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Introduction
Recent studies have suggested that actively cycling
primitive hematopoietic cells have an engraftment
defect compared with quiescent cells in the G0 phase of
the cell cycle (1). In the murine model, there is some evi-
dence that this defect may be reversible, if cells are
allowed to come back out of active cycle before trans-
plantation (2). The mechanism for this phenomenon is
unknown, but it most likely involves modulation of the
expression or the activation state of adhesion molecules
that are involved in homing to and lodging in the mar-
row microenvironment. These findings could greatly
impact the ability to manipulate hematopoietic cells ex
vivo for applications including stem cell expansion and
gene therapy. Hematopoietic cells that are successfully
transduced with standard retroviral vectors will by
necessity have cycled in vitro, and therefore an engraft-
ment defect related to cycling could contribute to dis-
appointing in vivo levels of transduced cells. Thus far,
there is little convincing evidence that human repopu-
lating progenitor cells or stem cells can be expanded ex
vivo, but cytokines used to stimulate cells to proliferate
could also prevent optimal engraftment.

Improving the in vivo levels of genetically modified
progeny of repopulating hematopoietic stem cells
(HSCs) has been a very important issue for clinical appli-
cations of stem cell gene therapy. In murine models,
reproducible retroviral gene transfer to a high percent-

age of long-term repopulating HSCs has been achieved,
with 10–50% or more cells from all hematopoietic line-
ages containing vector long-term (3). However, these lev-
els have not yet been approached in human clinical tri-
als. In human trials, in vivo marking levels have been
below those necessary for clinical utility, even in the set-
ting of full myeloablation, except when transduced cells
and their progeny have a strong in vivo selective advan-
tage, such as in X-linked severe combined immunodefi-
ciency (4). We have focused on the nonhuman primate
transplantation model as a much better predictor of
human stem cell behavior and gene transfer efficiency
than murine models or in vitro progenitor assays (5).
Rhesus macaques appear to have stem cell kinetics,
hematopoietic demand, cytokine responsiveness, and
retroviral receptor levels that are similar to those of
humans. The inclusion of either autologous marrow
stroma or the CH-296 fragment of fibronectin
(RetroNectin, abbreviated throughout this article as
FN), along with a combination of cytokines that are
active on primitive hematopoietic cells, has recently been
shown to greatly improve results in nonhuman pri-
mates, with long-term levels of 5–10% or greater (5–7).

We hypothesized that avoidance of active cell cycling
at the time of reinfusion of retrovirally transduced
HSCs could improve engraftment and thus in vivo
marking levels by reducing competition against both
remaining endogenous HSCs and nontransduced
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HSCs in the graft. To test this hypothesis, culture con-
ditions that maintained viability of primitive cells with-
out further stimulating cell cycle progression were
required. In vitro and murine studies have shown that
the CH-296 fragment of fibronectin (RetroNectin) pre-
vents apoptosis without inducing active cell cycling
(8–10). Stem cell factor used as a single agent has also
been shown to promote survival without resulting in
proliferation or differentiation (11). We investigated
the effect of transferring primitive hematopoietic cells
from rhesus macaques to these conditions after trans-
duction and culture in the presence of the stimulatory
cytokines necessary for efficient gene transfer (5, 6, 12).

Methods
Collection of peripheral blood stem cells from rhesus
macaques. Young rhesus macaques (Macaca mulatta)
were housed and handled in accordance with guide-
lines set by the Committee on Care and Use of Labo-
ratory Animals of the Institute of Laboratory Animal
Resources, National Research Council, and the proto-
col was approved by the Animal Care and Use Com-
mittee of the National Heart, Lung, and Blood Insti-
tute. The animals received recombinant human (rh)
stem cell factor (SCF) (200 mg/kg; Amgen Inc., Thou-
sand Oaks, California, USA) and rhG-CSF (10 mg/kg;
Amgen Inc.) as daily subcutaneous injections for 3
days, and twice daily on day 4. Mobilized peripheral
blood (PB) cells were collected by apheresis on day 5 as
described (13). Mononuclear cells (MCs) were isolated
using density gradient centrifugation over lymphocyte
separation media (Organon Teknika Corp., Durham,
North Carolina, USA), and enrichment of CD34+ cells
was performed using an anti-CD34 monoclonal anti-
body (12.8) that is biotinylated and thus able to be
used for immunoselection using streptavidin-coated
microbeads as directed (14). The degree of progenitor
enrichment was calculated from CFU assays per-
formed before and after column purification.

