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Abstract

Clinical uses of gene transfer to bone marrow transplants re-
quire the establishment of a reproducible method for infecting
large numbers of very primitive hematopoietic cells at high
efficiency using cell-free retrovirus-containing media. In this
study we report the results of experiments with preparations of
a high-titer (2-5 X 107/ml) helper-free recombinant neor retro-
virus that indicate this goal can now be achieved based on mea-
surements of gene transfer efficiencies to cells referred to as
long-term culture initiating cells (LTC-IC) because they give
rise to clonogenic cells after 2 5 wk in long-term culture (LTC).
Intermittent, repeated exposure of normal human marrow
mononuclear cells to virus-containing supernatant over a 3-d
period of cell maintenance on an IL-3/granulocyte colony-
stimulating factor (G-CSF) producing stromal layer resulted in
gene transfer efficiencies to LTC-IC of 41%; a level previously
obtainable only using co-cultivation infection techniques.
Marrow-cells enriched 2 500-fold for LTC-IC (1-2% pure) by
flow cytometry showed gene transfer efficiencies of 27% when
infected in a similar fashion over a shorter period (24 h), but in
the presence of added soluble IL-3 and G-CSF without stromal
feeders, and this increased to 61% when Steel factor was also
present during the infection period. By using a less highly
enriched population of LTC-IC obtained by a bulk immunose-
lection technique applicable to large-scale clinical marrow har-
vests, gene transfer efficiencies to LTC-IC of 40% were
achieved and this was increased to 60%by short-term preselec-
tion in G418. Southern analysis of DNAfrom the nonadherent
cells produced by these LTC over a 6-wk period provided evi-
dence of clonal evolution of LTC-IC in vitro. Leukemic chronic
myelogenous leukemia LTC-IC were also infected at high effi-
ciency using the same supernatant infection strategy with
growth factor supplementation. These data demonstrate the fea-
sibility of using cell-free virus preparations for infecting clinical
marrow samples suitable for transplantation, as well as for fur-
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1. Abbreviations used in this paper: CML, chronic myelogenous leuke-
mia; LTC-IC, long-term culture initiating cell(s); NA, nonadherent;
PCR, polymerase chain reaction; SCF, stem cell factor (Steel factor).

ther analysis of human marrow stem cell dynamics in vitro. (J.
Clin. Invest. 1992.89:1817-1824.) Key words: chronic myelog-
enous leukemia * growth factors - long-term culture

Introduction

Gene transfer is now widely recognized as a powerful tool for
analysis of biological events and disease processes at both the
cellular and molecular level. More recently the potential use of
gene transfer technology for therapeutic applications has also
received considerable attention. Retrovirally mediated gene
transfer to human lymphocytes has recently been tested in clin-
ical trials aimed at treating patients with genetic disease (adeno-
sine deaminase deficiency; see reference 1),and protocols have
been approved to use retroviral marking of bone marrow cells
in the context of autologous bone marrow transplantation for
malignant disease. In the latter instance, it is hoped that this
approach will provide new information concerning the dy-
namics of marrow recovery and the origin of cells contributing
to relapse. Although a variety of cell types may serve as useful
targets for gene transfer in the clinical setting, extensive experi-
ence with bone marrow transplantation and progress in isolat-
ing and defining the cells likely to be responsible for permanent
reconstitution of the hematopoietic system have focused inter-
est on primitive hematopoietic cell targets.

