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Expansion of genetically modified primary human hemopoietic cells using
chemical inducers of dimerization
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The inability to deliver a therapeutic gene
to a sufficient percentage of hematopoi-
etic stem cells is the major obstacle to
using gene therapy to treat blood disor-
ders. Providing genetically corrected stem
cells with a reversible growth advantage
could solve this problem. To this end we
have employed small synthetic mol-
ecules that can reversibly dimerize and
activate fusion proteins which contain a
growth factor receptor signaling domain.
We have shown that the thrombopoietin
receptor (mpl) signaling domain can be

used in this system to expand transduced
multipotential progenitor cells from
mouse bone marrow. In the present study
we tested a similar retroviral vector in
human CD34-selected cord blood cells.
Following transduction, cells cultured in
the presence of the dimerizing molecule
AP1903 expanded 13.8- to 186-fold rela-
tive to cells cultured in the absence of
AP1903. The cell type that emerged in
suspension culture was erythroid. Con-
trary to our results in the murine system,
cell expansion was transient. Activation

of mpl caused the disappearance of
BFU-E followed by a transient increase in
CFU-E. In contrast, mpl activation had no
discernable effect on transduced myeloid

progenitor cells. AP1903-mediated expan-
sion was restricted to transduced cells,

as demonstrated by immunohistochemi-

cal staining. These findings indicate that

synthetic dimerizing molecules can be

used to expand primary human hemato-
poietic cells. (Blood. 2000;95:430-436)
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Introduction

Inefficient gene delivery into the human hematopoietic stem cedreviously published studié8we demonstrated that transfer of a
presents what is arguably the single most formidable obstaclegene encoding a fusion protein which contains the signdlimgain of
stem cell gene therapy. One approach to achieving a therapeuticallgl allows for a marked and sustained expansion of multipotential
relevant frequency of genetically modified stem cells is to emplayurine progenitor cells in the presence of CID. In the studies
selection. Present methods to achieve selection rely on the trangiesented we evaluated whether CID-mediated activation of the
of a gene that confers resistance to a subsequently administargal-signaling domain could stimulate expansion of genetically
cytotoxic drug! In this setting, selection produces a preferentiahodified primary human CD34-selected cord blood cells.
elimination of unmodified cells.

An alternative approach for achieving selection uses a gene that
confers a reversible growth advantage in the presence of a synth@fiaterials and methods
drug. In this setting, unmodified cells fail to respond to the drug,
leading to the preferential expansion of the genetically correctéir materials included cytokines human stem cell factor (hSCF), human
population. Conditional cell growth can be accomplished througfferieukin-3 (hiL-3), and hiL-6 (Peprotech, Rocky Hill, NJ) and recombi-
the use of fusion proteins composed of a growth factor recepﬂEﬁ”t human erythropoietin (Or‘tho I_3|0t‘ech, Ra_rltan, NJ). Throughput this
signaling domain fused to a binding site for a synthetic drug Ca”éaport, stated G418 concentrations indicate active drug concentrations.
a chemical inducer of dimerization (CIB}.In order for the effects Retroviral construct
of selection to persist, it is expected that expansion must occur ) o
among genetically modified stem cells. Therefore, in order for thjd® MFM (MSCVF36Vmpl) retroviral vector is identical to the MSCV-

approach to produce a permanent increase in genetically modifRéac?ed vector described in our previous repdutjth the exception that a

I . i | les that ble of induci .gomt mutation was introduced into the FK506 binding protein (FKBP)
Cells, signaling molecules that areé capable of Inducing expansiQfl, i, 1o produce a substitution at amino acid position 36 from phenylala-

among stem cells must be identified. A molecule thatis a candidige 1o valine using primer-directed mutagenesis. The mpl signaling
for having this capacity is the thrombopoietin receptor (mpl).  gomain contained in this vector is derived from murine mpl.

