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and in vivo (3,24). As shown in Fig. 4, the AAVtk/GCV
system effectively killed the cancer cells depending on the
concentration of GCV. Furthermore, when the cancer cells
were treated with topoisomerase inhibitors prior to trans-
duction, they were killed more efficiently in a concentration-
dependent manner (Figs. 5 and 6).

The combination therapy using other vectors and chemo-
therapy have been reported (15,33), but the augmentation of
the second-strand synthesis by chemotherapeutic agent is
unique to AAV vectors. Favorably, apoptosis induced by topo-
isomerase treatment enhance the bystander effects, which
may allow nearby untransduced cells to take up the apoptotic
vesicles containing phosphorylated toxic GCV metabolites.
Thus, the combination therapy of AAV-mediated suicide gene
therapy with chemotherapeutic agents or other genotoxic
stress such as radiotherapy seems to be valuable for the
treatment of cancers.

Recently, the HSVtk mutants with improved GCV mediated
killing and bystander effect have been developed (34,35).
Since GCV has side effects such as pancytopenia and acute
renal failure, the concentration of GCV should be kept as
low as possible. Our model would be another alternative to
improve AAV-mediated suicide gene therapy of cancer.
Although several studies were reported on combining
chemotherapy and viral vector-mediated gene therapy
(15,33), our therapeutic model made it with acceptable
concentrations of topoisomerase inhibitors. AAV-mediated
suicide gene therapy and chemotherapy may provide a more
effective and safer alternative for the treatment of head and
neck cancer.
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Advanced heart failure (HF) is the leading cause of death in
developed countries. The mechanism underlying the progression
of cardiac dysfunction needs to be clarified to establish approaches
to prevention or treatment. Here, using TO-2 hamsters with he-
reditary dilated cardiomyopathy, we show age-dependent cleav-
age and translocation of myocardial dystrophin (Dys) from the
sarcolemma (SL) to the myoplasm, increased SL permeability in situ,
and a close relationship between the loss of Dys and hemodynamic
indices. In addition, we observed a surprising correlation between
the amount of Dys and the survival rate. Dys disruption is not an
epiphenomenon but directly precedes progression to advanced HF,
because long-lasting transfer of the missing 8-SG gene to degrad-
ing cardiomyocytes in vivo with biologically nontoxic recombinant
adenoassociated virus (rAAV) vector ameliorated all of the patho-
logical features and changed the disease prognosis. Furthermore,
acute HF after isoproterenol toxicity and chronic HF after coronary
ligation in rats both time-dependently cause Dys disruption in the
degrading myocardium. Dys cleavage was also detected in human
hearts from patients with dilated cardiomyopathy of unidentified
etiology, supporting a scheme consisting of SL instability, Dys
cleavage, and translocation of Dys from the SL to the myoplasm,
irrespective of an acute or chronic disease course and a hereditary
or acquired origin. Hereditary HF may be curable with gene
therapy, once the responsible gene is identified and precisely
corrected.

D espite the steady progress of pharmaceutical therapy, it is
still difficult to completely prevent heart failure (HF) from
proceeding to an advanced stage. Cardiac transplantation is the
last choice to save the patient at the end stage, and this treatment
entails many sociomedical problems. An alternative strategy for
therapy is urgently required (1, 2). Primary or secondary deg-
radation of dystrophin (Dys) might be of great significance in
determining the cause of HF. Muscular dystrophy results in HF,
and poor outcome in patients and animal models is associated
with genetic mutations of Dys or the sarcoglycan (SG) complex
(1-6). In the present study, we examined the following phenom-
ena: (i) the time course of the hemodynamics with biventricular
catheterization under stable anesthesia (7) until the TO-2 ani-
mals started to show overt HF and cardiac death; (if) in situ
sarcolemma (SL) stability by double fluoromicroscopy for the
entry of an SL-impermeable dye, Evans blue dye (EB), into
cardiomyocytes (8) and immunostaining of Dys or 8-SG; (iii)
Western blotting of Dys and protein quantification; (iv) the
correlation between limited proteolysis of Dys and hemodynam-
ics; and (v) in vivo gene transduction in TO-2 hamsters. We also
evaluated pathological features in rats with acute and acquired
HF due to isoproterenol (Isp) toxicity (9) and in humans with
advanced dilated cardiomyopathy (DCM).

www.pnas.org/cgi/doi/10.1073/pnas.0401944101

Materials and Methods

Experimental Animals, the rAAV Vector Gene Construct, and in Vivo
Gene Delivery. Male FB (control) and TO-2 hamster strains were
obtained from Bio Breeders (Watertown, MA), and rAAV/lacZ
vector alone or a mixture of recombinant adenoassociated virus
(rAAV)/lacZ and rAAV/6-SG was intramurally injected into
the cardiac apex of the 5-week-old hamsters (7). pW1, an rAAV
plasmid containing lacZ or a 1.2-kb fragment of 3-SG cDNA
flanked by inverted terminal repeats of the AAV genome,
pHLP19, a helper plasmid with rep and cap genes, and pladeno-1,
a plasmid harboring the adenovirus E24, E4, and VA genes, were
used for rAAV/lacZ or rAAV/8-SG production. pWSG with a
8-SG expression cassette driven by a cytomegalovirus (CMV)
promoter was used for rAAV/8-SG production (7, 8). Under
open chest surgery with constant-volume ventilation, rAAV/
lacZ alone or a mixture of tAAV/lacZ and rAAV/§-SG was
intramurally injected into the cardiac apex twice (each injection
was 15 ul, for a total of 8.4 x 100 and 6 X 10'° copies for lacZ
and 8-SG, respectively).

Morphological and Immunological Analyses. A polyclonal, site-
directed antibody to 8-SG was prepared at a high titer, by using
a synthetic peptide with a sequence deduced from the cloned
c¢DNA as a specific epitope (4). Monoclonal antibodies to Dys
and to the transgene of lacZ (f-galactosidase) were obtained
from NovoCastra (Newcastle, U.K.) and Funakoshi (Tokyo).
The density of antibody-specific bands for the rod domain of Dys
was measured within a linear intensity range for the applied
amount of protein, after Western blotting of whole-heart ho-
mogenates, by 5-15% SDS/PAGE. For the Isp study, 10-20%
SDS/PAGE was used to detect degradation products of both
Dys and 8-SG. To simultaneously monitor Dys disruption, SL
fragility in situ, and expression of the 8-SG transgene, double
fluoromicroscopy was used to detect immunostaining of Dys
with a FITC-labeled antibody specific to the rod domain of Dys,
the entry of membrane-impermeable EB into cardiomyocytes,
and immunostaining of 5-SG with a rhodium isothiocyanate
(RITC)-labeled specific antibody by using a Nikon Diaphot or a
Leica (Heidelberg, Germany) TCS SL confocal microscope.
Where indicated, the Dys immunoproduct in the SL and myo-
plasm was semiquantified on cardiomyocytes, with or without
transduction of 8-SG in the same observation field.

Abbreviations: HF, heart failure; Dys, dystrophin; SG, sarcoglycan; SL, sarcolemma; EB,
Evans blue dye; Isp, isoproterenol; DCM, dilated cardiomyopathy; rAAV, recombinant
adenoassociated virus; LVP, left ventricular pressure; EDP, end diastolic pressure; CVP,
central venous pressure.
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Table 1. Cardiac hemodynamics with progression of HF

dP/dtmax dP/dtmin,

Strain Age, weeks LVP, mmHg mmHg/sec mmHg/sec EDP, mmHg CVP, mmHg

FiB 5 829 %12 4,385 = 91 4,503 = 208 3106 1.70 = 0.53
15 1329 £ 5.5¢ 8,188 = 7437 ~7,188 = 9717 1.8 1.5 0.78 = 0.50
25 1325 6.9 6,709 = 188 —6,513 = 602 1.7 227 0.46 = 0.21
40 125.1 £ 9.6 7,063 = 290 ~7,180 = 576 1.6 209 -0.62 = 0.32

TO-2 5 83.0 = 2.1 4,599 + 192 —5,175 * 233* 1.9 £ 0.3* 2.82 £ 0.17*
15 100.2 £ 4.7*%7 4,645 + 637* —3,664 + 378*" 8.8 = 1.9*1 2.70 = 0.87*
25 87.9 + 8.3* 5,240 = 388* -3,171 = 80* 12.8 = 1.6* 3.12 = 0.88%
40 80.0 = 2.8*% 4,283 x 97* —3,120 * 145* 18.0 = 1.4%7 9.35 = 1.35%F

Hemodynamic indices measured under stable anesthesia (7, 8): LVP, its maximum derivative (dP/dtmax) and minimum derivative
(dP/dtmin), EDP, and CVP, in control (F1B strain) and hereditary DCM (TO-2 strain) hamsters. Each value is shown as the mean = SE (n =
4-8 hamsters in each group). * and T indicate statistical significance (P < 0.05) compared with the F1B strain and the preceding age,

respectively.

Hemodynamic Studies and Statistical Analyses. Peak left ventricular
pressure (LVP), left ventricular end diastolic pressure (EDP), its
first derivative (dP/dt), and central venous pressure (CVP) were
measured under stable anesthesia (7, 8). All values were ex-
pressed as the mean * SE and evaluated by paired Student’s ¢
test, ANOVA, and correlation analyses. A P value of <0.05 was
considered significant.