Numerous studies documenting retroviral mediated gene
transfer to murine bone marrow cells with long-term repopu-
lating ability have now been reported (2-6). Such studies have
contributed to a better understanding ofthe proliferative capac-
ity of individual repopulating cells (7) and of the clonal dy-
namics of repopulation (8, 9), although reproducible, persis-
tent expression of the transferred gene at desired levels remains
a matter of concern (10, 1 1). Results with larger animals such
as dogs (12-15), sheep (16), and nonhuman primates (17, 18)
have been less impressive, although efficient gene transfer to
hematopoietic colony-forming progenitors in these species has
been obtained. Gene transfer to human hematopoietic colony-
forming progenitors using retroviral vectors has also been re-
ported by a number of groups (19-27). Exposure of the target
cells to growth factors during the infection period has emerged
as an important factor in both murine and human studies (21,
24, 28, 29) and, by using an infection protocol incorporating
growth factor stimulation, we have recently shown that high
gene transfer efficiency to a more primitive human cell type
that gives rise to clonogenic progenitors after 2 5 wk in long-
term culture (LTC)' can also be achieved (24). Similarly, Dick
et al. (25) have demonstrated that retrovirally marked human
progenitors can be detected for many weeks after transplanta-
tion of infected human marrow into immunodeficient mice.
Such evidence strongly suggests that hematopoietic cells able to
regenerate blood cell formation in bone marrow transplant re-
cipients can be transduced by retroviral vectors.
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Efforts to optimize gene transfer efficiencies have concen-
trated primarily on infection strategies involving co-cultivation
of the hematopoietic target cells with virus-producing cells.
However, the advantages of this approach may be offset by a
diminished recovery of the most primitive cells which are,
themselves, adherent (6, 30, 31). Moreover, the risk of viral
producer cells contaminating the target cells renders such
methods unsuitable for clinical applications. The present stud-
ies were undertaken to determine whether procedures could be
devised that would retain high gene transfer efficiency to very
primitive human hematopoietic cells (both normal and leuke-
mic) following their exposure to cell-free medium conditioned
by virus producer cells. Given the practical advantages of re-
duced volume exposures and/or increased virus to cell ratios
obtainable with purified precursor populations, gene transfer
to variably enriched suspensions of CD34' cells was also evalu-
ated.

Methods

Cell lines. The amphotropic retroviral packaging cell line GP-AM12
and the ecotropic packaging line GP-E86 (32) were used for generation
of helper-free recombinant virus. Both lines were cultured in HXM
medium, which is a Dulbecco's modified Eagle's medium (DME; Terry
Fox Laboratory Media Preparation Service, Vancouver, BC), supple-
mented with 10% heat-inactivated (550C for 30 min) newborn calf
serum (Gibco-BRL, Burlington, Ontario), hypoxanthine (15 jg/ml;
Sigma Chemical Co., St. Louis, MO), xanthine (250 ug/ml; Sigma
Chemical Co.), and mycophenolic acid (25 jig/ml) (Gibco-BRL). For
GP-AM12 cells, hygromycin B (200 ug/ml; Boehringer Mannheim,
Mannheim, FRG) was also added to the HXMmedium. Where indi-
cated, neor virus-producing cell lines were maintained in G418 (1 mg/
ml; Gibco-BRL). All cells were maintained at 370C in an atmosphere
of 5% CO2. M2-1OB4 cells, a murine marrow stromal cell line (33),
were grown in RPMI medium with 15% fetal calf serum (FCS).

Retroviral vectors. All experiments utilized a retroviral vector based
on JZenl in which the 3' LTR enhancer region is derived from the
myeloproliferative sarcoma virus (34), obtained from Dr. S. Cory,
Walter and Eliza Hall Institute, Melbourne, Australia. To construct
JZen-neo, an 854-basepair MluI/HincII fragment encompassing only
the coding region of the neor gene was isolated from PMCIneo (35),
blunted, and inserted into the HpaI site of JZenl by using standard
procedures.

Retroviral production. High-titer clones of virus-producer cells were
obtained by using a sequential infection strategy. GP-E86 cells were
first transfected with a calcium phosphate preparation of JZen-neo.
Medium from these cells was then used to infect GP-AM12 cells and
these were then cloned and individually titred. The highest-titer clone
of GP-AM12 (- 106/ml) was seeded at low density and then repeatedly
infected (X6) with medium from GP-E86-JZen-neo to obtain an am-
photropic producer line yielding titers of 2-5 X 107 neor viruses/ml.
Virus-producing lines used in these studies were found to be helper
virus-free both by the S+ L- assay (36) and by demonstrating lack of
serial transfer of neor from an infected human cell line to 3T3 cells.

Source of target cells. Leftover cells from diagnostic marrow aspi-
rates or bone marrow transplant harvests, or peripheral blood samples
from chronic myelogenous leukemia (CML) patients with elevated
numbers of circulating leukemic progenitors were obtained with in-
formed consent. In some experiments, light-density cells were partially
purified by centrifugation on either a Percoll (< 1.068 g/ml) (Pharma-
cia Canada Ltd., Baie d'Orfe, Quebec) gradient (37) or on Ficoll (1.070
g/ml) (Pharmacia LKB, Bromma, Sweden). Marrow cells enriched
. 500-fold for LTC-initiating cells (LTC-IC), 1-2% pure, were isolated
as previously described by fluorescence-activated cell sorting (FACS) of
light-density marrow cells and collection of a fraction characterized by
low forward light scatter, low orthogonal light scatter, low HLA-DR
expression (DR'), and high CD34 expression (CD34++; 37).