Culture conditions and cell cycle analysis. CD34-enriched
cells were cultured in DMEM (Mediatech Inc., Hern-
don, Virginia, USA) supplemented with 10% FBS
(Atlanta Biologicals Inc., Norcross, Georgia, USA), 4
mM L-glutamine, 50 mg/ml penicillin, and 50 mg/ml
streptomycin at 37°C in 5% CO2. Cells were maintained
in the presence of 100 ng/ml rhSCF, 100 ng/ml rhFlt-
3 ligand (FLT; Immunex Corp., Seattle, Washington,
USA), and 100 ng/ml rh megakaryocyte growth and
development factor (rhMGDF; Amgen Inc.) in flasks
previously coated with RetroNectin (Takara Shuzo Co.,
Shiga, Japan) per the manufacturer’s instructions.

For cell cycle analysis of the S, G2, and M phases
(S/G2/M) versus the G0 and G1 phases, fractions were
fixed in 80% ice-cold ethanol, washed with PBS
(BioSource International, Rockville, Maryland, USA),
and resuspended in PBS supplemented with 50 mg/ml
propidium iodide (PI; Sigma Chemical Co., St. Louis,
Missouri, USA), 1 mM EDTA (Quality Biological Inc.,
Gaithersburg, Maryland, USA), and 0.1% Triton X-100

(ICN Biomedicals Inc., Aurora, Ohio, USA). This mix-
ture was incubated for 15 minutes at 37°C. PI-stained
cells were analyzed for DNA content using a Coulter
Epics XL Flow Cytometry System (Beckman Coulter
Inc., Miami, Florida, USA). For cell cycle analysis of G1
phase versus G0 versus S/G2/M, fractions were fixed
in 80% ice-cold ethanol, washed with PBS, resuspend-
ed in PBS supplemented with 20 µl of Ki-67 antibody
MIB-1–FITC (Beckman Coulter Inc., Fullerton, Cali-
fornia, USA), 950 mg/ml PI, 1 mM EDTA, and 0.1%
Triton X-100, and then incubated for 15 minutes at
37°C. Ki-67 and PI double-stained cells were analyzed
for DNA content using a Coulter Epics XL Flow
Cytometry System. Analysis of apoptosis was per-
formed using the Annexin V assay from CLONTECH
Laboratories Inc. (Palo Alto, California, USA) per the
manufacturer’s instructions.

Vectors and transduction procedures. G1Na and LNL6
are Moloney virus–derived retroviral vectors that carry
an identical bacterial neomycin phosphotransferase
(neo) gene (15). A 16-bp polylinker insertion upstream
of the neo gene allows quantitative assessment of
marking from the two vectors within one PCR reaction
(5, 16). The biologic titers of the G1Na and LNL6
supernatants used were both 7 × 106 biologically active
vector particles per ml, as assayed by transfer of G418
resistance to HeLa cells. Retroviral supernatant was
harvested from subconfluent producer cells cultured
in DMEM supplemented with 10% FBS, 4 mM L-glut-
amine, 50 mg/ml penicillin, and 50 mg/ml strepto-
mycin at 37°C in 5% CO2. Fresh vector supernatant
was passed through a 0.45-mm filter (Millipore Corp.,
Bedford, Massachusetts, USA) to remove cellular
debris before transduction. An amphotropic clone (a
kind gift of Brian Sorrentino, St. Jude Children’s
Research Hospital, Memphis, Tennessee, USA) pro-
ducing the murine stem cell virus–based vector
MgirL22Y, which expresses the enhanced green fluo-
rescent protein gene (eGFP), was also used, and gener-
ated supernatants containing approximately 5 × 105

biologically active particles per ml, as assayed by flow
cytometry of transduced HeLa cells (17).

CD34-enriched cells from each animal were divided
into two equal fractions; each was cultured at a start-
ing concentration of 200,000 cells/ml in fresh vector
supernatant in the presence of SCF, MGDF, and FLT,
at the concentrations noted above, on FN support
(SCF/MGDF/FLT/FN) (5). Every 24 hours, nonadher-
ent cells were collected, spun down, resuspended in
fresh vector supernatant and cytokines, and then
returned to the same FN-coated flask. The starting cell
concentration was 1 × 105 cells/ml. At the end of 96
hours, one fraction was cryopreserved and the other
was washed and continued in culture for two addi-
tional days in the same FN-coated flask in the presence
of SCF alone, then cryopreserved. After each animal
received two treatments of 500 cGy total body irradia-
tion, both fractions of transduced cells were thawed
and reinfused via a central venous catheter. Twenty-
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four hours later, the animals were started on intra-
venous G-CSF at 5 mg/ml/kg daily until the white
blood cell count reached 6,000/ml. Standard support-
ive care was administered (18).