Results and Discussion

Progression of DCM to Advanced HF in TO-2 Hamsters. Control F|B
hamsters showed growth-dependent increases in the peak LVP,
the maximum rate of LVP (dP/dtmayx), and the minimum rate of
LVP (dP/dtmin, Table 1). In contrast, TO-2 hamsters persistently
demonstrated systolic failure characterized by reduced LVP,
dP/dtmay, and blunted dP/dty;,. Congestive HF was documented
by increased left ventricular EDP and CVP. These signs became
aggravated between 25 and 40 weeks of age, when the rate of
cardiac death sharply increased (see below). The EDP and CVP
reached levels 9.5 and 3.3 times higher, respectively, than those
at 5 weeks of age.

Translocation of Dys from the SL to the Myoplasm During DCM
Progression. Cardiac samples from TO-2 hamsters revealed time-

dependent pathological features at each age (Fig. 1). After 5
weeks, double fluoromicroscopy showed that Dys was neatly

Sw

D
(FITC)

EB

D+EB
(Merge)

Fig. 1.

arranged on the SL, and EB administered i.v. before killing the
animals did not enter the myoplasm, indicating that the integrity
of the SL was well preserved. After 25 and 40 weeks, the Dys on
the SL became blurred, and some cardiomyocytes demonstrated
a shift of Dys from the SL to the myoplasm. We refer to this
phenomenon as “translocation” of Dys. These cardiomyocytes
matched exactly with cells that took up EB (within ovals),
denoting that the SL of the translocated cells leaked the exog-
enously applied dye.

Cleavage of Dys in Hamster Heart and in the Hearts of Humans with
DCM. Western blotting of the myocardial homogenate with an
antibody specific to the rod domain of Dys showed characteristic
features (Fig. 2a Left). Normal hearts at 5 weeks of age showed
a band at 430 kDa corresponding to normal Dys, and the staining
intensity was preserved up to 40 weeks of age. Striking differ-
ences were observed in TO-2 hamsters, although at 5 and 15
weeks of age the staining pattern did not differ from that of the
F.B heart. However, at 25 weeks of age, extra bands were
detected between 60 and 200 kDa (Fig. 2a Left), and the intensity
of the Dys 430-kDa band started to decline. The intensity of this
band was markedly reduced between 25 and 40 weeks of age,
whereas the intensity of the 60-kDa band increased, mirroring
the Dys band (Fig. 2b). The period of significant Dys cleavage
matched exactly the periods when Dys translocation became

Age-dependent translocation of Dys and increased permeability of the SL during HF progression in TO-2 hamsters. Double fluoromicroscopy for

detection of a FITC-labeled antibody to the rod domain of Dys and entry of membrane-impermeable, fluorescent EB, at 5, 25, and 40 weeks of age (w).
Cardiomyocytes demonstrating a shift of Dys from the SL to the myoplasm are shown in ovals. (Bar = 40 um.)

7382 | www.pnas.org/cgi/doi/10.1073/pnas.0401944101
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Fig. 2. Cleavage and reduction of cardiac Dys during DCM progression in
hamsters and humans. (a Left) Control (F4B strain) or DCM (TO-2 strain)
hamsters at 5, 25, and 40 weeks of age (w). (a Right) Normal human myocar-
dium (N1 and N2) and DCM hearts (D1, D2, and D3} at the time of cardiac
transplantation. A solid arrow at 430 kDa and several dotted arrows denote
the original Dys and its degradation products, respectively, after 5-20%
SDS/PAGE of whole-heart homogenates. (b) Time course of the survival rate
of control (F1B; Upper) or DCM (TO-2; Lower) hamsters (O) and the density of
immunoreactive bands specific to the rod domain of Dys at 430 (#), 60 (®) or
160 (a) kDa. * and # indicate a significant difference, compared with the
control F1B strain and the preceding age, respectively.

evident (Fig. 1) and when the animals started to die of congestive
HF (ref. 8 and Fig. 2b). The intensity of the faint 160-kDa band
did not change throughout the study and appeared to be
unrelated to the progression of HF.

Similar cleavage of Dys was confirmed in hearts from patients
with DCM of unidentified etiology who had undergone cardiac
transplantation (Fig. 2a Right). The topological shift of Dys was
also documented in samples of advanced stage DCM (unpub-
lished data). Accordingly, the translocation was common to both
animal models and patients with DCM. Other antibodies to the
C or N terminus of Dys did not clearly recognize the cleavage
product (data not shown). At present, we do not know the reason
for this discrepancy in human cases of advanced HF showing
selective cleavage of Dys at the N terminus (10).

Relationship of Dys Cleavage to Hemodynamics and the Lifespan of
Hamsters. Surprisingly, the amount of Dys or its 60-kDa-band
degradation product in TO-2 animals very closely correlated
with the hemodynamic indices that characterize the progression
of HF. The Dys amount was positively correlated with the
systolic index [peak LVP, coefficient of regression (r) = 0.998
and P < 0.0004], and negatively correlated with the diastolic
parameters (EDP, r = 0,996 and P < 0.0005; CVP, r = 0.954 and
P < 0.002). The intensity of the 60-kDa band showed a clear
negative correlation with the LVP (r = 0.961, P < 0.002) and a
positive correlation with the EDP (r = 0.954, P < 0.002) and

Toyo-oka et al.
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Fig.3. (a) Double immunostaining of 8-5G (rhodamine isothiocyanate) and
Dys (FITC) of TO-2 hamster hearts 35 weeks after local §-5SG gene transfection
in vivo (8). Arrows indicate cardiomyocytes where dystrophin was translo-
cated from the SL to the myoplasm. (Bar = 40 um.) (b) Assessment of Dys
translocation (FITC) and SL fragility in situ (EB entry) 16 h after the adminis-
tration of Isp at a high dose (10 mg/kg i.p.) in Wistar rats (15). Arrows indicate
cardiomyocytes where dystrophin was translocated from the SL to the myo-
plasm. (Bar = 40 um.) (c) Western blotting of Dys (Left) and §-SG (Right) from
the same rat heart homogenate sample after gradient 10-15% SDS/PAGE of
the control (C) and 4, 8, 12, 16 and 18 h after Isp treatment. Arrows indicate
uncleaved Dys (430 kDa) and Dys degradation products (Left) or §-SG (Right).

CVP (r = 0.996, P < 0.0005). These highly significant regression
coefficients for correlation of the amount of Dys with systolic or
diastolic performance support a tentative role for Dys in trans-
mitting an effect through the actin-myosin linkage to the
extracellular matrix. It is also noteworthy that no correlation was
found between the amounts of Dys or the 60-kDa band and the
dP/dtmax or dP/dty, value (data not shown), both of which are
regulated by Ca?* handling (11) and the energetics of cardiac
muscle cells (12). It should be emphasized that a distinct
relationship was found between the amount of Dys or the 60-kDa
band and the survival rate of the TO-2 animals over time (Fig.
2b Lower). It is possible that these immunological and hemody-
namic data could be biased, because ~30% of the TO-2 hamsters
died of HF (Fig. 2b Lower), and we could only use the survivors
in the analysis.

Effect of Long-lasting Gene Therapy on Dys Localization. The final
evidence that the disruption of Dys is not an epiphenomenon in
HF but is actually caused by a loss of 6-SG is provided by the
double immunostaining of Dys and 8-SG in TO-2 hearts with or
without local gene transfection in vivo (Fig. 3a). In control F;B
hearts, both proteins were equally expressed on the SL (data not
shown). In contrast, the TO-2 heart did not express 8-SG (13).
As described above (Fig. 1), Dys staining became blurred with
age, and some cardiomyocytes revealed Dys translocation (14).
Gene delivery of normal 8-SG in vivo, by means of a nonpatho-
genic and long-lasting rAAYV vector (7, 8), was used to locally
express the 8-SG transgene, and this gene therapy completely
ameliorated Dys translocation in the same cardiomyocytes for up
to 35 weeks (Fig. 3a Left). In contrast, nontransfected cells

PNAS | May 11,2004 | vol.101 | no.19 | 7383
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showed translocation of Dys in the same sample (indicated by
arrows in Fig. 3a Right). This finding specifically eliminates the
possibility that Dys disruption resulted from the parallel devel-
opment of HF, because Dys translocation was restricted to
cardiomyocytes that did not express the 8-SG transgene. Fur-
thermore, the amount of Dys estimated in situ by densitometry
of immunofluoromicroscopic images in cardiomyocytes indi-
cated a 1.22 * 0.13 fold (P < 0.01) preferential localization of
Dys on the SL of 8-SG-transfected cells (n = 70 cells per group).