In the context of a viral oncogene, the mpl signaling domain ' _
produces a myeloproliferative disorder in mice addition to the ~Retroviral producer lines
important role of mpl in megakaryocyte growth and differentiationzetroviral producer lines were generated as previously desciedrief,
it has also been demonstrated that mpl plays a role in th& MFM vector was transfected into the ecotropic packaging cell line
maintenance of multipotential progenitofsand stem cell$8°In  PE501. After 48 hours, supernatant was collected and used to transduce the
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MD) with hiIL-6, hIL-3, hSCF, and FIt3L (50 ng/mL each). Retronectin-

G418-resistant clones for genetic stability by Southern analysis testingaufated plates were preloaded with retrovirus by incubating supernatant on

Kpnl-digested genomic DNA. A clone was obtained with a titer of 30°

the plates 3 times for 15 minutes each incubation. Cells were then placed in

colony-forming units/mL. Retroviral supernatant was collected from subcowells containing an equivalent volume of retroviral supernatant, which was
fluent monolayers of MFM/PG13 producer cells after incubation for 48ollected in DMEM with 10% FBS. Anti—transforming growth factr

hours at 33°C.

Isolation of CD34-selected cord blood cells

CD34-selected cells were isolated from normal human umbilical cord bloo

(anti-TGR) antibody (R&D Systems, Minneapolis, MN) was added at a
concentration of 5 ug/mL and incubated for 12 hours at 37°C with 5% CO

Sduspension culture

scheduled for disposal after delivery. Mononuclear cells from total cowffter retroviral transduction, CD34-selected cord blood cells were washed
blood were separated from red blood cells using density gradient centrifugad cultured (either in the absence or presence of AP1903 [100 nmol/L]) in
tion (with a density of 1.077) on the cell separation medium (Lymphoprep¥ DM containing FBS, 10%; penicillin, 50 units/mL; and streptomycin, 50
Mediatech, Herndon, VA). Adherent cells were removed by incubating th®/mL. Human serum (10%) was also included in the cultures listed in
total cell suspension on tissue culture plates for 1 hour at 37°C. Immunomagperiments 1 and 2 (Table 1).

netic selection of the CD34 cells was accomplished using the MACS
system (Miltenyi Biotec, Auburn, CA), and the resulting purity of theC

CD34-selected cord blood cells is shown in Table 1.

Transduction of CD34-selected cord blood cells

lonogenic assays in semisolid media

Clonogenic assays were performed in triplicate in the presence of methylcel-
lulose, 1.2%; FBS, 30%; bovine serum albumin (BSA), 1%; 2-mercaptoeth-
anol (SIGMA, St. Louis, MO), 5< 104 mol/L; hIL-3, 5 ng/mL; hSCF, 50

CD34-selected cells were placed in 6-well Costar plates that had begymL; and human erythropoietin (h-epo), 5 units/mL (for measurements of
coated with CH296 fibronectin fragment (Retronectin; Takara Biomedicalsrythroid burst-forming units [BFU-Es]). Cells were cultured in a humidi-
Otsu, Japan) according to the manufacturer’s instructions. Cells wefed 37°C incubator with 5% C©OColonies were counted on day 14.

cultured for 24 hours at 32°C with 7.5% GOn Iscove’'s modified

Erythroid colony-forming unit (CFU-E) and megakaryocyte (CFU-Mk)