Analysis of posttransplantation samples. PB and bone mar-
row samples were collected at the time of recovery of
leukocyte counts to greater than 2,000 ml and 1, 2, 3, 4,
5, 6, 8, 10, and 12 months after transplantation. MCs
were isolated by density gradient centrifugation over
lymphocyte separation media. Granulocytes of greater
than 95% purity were obtained as previously described
(7). PB CD34-enriched cells collected before and after
transduction, and bone marrow samples obtained after
transplantation were analyzed by CFU assays using
MethoCult M4230 methylcellulose media (StemCell
Technologies Inc., Vancouver, British Columbia, Cana-
da) supplemented with 5 U/ml rh erythropoietin
(Amgen Inc.), 10 ng/ml rhIL-3, 10 ng/ml rhGM-CSF
(Sandoz Pharmaceuticals Corp., East Hanover, New Jer-
sey, USA), and 100 ng/ml rhSCF at 37°C in 5% CO2. At
day 14, colonies of more than 50 cells were scored. At
least 20 individual CFUs were plucked from the plates
at each time point for PCR analysis.

PCR analysis. Genomic DNA was extracted using the
QIAamp Blood Kit (QIAGEN Inc., Chatsworth, Cali-
fornia, USA). PCR analysis for neo and β-actin sequences
was performed using primers and conditions described
previously, with the following modifications to yield
linear amplification in the range of the test samples:
template DNA was reduced to 100 ng for the outer
reaction, and the cycle number was reduced to18 for
the inner reaction (16). In every PCR analysis, negative
controls included DNA from normal rhesus PB sam-
ples extracted concurrently with the test samples, and
a reagent control. Serial dilutions of G1Na DNA (con-
taining two integrated copies per cell) into normal rhe-
sus PB DNA were used as positive controls. Two hun-
dred nanograms of genomic DNA from PB or marrow
samples was added to a master mix containing dNTPs,
buffer, and Taq polymerase from the GeneAmp kit
from Perkin-Elmer (Cetus Corp., Norwalk, Connecti-
cut, USA), and then divided equally into tubes con-
taining either the primer pair for the control β-actin
gene or for the neo gene. All neo and β-actin PCR reac-
tions were run under conditions optimized to yield lin-
ear results in the range of the intensity of the in vivo
samples. The PCR products were separated by PAGE.
The expected band sizes were 483 bp for G1Na neo, 467
bp for LNL6 neo, and 232 bp for β-actin. Band intensity
was quantitated using a PhosphorImager (Molecular
Dynamics, Sunnyvale, California, USA). The neo band
intensity was normalized for amplifiable DNA content
based on the β-actin signal, and the overall contribution
of each vector to in vivo marking was calculated by
plotting the signal intensity of each band on a standard
curve derived from controls with a known number of
integrated copies amplified concurrently. Mixtures of
different ratios of LNL6 and G1Na DNA in a back-
ground of rhesus PB DNA were also amplified simul-

taneously to document the ability of the assay to detect
both vectors simultaneously and quantitatively.

Southern blot analysis. Ten micrograms of genomic
DNA was digested with KpnI (Boehringer Mannheim
Biochemicals Inc., Indianapolis, Indiana, USA), which
cuts once within each viral LTR and thus can distin-
guish integrated retroviral G1Na and LNL6 DNA. The
DNA fragments were transferred to a nylon membrane
and hybridized with a radiolabeled neo gene–specific
probe generated by PCR using the following primers:
forward primer 5′-TCC ATC ATG GCT GAT GCA ATG
CGG C-3′ and reverse primer 5′-GAT AGA AGG CGA TGC
GCT GCG AAT CG-3′.

Statistical analysis. Analysis of significance using the
two-tailed Student’s t test and regression analysis was
carried out using Excel software (Microsoft Corp., Seat-
tle, Washington, USA).

