z). The results represent
means * SDs of triplicate experiments. *Numbers along the

x-axis indicate the MOI of transduction.
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Figure 6. Effect of ela2Mz transduction on primary leukemia cells A
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Mock

from Ph* ALL patients. (A) Transduction efficiencies of primary leukemia
cells from a Ph* ALL-1 patient. Expression of CD2 (transgene) and CD19
(natively expressed gene) in cells transduced with or without the indicated
vectors was determined by FCM on day 3. (B) Cobblestone area formation
of primary leukemia cells from Ph* ALL-1 patients on day 17. Primary
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tion, X 100). The image was acquired using an inverted microscope
(Diaphot TMD 300; Nikon, Tokyo, Japan) with a digital camera (DXM 1200;
Nikon). The acquired image was processed using ACT-1 software (Nikon).
The objective lenses used were Nikon NCF Plan ELWD DM 20x/0.40. (C)
Number of cobblestone areas derived from primary leukemia cells of the
Ph* ALL-4 patient. Cells were transduced with the indicated vectors at an
MOI of 20, and cobblestone areas were counted 17 days after transduc-
tion. The results represent means = SDs of duplicate experiments. (D)
Apoptosis of primary leukemia cells from Ph* ALL-1 patients. Apoptosis
was determined by annexin V assay on day 7 as performed for the cell
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lines. *In panels A and D, the numbers in the plot indicate the percentage
of cells in that quadrant.

inhibition and a decrease in viability were observed in a dose-
dependent manner without any increase in nonspecific toxicity
(Figure 5A). In contrast, SUP-B15 cells were still resistant to
ela?Mz, even after transduction of the ela2M z vector at an MOI of
80, athough a transient decrease in viability was observed 7 days
after transduction (Figure 5B)

Effect of ela2Mz on primary Ph+ ALL cells

Since primary leukemia cells from Ph* ALL patients are the
proposed targets of gene therapy, we examined the effect of
ela2Mz on such cells. We transduced the ela2Mz or control
vectorsinto these cells at an MOI of 20. Similar to the results seen
for Ph* cell lines, the transduction efficiency into these cells was
almost 100% in all 4 samples 3 days after transduction (Figure 6A).
At first, we examined the viability of primary leukemia cellsin the
same culture system as that used for cell lines. We could not
determine clearly, however, whether ela2Mz had any inhibitory
effects because it was very difficult to culture these cells in our
conventional liquid culture system: the number of live cells
decreased continuously after the start of culture regardliess of
whether or not the ela2Mz vectors were transduced. Therefore, we
used a coculture system reported previously in which a murine
bone marrow stroma cell line was used as a source for feeder cells
and the primary leukemia cells formed cell clusters upon the feeder
cells (Figure 6B cobblestone area [CA]).2” We counted the number
of cobblestone formations on days 14 to 17 after transduction. In all
of the experiments, a significant decrease of the size of CAs was
observed upon transduction with the ela2Mz vector. In addition,
the number of CAs decreased in number after transduction with the
ela2Mz left arm (ela2MzL) and ela2Mz right arm (ela2MzR)

Table 2. Cobblestone area formation of primary Ph+ ALL cells

Transduced vectors

elaz2MzL +
Sample CD2 tRNA ela2MzL ela2MzR ela2MzR ela2Mz
Ph+ ALL-1  90.8 88.2 85.7 92.0 NT 32.4
Ph+ ALL-2  98.2 95.5 93.8 96.2 NT 25.4
Ph+ ALL-3  95.6 94.3 90.8 88.6 43.3 28.8
Ph+ ALL-4  96.4 97.6 95.2 101.2 38.8 22.4

Values presented in the table are the percentage of cobblestone area number
derived from mock-transduced cells. Data represent the mean of duplicated assay.
NT indicates not tested.
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vectors together at an MOI of 10 for each vector (total MOI = 20)
but not with the other control vectors (Figure 6C; Table 2).
However, we could not determine whether the CA formation would
be inhibited completely by ela2Mz transduction because al of the
CAs from untransduced or control vector—transduced cells also
eventually disappeared after approximately 21 days from the start
of the assay as those from the ela2M z-transduced cellsdid in 14 to
17 days as described above. As observed in the cell lines, ela2Mz
transduction of primary leukemia cells induced an increase in
apoptosis (Figure 6D).
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Figure 7. Effect of ela2Mz transduction on normal human CD34* CBCs. (A)
Transgenic expression of hCD2 in CD34* CBCs was determined by FCM 3 days after
gene transduction. Cells were also stained with anti-CD34 antibody. Representative
data from 3 samples are shown. *The numbers in the plots indicate the percentage of
cells in that quandrant. (B) Death of CD34* CBCs transduced with the indicated
vectors, or untransduced, was determined by the trypan blue exclusion test up to 14
days after transduction. The results represent means of data from 3 CD34" CBC
samples. (C) Colony formation analysis of CD34* CBCs transduced with the
indicated vectors or untransduced. Number and types of colonies formed in semisolid
media were assessed 14 days after transduction. The results represent means *+
SDs of data from 3 CD34* CBC samples. CFU-GM indicates granulocyte-
macrophage colony-forming unit; BFU-E, erythroid burst-forming unit; and CFU-
GEMM, granulocyte-erythrocyte-megakaryocyte-macrophage colony-forming unit.
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Effect of ela2Mz on CD34*CBCs