Effect of Isp on SL Permeability, and Shift and Cleavage of Dys and
8-SG. A toxic dose of Isp (10 mg/kg i.p.) causes acute HF and
morphological deterioration in normal rats (9). Pathological exam-
ination has shown time-dependent degradation of Dys and apo-
ptosis of cardiomyocytes from 4 to 18 h after Isp was administered
(15). Confocal microscopy of cardiomyocytes in the same obser-
vation field showed translocation of Dys (indicated by arrows in Fig.
3b Left) and entry of the SL-impermeable EB into the myoplasm
of cardiac muscle cells. The shift of Dys was selectively detected 16 h
after Isp treatment only in cardiomyocytes where EB had entered
the myoplasm (Fig. 3b Right). Western blotting revealed time-
dependent cleavage of Dys, showing degradation fragments be-
tween 60 and 200 kDa (Fig. 3c Left). In contrast, §-SG was not
hydrolyzed at all (Fig. 3¢ Right). Immunohistology confirmed that
8-SG did not shift from the SL but remained localized on the SL
(data not shown). The effect of high-dose Isp, a B-adrenergic
agonist, was similar to that observed in a DCM mouse with a
protein kinase A knock-in gene (16). To verify the therapeutic
effect of gene therapy in a B-adrenergic agonist/protein kinase
A/phospholamban system, the pharmacological action (17, 18) and
the disease prognosis need to be precisely examined, because an
improvement in hemodynamics does not always prolong the life-
span of the animal (19).

The limited hydrolysis of Dys, common to the models of acute
and chronic diseases in the present study, suggests a role for
calpain, because cardiomyocytes contain an appreciable amount
of this protein (20), and intracellular Ca?* handling is modified
in failing hearts (21, 22). Neither a specific inhibitor for calpain
nor a calpain knockout animal is currently available to test this
hypothesis. B-Adrenergic agonists induce Ca’* overload in
cardiomyocytes by increasing Ca>* uptake (23). In addition, Dys
and «-, B-, and y-SG, but not 8-SG, are hydrolyzed by the
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endogenous protease (24) or isolated calpain in vitro (25, 26).
The preferential breakdown of these proteins, but not 8-SG, in
three HF models, i.e., TO-2 hamster hearts (13), Isp-treated rat
hearts (Fig. 3b), and viable cells at the end stage of myocardial
infarction (26), might be accompanied by substantially enhanced
activity of m-calpain over its endogenous inhibitor, calpastatin.
The expression of m-calpain in TO-2 hearts markedly exceeded
that of calpastatin during the progression of HF (data not
shown). These results may imply that the balance between
calpain and calpastatin will shift in a calpain-dominant manner.
Furthermore, dot hybridization analyses revealed no increment
of mRNA of each DAP component under these HF conditions,
suggesting that compensatory biosynthesis did not occur in the
case of DAP.

A Scheme for the Progression of HF to an Advanced Stage. The clinical
link between excess stimulation with catecholamines and myocar-
dial damage has been confirmed by the therapeutic success of
B-adrenergic antagonists in TO-2 hamsters (27) and humans (28,
29). The cleavage of Dys has also been documented after entero-
virus infection, resulting in DCM-like HF (30). These pathological
findings present a paradigm in which cardioselective cleavage of
Dys may lead to progression of HF to an advanced stage (Scheme
1). Scheme 1 does not exclude the involvement of a protease
cascade, as seen through the activation of a calpain-like homologue
in neuronal degeneration in Caenorhabditis elegans (31), or involve-
ment of the ubiquitin/proteasome system (32) in the loss of Dys.
More definite evidence is required to precisely determine the
causative factor(s). This common pathological process, irrespective
of the hereditary or acquired origin and the chronic or acute course
of the disease, suggests a strategy for the treatment of advanced HF
through interruption of the vicious circle by either gene therapy or
drug treatment.
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Abstract

Background In vivo expansion of gene-modified cells would be a promising
approach in the field of hematopoietic stem cell gene therapy. To this
end, we previously developed a selective amplifier gene (SAG), a chimeric
gene encoding the granulocyte colony-stimulating factor (G-CSF) receptor
(GCR), as a growth-signal generator and the hormone-binding domain of
the steroid receptor as a molecular switch. We have already reported that
hematopoietic cells retrovirally transduced with the SAG can be expanded
in a steroid-dependent manner in vitro and in vivo in mice and nonhuman
primates. In this study, we have developed a new-generation SAG, in which
the erythropoietin (EPO) receptor {EPOR) is utilized instead of the steroid
receptor as a molecular switch.

Methods Two FEPO-driven SAGs were constructed, EPORGCR and
EPORMp], containing the GCR and c-Mpl as a signal generator, respec-
tively. First, to compare the steroid-driven and EPO-driven SAGs, Ba/F3 cells
were transduced with these SAGs. Next, to examine whether GCR or ¢-Mpl is
the more suitable signal generator of the EPO-driven SAG, human cord blood
CD34* cells were transduced with the two EPO-driven SAGs (EPORMpl and
EPORGCR). Finally, we examined the in vivo efficacy of EPORMpl in mice.
Irradiated mice were transplanted with EPORMpl-transduced bone marrow
cells followed by administration of EPO.

Results The EPO-driven SAGs were shown to induce more rapid and potent
proliferation of Ba/F3 cells than the steroid-driven SAGs. The EPORMpl
induced more efficient EPO-dependent proliferation of the human cord blood
CD34% cells than the EPORGCR in terms of total CD347F cell, c-Kit* cell, and
clonogenic progenitor cell (CFU-C) numbers. In the transplanted mice the
transduced peripheral blood cells significantly increased in response to EPO.

Conclusions The new-generation SAGs, especially EPORMpl, are able
to efficiently confer an EPO-dependent growth advantage on transduced
hematopoietic cells in vitro and in vivo in mice. Copyright © 2003 John Wiley
& Sons, Ltd.

Keywords hematopoietic stem cells; gene therapy; CD34" cells; selective
amplifier gene; in vivo expansion; retroviral vector
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Introduction

One of the major obstacles associated with hematopoietic
stem cell (HSC) gene therapy is the low efficiency of
gene transfer into human HSCs with retroviral vectors
[1]. The ability to positively select cells containing
potentially therapeutic genes in vivo would represent an
important tool for the clinical application of HSC gene
therapy. A promising strategy of in vivo positive selection
of transduced cells is to confer a direct proliferation
advantage on gene-modified cells relative to their
untransduced counterparts. We developed a chimeric
gene designated ‘selective amplifier gene’ (SAG) which
encodes a chimeric receptor between the granulocyte
colony-stimulating factor (G-CSF) receptor (GCR) and the
hormone-binding domain of the estrogen or tamoxifen
receptor. The GCR moiety is a growth-signal generator
and the estrogen receptor (ER) moiety is a molecular
switch to regulate (turn on or off) the growth signal
generated from the GCR. We previously showed that
hematopoietic cells transduced with the SAG can be
selectively expanded in an estrogen- or tamoxifen-
dependent manner invitro [2-5] and in vivo in mice
and nonhuman primates [6,7]. In nonhuman primates,
however, some animals that received the SAG did not
show an increase in transduced cells in response to
estrogen or tamoxifen, suggesting that the SAG was not
potent enough to achieve in vivo expansion in all animals
[7].

The utilization of the steroid receptor as a molecular
switch may have attenuated the potency of the SAG. The
estrogen-mediated dimerization of the chimeric molecule
may be less efficient than the natural ligand (G-CSF)-
mediated dimerization. In fact, the fusion protein between
the GCR and estrogen receptor responds to G-CSF more
efficiently than to estrogen [2]. To rectify this problem, we
utilized the erythropoietin receptor (EPOR) instead of the
steroid receptor as a molecular switch. Since the EPOR
is a member of the cytokine receptor superfamily [8],
the fusion proteins between the EPOR and other cytokine
receptors such as the GCR should be more stable and com-
patible than the prototype fusion protein. In addition, the
EPOR is not expressed on immature hematopoietic cells
and thus can be used as a selective switch for these cells
[9]. Of note, recombinant human erythropoietin (EPO)
has already been used widely in clinical application and
can be administered repeatedly to human subjects without
serious adverse effects [10,11].

On the other hand, as a growth-signal generator, we
tried to use the thrombopoietin (TPO) receptor, c-Mpl,
in addition to the GCR. It has been reported that c-
Mpl is expressed on very immature hematopoietic cells
and that TPO actually stimulates the growth of these
cells [12-15]. In fact, the cytoplasmic fragment of ¢-Mpl
has already been used for the purpose of cell expansion
[5,16]. The intracellular signal from c-Mpl may thus be
more appropriate than that from the GCR for expansion of
hematopoietic stem/progenitor cells. In the present study,

Copyright © 2003 John Wiley & Sons, Ltd.
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we examined the efficacy of these new generation SAGs
in vitro and in vivo in mice.

Materials and methods

Cell lines

Ba/F3 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco-BRL), 1% penicillin/streptomycin (Gibco-BRL), and
1 ng/ml recombinant mouse IL-3 (rmlL-3; Gibco-BRL).
The ecotropic packaging cell line BOSC23 [17] and human
embryonic kidney 293T cells were maintained in DMEM
containing 10% FBS and 1% penicillin/streptomycin.