Results
In vitro analysis of rhesus CD34+ PBSC proliferation and cell
cycle characteristics. To investigate the impact of various
cytokine conditions on active proliferation versus sim-
ple maintenance of cell viability during in vitro cul-
ture, SCF/G-CSF–mobilized, CD34-enriched rhesus
PB cells were cultured in the presence of
SCF/MGDF/FLT on flasks coated with FN for 4 days.
The cell culture was then divided, and cells were either
continued in culture on FN with the same stimulato-
ry cytokines (SCF/MGDF/FLT), with SCF alone, or
without exogenous cytokines (Figure 1a). For the first
4 days, in the presence of SCF/MGDF/FLT/FN, the
cells had a doubling time of approximately 44 hours,
with acceleration towards the end of the 4-day period.
By day 4, the cell number had increased an average of
2.2-fold, and by day 6, the viable cell number had
increased 7.1-fold. The cells that remained in
SCF/MGDF/FLT/FN continued exponential growth
until reaching a peak on day 10, followed by a slowing
of proliferation and increased numbers of nonviable
cells, with evidence for apoptosis (Figure 1d). Cells
transferred to SCF/FN stopped proliferating but
maintained viability through days 8–10. Cells removed
completely from cytokines and maintained in flasks
with FN rapidly lost viability and underwent apopto-
sis (Figure 1, a and d). Rhesus CD34+ PB cells appear
to require some cytokine support to prevent apoptosis
and loss of viability, even in the presence of FN.

In the same experiments, the percentage of cells in
active cell cycle over time was determined using PI stain-
ing and flow cytometry (Figure 1b). As expected, a very
small percentage of CD34+ PBSCs were in active cycle
(S/G2/M phases) at the time of culture initiation (13,
19). Over the first 96 hours in SCF/MGDF/FLT/FN, the
fraction of cells in S/G2/M increased to a mean of over
25%. This was the peak fraction of cells in active cycle:
even with continued time in SCF/MGDF/FLT/FN the
percentage of cells in active cycle began to decrease by
days 6–8. A significantly lower percentage of cells trans-
ferred to SCF/FN after 4 days of stimulatory culture
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were in S/G2/M, although there were still actively
cycling cells present (P < 0.05). The fraction of cells in
S/G2/M after complete removal of cytokines fell even
more sharply, but as noted above, the total number of
viable cells also greatly decreased. Actively cycling cells
that were still detectable on days 6–8 in the presence of
SCF alone or no cytokines may have initiated cell cycle
progression at the end of the initial 4 days of culture in
the presence of SCF/MGDF/FLT/FN.

We also distinguished G0-phase cells from G1-
phase cells using concurrent PI and Ki-67 antibody
staining. At culture initiation, 90.2% of the cells were
in G0 phase and 3.9% were in G1 phase. After 96
hours in SCF/MGDF/FLT/FN, the fraction of G0
cells fell to 34.0% and G1 cells increased to 35.5%.
After transfer to SCF/FN alone for an additional 48
hours, the G0 cells increased to 40.2% and the G1
cells were at 36.6%. The transfer to SCF/FN increased
the fraction of G0 cells, and since the cell numbers
remained constant in SCF/FN, the absolute number
of G0 cells increased as well.

To confirm that cells stimulated to cycle during the
first 4 days of culture could be brought back out of cell

cycle by culture in SCF/FN, we performed transduc-
tion studies using a retroviral vector (MgirL22Y)
expressing GFP (20). During the initial 4 days of cul-
ture in SCF/MGDF/FLT/FN, vector supernatant was
added daily. On day 4, transduced cells were washed
and split into two treatments: continued culture in
SCF/MGDF/FLT/FN and culture in SCF/FN. Cells
that were successfully transduced, and therefore GFP-
positive, must have traversed M phase during the ini-
tial 4-day culture and transduction period. Cells were
simultaneously analyzed for cell cycle fraction and
GFP positivity. Within the GFP-positive gate, there was
a decrease in the fraction of S/G2/M cells after trans-
fer to SCF/FN that was similar to the decrease in the
overall cultures (compare Figure 1b with Figure 1c).

Experimental design of the in vivo repopulation assay.
Overall, the in vitro studies suggested that 4 days of
culture and transduction in the presence of
SCF/MGDF/FLT/FN followed by 2 days of additional
culture in the presence of SCF/FN supports cell via-
bility, but decreases the percentage of actively cycling
cells. We next tested whether the transfer of rhesus
PBSCs to these nonstimulatory culture conditions
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Figure 1 
(a) In vitro cell growth of PB CD34+ cells. The CD34+ cells were cultured in the presence of MGDF/SCF/FLT/FN for 4 days. On day 4 the cells
were split into three equal fractions. One was continued in culture in the presence of SCF/MGDF/FLT/FN (MSF/MSF). The second was trans-
ferred to SCF/FN (MSF/SCF). The third was maintained without cytokines on FN (MSF/FN). Shown are the mean ± SD of viable cell num-
bers obtained in independent experiments using cells from three different animals. (b) Cell cycle analysis. PB CD34+ cells were stained with
PI and analyzed for DNA content. The percentage of cells in S/G2/M phases of the cell cycle are shown. A significantly lower percentage of
cells in active cycle with MSF/SCF treatment than with MSF/MSF at days 6, 8, and 10 (P < 0.05 for each time point). (c) Cell cycle analysis
of PB CD34+ cells cultured and transduced for 4 days in the presence of MGDF/SCF/FLT/FN with a retroviral vector expressing the eGFP
gene, and then either continued in MGDF/SCF/FLT/FN without further transduction (MSF/MSF) or transferred to SCF/FN (MSF/SCF). The
percentage of GFP-positive cells in the S/G2/M phases of the cell cycle are shown. (d) Apoptosis analysis. The percentage of apoptotic cells
is shown for cells cultured with SCF/MGDF/FLT/FN for 4 days, and then either continued in the three cytokines (MSF/MSF), transferred to
SCF/FN (MSF/SCF), or transferred to FN alone (MSF/FN). Transfer to FN alone (MSF/FN) resulted in a significant increase in apoptosis
compared with both MSF/MSF and MSF/SCF (P < 0.005 for both comparisons).



