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Abstract

Mobilized peripheral blood CD34+ cells express more amphotropic 
retrovirus receptor than bone marrow CD34+ cells
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Background and Objective. The increased suscepti-
bility to gene transfer by amphotropic retroviral vec-
tors of mobilized peripheral blood (PB) CD34+ cells
compared to their bone marrow (BM) counterparts
may depend, among other factors, on the level of
expression of the amphotropic receptor on the prog-
enitor cell. Using a previously described flow cytom-
etry strategy, we have studied retrovirus binding to
mobilized CD34+ cells, derived from cancer patients
treated with high-dose chemotherapy and growth
factor(s), that are efficiently transduced by N2 retro-
virus vector.

Design and Methods. We measured the binding of
the retrovirus to the cells using a rat monoclonal
antibody reactive with the gp70 envelope glycopro-
tein, common to all replication-defective ampho-
tropic retroviruses. Antibody-virus-cell complexes
were indirectly labeled and analyzed by flow cytom-
etry. We compared the binding of PA317-N2 vector
to CD34+ cells derived from steady-state BM, steady-
state PB and mobilized PB from cancer patients
treated with high-dose chemotherapy and cytokine.

Results. The fluorescence intensity of mobilized
CD34+ cells was approximately one log higher than
that of steady-state BM or PB CD34+ cells, indicat-
ing that the expression of the amphotropic receptor
was increased. Moreover, the virus binding was pro-
portional to the gene transfer rate, as assessed by
G418 resistance into mobilized PB-derived CFU-GM.
The increase in fluorescence intensity appeared to
be restricted to CD34+ cell subset, neither CD2+ nor
CD14+ cells bound the virus in an appreciable
amount.

Interpretation and Conclusions. Virus binding, as
assessed by indirect immunofluorescence assay, is
increased in mobilized CD34+ cells. The increased
binding may contribute to their high susceptibility to
retrovirus vector infection.
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In preclinical and clinical studies, replication-
defective amphotropic retroviruses have been
most commonly used as vehicles for transducing

genes into hematopoietic progenitors.1 Mobilized
peripheral blood progenitors are better targets of
retroviral-mediated gene transfer than bone marrow
steady-state progenitors, as demonstrated by PCR-
assessed transfer rate and G418 resistance into sin-
gle CFU-GM colonies.2,3 The increased susceptibility
to virus infection of mobilized progenitors may
depend, among other factors, on higher expression
of the amphotropic receptor used for virus entry.
Recently, the human retrovirus receptor has been
cloned, and its function was demonstrated by its sus-
ceptibility to virus infection of receptor-negative cell
lines upon ectopic expression of the receptor cDNA.4

To our knowledge, direct measurement of the recep-
tor expression levels on target cells is not available as
specific monoclonal antibodies for the receptor have
yet to be developed. However, Crooks and Kohn
recently reported a flow cytometry assay for mea-
suring the binding of retrovirus to the cell using the
rat monoclonal antibody 83A25, reactive with the
viral envelope gp70 glycoprotein, common to all
murine leukemia viruses.5 By employing this
approach, they were able to demonstrate that the
culture of CD34+ bone marrow cells with IL-3, IL-6
and stem cell factor increases the virus binding by
two to fourfold, and concluded that increased recep-
tor expression may be one mechanism by which
cytokines enhance gene transfer into bone marrow
CD34+ cells.6

Using this flow cytometry strategy, we have stud-
ied retrovirus binding to mobilized CD34+ cells
derived from cancer patients treated with high-dose
chemotherapy and growth factor(s), efficiently trans-
duced by the N2 retrovirus vector.2 We have found
that their fluorescence intensity is increased in com-
parison to that of steady-state BM and PB CD34+

cells. In addition, we found a significant correlation
between the virus binding and the rate of gene trans-
fer, indicating that this assay can predict the trans-
duction efficiency into target cells.