A less highly enriched LTC-IC population, but one providing larger
starting numbers of cells (CD34' cells), was obtained from marrow
retrieved from vertebral bodies of normal organ donors (provided by
Dr. M. Strong and colleagues at the Northwest Tissue Center, Seattle,
WA). A light-density (< 1.068 g/ml) fraction of these cells was obtained
by centrifugation on percoll and aliquots then frozen for later use.
CD34' cells were selected by labeling first with anti-CD34/anti-dex-
tran tetrameric complexes, and then with magnetic dextran particles
(38, 39). The separation was carried out by passing the cells over a
high-gradient magnetic filter (38, 40). The resultant population con-
tained 71±6% (mean±SD) CD34' cells.

Target cell infection using producer cell-conditioned medium. Me-
dium conditioned by virus-producer cells was obtained by replacing
the medium on near confluent dishes of virus-producer cells, 24 h
before planned infections, with DMEplus 10% newborn calf serum.
This medium was removed at the time of infection and filtered through
a 0.22-,gm low-protein binding filter (Millex-GV, Millipore Corp., Bed-
ford, MA), and the target hematopoietic cells were resuspended in this
conditioned medium to which 4 ,g/ml polybrene was also added. The
cells were then incubated for 2 h at 370C, then centrifuged, and resus-
pended in LTC medium (see below). Three repeat cycles of this 2-h
infection protocol were carried out either over a 24-h period for sorted
cells, or once each day for 3 d for other types of target cells. After the
infection procedure was finished, an aliquot was removed for clono-
genic assays and the remainder used to initiate LTCas described below.

Various growth factors were used to supplement both the virus-
containing medium and the LTCmedium in which the cells were incu-
bated during and between each infection. Humangranulocyte colony-
stimulating factor (G-CSF) and interleukin 3 (IL-3) were derived from
partially purified conditioned media from Cos cells that had been
transfected in our laboratory with the corresponding cDNAs. These
were used at a final concentration of 20 ng/ml each. Humanstem cell
factor (SCF or Steel factor; 41, 42) was obtained from Amgen, Inc.
(Thousand Oaks, CA) and used at 100 ng/ml.

Clonogenic progenitor assays. Methylcellulose culture assays were
performed as previously described (43). Granulocyte/macrophage col-
ony-forming unit (GM-CFU) colonies were scored after 10-14 d of
incubation, and large erythroid burst-forming unit (BFU-E) colonies
(from primitive BFU-E) were counted in the same cultures after 18-21
d using established criteria (43). In all experiments, control cells were
subjected to the same manipulations (with fresh medium replacing the
virus-containing conditioned medium) and then plated with or with-
out G418 at the same time as the infected cells. G418 was used at a final
concentration of 1.6-1.8 mg/ml (depending on the lot of G418), which
produced no colony growth from uninfected cells. The neor transfer
efficiency was calculated as the number of G418-resistant colonies ob-
served divided by the number of colonies obtained without G418, ex-
pressed as a percentage.

LTC-IC assays. In general these were carried out as previously de-
scribed (44, 45). Normal marrow cells were seeded onto a near-con-
fluent irradiated layer (in 60-mm dishes) of murine M2- 10B4 cells half
of which had been engineered to produce human G-CSFand the other
half human IL-3 (45, 46). Under these conditions these feeders main-
tain growth factor concentrations of 9 ng/ml for IL-3 and > 140 ng/ml
for G-CSF. Input cell numbers varied from 8 to 12 x 106 for light-den-
sity normal marrow cells, 1O0 for highly purified cells, 5 X I0O for
CD34+ cells, and 5 x 106 for light density CMLperipheral blood cells.
LTC were then maintained at 33°C in a slightly modified alpha me-
dium containing 12.5% fetal calf serum, 12.5% horse serum, 10-6 M
hydrocortisone sodium hemisuccinate, and 10-4 M2-mercaptoethanol
with weekly half-medium changes and removal of half of the nonad-
herent (NA) cells. After 5 or 6 wk the NAcells were removed and the
adherent layer was trypsinized (47). Both fractions were assayed for
total and neol-resistant BFU-E and CFU-GM. The total number of
these progenitors assayed at this time is a measure of the number of
LTC-IC in the original inoculum (37).