Dulbecco’s medium (IMDM) supplemented with fetal bovine serum (FBShssays were performed using a plasma clot assay as previously dedgribed.
10%; recombinant human interleukin 6 (rhiL-6), 100 ng/mL; rhiL-3, 5@CD34-selected cells were plated in 10% human plasma, 10% BSA, and
ng/mL; recombinant human stem cell factor (thSCF), 50 ng/mL; anto% bovine citrated plasma in addition to penicillin, 50 units/mL;
protamine sulfate, 4 ug/mL. Retroviral supernatant was added ats@eptomycin, 50 pg/mL; Cagl2 mmol/L; and thrombin, 0.25 units/mL.
multiplicity of infection of approximately 4:1. After 24 hours the supernaGrowth factors included erythropoietin (epo), 2 units/mL; IL-3, 5 ng/mL;
tant was removed, and fresh viral supernatant was added. After @ng, 3.5 ng/mL; SCF, 50 ng/mL; and thrombopoietin conditioned media.
additional 24-hour incubation, nonadherent cells were removed, countegsU-E colonies were analyzed at days 5 to 7, while CFU-Mk colonies were
and divided among the experimental conditions. Transduction efficiengyalyzed after 13 days of culture. Individual plasma clots were removed and
was determined by performing methylcellulose assays both in the presenggened on a gelatin-treated slide. For CFU-E assays, clots were fixed with
and absence of G418 (1.2 mg/mL). In 1 experiment (Table 1), transductigfitaraldehyde and stained with hematoxylin and benzidine. CFU-Mk
conditions were modified by the addition of a 24-hour preincubation step #dlonies were identified by staining with a biotin-labeled anti-CD41
which the cells were cultured in DMEM with 16% FBS in the presence gfntihody. This was followed by staining with a streptavidin-labeled alkaline

IL-3, IL-6, FIt3L, and SCF (50 ng/mL each).

phosphatase (Vector Laboratories, Burlingame, CA) in accordance with the

An additional method for transduction, based on the report of Dao aRf-ommendations of the manufacturer.
Nolta,'? was tested as indicated in Table 1. CD34-selected cord blood cells
were preincubated for 12 hours (ExVivo 15; Biowhittaker, WalkersvilleFlow cytometry

Table 1. Summary of experiments

% CD34+ % G418-Resistant
Prior to CFU-GM (BFU-E)
Initiating Following
Transduction Transduction Conditions Transduction

1 20 IL-3, IL-6, SCF* 8.7

2 20.5 IL-3, IL-6, SCF 66

3 89.9 IL-3, IL-6, SCF 175

4a 88.2 IL-3, IL-6, SCF 20.2

4b 88.2 IL-3, IL-6, FIt3L, SCF, « TGFRT 30 (25)

5 65 IL-3, IL-6, SCF 10 (18.6)

6a 79.3 IL-3, IL-6, FIt3L, SCF, « TGFB 22

6b 79.3 IL-3, IL-6, SCF, FIt3Lt 15 (14.5)

7 93.2 IL-3, IL-6, FIt3L, SCF, « TGFB 20 (8.8)

*Experiments 1, 2, 3, 4a, and 5 used a transduction method that entailed
incubation of retroviral supernatant with CD34+ cord blood cells in DMEM with 15%
FBS and hIL-6, 100 ng/mL; hIL-3, 50 ng/mL; and rhSCF, 50 ng/mL. The media were
replaced with fresh viral supernatant and cytokines at 24-hour intervals for three
days.

TExperiments 4b, 6a, and 7 used a transduction method adapted from Dao and
Nolta.'2 CD34—-selected cord blood cells were incubated for 12 hours in serum-free
media (ExVivo 15, BioWhittaker) in the presence of IL-3, IL-6, FIt3, and SCF (50
ng/mL each). Following prestimulation, an equivalent volume of retroviral supernatant
was added, and the cells were cultured for an additional 12 hours.

FThe transduction procedure for experiment 6b was equivalent to that described
for experiments 1, 2, 3, 4a, and 5 except for the addition of a 24-hour prestimulation
step that was performed in the presence of IL-3, IL-6, FIt3L, and SCF (50 ng/mL
each).

Cells were centrifuged and resuspended in phosphate-buffered saline
(PBS)/BSA/Azide, then incubated with directly conjugated primary antibod-
ies phycoerythrin-labeled (PE-labeled) antiglycophorin A and PE-labeled
anti-CD33 (Becton Dickinson, Franklin-Lakes, NJ) at 4°C for 30 minutes.
The cells were then centrifuged, washed once with PBS/BSA/Azide,
resuspended in PBS/BSA/Azide, and analyzed with a flow cytometer
(Coulter XL-MCL; Coulter Electronics, Miami, FL). We collected 10 000
gated cellular events during analysis for each specimen. Cellular events
were identified on the basis of CD45 expression (PE-Cy5 anti-CD45;
Immunotech, Westbrook, ME), and forward/side scatter gating was used to
exclude cellular debris and aggregates. Gates were set by comparing each
specimen with isotype-matched negative control antibodies.