could result in enhanced engraftment of transduced
progenitor and stem cells in vivo, as compared direct-
ly to cells transduced under the same conditions but
without culture for an additional time period under
the nonstimulatory conditions. The experimental
design is depicted in Figure 2. Three rhesus macaques
had SCF/G-CSF–mobilized PB cells collected, CD34-
enriched, split into two equal fractions, and trans-
duced with one of two retroviral marking vectors for 4
days in the presence of SCF/MGDF/FLT/FN. One
fraction was cryopreserved at the end of transduction
and the second fraction was continued in culture, but
without vector, for an additional 2 days in the presence
of SCF/FN, then cryopreserved. Both fractions were
thawed and reinfused simultaneously.

The two vectors used, LNL6 and G1Na, have identi-
cal titers on HeLa cells and have been found to be
equivalent for in vivo marking of primitive repopu-

lating cells in several prior studies (5, 12,
16). Table 1 summarizes the PBSC 
collection and progenitor enrichment, in
vitro transduction efficiency, and
engraftment kinetics for each animal.
There were no significant differences in
the efficiency of transduction of com-
mitted progenitors (CFUs) between the
two fractions, suggesting that the LNL6
and G1Na vectors had equivalent titers
for transduction of hematopoietic cells.
All animals engrafted rapidly.

Analysis of engraftment with transduced cells.
After transplantation, semiquantitative
PCR analysis of PB samples allowed assess-
ment of the relative contribution of each
fraction to in vivo marking. Figure 3 shows
representative gels from each animal. A
summary of marking levels in PBMCs and
PB granulocytes over time, assuming one
vector integration per cell, is depicted in
Figure 4. Total marking levels (adding
together marking from both transduced
fractions) in two of the three animals were
in clinically relevant ranges long-term, at

6.2–9.5% in PBMCs and 6.0–10.0% in PB granulocytes
in animal 96E019; and 14.9–22.5% in PBMCs and
14.4–20.4% in PB granulocytes in animal RC706. In all
animals, the contribution to in vivo marking from the
cells cultured for two additional days in SCF/FN with-
out further transduction was significantly higher (3.4-
to 4.2-fold higher for animal 96E019, 2.4- to 5.0-fold
higher for animal RC706, and 1.6- to 2.3-fold higher for
animal 96E025) than from the cells cryopreserved
immediately following the 4-day transduction in stim-
ulatory cytokines (P < 0.01 in all animals).

The levels and ratio of marking originating from the
two transduced fractions were confirmed by genomic
Southern blotting of PB samples from selected time
points in the two animals with overall high-level mark-
ing (Figure 3b). Analysis of band intensity indicated
that marking from cells cultured for two additional
days in SCF/FN, without further transduction, was
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Figure 2
Experimental design. In each animal, if G1Na was used to transduce one fraction,
LNL6 was used to transduce the other fraction. For each subsequent animal, the
vector used to transduce each fraction was alternated. 

Table 1
Summary of CD34 enrichment, infusion, transduction efficiency, and engraftment

Animal CD34 enrichment Transduction Total CFUs No. cells infused/kg Transduction Engraftment Follow-up
(fold)A × 105 × 106 efficiency (%)B (days)C (months)

96E025 87.8 4 days 5.2 6.8 55.0 9 >12
4 + 2 days 5.9 7.2 61.9

96E019 127.5 4 days 8.1 9.8 55.0 11 >12
4 + 2 days 8.8 10.3 61.9

RC706 112.0 4 days 9.4 8.3 61.9 8 >12
4 + 2 days 11.0 8.6 65.0

RQ2280 88.3 6 days 9.4 9.9 65.0% 9 2
4 + 2 days 8.8 8.8 61.9%

ADegree of progenitor cell enrichment by CD34 selection was calculated by enumerating total CFUs before and after column purification. BTransduction effi-
ciency evaluated by the percentage of β-actin–positive colonies that were also neo-positive at the end of transduction, as determined by PCR of individual colonies.
CDays to reach an absolute neutrophil count greater than 500/µl.



higher than the marking from the cells cryopreserved
immediately after the 4 days of transduction in stimu-
latory cytokines, confirming the PCR analysis. Mark-
ing was 2.3-fold higher in animal 96E019 and 5.2-fold
higher in animal RC706.