All manipulations involving amphotropic viruses were performed
under level 3 containment following Medical Research Council of
Canada guidelines.
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Molecular analyses. To demonstrate the presence of a transferred
neor gene, individual colonies from methylcellulose dishes that had not
been selected with G418 were analyzed using the polymerase chain
reaction (PCR; 48). Single colonies were plucked using drawn out capil-
lary pipettes in a minimum (- 1 Al) of methylcellulose, then placed in
a 50-id lysis buffer (sucrose 0.32 M, Tris-HCI pH 7.5 10 mM, MgCI2 5
mM, 1% Triton X- 100). Proteinase K was added (1 ,l of a 10 mg/ml
solution), and the sample was incubated for 1 h at 50'C, followed by 10
min at 950C. A fraction (30 sl) was analyzed in a PCRcontaining
buffer (KCl 50 mM,Tris-HCl pH 8.0 10 mM,MgCI2 5 mM), oligomers
(1 Armol each), dNTPs (200 mMeach), and Taq polymerase (2 U,
Gibco-BRL). The reaction was carried out for 30 cycles as previously
described (24), and then Southern blotting was performed using stan-
dard techniques (49). The oligomers used were Neo-L 5'-CAAGATG-
GATTGCACGCAGG-3'and Neo-R Y-CTTGACAAGCGGTCC-
GAGTT-5'. NA cells from 2-, 4-, and 6-wk-old LTC initiated with
CD34+ cells were also analyzed for the presence of the neor gene by
conventional Southern blotting (49). In these experiments, GM-CSF
(20 ng/ml) was added to the culture medium (every 2 d) during the last
2 wk of LTC (weeks 4-6) to enhance NAcell output (45). High molecu-
lar weight DNAwas extracted from the NA cells, restriction-digested
using Xba I (which excised the intact provirus) and Hind III (which
cuts once in the provirus, excising a different sized fragment for each
clone), and then analyzed using standard Southern blotting techniques
with a neo' specific probe.

Statistical analysis. Results are expressed as means±SEM of the
data for two or more experiments. Measures of significance for various
comparisons were calculated using Student's t test.

Results

An initial series of experiments were conducted to test the effi-
ciency of gene transfer that could be obtained by using filtered
cell-free supernatants containing a high-titer JZen-neo virus to
infect low density normal human marrow cells under im-
proved conditions of growth factor stimulation. The choice of
growth factors used in this study was based on earlier results
with virus producer co-cultivation infection protocols which
showed that the addition of G-CSF and IL-3 was the most
effective including a comparison to the previous reported com-
bination of GM-CSF, IL-lI#, and human leukocyte condi-
tioned medium (data not shown; 24). In addition, this choice

allowed us to exploit the potential additional advantage of us-

ing murine fibroblast cell lines genetically engineered to consti-
tutively produce human G-CSF and IL-3, thus serving as a
convenient and highly effective source of growth factors capa-
ble of maintaining the continuous cycling of highly prolifera-
tive potential clonogenic cells in LTCand in enhancing output
of LTC-IC from such cultures (45, 46). A viral supernatant
infection strategy was thus tested that involved incubation of
the cells and virus (supplemented with IL-3 and G-CSF) to-
gether for 2 h (as described in Methods) and then seeding the
washed cells on top of a mixture of M2-1OB4 cells producing
IL-3 and G-CSF (45, 46). All NAcells were removed 1 and 2 d
later, resuspended in virus-containing medium (again supple-
mented with IL-3 and G-CSF), incubated together in suspen-
sion for 2 h, and then returned to feeders in fresh LTC me-
dium. In an attempt to further improve conditions in some
groups, 100 ng/ml of Steel factor (SCF [41 ]) was also added to
the LTC and viral conditioned medium during the infection
periods based on recent evidence that this factor may have
marked stimulatory effects on primitive hemopoietic cells (50,
51). At the end of the infection period, an aliquot was removed
for clonogenic cell assays, and the remainder left on the M2-
1OB4 feeders for LTC-IC assays. As shown in Fig. 1, this proto-
col resulted in high gene transfer efficiencies to both clonogenic
progenitors (48% and 23% for GM-CFUand BFU-E, respec-
tively) and LTC-IC (41%) which are comparable to the best
reported efficiencies obtained using a viral cell producer co-cul-
tivation strategy and the addition of exogenous growth factors
(24). Additional supplementation of the infection medium
with 100 ng/ml of Steel factor did not result in a significant
increase (P > 0.05) in efficiencies over that obtained with
added IL-3 plus G-CSF alone using this protocol. Endogenous
production of Steel factor by M2-1OB4 cells has, however, been
demonstrated (data not shown) and hence the lack of an addi-
tional stimulatory effect on transfer does not exclude a poten-
tial action of Steel factor as seen below.