Immunohistochemical staining

Immunocytochemistry was performed on cytospin preparations of CD34-
selected cord blood cells using the monoclonal antibody HA .11 (BAbCO,
Richmond, CA). This antibody recognizes the influenza hemaglutinin
epitope tag (Figure 1A). After fixation in 95% ethanol, cytospins were
incubated overnight at 4°C with HA .11 in PBS. This was followed by
secondary staining with a biotinylated goat antimouse antibody (Signet
Laboratories, Dedham, MA) at room temperature for 20 minutes. Slides
were then incubated with peroxidase-labeled streptavidin (Signet Laborato-
ries) for 20 minutes. The peroxidase reaction was performed by mixing 0.5
mg/mL 3-amino-9-ethylcarbazole (Signet Laboratories) in 0.15 mol/L
Tris-HCI with 0.1% hydrogen peroxide. Cells were counterstained with
methylene blue (Biochemical Sciences, Swedesboro, NJ). The proportion
of positive cells was evaluated under high-power light microscopy. At least
500 cells were scored from each sample.
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Figure 1. The MFM vector can mediate a dramatic expansion of mouse bone
marrow cells in the presence of AP1903. (A) MFM is an MSCV-based retroviral
vector. The gene encoding the F36Vmpl fusion protein is transcribed from the
long terminal repeat (LTR). The neo gene is transcribed from the phosphoglyceate
kinase (PGK) promoter. In Figure 1A, M indicates myristylation domain; HA, epitope
tag from influenza hemagglutinin; F36V, the CID-binding domain; and mpl, the
intracellular signaling domain of murine mpl. (B) Mouse bone marrow was transduced
with the MFM vector and then incubated in the absence (O) or presence (®) of
AP1903 (100 nmol/L). The transduced mouse bone marrow cells cultured in the
absence of AP1903 died over a 2-week period, while the cells cultured in the
presence of AP1903 exhibited a dramatic expansion, similar to our previously
published results using FK1012.10

Results

Experiments were performed to test whether CID-mediated activa 108
tion of the mpl-signaling domain can function to expand primary

human CD34- cells.

CID-mediated expansion of transduced CD34  + cord blood cells
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MFM vector was used to generate a PG13-based producer cell
line!* for transduction of human CD34-selected cord blood cells.

Transductions of CD34-selected cord blood cells were carried
out as described in “Materials and Methods.” The presence of a
neo gene in the MFM vector allowed gene transfer rates to be
determined by performing colony assays both in the presence and
absence of G418. Rates of gene transfer into progenitors ranged
between 10% and 66%. A summary of our experiments is shown in
Table 1. Following transduction, cells were placed in IMDM with
10% FBS, either in the presence or absence of AP1903, at a
concentration previously determined to be optimal for the expan-
sion of transduced mouse bone marrow cells (100 nmol/L).
Mock-transduced cells that were incubated either in the presence or
absence of AP1903 provided an additional control. The effects of
AP1903 were evaluated in the absence of growth factors other than
those present in serum.

As shown in Figure 2, some degree of cell expansion was
observed in each of the conditions tested. Both MFM-transduced
cells cultured in the absence of AP1903 and mock-transduced cells
displayed a 3-fold increase in cell number, which peaked at days
5-10 of culture and fell thereafter. This relatively modest level of
cell growth in the controls may be attributable to the persistent
effects of growth factors that were present at the time of the
transduction procedure. However, MFM-transduced cells cultured
in the presence of AP1903 exhibited a maximal 186-fold increase
in cell number by day 15. In contrast to results obtained using
primary mouse bone marrow celssustained growth of trans-
duced human hematopoietic cells was not observed. The addition
of Flt3 ligand (50 ng/mL) to AP1903 failed to result in improved
cell growth (data not shown). The ability of AP1903 to induce a
transient expansion of MFM-transduced cord blood cells was
highly reproducible. In each of 7 independent experiments (Figure
3A), MFM-transduced cells cultured in the presence of AP1903
were expanded between 13.8-fold and 186-fold relative to cells
cultured in the absence of AP1903. In contrast, AP1903 had no
effect on the growth of mock-transduced cells (Figure 3B).