Individual CFUs grown from posttransplantation
marrow samples were also analyzed by PCR for vector
sequences. The overall marking levels were similar to
PB marking, confirming the likelihood of one vector
copy per cell. The pattern was the same as in the PB
granulocytes and PBMCs, with a higher contribution
of marked CFUs originating from the fraction of cells
cultured for 2 days in SCF/FN after transduction in all
animals (data not shown).

To exclude the possibility that the improved marking
in the treatment consisting of 4 days in
SCF/MGDF/FLT/FN followed by 2 days in SCF/FN
was not simply due to a more prolonged period in cul-
ture (allowing integration of proviral particles after
removal from the stimulatory cytokines), a final com-
petitive repopulation assay was performed. Animal
RQ2280 had SCF/G-CSF–mobilized, CD34-enriched
cells collected and split into two fractions: for trans-
duction either for 6 days in the presence of
SCF/MGDF/FLT/FN, with daily addition of vector
supernatant, or for 4 days in SCF/MGDF/FLT/FN, fol-
lowed by washing and culture without vector in the
presence of SCF/FN for 2 days (Table 1). Both fractions
were collected and reinfused simultaneously. As shown
in Figure 5, engraftment with marked cells at 20 weeks

after transplantation is 3.4-fold higher from the “4 + 2
fraction” than from the 6-day transduction fraction. 

Discussion
Since the discovery and purification of the first
hematopoietic cytokines almost two decades ago, sci-
entists and clinicians have pursued ex vivo culture tech-
niques for stem cell expansion and gene therapy appli-
cations (21). The ability to expand hematopoietic stem
and progenitor cells could potentially widen the avail-
ability and improve the efficacy of cord-blood trans-
plantation, speed recovery from cytopenias after autol-
ogous or allogeneic transplantation, allow complex
graft manipulation procedures to purge tumor cells,
and ensure engraftment in mismatched or nonablative
allogeneic transplantation (22). Current methods for
HSC genetic modification require ex vivo stimulation
with cytokines in order to stimulate mitosis and thus
allow passage of retroviral vectors to the cell nucleus
(23). Because primitive stem cells in both marrow and
(especially) mobilized PB are in the quiescent G0 phase
of the cell cycle, susceptibility to retroviral transduction
or ex vivo expansion requires culture conditions that
induce cells to enter active cell cycle (13, 19, 24, 25).
However, several studies have documented a disturbing
loss of in vivo repopulating stem cell activity after cul-
ture in stimulatory cytokines for 4 days or more (21,
26–28). In the nonhuman primate model, a direct com-
parison using gene marking to track ex vivo–manipu-
lated PBSCs found complete loss of in vivo engraft-
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Figure 3
Analysis of engraftment with transduced cells in vivo.
(a) PCR analysis of neo sequences in PBMCs. 96E025
and RC706 received cells transduced with LNL6 for 4
days in MGDF/SCF/FLT/FN (active) and cells trans-
duced with G1Na for 4 days in MGDF/SCF/FLT/FN
that were then transferred to SCF/FN for two addi-
tional days without further exposure to vector (rested).
96E019 cells received the reverse vector treatment:
G1Na for 4 days in MGDF/SCF/FLT/FN (active) and
LNL6 for 4 days then transferred to SCF/FN for two
additional days without further exposure to vector
(rested). DNA from PBMCs at the indicated number of
weeks after transplantation (W) was analyzed by PCR.
Serial dilutions of G1Na vector–containing DNA with a
known number of integrated copies were made using
normal rhesus PB DNA at the indicated percentages;
known-copy-number LNL6 DNA and mixtures of LNL6
and G1Na controls are shown. Dash (–) indicates con-
currently extracted control rhesus PB DNA; H2O:
reagent control. (b) Southern blot analysis of genomic
marking levels in RC706 and 96E019, using DNA sam-
ples from PBMCs at the indicated number of weeks
after transplantation, and positive standards made by
diluting known-copy-number cell-line DNA into normal
rhesus DNA. Samples were digested with KpnI, an
enzyme that cuts within the LTRs in both LNL6 and
G1Na. Due to residual env sequences in LNL6 that are
not present in G1Na, the expected fragment size is 3.0
kb in LNL6 and 2.3 kb in G1Na.



ment of cells cultured for 10 days as compared with
those cultured for 4 days (7, 29).