Purified cells. Subsequent experiments were designed to as-
sess gene transfer efficiencies to primitive hematopoietic cells
by using a supernatant infection procedure but in the absence
of intermittent incubation of the cells on a feeder layer inas-

IL-3'G-CSF feeder
+ Steel Factor

IL-3 G-CSF feeder
+ Steel Factor

SUPERNANTANTINFECTION
CONDITION

Figure 1. Gene transfer to marrow
mononuclear cells using a superna-
tant infection protocol. Marrow
mononuclear cells were placed on
irradiated murine M2-10B4 cells
genetically engineered to produce
human IL-3 and G-CSF and ex-
posed to filtered high-titer JZen neo
viral supernatants (> 1 07/ml) for 2
h repeated over 3 d, in polybrene (4
,ug/ml). Where indicated, exogenous
Steel factor was added during the
infection period. After infection an
aliquot of each culture was assayed
for G41 8' clonogenic progenitors,
and the balance maintained as
LTC-IC. Relative LTC-IC values
were determined from assay of total
clonogenic progenitors recovered
from 5-wk-old LTC. Shown are the
mean±SE%G418' primary clono-
genic progenitors and LTC-IC (three
experiments).
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Table I. Gene Transfer to Highly Purified Normal LTC-IC by Supernatant Infection in Short-Term Suspension Culture

Clonogenic progenitors in 5-wk-old LTC

Infection conditions G418' per total colonies Percent G41 8' Percent neo'-positive

No growth factor 348±121/2,417±363 14±3 (n = 2) 3±3 (n = 2)
IL-3 + G-CSF 675±204/2,414±543 27±2 (n = 3) 43±6 (n = 3)
IL-3 + G-CSF + Steel factor 1,695±206/2,794±304 61±4 (n = 5) 80±6 (n = 3)

Marrow was highly enriched for LTC-IC by FACSand isolation of the CD34++, HLA-DRt, low forward light scatter, and low orthogonal light
scatter population. For each condition shown 104 of these cells were exposed to filtered JZen-neo viral containing supernatants (1 ml of virus
per 104 cells) for 2-h periods three times over 24 h in the presence of added soluble growth factors as indicated. Recovered cells were then used
to initiate LTC on preestablished M2- 1OB4 feeders producing human IL-3 and human G-CSF. Gene transfer to LTC-IC was assessed by
analysis of clonogenic progenitors recovered from 5-wk-old LTC for G418' colony formation, or detection by PCRof the neo' sequence in col-
onies grown in the absence of G418 (10 colonies analyzed per condition). Values shown are the mean per LTC±SE for n experiments.

much as this would be unlikely to be a clinically practical pro-
cedure. Also, to increase the virus to target cell ratio and to
allow a better definition of growth factor effects on transfer
efficiencies, we used as target cells a subpopulation of CD34++
normal marrow cells that is highly enriched for LTC-IC (37)
and depleted of stromal and mature hematopoietic cells. Small
numbers of these purified cells (104 per infection condition)
were infected over a period of 24 h by three repeat cycles of
exposure to high-titer, filtered, virus-containing supernatants
(1 ml/ 104 cells) for 2 h followed by resuspension and incuba-
tion for 6 h in LTC medium. Cells were maintained through-
out this period (including exposure to virus) under three differ-
ent conditions: no added growth factors, IL-3 plus G-CSF, or
IL-3 plus G-CSF plus Steel factor. At the end of the 24 h,
LTC-IC were assayed by seeding the cells onto M2-1OB4
feeders producing IL-3 plus G-CSF (45). Measurement of ini-
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tial infection efficiencies to clonogenic progenitors was not fea-
sible in these experiments because of the small numbers of cells
available. Gene transfer efficiencies measured for LTC-IC are
summarized in Table I.

Infections performed in the absence of growth factor stimu-
lation resulted in detectable but low gene transfer to LTC-IC
(14±3%). Infections performed in the presence of IL-3 plus
G-CSF yielded significantly higher gene transfer efficiencies
(27±2%; P < 0.02) and a further twofold enhancement in gene
transfer was observed with the addition of Steel factor (61±4%;
P < 0.02 compared to IL-3 with G-CSF). However, the pres-
ence or absence of growth factors during the infection period
had no demonstrable effect on clonogenic progenitor recovery
after 5 wk indicating that this short-term (24 h) treatment did
not alter LTC-IC plating efficiency or clonogenic cell output.