The MFM vector used for our studies (Figure 1) encodes a fusiorg
protein that contains a myristylation domain which targets the &
molecule to the cell membrane, a CID-binding domain, the =2
cytoplasmic portion of murine mpl, and an epitope tag. TheE
CID-binding domain has been modified to accommodate binding tg
a new class of synthetic CID$.In contrast to dimerizing agents, ©
such as FK1012, which can bind endogenous FKBPs, a ne\
synthetic dimerizer, AP1903, has been developed to reduce associ
tion with naturally occurring FKBPs. The AP1903 dimerizer
specifically binds to a mutated FKBP termed F36V, which contains

a phenylalanine to valine substitution. This combination of ligand-
FKBP has been shown to allow for CID-mediated activation of the
Fas signaling pathway.Retroviral transfer of the MFM vector into
Ba/F3 cells allows for AP1903-mediated cell growth as reportec.
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previously for FK1012 (data not shown). In addition, retrovirakigure 2. Expansion of transduced cord blood cells in the presence of AP1903.
transfer of the MFM vector into primary mouse bone marrow Ce|gD34-seIected cord blood cells were transduced using the MFM vector (Table 1,

results in dramatic cell growth that is dependent on AP1903 (Figuy,
1B). This is similar to our previous findings using FK109Z he

Experiment 3). Following transduction, cells were cultured either in the presence (®)
bsence (0) of AP1903. Controls included mock-transduced cells cultured in the
presence (#) or absence (<) of AP1903.
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Figure 3. MFM-transduced CD34 + cord blood cells consistently expand in the
presence of AP1903. The maximal level of cell expansion of MFM-transduced (A) C D
and mock-transduced (B) cord blood cells was plotted for each of the experiments 10
listed in Table 1. Each line represents one experiment. The addition of AP1903 =—
resulted in a 13.8-fold to 186-fold expansion compared with cells cultured in the g 8 g
absence of AP1903. = x
Q° H
3 =
) o 5 4 iy
Cells expanded in the presence of CID belong primarily 5 o
to the erythroid lineage e 2 3
The lineage of cells expanding in response to AP1903 was 0 7 14 21 28 35 0 7 14 21 28

evaluated by Wright-Giemsa staining and flow cytometry a&igure 5. AP1903 produces a transient expansion of CFU-E.  Total BFU-E (A),

various time points during the culture. In cultures that containgfu-E (B), CFU-GM (C), and CFU-Mk (D) values were determined for cord blood

AP1903. the predominant cell type was erythroid as confirmed B?usduced with the MFM vector, expanded in the absence and presence of AP1903.
’ ! cell

ber?ZIdme _Stammg (dgta not Shown? and flOW Cytometry usm_g %ta not shown). BFU-e, CFU-GM, and CFU-Mk values decreased regardless of
antibody directed against glycophorin A (Figure 4). Glycophorin Anether CID was present. CFU-E increased on day 7, then diminished, and was

positive cells were evident by day 7 of the culture, and by day 2
89% of cells cultured in AP1903 were glycophorin A positive

absence of myeloid cell expansion occurred despite having achie\é% erved. This time frame correlated with the disappearance of

transduction rates into granulocyte/macrophage colonies (CFEJFU-E and presaged the emergence of glycophorin A positive cells
GM) of up to 66% (Table 1). In the absence of AP1903, cultur%

contained a large percentage of dying cells; most surviving ce,
displayed CD33.