Plasmid construction

The wild-type human erythropoietin receptor (EPORwt)
cDNA was obtained from pCEP4-EPOR (kindly provided
by Dr. R. Kralovics, University of Alabama, USA) [18]. The
fragment containing the murine phosphoglycerate kinase
(pgk) promoter and neomycin phosphotransferase gene
{(neo) (EcoRI-BamHI) in the retroviral plasmid pMSCV2.2
(kindly provided by Dr. R. G. Hawley, University of
Toronto, Canada) [19] was replaced by the EPORwt cDNA
(EcoRI-BamHI) to construct pMSCV-EPORwt.
pMSCV-EPORGCR and pMSCV-EPORMp! were con-
structed as follows. The cytoplasmic region of murine
G-CSF receptor (GCR) cDNA was obtained by PCR using
pMSCV-AY703FGCRER as a template [3] with the primer
pair 5-AAG GAT CCA AAC GCA GAG GAA AGA AGA CT-3/
and 5'-AAG TCG ACC TAG AAA CCC CCT TGT TC-3'. The
cDNA coding to the cytoplasmic region of human TPO
receptor (c-Mpl) was obtained by PCR using pcDNA3.1-c-
Mpl (provided by Dr. M. Takatoku, Jichi Medical School,
Tochigi, Japan) [20] as a template with the primer pair 5'-
AAG GAT CCA GGT GGC AGT TTC CTG CA-3’ and 5'-CGG
TCG ACT CAA GGC TGC TGC CAA TA-3'. The fragment
containing the extracellular plus transmembrane region
of the human EPOR cDNA was obtained by PCR using
pCEP4-EPOR as a template with the primer pair 5-CTC
GGC CGG CAA CGG CGC AGG GA-3’ and 5'-AAG GAT CCC
AGC AGC GCG AGC ACG GT-3'. The fragment containing
the extracellular plus transmembrane region of human
EPOR cDNA and the fragment containing the cytoplasmic
region of murine GCR or human c-Mpl were cloned into
the EcoRI-Sall site of pBluescript SK (pSK; Stratagene,
La Jolla, CA, USA) to construct pSK-EPOGCR or pSK-
EPOMp], respectively. The pgk promoter/neo cassette
(EcoR-Sall) in pMSCV was replaced by the EcoRI-Sall frag-
ment containing the EPORGCR or EPORMpl ¢cDNA each
from pSK-EPORGCR or pSK-EPORMp), respectively. The
resultant construct was designated as pMSCV-EPORGCR
or pMSCV-EPORMDpI, respectively.
pMSCV-EPORwt-ires-mitoEYFP, pMSCV-EPORGCR-ires-
mitoEYFP, and pMSCV-EPORMpl-ires-mitoEYFP were
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constructed as follows. The internal ribosome entry
site (ires) sequence derived from pIRES-EGFP (Clon-
tech, Palo Alto, CA, USA) and the mitoEYFP cDNA
derived from pEYFP-Mito (Clontech) were inserted into
the Pstl-BamHI site and the Spel-NotI site of pSK, respec-
tively. The resultant plasmid was pSK-ires-mitoEYFP. The
mitEYFP ¢DNA encodes the enhanced yellow fluores-
cent protein (enhanced YFP, EYFP) linked to a mito-
chondria localization signal sequence so that EYFP is
sequestered inside the mitochondria, thus circumvent-
ing the presumed toxicity of YFP [21]. The blunted
fragment encoding the ires-mitoEYFP ¢DNA was lig-
ated into the Clal blunted site of pMSCV-EPORwt,
pMSCV-EPORGCR, and pMSCV-EPORMpl to obtain
pMSCV-EPORwt-ires-mitoEYFP, pMSCV-EPORGCR-ires-
mitoEYFP, and pMSCV-EPORMpl-ires-mitoEYFP, respec-
tively. The final plasmids were certified as correct by
sequence analysis.

Retroviral vectors

To obtain ecotropic retroviral vectors, BOSC23 cells
were transfected with mouse stem cell virus (MSCV)-
based retroviral plasmids (derivatives from pMSCV, see
above) using Lipofectamine Plus (Invitrogen, San Diego,
CA, USA) according to the manufacturer’s protocol
and the supernatants containing the ecotropic retroviral
vectors were harvested 48-72h post-transfection. The
titers were 1 x 10%/ml as assessed by RNA dot-blot. To
obtain amphotropic retroviral vectors, 293T cells were
transfected with MSCV-based retroviral plasmids along
with pCL-Ampho (Imgemex, San Diego, CA, USA) using
Lipofectamine Plus and the supernatants containing the
amphotropic retroviral vectors were harvested 48-72 h
post-transfection. The titers were 1 x 10%/ml as assessed
by RNA dot-blot.

Retroviral transduction and culture

Ba/F3 cells were suspended in 1 ml retroviral supernatant
containing 10 ng/ml rmll-3 at a density of 1 x
10° cells/ml, and transferred to 12-well plates coated
with 20 pg/cm? of RetroNectin (Takara Bio, Shiga, Japan)
[22]. The cells were incubated at 37°C in a humidified
atmosphere of 5% CO; in air for 24 h. During this period,
culture medium was replaced by fresh viral supernatant
twice (every 12 h). After retroviral infection, YFP-positive
cells were isolated using an EPICS ELITE cell sorter
(Coulter, Miami, FL, USA). The purity of sorted YFP-
positive cells was greater than 98%. The sorted Ba/F3
cells were subjected to further liquid culture (described
above) or cell proliferation assays (see below).

Human cord blood CD34% cells (BioWhittaker, Walk-
ersville, MD, USA) were thawed and placed in 12-well
plates coated with 20 ug/cm? of RetroNectin and cultured
for 24 h at 37 °C with 5% CO, in Iscove’s modified Dul-
becco’s medium (IMDM; Gibco-BRL) supplemented with

Copyright © 2003 John Wiley & Sons, Ltd.
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10% FBS (Hyclone, Logan, UT, USA), 50 ng/ml recom-
binant human interleukin 6 (rhiL-6; Ajinomoto, Osaka,
Japan), 100 ng/ml recombinant human stem cell fac-
tor (thSCF; Biosource, Camarillo, CA, USA), 100 ng/ml
recombinant human Flt-3 ligand (Research Diagnostic,
Flanders, NJ, USA), and 100 ng/ml recombinant human
thrombopoietin (rhTPO; Kirin, Tokyo, Japan). The cells
were then resuspended in 1 ml viral supernatant con-
taining the same cytokines as described above at a
starting density of 1 x 10° cells/ml. During the transduc-
tion period (48 h), culture medium was replaced by fresh
viral supernatant four times (every 12 h). After retrovi-
ral transduction, human cord blood CD34% cells were
washed twice and cultured in IMDM medium containing
10% FBS (Hyclone) and 1% penicillin/streptomycin in the
presence of 10 ng/ml recombinant human EPO (rhEPO;
Roche Diagnostics, Mannheim, Germany) in a 37°C 5%
COy incubator. The cells were subjected to flow cytometry
or colony assay (see below) on indicated days.

Cell proliferation assay

Ba/F3 proliferation assay was performed using the
CellTier 96 Aqueous One Solution cell proliferation
assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. In brief, 20 ul MTS (3-[4,5-
dimethylthiazol-2-y1]-5-[3-carboxymethoxyphenyl]-2-[4-
sulfophenyl]-2H-tetrazolium)-labeling  mixture  was
added to each well of 96-well dishes containing cells
to be assayed. Following incubation at 37°C for 2 h, the
spectrophotometric absorbance was measured at wave-
lengths of 490 and 650 nm. A4g0-Agsg values were used
to determine Ba/F3 cell proliferation. Experiments were
conducted in triplicate.

Flow cytometry

Human cord blood CD34™" cells were washed and resus-
pended in CellWASH (Becton Dickinson, San Jose, CA,
USA). The cells were then incubated with phycoery-
thrin (PE)-labeled anti-c-Kit (Nichirei, Tokyo, Japan),
PE-labeled anti-glycophorin A (Nichirei), PE-labeled anti-
CD41 (Nichirei), or PE-labeled anti-CD15 (Immunotech,
Marseille, France) at 4°C for 30 min. The cells were
washed once and subjected to a FACSCalibur (Becton
Dickinson) using excitation at 488 nm. Untransduced cells
served as negative controls.

For mouse blood samples, blood cells were suspended
in ACK lysis buffer (155 mM NH4Cl, 10 mM KHCOsg,
and 0.1 mM EDTA; Wako, Osaka, Japan) to dissolve red
blood cells. The cells were washed once and subjected
to a FACSCalibur (Becton Dickinson) using excitation at
488 nm.

Colony assay and PCR

Human cord blood CD34" cells were plated in 35-mm
dishes with «-minimum essential medium (Gibco-BRL)
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containing 1.2% methylcellulose (Shinetsu Kagaku,
Tokyo, Japan) supplemented with 20% FBS (Intergen,
Purchase, NY, USA) and 1% bovine serum albumin
(Sigma, St. Louis, MO, USA) in the presence of 100 ng/ml
rhSCF, 100 ng/ml rhlIlL-6, and 100 ng/ml recombinant
human interleukin 3 (rhIL-3; PeproTech, London, UK},
or in the presence of 20ng/ml of rhEPO alone.
After incubation for 14 days at 37°C in a humidified
atmosphere of 5% COy in air, colonies were scored under
an inverted microscope. The experiments were performed
in triplicate.

Colonies in methylcellulose culture were plucked up
under an inverted microscope, suspended in 50 ul of
distilled water, and digested with 20 pg/ml proteinase K
(Takara) at 55°C for 1 h followed by incubation at 99°C
for 10 min. PCR was performed to amplify the 351-bp
sequence using the EYFP sense primer (5'-CGT CCA GGA
GCG CAC CAT CTT C-3') and antisense primer (5-AGT
CCG CCC TGA GCA AAG ACC-3). To certify the initial
DNA amounts, the B-actin genomic DNA fragment was
simultaneously amplified using the sense primer (5'-CAT
TGT CAT GGA CTC TGG CGA CGG-3') and antisense
primer (5'-CAT CTC CTG CTC GAA GTC TAG GGC-3').
Amplification conditions were 95°C for 1min, 55°C for
30 s, and 72°C for 30 s with 35 cycles.