The level of neor gene transfer measured by the functional
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Figure 2. Detection of neor gene transfer by
PCRanalysis. Clonogenic progenitors were
assayed from week 5 LTC initiated with highly
purified CD34+ cells that had been infected
under different growth factor conditions (see
Table I). Individual colonies grown without
G418 selection were plucked and PCRampli-
fication of a 500-bp neor specific fragment was
carried out. Southern blot analysis of PCR
products from 10 colonies analyzed for each
infection condition are shown for a represen-
tative experiment.
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assay for G418' colony formation was confirmed by detection
of the neo' gene by PCRanalysis of individual colonies grown
in the absence of G418 selection. Fig. 2 shows a representative
Southern blot analysis of PCRproducts from one such experi-
ment. Estimates of the proportion of neof-positive colonies as-
sessed by PCRare comparable to values obtained by G418-re-
sistant colony formation (Table I), suggesting that with this
vector, satisfactory levels of neor expression to overcome G418
toxicity are usually achieved.

Bulk purified cells. A next series of experiments were under-
taken to determine if high-efficiency gene transfer using a su-
pernatant infection technique could be obtained with a popula-
tion of CD34' cells obtainable using a procedure with the po-
tential for application to large-scale clinical marrow harvests
(see Methods). In addition, this procedure provided larger num-
bers of cells thus allowing preselection in G418 to be evaluated
as a potential manipulation together with more detailed molec-
ular analyses. Analogous to the procedure used for highly puri-
fied CD34' cells, bulk-purified cells (71% CD34+) were in-
fected by three repeat cycles of a 2-h exposure to filtered virus-
containing supernatants and then resuspension in LTC
medium. In this case infections were performed at daily inter-
vals for 3 d under two conditions: no growth factor supplemen-
tation or continuous exposure (including incubation with viral
supernatant) to IL-3, G-CSF, and Steel factor. Cells were then
maintained in suspension culture for an additional 48 h after
infection prior to initiation of LTC either with or without
added G418 (1.8 mg/ml). As shown in Fig. 3, high-efficiency
gene transfer to clonogenic and LTC-IC was also achieved in
these experiments. For both target cell types, efficiencies of

40% were obtained when infections were accompanied by
growth factor stimulation (significantly higher than efficiencies
in the absence of growth factors P < 0.02) and this was further
increased in each case by a 48-h preselection step (P = 0.1).
Absolute recovery of G418-resistant LTC-IC was not affected
by preselection indicating no nonspecific toxicity of this proce-
dure. (After infection in the presence of growth factor, G418-
resistant LTC-IC/total LTC-IC per culture were 1,448±105/
3,474+72 without preselection, and 1,444±14/2,483±217
with preselection.)

NA cells from these LTC were further analyzed by South-
ern blot to confirm the presence of the transferred neor gene

80
Primary Clonogenic Progenitors LTC-IC

U CFU-GM
z
4 60 * BFU-E
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CX 40 -
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a

No GFs GFs GFs + No GFs
Preselect

SUPERNANTANTINFECTION
CONDITION

and to assess the clonal derivation of marked cells. Fig. 4 pre-
sents results from one such analysis performed on NA cells
recovered at 2, 4, and 6 wk after initiation of the LTC. Diges-
tion with XbaI and hybridization to a probe for neor revealed
the expected 3.0-kb proviral band at all times tested in cultures
that were initiated with cells infected under growth factor-
stimulated conditions. In contrast, the neor sequence was not
detectable by Southern analysis of NAcells from LTC initiated
with cells infected in the absence of growth factors. Digestion of
DNAwith HindIII to release unique viral integration frag-
ments did not reveal any marked clones in LTC initiated with-
out preselection, whereas one or two unique bands were readily
evident in cultures initiated with infected cells that had under-
gone a preselection step. The difference in intensities of the two
unique bands detectable at 4 and 6 wk are suggestive of two
marked clones. Comparison of the intensity of these bands
with that seen in XbaI digested DNAfurther suggests that by 4
wk, these two clones had become predominant in the NAneoT-
positive fraction of this LTC. In contrast, at 2 wk the same
clone appears to account for only a minority of the neor-posi-
tive population consistent with the presence of many marked
clones not detectable as discrete bands. Similar findings of
early polyclonal contributions with subsequent emergence of
an oligoclonal pattern were obtained in a separate experiment
(data not shown).