Materials and Methods

Target cells
Hematopoietic cells utilized in these experiments

were taken from: 1) leukapheresis cell suspensions
collected for autografting from non-Hodgkin’s lym-
phoma and breast cancer patients in the recovery-
phase after high-dose cyclophosphamide therapy
(HD-CTX) and cytokine treatment;7 2) bone marrow
aspirates from cancer patients with non-hematolog-
ic malignancies undergoing staging procedures with
biopsy-proven normal bone marrow; 3) leukaphere-
sis cell suspensions from normal volunteers under-
going apheresis for platelet donation. All patients
and donors were informed and gave oral consent to
the procedure. Hematopoietic cells from leuka-
pheresis and from bone marrow suspensions were
utilized without further processing. In some experi-
ments, CD34+ cells were selected by a high gradient
magnetic cell separation system (MACS; Miltenyi
Biotech, Bergish Gladbach, Germany), according to
the instructions of the manufacturer. Prior to expo-
sure to the viral supernatant, either unmanipulated or
CD34+ selected cells were resuspended in Iscove’s
modified Dulbecco medium supplemented with 10%
heat-inactivated fetal bovine serum (IMDM/10%)
plus Steel factor 50 ng/mL and IL-3 75 ng/mL. They
were cultured at 37°C in 5% CO2 for 48 hours. Jurkat
cell line, which expresses high amounts of the
amphotropic receptor, was utilized as a positive con-
trol for retroviral binding.

Monoclonal antibodies
83A25 is a IgG2 rat monoclonal antibody reactive

with gp70 envelope protein, common to all replica-
tion-defective amphotropic viruses.5 An isotype-
matched rat anti-mouse SCF antibody (Genzyme,
Cambridge, MA, USA) was utilized as an irrelevant
control. Fluorescein-conjugated CD34 HPCA-2, CD2
Leu-5b, CD14 Leu-M3 and CD19 Leu-12 antibodies
(Becton Dickinson, Mountain View, CA, USA) were
utilized according to the manufacturer’s instructions.

Retroviral vectors
The N2 retroviral vector, which carries the neo gene

that confers resistance to G418, was produced by
the PA317 packaging cell line. Producer cells were
grown in IMDM/10%. Viral titer was approximately
107 cfu/mL on the NIH3T3 cell line. Fresh viral super-
natant was 0.45 µm filtered from confluent cultures
and immediately utilized. An ecotropic replication-
defective retrovirus (c2 ALDO A1),8 that does not
bind to amphotropic receptor, was utilized as nega-
tive control.

Flow cytometry analysis of retrovirus binding
The virus binding assay has already been described.6

Briefly, target cells were incubated with fresh viral
supernatant at a multiplicity of infection of 10:1 in the

presence of protamine sulphate 5 µg/mL (Sigma, St.
Louis, MO, USA) for 2 hours at 37°C. Thereafter, all
procedures were carried out on ice. After washings in
PBS 1% FBS 0.01% sodium azide, the cells were incu-
bated  for 20 minutes with 83A25 or with an irrelevant
antibody, washed, and incubated with biotinylated
goat anti rat antiserum (Jackson ImmunoResearch Lab-
oratories, West Grove, PA, USA). After further wash-
ings, the cells were incubated for 20 minutes with R-
phycoerhytrin-conjugated streptavidin (PE) (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA),
washed and incubated for 20 minutes with FITC-con-
jugated CD34 antibody. In some experiments, FITC-
conjugated CD2, CD14 or CD19 antibodies were
employed in place of CD34. After final washings, sam-
ples were analyzed on a FACScan (Becton Dickinson,
Mountain View, CA, USA) equipped with Lysys II ver-
sion 1.0 software. All cells were acquired, with the
exclusion of erythrocytes when present in the sample.
At least 10,000 events were analyzed. PE fluorescence
was evaluated on a FITC-positive CD34+ cell popula-
tion after appropriate gating. PE mean fluorescence
intensity was calculated by histogram statistics func-
tion (Lysys II Software, Becton Dickinson, Mountain
View, CA, USA). The increase in mean fluorescence
intensity over irrelevant controls was utilized as a mea-
sure of retrovirus binding to target cells.

Correlation between virus binding and gene
transfer into mobilized progenitors

Mobilized PB cells from a cancer patient (UPN
95/809) undergoing chemotherapy with HD-CTX and
filgrastim were collected by leukapheresis at day +11
after chemotherapy administration. A sample of leuka-
pheresis cell suspension was cultured for 48 hours in
IMDM/10% with SCF and IL-3. Thereafter, aliquots of
cells were infected with serial dilutions of N2 super-
natant (undiluted; 1:5; 1:10; 1:100 dilutions) for 3
hours at 37°C with protamine 5 µg/mL. Half of each
cell aliquot was utilized for virus binding assay (see
above). The other half was plated in methylcellulose
for G418 resistance, as already described.2 Briefly,
5,000 cells from each sample were plated with or with-
out G418 (1.0 mg/mL active dose), in Methocult
H4230 medium (Stem Cell Technologies, Vancouver,
CA, USA), with 10% 5637 conditioned medium. After
14 days in the culture, the percentage of G418-resis-
tant colonies was evaluated by comparing the numbers
of colonies grown in the presence of G418 to that of
untreated controls. The relation between the mean flu-
orescence intensity of samples stained with 83A25 and
the percentage of G418-resistant colonies was evalu-
ated by linear regression and correlation analysis using
a commercially available computer program (Cricket
Graph III, Cricket Software, Philadelphia, PA, USA).