Mouse transplantation

Eight-week-old C57Bl/6 mice (Charles River Japan,
Yokohama, Japan) intraperitoneally received 150 ug/kg
5-fluorouracil (Sigma). Forty-eight hours after injection,
bone marrow cells were harvested from the femora of
each mouse. Cells were cultured in IMDM (Gibco-BRL)
containing 20% FBS (Hyclone) and 20 ng/ml rhil-6 and
100 ng/ml recombinant rat SCF (provided by Amgen)
for 48 h. The cells were then placed in 6-well plates
coated with 20 pg/cm? of RetroNectin and resuspended
in IMDM supplemented with 10% FBS (Hyclone) and
the aforementioned cytokines at a starting density of
5 x 10° cells/ml. During the transduction period (48 h),
culture medium was replaced by fresh viral supernatant
four times (every 12h). The cells were harvested
after a total of 96 h (4 days) in culture, washed with
PBS three times, and injected into 8-week-old female
C57/Bl6 mice that had been irradiated with 800 cGy.
After transplantation, some mice received recombinant
mouse EPO (rmEPO; 200 1U/kg, Roche Diagnostics) in
a total volume of 100 pl via the tail vein three times
a week. To avoid development of anemia after drawing
blood from the transplanted mice, blood was transfused
into the mice via the tail vein at the time of blood
drawing. The blood for transfusion was drawn from
donor C57/Bl6 mice and pooled. It was irradiated with
20 Gy and diluted with physioclogical salt solution prior
to transfusion. Peripheral blood mononuclear cells of the
recipient mice were analyzed for EYFP expression by flow

cytometry.
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A new generation SAG

The structure of the SAGs is shown in Figure 1. The
prototype SAG (steroid-driven SAG) is a chimeric gene
encoding the G-CSF receptor (GCR) and the estrogen
receptor hormone-binding domain. In the GCR, the lig-
and (G-CSF)-binding domain was deleted to remove the
responsiveness to endogenous G-CSF [2]. The tyrosine
residue at the 703rd amino acid in the GCR was replaced
by phenylalanine to hamper the differentiation signal [3].
In addition, another mutation (G525R) was introduced
into the estrogen receptor hormone-binding domain to
evade the responsiveness to endogenous estrogen with-
out impairing the responsiveness to synthetic hormones
such as tamoxifen [4]. In this study, we constructed a new
generation SAG, in which the erythropoietin (EPO) recep-
tor (EPOR) is utilized instead of the estrogen or tamoxifen
receptor as a molecular switch. Two types of EPO-driven
SAG were constructed, EPORGCR and EPORMp], con-
taining the GCR gene and the thrombopoietin (TPO)

Steroid-driven SAGs (prototype)

G-CSF receptor

A Y703F-GCRTmR

A(5-195)

EPO-driven SAGs
EPO receptor
EPORGCR T

EPO receptor -

EPORMp BE

EPORwt e i iR ie

Extracellular

Membrane  Intracellular

Figure 1. The structure of SAGs. The GCRER is a prototype
of the selective amplifier gene (SAG), a chimeric gene
encoding the G-CSF receptor (GCR) as a growth-signal
generator and the estrogen receptor hormone-binding domain
(ER-HBD) as a molecular switch. In AY703F-GCRTmR, the
G-CSF-binding domain was deleted from the GCR gene to
abolish responsiveness to endogenous G-CSF, a point mutation
(Y703F) was introduced into the GCR moiety to disrupt the
differentiation signal generated by the GCR, and another
point mutation (G525R) was introduced into the ER-HBD
moiety to evade responsiveness to endogenous estrogen without
impairing responsiveness to a synthetic hormone tamoxifen.
In the new SAG, the erythropoietin (EPQO) receptor (EPOR)
was utilized instead of the estrogen or tamoxifen receptor as
a molecular switch. To construct it, the intracellular domain
of the wild-type EPOR (EPORwt) gene was replaced by that
of the GCR or thrombopoietin receptor (c-Mpl) gene as a
growth-signal generator
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receptor {c-Mpl) gene, respectively, as a growth-signal
generator.

In vitro effects of the EPO-driven SAG
on Ba/F3

Bicistronic retroviral vectors were generated which
express the EPO-driven SAG or wild-type EPOR (EPORwt)
gene as the first cistron and the EYFP gene as the second
cistron. The vectors were infected into Ba/F3 cells. Ba/F3
is a mouse pro-B cell line and the cells require IL-
3 for growth. YFP-positive cells were isolated (>98%
purity) and stimulated by rhEPO at various concentrations
(Figure 2A). All the cells acquired the ability of EPO-
dependent growth and were able to proliferate even
in the absence of IL-3. Ba/F3 cells expressing either
EPORwt, EPORGCR, or EPORMpl reached the maximum
growth levels by adding 1-100 ng/ml EPO (Figure 2A).
Endogenous EPO will not induce a significant proliferative
response of the cells, since the physiological range of
serum EPO concentrations is below 0.1 ng/ml.

We compared the EPO- and steroid-driven SAGs in
terms of their ability to expand Ba/F3 cells. The Ba/F3
cells expressing either of the two EPO-driven SAGs
proliferated in the presence of EPO to the same extent
as the parental Ba/F3 cells in the presence of IL-3.
Of note, the EPO-driven SAG (EPORGCR) expanded
Ba/F3 cells by around 10*-fold more than the steroid-
driven counterpart (AGCRTmR) after 2 weeks of culture
(Figure 2B), indicating that the molecular switch using
the EPOR is more efficient than that using the tamoxifen

. [N w
15T VS SRS N
1 L i L ) J

0.5 8

Cell Proliferation (Day 2 : Day 0) >
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receptor despite the inclusion of the same signal generator
(GCR) in the SAGs. Thus, we used EPO-driven SAGs for
subsequent experiments.

In vitro effects of the EPQO-driven SAGs
on human CD34" cells

To examine whether GCR or ¢-Mpl is the more suitable
signal generator of the EPO-driven SAG, human cord
blood CD34% cells were used as targets. CD34% cells
were transduced with bicistronic retroviral vectors which
express the EPO-driven SAG as the first cistron and the
EYFP gene as the second cistron. After transduction,
27.3 £ 4.7% of the cells fluoresced (YFP-positive). The
transduced CD34% cells were then cultured in liquid
medium in the presence of EPO. The fraction of YFP-
positive cells increased over time, and virtually all (>95%)
of the cells became YFP-positive during a 2-week culture
with EPO. This suggests that the EPO-driven SAGs are
able to confer a growth advantage on human CD34%
cells. As shown in Figure 3, although the cells transduced
with EPORwt proliferated most quickly, the cell number
already began to decrease within 2 weeks after the culture
initiation. The cells transduced with EPORGCR grew
slowly compared with the others, but began to decrease in
number by week 3. On the other hand, the cells transduced
with EPORMp! proliferated the longest (1 month) in the
presence of EPO and the cell number increased by 104-fold
over this period.
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Figure 2. The EPO-driven SAG efficiently stimulates Ba/F3 cell growth. (A) EPO-dependent growth of Ba/F3 cells by introduction
of the EPO-driven SAG. BaF3 cells were transduced with the EPORwt (solid triangles), EPORGCR (solid squares) or EPORMpl gene
(solid circles) each along with the EYFP gene by bicistronic retroviral vectors. YFP-positive cells were sorted (>98%) and treated
with EPO at various concentrations. The proliferation assay (see Materials and Methods) was performed on days 0 and 2, and the
ratio of day 2 A4g0-Agsg to day 0 Asgo-Agso (means % SD of triplicate) is shown. The arrow indicates the physiological range of
EPO concentrations in human plasma. (B) The EPO-driven SAG triggers higher levels of cell proliferation than the steroid-driven
SAG. The parental Ba/F3 cells (open diamonds) were cultured in the presence of IL-3 (10 ng/ml). Ba/F3 cells transduced with
the EPORwt (solid triangles), EPORGCR (solid squares), or EPORMpl gene (solid circles) were cultured in the presence of rhEPO
(10 ng/ml). Ba/F3 cells transduced with the AGCRTmR gene (open triangles) were cultured in the presence of tamoxifen (1077 M).
Accumulative data were calculated by means of a triplicate experiment. Experiments were repeated three times and a representative

one is shown
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Figure 3. The EPORMpl is the most potent amplifier for human
cord blood CD34* cells. Human cord blood CD34* cells were
transduced with the EPOwt (solid triangles), EPORGCR (solid
squares), or EPORMpl gene (solid circles) each along with
the EYFP gene by bicistronic retroviral vectors. Untransduced
cells are also shown (open diamonds). The cells were then
cultured in IMDM supplemented with 10% FBS and 10 ng/ml
EPO. Virtually all the cells (>95%) became YFP-positive by
week 2. Accumulative data were calculated by means of a
triplicate experiment. Experiments were repeated three times
and a representative one is shown

Characterization of the c-Mpl signal of
SAG

cells were then examined for
a primitive hematopoietic cell

The transduced CD34*
the expression of c-Kit,

27

marker, by flow cytometry (Figure 4). The c¢-Kit* fraction
decreased over time, implying that the cells were
differentiated during culture. The c-Kit* fraction in the
cells transduced with EPORMpl, however, was relatively
high (33%) at week 3 in liquid culture, whereas the
c-Kit™ fraction decreased to 10% or lower in the cells
transduced with EPORwt or EPORGCR at the same time
point. These results demonstrate that the c-Mpl signal
preserved more c-Kit™ immature hematopoietic cells than
the other signals.