Leukemic cell targets. For many experimental and poten-
tial clinical applications it will be desirable to achieve gene
transfer to primitive leukemic stem cells. Recent studies have
revealed that in addition to normal LTC-IC a Ph'-positive (leu-
kemic) functional equivalent can also be detected in cells from
patients with CML(52). Peripheral blood mononuclear cells
from patients with CMLwith high leukocyte counts provide a
highly enriched source of such leukemic LTC-IC essentially
free of normal LTC-IC (53). Therefore, to determine if the
methods for gene transfer developed above for normal cells
could also be applied to analogous primitive CMLcells, periph-
eral blood mononuclear cells from CMLpatients with elevated
leukocyte counts were subjected to repeated (X3) supernatant
infections as in the previous experiments and then seeded onto
M2- I OB4 feeders producing IL-3 and G-CSF for LTC-IC assay.
Gene transfer efficiencies, both to clonogenic progenitors and
LTC-IC, of - 35% were observed (Table II). As with normal

Figure 3. Gene transfer to
"bulk purified" CD34+ cells.
CD34+ marrow cells were
infected with high titre JZen-
neo viral supernatants under
conditions of no growth fac-
tor, or growth factor stimula-

17 ... ... .. tion (IL-3, G-CSF, and Steel
factor), on each of three con-
secutive days without or with
subsequent preselection for

_Eli.... 48 h with G418 (1.8 mg/ml).
.........- Gene transfer efficiencies to

__ __ _ primary clonogenic progeni-tors and LTC-IC were as-
GFs GFs + sessed as previously de-

Preselect scribed. Shown are mean±SE
percent G41 8' targets for two
experiments.

Gene Transfer to HumanHematopoietic Cells 1821



INFECTION CONDITIONS

IL-3 + G-CSF
+ SCF

PRESELECT
IL-3 + G-CSF

+ SCF

WEEK WEEK WEEK WEEK P N

2 4 6 2 4 6 2 4 6 2 4 6 0 E

X H X H X H X H X H X H X H X H X H X H X H X H S G

21.1

_MOs,

5.0
.0 4.3 -

Lu 3 0

un
2.0 -

1.6

1.4

Figure 4. Detection of the neo' sequence in
LTC NAcells by Southern analyses. NA
cells from LTC initiated with CD34' cells
infected under different growth factor con-

ditions with or without preselection as de-
scribed in Fig. 3 were harvested after 2, 4,
and 6 wk and DNAwas extracted. Restric-
tion digests were carried out with Xba I
(which excises the provirus) and Hind III
(which cuts once in the provirus). Lanes:
X, Xba I digest; H, Hind III digest; POS,
positive control (Xba I-digested DNAfrom
JZen neo GP-AM12 viral producer line
containing about five proviral copies),
NEG, negative control (normal uninfected
human marrow DNA).

cell targets these efficiencies were significantly enhanced (over
threefold; P < 0.02) by stimulation with growth factors during
infection. Interestingly, in contrast to results with normal LTC-
IC infected in the absence of feeder cells (Table I), the addition
of Steel factor did not enhance efficiencies over that achieved
with IL-3 plus G-CSF. Also, in contrast to findings for normal
CD34+ LTC-IC, recovery of CMLLTC-IC was diminished
(- 60%) in the absence of growth factor stimulation during the
infection period (1,329 LTC-IC per culture without growth fac-
tors during infection vs. 3,081 or 3,514 with growth factor stim-
ulation; P < 0.05).

Discussion

Retroviral mediated gene transfer is being considered widely as

a potential clinical tool for the marking and manipulation of
primitive human hematopoietic cells. Although a number of
study protocols have been approved to allow investigation of
this technique in bone marrow transplant recipients, the data
published thus far on retroviral infection of either large animal
or human progenitors would not allow one to predict with
confidence that marrow repopulating cells could be efficiently
infected. Moreover, the technologies employed in many of the
studies where high efficiency transfer to human clonogenic
progenitors have been previously demonstrated, are not suit-
able for clinical applications. Nevertheless, improvements in
methods for generating high-titer, helper-free recombinant ret-
roviruses and the identification of several growth factors with
potent stimulatory effects on primitive hematopoietic cells
have allowed high-efficiency gene transfer to human clono-
genic cells to be obtained routinely. In addition, the recent
development of assays that detect a more primitive type of
human progenitor (LTC-IC) with properties expected of
marrow repopulating cells (54) and strategies for the purifica-
tion of these cells (37, 55) now allow assessment of gene
transfer to more relevant target cells. In this study we show that
high-efficiency gene transfer to such cells can now be accom-