Wg nex_t mvestlg_ated whether CID-mediated .actlvatlon of tht_‘?on of erythroid cells.
mpl-signaling domain could stimulate an expansion of clonogenic
progenitor cells. Cells were removed from the culture at varioll expansion in response to AP1903 is restricted
time points and analyzed for progenitor content as previousythe transduced population
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Figure 4. Cells expanded in the presence of AP1903 are predominately
erythroid. CD34-selected cord blood cells were transduced with the MFM vector and
incubated in the presence or absence of AP1903. On the days indicated, aliquots of
cells were removed from the suspension culture and tested by flow cytometry for
binding of antibodies directed against glycophorin A and CD33. The cells incubated
without the drug died following day 7 and were therefore not available for analysis.

expansion occurred in the presence of AP1903, similar to previous experiments

q_e’pendent on the presence of AP1903. ® = + AP1903; O = —AP1903.

1

-E in response to AP1903 was

igure 5, panel B). These observations are consistent with
D-mediated differentiation of transduced BFU-E, which results
in an orderly progression to CFU-E and then terminal differentia-

To evaluate the possibility that the erythroid cell expansion was the
indirect result of growth factor secretion in response to the CID, we
directly examined the expanded cells for the presence of the
F36Vmpl fusion protein. Immunohistochemical analysis was per-
formed using an antibody directed against the HA epitope tag
present on the fusion protein (Figure 1). Up to 86% of cells
expanded in the presence of AP1903 expressed the fusion protein
(Figure 6A, B, and C; Table 2). In contrast, only 9%-14% of cells
cultured in the absence of CID expressed the fusion protein. This
frequency was similar to the rate of gene transfer into progenitors
as assessed by colony assays. The persistence of low-frequency HA
positive cells in the absence of CID suggests that transduced cells
were neither preferentially expanded nor eliminated from culture in
the absence of selection. The restriction of AP1903-mediated
expansion to the transduced cell population suggests that AP1903
exerted a direct differentiative effect on genetically modified
erythroid progenitor cells.

20z dunr g0 uo 1s8nb Aq Jpd-0£H/98E099L/0E7/2/S6/1Pd-8l0NE/POO|q/1eU"SUONEDlgNdYSE//:dNY WOy papeojumod

AP1903 can support BFU-E and CFU-Mk development in
semisolid culture and can synergize with other cytokines

To directly analyze progenitor response to AP1903 in the context of
other cytokines, cord blood cells were cultured in semisolid media
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Figure 6. CD34 + cord blood cells transduced with the MFM vector and expanded with AP1903 express the F36Vmpl transgene. Immunohistochemical staining was

performed to identify cells that contain the HA epitope as part of the F36Vmpl transgene. (See “Materials and Methods” for a complete description of the method.) Cord blood
cells were transduced with the MFM vector and then incubated in the presence (A) or absence (B) of AP1903 for 14 days prior to staining for the HA epitope. Panel C shows
mock transduced cells incubated for 14 days and then stained for the presence of the HA epitope.

with AP1903 alone or in combination with SCF and IL-3. Toadministration of the corresponding selective drug regimen. Two
provide positive controls, progenitor assays were performed in thequirements must be met. First, achieving a sustained expansion
presence of erythropoietin, SCF, and IL-3 (Figure 7, panel Q)f the selected cell population requires that selection be imposed
Colony assays performed in the presence of AP1903 gave riseatnong stem cells. Sorrentino and colleagdehave recently
BFU-E but failed to generate CFU-GM beyond those observed éemonstrated that stem cell selection can be accomplished through
the absence of CID (Table 3). The addition of SCF and IL-3 to tHeansfer of the dihydrofolate reductase gene followed by administra-
culture conditions resulted in an increase in the total number tn of drugs that preferentially eliminate unmodified progenitors
BFU-E as well as in an increase in the size of the BFU-E colonie@sd stem cells. Second, clinical applicability requires that the drugs
(Table 3 and Figure 7, panels A and B), suggesting synergy betwessed for selection be well-tolerated.