To examine the EPO-driven SAGs for their ability
to expand hematopoietic progenitor cells, CD34% cells
transduced with the EPO-driven SAGs were cultured in
semisolid (methylcellulose) media in the presence of mul-
tiple cytokines (IL-3, IL-6 and SCF) or EPO alone. Table 1
summarizes the results. The cells transduced with the
EPO-driven SAGs formed many colonies in the presence
of EPO and almost all of them (94-100%) contained
the provirus as assessed by individual colony PCR. In
contrast, 25—-38% of the colonies formed by cells in the
presence of multiple cytokines contained the provirus.
This result shows that the EPO-driven SAGs are able to
confer an EPO-dependent growth advantage at the level of
clonogenic progenitor cells. The cells transduced with the
EPO-driven SAGs before (day 0) and after (day 7) liquid
culture with EPO were placed in semisolid media in the
presence of EPO without other cytokines, and the resultant
myeloid and erythroid colonies were counted. As shown in
Figure 5, during the liquid culture with EPO, the transduc-
tion by EPORMpl resulted in the highest levels of clono-
genic progenitor cell expansion by more than 10-fold.

We then examined whether cells transduced with
the EPO-driven SAGs would show any specific lineage
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Figure 4. The EPOR-Mpl preserves c-Kit™ cells most efficiently. Human cord blood CD34% cells were transduced with the EPOwt
(black), EPORGCR (gray), or EPORMp! gene (white) by the same retroviral vectors as in Figure 3. The cells were then cultured
in IMDM supplemented with 10% FBS and 10 ng/ml EPO. On the indicated days, aliquots of the cells were examined for c-Kit
expression by flow cytometry. The percentage of ¢-Kit* cells is shown. Experiments were repeated four times and a representative

profile is shown
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Table 1. Colony formation by human cord blood CD34% cells
transduced with the EPO-driven SAGs

IL-3 (100 ng/ml)
IL-6 (100 ng/mi)
SCF {100 ng/ml)

EPO (20 ng/ml)

Number Provirus-  Number  Provirus-
of positive of positive
Transgene colonies* colonies’  colonies*  coloniest
5/16 15/16
EPORwt-YFP 62+ 11 15+£3
(31%) (94%)
6/16 16/16
EPORGCR-YFP 5448 24 41
(38%) (100%)
4/16 15/16
EPORMpl-YFP 5449 31+£6
(25%) (94%)
8/16 9/16
YFP 49+ 4 12+£1
(50%) (56%)
Untransduced 53:+4 ND 17 £1 ND

*Colony number out of 200 cells is shown. Each value represents
mean = SD of triplicate culture.

TIndividual colony DNA was subjected to PCR for the proviral YFP and
genomic B-actin sequences and the ratio of the provirus-positive colony
number to the g-actin-positive colony number is shown.

preference after liquid culture with EPO. The trans-
duced CD34% cells were cultured in liquid medium
containing EPO. During the culture, the expression of
various differentiation markers was examined by flow
cytometry (Figure 6). As expected, the erythroid marker
(glycophorin A) was expressed in almost all (93%) cells
transduced with EPORwt at day 14. The myeloid marker
(CD15) was expressed in 24% of cells transduced with
EPORGCR at day 7 (data not shown), but fell to 1% by
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day 14. Thus, EPORGCR induced very few cells to differ-
entiate toward the myeloid lineage despite the inclusion
of the GCR moiety as a signal generator. One reason may
be that a point mutation (Y703F) was introduced into the
GCR cDNA to attenuate the granulocytic differentiation
signal (Figure 1) [3]. On the other hand, cells transduced
with EPORMDpl expressed all of these markers at relatively
high levels at day 14; the megakaryocytic marker (CD41)
(46%), glycophorin A (58%) and CD15 (11%). Thus,
the cells expanded by the ¢-Mpl signal showed the most
balanced expression of myeloid, erythroid, and megakary-
ocyte markers. We therefore decided to utilize EPORMpl
as an SAG for subsequent in vivo experiments in mice.

In vivo expansion of gene-modified
cells

Finally, we examined the efficacy of the EPOMpl-
type SAG invivo in mice. Murine bone marrow cells
were harvested from 5-fluorouracil-treated mice and
transduced with the MSCV-based vector expressing both
EPORMpl and YFP, or expressing YFP alone as a
control. The transduced cells were transplanted into
irradiated mice and, after hematopoietic reconstitution,
YFP expression was examined in the peripheral blood by
flow cytometry to see whether the EPOMpl-transduced
cells would increase in response to EPO administration.
In mice, however, even drawing a small volume of
blood will result in the elevation of endogenous EPO
concentrations [23,24]. We also confirmed that sequential
blood drawing caused an elevation of endogenous serum
EPO concentrations in mice (data not shown). Therefore,
drawing blood from the transplanted mice may result
in the expansion of transduced hematopoietic cells. To
avoid development of anemia due to blood drawing, we

60000 -
50000 -
40000
30000

20000

Total Erythroid CFU/ culture @

EPORGCR

EPORMpl B

Figure 5. The EPOR-Mpl expands clonogenic progenitor cells most efficiently. Human cord blood CD34* cells were transduced
with the EPOwt, EPORGCR or EPORMpl gene by the same retroviral vectors as in Figure 3. The untransduced and transduced cells
were then cultured in IMDM supplemented with 10% FBS and 10 ng/ml EPO for 7 days. The cells before {(day 0) and after (day 7)
the liquid culture were plated in methylcellulose medium in the presence of EPO alone and the resultant colonies were counted.
(A) Total myeloid clonogenic progenitor cell (colony-forming units, CFU) numbers per culture. (B) Total erythroid CFU numbers
per culture. Means & SD of a triplicate experiment are shown. Experiments were repeated three times and a representative one

is shown
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Figure 6. The CD34* cells expanded by the EPOR-Mpl show the most balanced expression of multilineage surface markers. Human
cord blood CD34% cells were transduced with the EPOwt, EPORGCR, or EPORMp! gene by the same retroviral vectors as in
Figure 3. After 14-day liquid culture with 10% FBS and 10 ng/ml EPO, the transduced cells were examined for the expression of
glycophorin A (erythroid marker), CD15 (myeloid marker), and CD41 (megakaryocyte marker) by flow cytometry. The percentages
of marker-positive cells are shown. Experiments were repeated four times and a representative profile is shown

transfused mice at the time of blood drawing. As a resul,
the mice did not develop anemia, and thus the elevation
of endogenous EPO concentration was prevented.

In the group receiving EPORMpl, YFP-positive cells
increased in response to the EPO administration (n = 6),
although YFP-positive cells remained unchanged without
EPO administration (n=4) (Figure 7A). A significant
increase (paired t-test, p < 0.05) in YFP-positive cells
was observed 4 weeks after the initiation of EPO
administration. The increase was attributable to that in
granulocytes and monocytes (data not shown). We could
not detect any significant change in other lineages. The
increase seemed transient, as a significant increase was
no longer observed at further time points. On the other
hand, in the control group receiving YFP alone without
EPORMpl, YFP-positive cells remained unchanged at
around 10% in the peripheral blood regardless of EPO
administration (n = 6 for a subgroup with EPO, n = 6 for
a subgroup without EPO; Figure 7B).

Discussion

Although a few HSC gene therapy trials have proven
successful [25,26], most attempts have been hampered
by the low efficiency of gene transfer into HSCs. To
overcome the problem, we have previously developed a
method of selective in vivo amplification of transduced
hematopoietic cells using a ‘selective amplifier gene’
(SAG) which encodes a fusion protein consisting of a
growth-signal generator and its molecular switch. The
prototype SAG encodes a fusion protein between the

Copyright © 2003 John Wiley & Sons, Ltd.

GCR and the estrogen or tamoxifen receptor, and confers
a growth advantage on gene-modified hematopoietic
cells in an estrogen- or tamoxifen-inducible fashion
invivo [6,7]. In the present study, we developed a
new generation SAG which utilizes the EPOR as a
molecular switch instead of the steroid receptor. The
EPO-driven SAG encodes a fusion protein between the
extracellular plus transmembrane domain of the EPOR
and the cytoplasmic domain of the GCR or ¢-Mpl. The
results reported here indicated that the SAG utilizing
the EPOR as a molecular switch is more efficient for
hematopoietic cell proliferation than that utilizing the
steroid (or tamoxifen) receptor despite the inclusion of
the same signal generator in the SAGs.