plished using protocols that should be clinically applicable.
The use of cell-free virus-conditioned medium for retroviral

infection of human marrow cells not only satisfies concerns
with regard to the risk of inadvertent contamination of target
cells with viral producers, but also potentially enhances the
convenience and reproducibility of the infection protocol since
such reagents can be titered, tested, and characterized in large
quantities and then frozen for future use. The present experi-
ments demonstrate reproducible efficiencies of gene transfer to
normal human LTC-IC as high as 60% regardless of the purity
of the target cell population and to CMLLTC-IC of 35%. These
efficiencies should be adequate for either marking studies or
the introduction of a functional gene for a variety of situations
where autologous marrow transplants would be used.

The use of appropriate growth factors during the infection
period was clearly necessary to achieve optimal gene transfer
efficiencies to clonogenic cells and LTC-IC in all of the human
marrow populations tested; i.e., light-density cells, CD34'

Table II. Gene Transfer to Leukemic Clonogenic Progenitors and
LTC-IC in CMLBlood

Percent G418' clonogenic
progenitors*

Percent G418' LTC-ICt
Infection condititions CFU-GM BFJ-E (G418'/Total LTC-IC)

No GF 13.5±0.9 6.3±1.6 7.7±1.1
(101.3/1,329)

IL-3 + G-CSF 44.3±4.6 19.6±1.9 34.7±2.1
(1,066/3,081)

IL-3 + G-CSF 44.1±4.0 22.7±1.5 35.3±1.9
+ Steel factor (1,240/3,514)

Peripheral blood mononuclear cells from CMLpatients were exposed
to JZen-neo viral supernatant daily for 3 d in the presence of added
soluble growth factors as indicated but without feeder cells. Results
are mean±SE (three experiments) percent gene transfer assessed by
G41 8r. * Clonogenic progenitors assayed immediately after infec-
tion. LTC-IC assayed by clonogenic progenitor output from 5-wk-
old LTC. Numbers in parentheses are mean number of G418T 5-wk
clonogenic progenitors (LTC-IC) over total per LTC.
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cells, and a highly enriched subpopulation of CD34+ cells.
These data extend our previous observations on the usefulness
of GM-CSFand IL-I in this regard to include IL-3 plus G-CSF
and Steel factor as the optimal growth factor combination thus
far identified. Growth factors are thought to enhance retroviral
infection efficiencies by promoting cell entry into the S phase.
Despite this conventional wisdom, gene transfer to clonogenic
progenitors in normal marrow or CMLperipheral blood sam-
ples, both of which contain predominantly cycling popula-
tions, is significantly enhanced by growth factors. In addition, a
relatively short exposure of LTC-IC to growth factors, which is
not likely to be sufficient to initiate their immediate entry into
S phase (56), enables gene transfer to these cells to be increased
many-fold. Because the actions of growth factors are known to
be pleotropic, this effect may be mediated by the stimulation of
some other metabolic cascade, e.g., leading to an up-regulation
of cell surface viral receptor. PCRanalysis of unselected colo-
nies revealed that the proportion of colonies carrying the inte-
grated gene generally parallels that identified by G418 resis-
tance. This not only confirms the results of the functional assay
but indicates that low G418-resistant efficiencies, at least in this
system, are the result of a deficiency at the infection-integration
stage rather than a failure of expression. Efforts to improve
infection further are, therefore, likely to continue to be fruitful.

The LTC-IC assay allows detection of the most primitive
human progenitor that can currently be identified in vitro.
However, the relationship of these cells to those with short and
long-term marrow repopulating ability is not yet established.
The ability to both highly purify and efficiently mark LTC-IC
now makes the identification and tracking of their progeny in
vivo a practical possibility. Our demonstration of retroviral
marking of progenitors with sufficient proliferative capacity to
dominate the LTC system after 4-6 wk in culture indicates that
further investigation of LTC-IC dynamics in vitro using this
approach is also possible. By such combined in vitro studies
and assessment of clinical transplants, it should therefore soon
be possible to define the functional potential of cells now mea-
sured by quantitative in vitro procedures.
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