Loss of functional stem cell activity during ex vivo
culture could result from several factors. The most
obvious is irreversible terminal differentiation. Using
membrane dyes to track cell divisions of murine mar-
row stem cells during ex vivo culture, it has been shown
that repopulating activity was preferentially retained in
cells that had not divided in culture (30). Under differ-
ent cytokine conditions, cells in human cord blood that
had divided could still engraft NOD/SCID mice (31).
One study showed that with more divisions in culture,
there was increased apoptosis of cells with a primitive
phenotype (32). Several groups began to study the rela-
tionship between cell cycle status and in vivo stem cell
function. Quesenberry and coworkers reported
decreased engraftment of cells induced into cell cycle,
both in vivo with 5-fluorouracil and in vitro with
cytokines, compared with steady-state marrow. They
postulated that this defect could result from reversible
changes in engraftment and homing, as opposed to
irreversible loss of stem cells or diminished self-renew-
al capacity (33–35). Srour and coworkers have per-
formed several studies using the NOD/SCID model,

and reported that engrafting ability in marrow and in
mobilized blood was primarily in G0-phase cells as
opposed to G1 cells, although cord blood cells seemed
to have the ability to engraft in either G0 or G1 cells,
similar to results from other investigators (1, 31, 36).

Initial attempts to demonstrate reversibility of this
engraftment “defect” failed, but used ex vivo exposure
to agents such as TGF-β, a cytokine that inhibits cell
cycle progression but also induces apoptosis of primi-
tive cells (37–39). The most convincing demonstration
of reversibility to date took advantage of the observa-
tion that murine stem cells go in and out of active cell
cycle synchronously for the first 36 hours of cytokine
exposure ex vivo. Investigators reported a cyclic loss
and then gain in engraftment activity at different time
points in culture (2).

Nonhuman primates and other large animal models
have been shown to have great predictive value for
understanding human hematopoiesis and gene transfer,
due to similar hematopoietic demand, response to
cytokines, expression of cell surface receptors, and local-
ization of hematopoietic activity (40). It may be espe-
cially important to use primate models when investigat-
ing mechanisms of stem cell engraftment, because
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Figure 4
Summary of in vivo marking levels. DNA marking in PBMCs and PB granulocytes (PB Gr) calculated from PCR analysis, assuming one vec-
tor copy per cell, for 96E025, 96E019, and RC706. Animals received cells that were transduced for 4 days in MGDF/SCF/FLT/FN (active),
and cells transduced for 4 days and cultured for an additional 2 days in SCF/FN without further vector exposure (rested). The percentage of
marked cells was calculated from individual values of neo/β-actin band intensities plotted on the regression curve generated from the G1Na
controls. Active: marking level from the vector used to transduce cells cultured for 4 days in MGDF/SCF/FLT/FN; Rested: marking from the
vector used to transduce cells cultured in SCF/MGDF/FLT/FN followed by an additional 2 days without vector in SCF/FN.

Figure 5
In vivo analysis of 6-day stimulatory culture versus 4-day stim-
ulatory culture followed by 2 days in SCF/FN. PCR analysis of
DNA from an animal receiving cells cultured for 6 days in the
presence of the G1Na vector and SCF/MGDF/FLT/FN, versus
cells cultured for 4 days in the presence of LNL6 vector and
SCF/MGDF/FLT/FN followed by culture without vector for
two additional days in the presence of SCF and FN.



murine/human xenograft models may be limited by dif-
ferences between murine and human adhesion receptors
and inefficient homing. We have identified a simple cul-
ture manipulation that improves the engraftment abili-
ty of primate hematopoietic cells stimulated to cycle ex
vivo. The design of the competitive repopulation exper-
iment allowed direct comparison of the engrafting abil-
ity of primitive cells that were transduced for 4 days in
stimulatory cytokines versus an identical cell population
stimulated and transduced for 4 days that was then
shifted to culture in SCF/FN for an additional 2 days
without further transduction. Despite the lack of further
exposure to vector, long-term engraftment in all animals
was significantly higher from vector-containing cells
originating from the fraction that was continued in cul-
ture for two additional days with SCF/FN, suggesting
that transduced primitive cells regained engrafting abil-
ity. Direct comparison of cells transduced for 6 days
under stimulatory conditions with cells transduced for
4 days followed by 2 days without further transduction
in SCF/FN also demonstrated a marked advantage for
cells cultured without stimulatory cytokines before rein-
fusion. This suggests that the improvement was not sim-
ply due to a more prolonged ex vivo culture period that
allowed integration of vector.