Cytokine receptors generate the growth signal through
ligand-induced dimerization. Dimerization is necessary
but not sufficient for optimal signal generation [27,28].
The EPO-driven SAG might have allowed more effective
ligand-induced conformation change than the steroid-
driven SAG. Similar to our chimeric receptors, Blau
et al. developed a cell growth switch that is a cytokine
receptor-FK506 binding protein (FKBP) fusion gene to
confer inducible proliferation to transduced cells [29,30].
In their system, cytokine receptor signal is turned on
by treatment with a synthetic dimerizer FK1012 or its
derivatives. However, it remains unclear whether their
chimeric protein would allow effective ligand-induced
conformation change to the same extent as the EPO-
driven SAG.

We also showed that the c-Mpl signal expanded
clonogenic progenitor cells (CFU) far more efficiently than
the EPOR or GCR signal. In addition, the cells expanded

J Gene Med 2004; 6: 22-31.
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Figure 7. The gene-modified hematopoietic cells can be expanded by treatment with EPO in vivo in mice. Murine bone marrow
cells were harvested from 5-fluorouracil-treated mice and transduced with the retroviral vector expressing both EPORMpl and YFP,
or expressing YFP alone as a control. The transduced cells were transplanted into irradiated mice. The percentages of YFP-positive
cells in the peripheral blood are shown for the EPOR-Mpl group (A) or the YFP control group (B). In each group, mice were divided
into two subgroups: EPO-treated subgroup (solid bars, 200 IU/kg, three times a week, n = 6 each for A and B) and EPO-untreated
subgroup (open bars, n = 4 for A and n = 6 for B). The gray arrows in A and B indicate the week of EPO administration. Means + SD
of each subgroup are shown. The increase in YFP-positive cells in the EPO-treated mice was statistically significant at week 10

(4 weeks after the initiation of EPO administration) (*p < 0.05)

by the c-Mpl signal showed the most balanced expression
of myeloid, erythroid, and megakaryocyte markers. Other
investigators have also shown that the c-Mpl signal is able
to efficiently support the growth of transduced murine
bone marrow cells [31]. Taken together, the intracellular
signal from c-Mpl may be suitable for reliable expansion
of immature hematopoietic cells.

We have demonstrated that EPORMpl can confer an
EPO-dependent growth advantage on the transduced
hematopoietic cells in vivo in a mouse transplantation
model. It should be noted that EPORMpl contains the
human c-Mpl and may not have worked well in mouse
cells. It would be more predictive to examine the efficacy
of the EPORMpl in nonhuman primates. We are evaluating
the efficacy of EPOMpl-type SAGs in the setting of a
nonhuman primate transplantation protocol. In mice,
the increase of transduced cells with EPORMpl seemed
transient, as was the case with chimeric genes reported
by other investigators [32,33]. The method may not
result in the selection of transduced cells at the HSC
level. The long terminal repeat (LTR) promoter may not
express the transgene in HSCs. Alternatively, the ¢-Mpl
signal may not induce proliferation of HSCs. Thus, the
selection of transduced cells may occur only within the
differentiated progeny of transduced HSCs, not at the
level of transduced HSCs themselves. In order to obtain
clinically relevant effects, repeated EPO administration
would be required. Polycythemia may take place, but it
can be treated by occasional phlebotomy safely. Given
that our earlier version of SAG utilized estrogen receptor
as a molecular switch, we believe that EPO is much safer
than estrogen to turn on a molecular switch, since side
effects induced by estrogen may not be well treated or
controlled.

With the EPO-driven SAG, therapeutic effects may
result from continuously elevated levels of endogenous
EPO in patients with chronic anemia such as thalassemia.
When anemia is ameliorated and endogenous EPO levels

Copyright © 2003 John Wiley & Sons, Ltd.

return to physiological levels, the positive selection system
is then ‘automatically’ turned off. This ‘leave it to patients’
system would be convenient. However, a safety concern
may be raised regarding leukemogenesis, as the SAG
proliferation signal is persistently turned on in vivo by
endogenous EPO, although physiological levels of EPO
will not induce a significant proliferative response. Since
a set of EPO-mimetic peptides or a modified EPO such as
the erythropoiesis stimulating protein (NESP) has been
developed [34,35], it may be possible to develop an EPO-
driven SAG containing a mutant EPOR which does not
bind to endogenous EPO but binds to the EPO-mimetic
peptides or modified EPO.
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Abstract Purpose: To evaluate the efficacy and safety of
combination chemotherapy with cisplatin and vinorel-
bine for the treatment of previously untreated patients
with advanced non-small-cell lung cancer (NSCLC).
Patients and methods: Eligible patients were those with
measurable NSCLC. They were treated with two or
more cycles of a regimen consisting of Vmorelbme
25 mg/m* on days I and 8 and cisplatin 80 mg/m* on
day 1 every 3 weeks. Results: A total of 45 patients were
enrolled. The response rate was 51.1% (23/45; 95% CI
35.8% to 66.3%). The median survival was 286 days
with a 1-year survival rate of 40%. The median number
of treatment cycles was 2. The major toxic effect was
neutropenia of grade 3 or higher (84%). Nonhemato-
logical toxicities, including vomiting (62%), were mild
(grade 2 or less). There were no treatment-related
deaths. Conclusion: The high response rate and good
tolerability proved this combination therapy to be a safe
and effective treatment for advanced NSCLC.

Keywords Non-small-cell lung cancer - Vinorelbine -
Cisplatin - Phase II study

Introduction

Vinorelbine ditartrate [1], a vinca alkaloid derivative,
shows antitumor activity mainly by inhibiting microtu-
bule polymerization in tumor cells just as other vinca
alkaloid drugs do [2, 9]. Clinical studies of vinorelbine
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(VNR) have shown a good therapeutic outcome in non-
small-cell lung cancer (NSCLC) and breast cancer, and a
reduction in peripheral neuropathy that occurs frequently
with vinca alkaloids [5, 7, 10, 12]. The combination of
VNR and cisplatin (CDDP) (VP therapy) has shown a
synergistic effect in vitro, while the main side effects are
different between the drugs [4]. A phase I-II study has
demonstrated efficacy of this combination in NSCLC [3].
VP therapy is considered a promising combination regi-
men for NSCLC on account of its higher response rate
and longer survival compared with VNR or CDDP alone,
or CDDP combined with vindesine [8, 17].

In clinical studies performed in Europe and the US,
patient compliance rate was as low as 50% or less w1th
regard to VNR when VP therapy, as VNR 25 mg/m?
weekly and CDDP 80 mg/m® on day 1, was repeated
every 4 weeks. This indicates the need to reconsider the
dosing schedule of VNR [17]. Another dosing schedule
for VP therapy (VNR 20 to 30 mg/m? on days 1 and 8
and CDDP 80 mg/m? on day 1 every 3 weeks) showed
almost complete compliance and was found to be ben-
eficial since the response rate was 28.3% to 56.7% and
the survival 9.2 to 10.6 months [6, 13, 15, 17].

VP therapy is an effective regimen against advanced
NSCLC. A multicenter joint phase III study is being
planned in Japan to compare four regimens for
advanced NSCLC: CDDP plus irinotecan used as a
reference arm, CDDP plus VNR every 3 weeks, CDDP
plus gemcitabine and carboplatin plus paclitaxel. A
phase II study of VP therapy has not been conducted in
Japan. We the1efore carried out a phase II study of
VNR 25 mg/m?* on days 1 and 8 plus CDDP 80 mg/m>
on day 1 given every 3 weeks in advanced NSCLC to
evaluate the efficacy and safety of VP therapy.

Patients and methods

Patient selection

Patients eligible for the study were those admitted to our hospital
between August 1999 and October 2001 who were histologically or
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cytologically diagnosed as having NSCLC and who were in clinical
stage 111 or IV with unresectable disease, or in whom radiotherapy
with curative intent was not possible, including those who had
pleural effusion and dissemination, those with . intrapulmonary
metastasis within the ipsilateral lobe, those in whom the irradiation
field exceeded one-half of one lung, those with metastasis to the
contralateral hilar lymph nodes, and those with reduced lung
function. None of the patients had received prior therapy. Other
eligibility criteria included expected survival of 12 weeks, age
< 75 years, Eastern Cooperative Oncology Group performance
score (PS) of 0-2, measurable lesions, adequate hematological
function (WBC 24000/mm>, platelet count >100,000/mm?, hemo-
globin 210 g/dl), renal function (serum creatinine < 1.5 mg/dl,
creatinine clearance 260 ml/min), and hepatic function (total serum
bilirubin £ 1.5 mg/dl, serum GOT and serum GPT less than twice
the upper limit of normal). Written informed consent was obtained
from every patient with the statement that the patient was aware of
the investigational nature of this treatment regimen. Pretreatment
evaluation included medical history, physical examination, com-
plete blood count, serum biochemical analyses, chest roentgeno-
gram, electrocardiogram and urinalysis. All patients underwent
radionuclide bone scan and computerized tomography of the brain,
thorax, and abdomen.