In K562 and NB4 cells, whose surviva is not dependent upon
p190-type ber-abl, transduction with ela2Mz did not affect viabil-
ity and proliferation (Figure 3A-B), suggesting that there is little
nonspecific cytotoxicity associated with the procedure. To evaluate
further the safety of the ela2Mz vector, we transduced it into
normal human CD34+ CBCs. Almost al cells transduced with the
ela2Mz or control vectors expressed CD2 (Figure 7A). In these
cells, we also confirmed ela2Mz expression by RT-PCR (data not
shown). The viability of CD34* CBCs did not decrease after
transduction with the ela2Mz or control vectors (Figure 7B). In
addition, the number and composition of colonieswere not affected
by ela2Mz transduction (Figure 7C).

Discussion

We have dready reported that a Mz targeting the p190-type ber-abl
fuson gene could digest synthetic chimeric oligonucleotide RNA in
vitro.26 Due to the difficulty of obtaining 100% transduction of ela2Mz
into leukemia cells using conventiona vector systems, however, we
could not demongtrate the effect of the ela2Mz on live cells until a
VSV-pseudotyped lentivird vector system was developed. Recent
reports, including one from our group, demondrated that such a
lentivira vector is the most efficient method for transducing human
blood cels, including leukemia cells17182829 |n addition, long-term
expresson of atransgene with this vector system was demonstrated in
human leukemiacdls, including primary cellsfrom leukemiapatients.'®
Therefore, we adopted a third-generation HIV (V SV) vector system and
successfully transduced an ela2Mz vector into 5 different Ph* ALL cell
lines and 2 control cell lines with 100% efficiency (Figure 2B-C).
Moreover, we could transduce those vectorsinto primary leukemiacells
from Ph™ ALL patientswith the same efficiency (Figure 6A). Thisisthe
first report of such a high transduction efficiency into Ph™ ALL cdls,
athough severd studies have demondtrated reletively high transduction
efficiencies usng second-generation V SV-pseudotyped HIV vectors
with human leukemia cells from patients with B-precursor ALL (2.2%-
43.35%),% ALL (40.39%6-90.3%), and acute myeloblagtic leukemia
(61.7%-87.6%).1” One cause of the higher transduction efficiencies
observed in this study compared with previous reportsislikely to bethe
insertioninto our vector of the central DNA flap sequence of HIV, which
facilitates the integration into the genome of host cells3%-3 In addition,
however, the transduction efficiencies observed in thisstudy were higher
than those obtained in a previous report from our laboratory (52%-
95%),18 which aso employed a third-generation HIV vector with the
central DNA flgp sequence. This difference was probably dueto the use
of the elongation factor 1 « (EF-1a) promoter in this study, which has
been reported to work more strongly in lymphoid cdls than the
cytomegalovirus (CMV) promoter used in the previous study.3*

We successfully demonstrated that the ela2Mz efficiently induced
cell deathinthe Ph* ALL cell linesOM9;22, KOPN-30, and KOPN-72
(Figure 3). These cytotoxic effects were thought to be ela2Mz depen-
dent because transduction of any control vectors, including vectors
harboring only left or right arm of the ela?Mz or b2a2Mz, did not affect
the surviva of these cells. In addition, we demonstrated that transduc-
tion of the ela2Mz vector inhibited cobblestone area formation of
primary Ph*™ ALL cdlls (Figure 6C; Table 2). Furthermore, the growth of
these cells was inhibited not only upon transduction of the ela2Mz
vector, which encoded both the left and right arms of the ela2Mz, but
adso with cotransduction of the ela2MzL and ela2MzR vectors, which
encoded only the left or right arm, respectively (Figure 6C; Table 2),
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further suggesting that the cytotoxicity demondtrated in this study was
the effect of the ela2Mz ribozymeitsalf. The effect of cotransduction of
the ela2MzL and e1a2MzR vectors was wesker than that of transduc-
tion of the ela2Mz vector, probably because the titer of ela2MzL and
ela?2MzR vectors used in cotransduction (MOl = 10 for each vector)
was haf of the ela2Mz vector titer (MOI = 20), resulting Smply in a
lesser amount of functiond ribozymein transduced cells.