There are several mechanisms that may be responsible
for these findings. It is most likely that transfer of the
cells to SCF/FN maintained viability of primitive cells,
but allowed exit from the active cell cycle and an associ-
ated improvement in engraftment ability. Previous
murine experiments have shown that SCF alone main-
tains HSCs in culture without inducing proliferation
(11, 41). Culture on FN retained the repopulating abil-
ity of murine HSCs, and was crucial even in the presence
of cytokines for the maintenance of human cord-blood
engraftment in immunodeficient mice (8, 9). Adhesion
of primitive cells to stroma or fibronectin has also been
shown to inhibit active cycling of primitive cells, but
this block could be overcome by the addition of stimu-
latory cytokine combinations (42, 43). In our study, cell
cycle analysis demonstrated that culture in SCF/FN did
decrease the fraction of cells in S/G2/M, although to a
less marked degree than could completely account for
the in vivo engraftment results. However, the analysis
was performed on the entire population of CD34+ cells,
due to lack of adequate reagents to further discriminate
primitive rhesus macaque hematopoietic populations.
The cell cycle effect may have been more marked in the
most primitive subset of CD34+ responsible for engraft-
ment. A second potential explanation for the findings
is that culture in SCF/FN actually expanded the num-
ber of transduced primitive cells, but there is little exist-
ing data suggesting that these conditions would induce
primitive cells to proliferate, and the cell cycle analysis
does not support this explanation.

Presumably, the engraftment defect associated with
active proliferation of primitive cells results from
changes in the expression or function of cell surface mol-
ecules. These molecules function in the complex process-

es of homing or passive trapping of cells in the marrow,
passage through the marrow endothelium, lodging in
the appropriate microenvironmental niches, and initia-
tion of self-renewal and replenishment of hematopoiet-
ic lineages (44). Thus far there is no clear understanding
of the exact cell surface molecules necessary or sufficient
for these processes, but various models implicate inte-
grins such as VLA-4 and VLA-5, chemokine receptors
such as CXCR4, selectins, leukosialins, and an ever
increasing number of other adhesion receptors found on
primitive hematopoietic cells. Changes in the expression
and function of cell surface adhesion receptors upon cell
cycle progression or cytokine stimulation are beginning
to be investigated (45). Cytokine stimulation was shown
to increase both the expression and the inside-out sig-
naling function of VLA-4, an integrin that can bind both
fibronectin and VCAM-1 components of the bone mar-
row microenvironment (46). It is possible that increased
expression of adhesion molecules induced by cycling
could result in initial homing to an inappropriate site,
such as the spleen or lungs, and therefore loss of in vivo
engraftment function (47). Further insights will have to
await a better understanding of the critical pathways for
each step in engraftment, and studies are ongoing using
the rhesus model.

Regardless of the mechanism, our findings have a
number of implications. Irreversible loss or failure to
expand HSCs ex vivo should not be assumed without an
attempt to rescue engraftment potential by culture in
SCF/FN, or under other conditions that have been
found to decrease cycling without loss of viability. Clin-
ical and experimental ex vivo expansion protocols
should be developed to investigate these hypotheses fur-
ther, using retroviral marking to directly track progeny
of transduced, and thus cycling, cells. At present, most
clinical investigations of ex vivo expansion involve cord
blood expansion for allogeneic transplantation. Murine
xenograft studies indicate that the engraftment defect
may be less pronounced with cord blood than with adult
HSCs, but given the potential clinical implications, study
of the issue should incorporate gene marking of proge-
ny of “expanded” cord blood cells following reinfusion.

There are also several implications for gene therapy.
The ability of lentiviral vectors to transduce noncycling
cells during a brief ex vivo exposure to vector may
increase efficiency of gene transfer to primitive cells,
but also enhance engraftment ability, and thus increase
competition against endogenous stem cells or non-
transduced stem cells in the graft (48). But even using
standard retroviral vectors, we achieved encouraging
levels of gene transfer, with stable marking in multiple
lineages from the fraction of cells “rested” before rein-
fusion being as high as 15–29%, at this point more than
one year after transplantation. Improving the ability of
transduced cells to compete against endogenous stem
cells is most important in nonablative situations, and
we will now proceed to investigate the utility of this
approach in such a setting, with potential applications
in gene therapy of nonmalignant diseases.
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