the fusion protein and SCF and/or IL-3. The average size of An alternative to preferentially eliminating nontransduced cells
colonies cultured in the presence of AP1903 were 2400 cells/
colony; AP1903/SCF/IL-3, 11 400 cells/colony; and epo/SCF/IL-3,
27 600 cells/colony. Plasma clot assays were performed in th
presence and absence of AP1903 to determine if CFU-Mk develog
ment could be supported in the absence of added cytokines. Figu
7 (panel D) shows a representative megakaryocyte colony the
developed in the presence of AP1903. Activation of the mpl
signaling domain through CID-mediated dimerization was able tc
support colony growth from transduced BFU-E and CFU-Mk but
was unable to support colony growth from transduced CFU-GM.

C

Discussion

The inability to deliver genes to more than a small fraction of B
human stem cells poses a major obstacle to gene therapy for a wic
range of hematological disorders. Using selection in vivo has

important theoretical advantages. A clinically effective method for o : 2 g
selection may allow stem cells to be harvested from a patient O . : .!;‘5
transduced, and reinfused with little or no conditioning. The - e o Gy
transduced cell population could then be expanded through in vivt ° .9. a
et - et
& . -
Table 2. CD34-selected cord blood cells transduced with the MFM vector = 0 »
and expanded with AP1903 express the F36Vmpl transgene oy bt
Day +AP1903 —AP1903 Mock Figure 7. Erythroid and megakaryocytic progenitors transduced with the MFM
vector develop into colonies in the presence of AP1903 alone. Immediately after
7 718 8.5 13 transduction with the MFM vector, CD34+ cord blood cells were plated in colony
14 86.5 13.6 4 assays with different combinations of drug and cytokines. Displayed in panels A-C are
28 65.3 11.8 1.3 representative BFU-E colonies with the following conditions: (A) BFU-E assays with

AP1903 alone; (B) BFU-E assays with AP1903, SCF, and IL-3; (C) BFU-E assays

Immunohistochemical staining was performed to identify cells that containthe HA  with epo, SCF, and IL-3; and (D) a representative megakaryocytic colony from
epitope as part of the F36Vmpl transgene. Stained cells were counted, and the plasma clot assays plated in AP1903 alone. The cells were stained for CD41
percentage of HA-positive cells per sample was tabulated. expression, as detailed previously.
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Table 3. AP1903 can support BFU-E colony development but not CFU-GM mouse bone marrow. Th|rd, the lack of human progenitor cell
BFU-E CFU-GM  expansion may be attributable to qualitative or quantitative differ-
No drugs o cytokines 0 16.4 ences in mpl-activated signaling pathways between the murine and
+AP1903 4 16 human hematopoietic systems. This possibility implies that human
+AP1903, SCF, IL-3 6.2 24 progenitor cell expansion might be achievable if the signaling
SCF, IL-3 0 37.1 pathways that are activated in the mouse system could be precisely
Epo, SCF, IL-3 54 44 replicated. We are presently testing a retroviral construct that

Following transduction with the MFM vector, CD34-selected cord blood cells contains the cytoplasmlc pOI’tIOI’] of human mpI.Afourth pOSS|b|“ty
were plated in methyl-cellulose assays with cytokines or CID, as marked. The IS that our transduction conditions failed to deliver the vector into
resulting colony numbers are displayed per 1000 cells. AP1903 alone was capable of  the human equivalent of the transduced pluripotent mouse cell that
supporting BFU-E development but not a CFU-GM development. The addition of . . .
SCF and IL-3 to the culture resulted in a synergistic effect on BFU-E development. It was Capable of EXpandlng for over 300 days. PreI|m|nary experi-
should be noted that 20% of colonies were transduced and therefore capable of ~Ments in the NOD-SCID (non-obese diabetic severe combined
responding to CID. immunodeficiency) mouse model indicate that 3% to 5% of SCID