Ph* ALL cdl lines of KOPN-57 and SUP-B15, however, were
resstant to ela2Mz transduction (Figure 3B), dthough ela2Mz was
expressed efficiently in these cells (Figure 4A) and no mutation existed
in the ela2Mz-targeting sequence of their ber-abl fuson genes. We
confirmed adecrease in ber-abl MRNA in these cdlls, but the amount of
residua ber-abl mRNA in these cells was higher than that in ela2Mz-
sendtive cdls (Figure 4B), suggesting that the amount of undigested
ber-abl MRNA was high enough to make the cellsfunctionaly ela2Mz
resstant. Therefore, we transduced the cells with a higher titer of
ela2Mz vector to increase the intracel lular digestion of ber-abl mRNA.
As expected, the viability of KOPN-57 cells decreased in a titer-
dependent manner (Figure 5A) but that of SUP-B15 cdlls did not
decrease, despite the escalation of vird titer (Figure 5B). We could not
ducidate the cause of €la2Mz resstance in SUP-B15 cdls, it is
possible, however, that the expression of other oncogenes besides
ber-abl contributes autonomoudly to the proliferation of thiscdll line.

Importantly, the ela2Mz was expressed in but did not affect the
survivd of both leukemia cell lines not harboring a p190-type ber-abl
fuson gene (Figure 3B) and norma hematopoietic progenitor cells
(Figure 7B-C). These results srongly suggest that transduction of
ela2Mz with our lentiviral vector system would be a secure as well as
effective sysem for usein the clinical trestment of Ph* ALL.

Of course, long-term safety should be confirmed in vivo before
the introduction of this new technology to a clinical setting.
Recently, 2 SCID-X1 patients were reported to develop leukemia
after gene therapy using an MLV vector. In these cases, vector
integration in the proximity of the LIM domain only 2 (LMO2)
protooncogene promoter was thought to cause aberrant transcrip-
tion and expression of LMO2 and induce leukemia. Insertional
mutagenesis is a frequently discussed problem of using retroviral
vectors in a clinical setting.?> In our study, the copy number of
integrated vector DNA in OM9;22 and KOPN-30 cells was only
about 1.5 and 2, respectively, when transduced at an MOI of 10
(Figure 3D). The results suggested that ela2Mz transduction using
our HIV(VSV) vector is effective with a minimum integration of
the vector DNA and potentialy useful for the treatment of Ph*
ALL. It may eventually be necessary, however, to exclude possible
lentiviral integration around vital genes by nucleotide sequencing
before administration to each patient. The future development of
gene targeting technology is, of course, another important issue.

The future application of this new technology for the treatment
of ALL includes the in vitro purging of leukemia cells from
patients’ autologous peripheral blood mononuclear cells (PBMCs)
or BM cells using our lentiviral-mediated ela2Mz transduction
system followed by autologous stem cell transplantation. Since the
level of minimal residual disease has been reported as an important
predictor of relapse for Ph*t ALL after imatinib mesylate treat-
ment® and some cell lines were resistant or less sensitive to
ela2Mz, the ber-abl level in residual leukemiacellsin the PBMCs
or BM must be determined before administration of the Mz-treated
cells. For in vivo use, selective transduction of the ela2Mz into
target cellswould be ideal because the long-term safety of ela2Mz
transduction into normal somatic cells, including hematopoietic
progenitor cells, has not yet been proven as described above.
Recently, a lentiviral vector system using an alphavirus envelope
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containing the Fc-binding site of protein A has been reported to
target CD4-expressing cells specifically.3¢ We have also devel oped
a targeted drug delivery system for CD19-expressing Ph* ALL
cells using an anti-CD19 antibody-binding polyethylene glycol
liposome and have demonstrated its efficient and specific transduc-
tion into these specific cells.3” These reagents and vectors will be
useful in the development of a selective transduction system to
deliver ela2Mz into target cells, potentially allowing the establish-
ment of effectivein vivo gene therapy using ela2Mz.

In conclusion, we have demonstrated the specific cytocidal
effect of ela2Mz on Ph* ALL cells using a third-generation
lentiviral vector system. This is the first report demonstrating the
cytotoxic effect of a ribozyme on Ph* ALL cells without any
cytotoxicity to normal hematopoietic progenitor cells during in
vitro observation period. Therefore, the ela2Mz is considered to be
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