Treatment

The anticancer drugs were administered via the intravenous route,
VNR 25 mg/m* (Navelbine, Kyowa Hakko Kogyo) on days 1 and
8 and CDDP 80 mg/m? (Randa, Nippon Kayaku) on day 1. This
combination therapy repeated every 3 weeks constituted a cycle of
treatment. The minimal number of cycles to be evaluated was two.
On day 8, the physician examined the patient and evaluated the
development of adverse events, and if leukocytes had decreased to
below 2000/mm?>, platelets had decreased to below 75,000/mm? or
fever with infection had occurred, administration of VNR on that
day was withheld at the discretion of the physician. To proceed
with the second and subsequent c%/cles, patients were required to
have a neutrophil count 21500/mm" and a platelet count 2100,000/
mm°. Those patients receiving granulocyte colony-stimulating
factor (G-CSF) were observed for 3 days after the final dose of
G-CSF to ensure that their neutrophil count was 1500/mm> or
more. Serum creatinine levels were required to be below the upper
limit of normal and serum GOT/GPT levels below twice the upper
limit of normal. In the presence of liver dysfunction due to
apparent liver metastasis, however, serum GOT and GPT levels
were required to be below three times the upper limit of normal. If
fever occurred or if the PS advanced to grade 3 or worse, the
subsequent cycle was postponed until the temperature fell below
38°C or until the PS returned to 2 or less. In the presence of grade 2
peripheral neuropathy dosing was temporarily postponed; with
improvement to grade 1 or less treatment was cautiously resumed,
but medication was discontinued if 6 weeks passed without any
improvement. Peripheral neuropathy (including transient) grade 3
or higher required discontinuation of treatment. For the third and
subsequent cycles, VNR or CDDP was decreased by 25% in
accordance with the treatment-related adverse events observed
during the preceding cycle. Steroid and HTj-antagonist were
administered to prevent nausea and vomiting.

Target population size and interim analysis

Simon’s two-stage minimax design [16] was used to estimate the
number of patients required for interim and final analyses at a
threshold response rate (Pg) of 0.20, an expected response rate (P))
of 0.40, «=0.05 and £=0.10. If the interim analysis revealed 6
responding patients out of 24, recruitment would be continued
until the target population size was achieved. The combination
therapy was considered effective if 14 or more of 45 patients
showed response in the final analysis.

Since an interim response rate of 48.1% (13/27) [11] was ob-
tained, it was necessary to enroll up to 45 patients for the final
analysis.

Evaluation of response and toxicity

Response and toxicity were evaluated on the basis of tumor images
obtained by CT and other techniques, laboratory data and sub-
jective/objective symptoms before, during and after administration
of the study drugs and during the period from completion of
treatment to the final analysis. Measurable disease parameters were
determined every 4 weeks by various means such as computerized
tomography. Evaluation was made in compliance with Response
Evaluation Criteria in Solid Tumors (RECIST) guidelines [14] for
antitumor activity and with NCI Common Toxicity Criteria ver-
sion 2 for safety. The Institutional Ethical Review Committee gave
approval to the study.

Results
Patient characteristics

Table 1 gives characteristics of the patients included.
Their median age was 59.5 years (range 35 to 75 years).
Male, PS 1 and adenocarcinoma predominated. There
were 26 patients (58%) with stage IV disease and 19
(42%) with stage 11IB disease.

Treatments administered

The total number of cycles administered was 126 with a
median of two per patient (ranging from one to four
cycles; Table 2) and 43 patients received two cycles or
more. In the two patients who received fewer than two
cycles, treatment was discontinued because of CDDP-
induced renal dysfunction in one and patient refusal in
the other. Patients who completed two cycles or more
accounted for 96% of patients (43/45). Except the two
patients who received only one cycle, the every-3-week

Table 1 Patient characteristics

Eligible patients () 45
Age (years)

Median 59.5

Range 35-75
Sex (1)

Male 34

Female 11
Performance status (n)

0 11

1 32

2 2
Histology (n)

Adenocarcinoma 30

Squamous cell carcinoma 9

Other 6
Stage (n)

111B 19

v 26
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Table 2 Efficacy of treatment (n=45)

No. of cycles

Median 2.0

Range 1-4
Response

Partial response 23

No change 21

Not evaluable 1
Response Rate (%) 51.1
95% CI (%) 35.8-66.3
1-year survival rate (%) 40

dosing schedule was adhered to by 88% of patients
(38/43) in the second cycle, 68% (17/25) in the third and
92% (12/13) in the fourth, with a total of 83% (67/81).
Only in two cycles was VNR withheld on day 8. The
dose of VNR was reduced in 9% of dose administrations
(22/250) and the does of CDDP was reduced in 8%
(10/126). The planned dose intensities were 16.7 mg/m?
per week for VNR and 26.7 mg/m? per week for CDDP
while the actual dose intensities were 16.4 and
24.7 mg/m? per week, respectively. The median delivered
dose intensity for CDDP (day 1) and VNR (days 1 and
8) of each course together was 90% or more (Table 3).

Efficacy of treatment
Of the 45 patients, 23 showed a partial response, 21
showed no change and 1 was not evaluable (Table 2).

The response rate was 51.1% (23/45; 95% CI 35.8% to

Table 3 Median delivered dose intensity

Median dose intensity (%)

131

66.3%; Table 2). The nonevaluable patient died of
sudden hemoptysis on the 22nd day after the start of the
second cycle (43rd day after the start of treatment) and
could not be evaluated. Ten patients were alive at the
time of this report. The time to progressive disease was
172 days and the median survival was 286 days (95% CI
248 to 404 days; Table 2). The 1-year survival rate was
40%.

Toxicities

Table 4 lists toxicities observed during the study.
Hematological and blood biochemical reactions in-
cluded a high incidence of leukopenia and neutropenia,
i.e. leukopenia and neutropenia of grade 3 or higher
occurred in 73% of patients (33/45) and 84% (38/45),
respectively. Neutropenia-associated fever was limited to
two patients. All neutropenic patients recovered upon
treatment with G-CSF. Platelets decreased in 4% of
patients (2/45). Creatinine was temporarily elevated in
15.6% (7/45).

Subjective and objective symptoms observed were of
grade 2 or less and included vomiting in 77.8% of pa-
tients (35/45), hiccough in 33.3% (15/45), constipation
in 40% (18/45), diarrhea in 22% (10/45), rash in 31.1%
(14/45) and injection site reaction in 26.7% (12/45). All
of these toxicities disappeared or improved with symp-
tomatic treatment. There were no toxic deaths.

Discussion

As for the VP regimen for advanced NSCLC, the every-
3-week dosing schedule has been tried in several medical
facilities [6, 13, 15, 17]. Table 5 summarizes the clinical

Course 1 Course 2 Course 3 Course 4 oytcomes of every-3-week VP therapy reported in the
CDDP 100 08 3 96 923 literature anod in this study. Response rates range from
28% to 57% and median survival is approximately
VBIR . 100 08.6 055 935 10 months. The results are similar among the studies.
ay ’ : ‘ In 96% of patients (43/45), two or more cycles of VP
Day 8 97.8 98.6 95.5 938 .. .
therapy were administered. The every-3-week dosing
Table 4 Toxicities (n=45) . . L.
Toxicity Grade (Common Toxicity Criteria) Grade 3/4 (%)
1 2 3 4
Leukopenia 4 3 25 8 33 (73%)
Neutropenia 2 2 i3 25 38 (84%)
Anemia 12 3 1 4 5(11%)
Thrombocytopenia 5 1 2 0 2 (4%)
Creatinine 5 2 0 0 -
Vomiting 29 6 0 0 -
Hiccough 15 0 0 0 -
Constipation 13 S 0 0 -
Diarrhea 9 1 0 0 -
Rash 10 4 0 0 -
Neuropathy 4 0 0 0 -
Injection site reaction 4 8 0 0 -
Alopecia 3 0 0 0
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Table 5 Outcomes of studies

CDDP (mg/m?)

2
of VP therapy (VNR days 1 Reference VNR (mg/m”)
and 8, CDDP day 1, every
3 weeks) 4 25

10 25
11 20-25
1 30

Present study 25

80
80
80
80
80

Response Median survival time (months)
28.3% (28/99) 9.2

56.7% (42/74)y 10

46.7% (14/30)  10.6

36.2% (47/130) -

51.1% (23/45) 9.6

schedule was adhered to in 85% of all cycles adminis-
tered. In cycles in which noncompliance was seen,
medication was postponed to the 4th to 5th week be-
cause, in most cases, the neutrophil count in the 3rd
week failed to meet the criterion for going on to sub-
sequent cycles. The planned dose intensity was almost
attained since the actual dose intensity was 16.4 mg/m>
per week for VNR and 24.7 mg/m? per week for CDDP,
accounting for 98% and 93% of the planned values,
respectively [13].

Most adverse reactions were hematological. In par-
ticular, leukopenia and neutropenia of grade 3 or worse
occurred in 73% and 84% of 45 patients, respectively.
Others have reported the incidence of leukopenia of
grade 3 or worse to be 8% to 33% [6, 13, 17]. Although
the difference in patient characteristics hinders simple
comparison and analysis of these data, it can be said that
leukopenia was more frequent in our study. The leuk-
ocyte count improved rapidly upon treatment with
G-CSF. Nonhematological toxicities were mild and
adverse reactions of grade 3 or higher were not noted.

The combination of VNR 25 mg/m? on days 1 and 8
and CDDP 80 mg/m? on day 1 was administered every
3 weeks to 45 patients with advanced NSCLC in this
phase II study. The response rate was 51.1%; the main
adverse effect was neutropenia. The high response rate
and good tolerability indicate that this combination
therapy is a safe and effective treatment for advanced
NSCLC. Its usefulness will be further verified in phase
111 studies.
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