repopulating cells have been transduced (data not shown). Never-

is to preferentially expand the transduced cell population. Towatgeless, these findings do not exclude the possibility that transduc-
this goal we have adopted a system that allows intracellulien of an even more primitive cell type may be required in order to
signaling to be reversibly controlled using the CID, FK1642In ~ achieve a sustained proliferative effect. The possibility remains that
previous studies we have used genes that encode fusion protéiffdough the MFM vector may be the proper ‘seed’ to stimulate
containing the epo receptdi-kit,1” or c-mpk° signaling domains Primitive cell growth, we may have not delivered it into the
to generate FK1012-dependent cell lines. Furthermore, FK101mcessary cellular ‘soif?
mediated activation of the mpl signaling domain produces a Our findings demonstrate that mpl signaling in primary human
dramatic expansion of transduced primary murine bone marrdwmatopoietic cells is sufficient for full erythroid and megakaryo-
cells. Identical results have been obtained using the alternateyic differentiation. The ability of mpl to permit differentiation of
CID, AP1903, and its cognate binding site, the F36V-modifieerythroid progenitor cells is in agreement with 2 previously
FKBP domain (Figure 1). published report3--22Thrombopoietin administration was permis-
Two highly reproducible features of this system merit commengive for erythroid differentiation of fetal liver cells derived from the
First, expansion of murine bone marrow cells in the presence efythropoietin receptor null mougéwhile ectopic expression of
CID is sustained. Murine bone marrow cells can be expanded f@mpl in transduced mouse bone marrow cells allowed for thrombo-
longer than 300 days in serum-containing cultures with FK10lgbietin-dependent differentiation of transduced BF&-EB.support-
but without the addition of cytokines. Second, cells expanded ing full erythroid maturation, CID-mediated mpl signaling acts in a
response to FK1012 include multipotential progenitor cells andanner similar to the combination of epo and S€IR our studies,
differentiated megakaryocytes. The results that we have obtaireD34+ cells were exposed to SCF during the transduction
using human cells differ significantly from our results in miceprocedure, possibly rendering transduced BFU-E competent to
CID-mediated activation of the mpl signaling domain in humarespond to mpl activation. In contrast, we did not observe
CD34-selected cord blood cells produced only a temporary expafifferentiation of transduced CFU-GM when mpl was activated, as
sion, which was exhausted after 28 days of culture. Transdudggk been noted in a previous repdrthese findings indicate that
human BFU-E, CFU-GM, and CFU-Mk all failed to amplify in signals emanating from activated cytokine receptors are not strictly
response to the CID, while CFU-E rose transiently due to appareiferchangeable between progenitors of all lineages.
differentiation of transduced BFU-E. These studies demonstrate that CIDs can specifically deliver a
What factors might account for the different responses to mplitogenic signal to genetically modified primary human hematopoi-
activation between mouse and man? There are several possibiliti@f cells. Further studies are required to define and manipulate

First, mpl-activated signaling pathways in the human cellulajignals that are capable of inducing human stem cell expansion.
environment may be identical to those in the mouse but incapable

of eliciting expansion among human progenitor cells. In particuldr,
hum.a'm stem cell expgnsion may requjre enviror'm.]e.ntal sigpalsﬂbknowbdgments

addition to those provided by mpl. In this context it is interesting to

note that bcr-abl, an oncogene with a demonstrated capacity Tdre authors would like to thank Denise Farrar and Donna Ceniza
stimulating human stem cell expansion, can produce preferenfiat expert technical assistance, David W. Emery for technical
cell expansion only in the in vivo settif§1°This suggests that the advice, Mo Dao and Jan Nolta with help developing transduction
selective advantage conferred by this oncogene requires supplenosemditions, and Michael Gilman and Tim Clackson (Ariad Pharma-
tal signals from the environment. Second, there may be a differerammuticals) for providing AP1903. We would also like to thank Ortho
in the frequency of the multipotential, expandable progenitors Biotech of Raritan, NJ, for the generous gift of recombinant human
human cord blood when compared with 5 fluorouracil-treateztythropoietin.
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