Results
CD34+ selected cells from steady-state peripheral

blood, steady-state bone marrow and mobilized
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peripheral blood were cultured for 48 hours in medi-
um plus cytokines, infected with N2 retrovirus vector,
and analyzed for virus binding by 83A25 staining. As
shown in Figure 1, the PE fluorescence intensity of
the mobilized CD34+ cells was one log higher than
that of the steady-state PB or BM CD34+ cells, indi-
cating that the virus binding to the amphotropic
receptor is increased in the former cells (Panel D ver-
sus Panel B and C, respectively). These data were con-
firmed in 17 patients who underwent HD-CTX
chemotherapy and cytokine(s) as primary treatment
for their disease (high-risk breast cancer or diffuse
large cell lymphoma). Taken together, the PE mean
fluorescence intensity of the CD34+ cells from mobi-
lized PB after culture was increased 6.5 fold over neg-
ative controls, versus 2.4 fold in the steady-state
BM34+ cells. Virus binding was not influenced by dif-
ferent diseases (non-Hodgkin’s lymphoma vs breast
cancer) or by different cytokine treatment (G-CSF vs
GM-CSF) (data not shown). Specificity was assessed
by substituting 83A25 antibody with an irrelevant
antibody against rat stem cell factor and by infecting
CD34+ cells with an ecotropic supernatant (not
shown). Positive control consisted of Jurkat cells,
which express high amounts of the amphotropic
receptor, and stained brightly with 83A25, as already
reported6 (Figure 1, Panel A).

Virus binding was also studied on fresh, uncultured
cells from leukapheresis cell suspension and from
bone marrow buffy coat. As shown in Figure 2, mobi-
lized CD34+ cells remarkably bound the retrovirus.
No binding was observed on uncultured bone mar-
row cells.

In order to understand whether a correlation exists
between the amount of virus binding and the gene
transfer rate into target cells, a viral supernatant was
serially diluted and then utilized to infect mobilized
PB cells after a 48-hour incubation with cytokines. A
cell aliquot was stained with 83A25 antibody, and
another aliquot was plated in methylcellulose to
assay for G418-resistant colonies (see Materials and
Methods). As illustrated in Figure 3 and Table 1, the
mean fluorescence intensity of the samples decreased
with supernatant dilutions, and the percentage of
G418-resistant colonies decreased accordingly. The
correlation coefficient between the two variables
(r=0.869) confirmed that the virus binding is an
important factor determining the efficiency of the
infection.

Finally, we studied the virus binding to non-CD34+

cell subsets present in mobilized peripheral blood
suspensions. As reported in Figure 4, the increase in
fluorescence intensity appeared to be restricted to
CD34+ cells. Neither CD2+ (T lymphocytes) nor
CD14+ (monocyte-macrophage) cells bound the virus
in an appreciable amount, while a minimal increase
of virus binding was observed on CD19+ (B lympho-
cytes) cells.

Figure 1. Binding of PA317-N2 retrovirus vector to Jurkat
and CD34+ cells from different sources. Cells were infected
with N2 vector for 2 hrs, labeled with 83A25 antibody, and
stained with streptavidin- phycoerythin (PE). The retrovirus
binding is detected by PE fluorescence intensity (see Mate-
rials and Methods for details). White area: negative control
(irrelevant antibody); black area: staining with 83A25 anti-
body. A: Jurkat cells (positive control) B: steady-state PB
CD34+ cells. C: steady-state BM CD34+ cells. D: mobilized
PB CD34+ cells.

Figure 2. Binding of PA317-N2 retrovirus vector to CD34+

cells from fresh, unseparated steady-state BM and from
mobilized PB (see legend to Figure 1 for details). Left pan-
els: CD34+ cells from mobilized PB (up) and steady-state
BM (down) are identified by green fluorescence (gate).
Right panels: 83A25-PE fluorescence intensity of gated
CD34+ cells. In Panel B (steady-state BM CD34+ cells) the
negative control is indistinguishable from the positive sam-
ple.
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Discussion
Using a flow cytometry approach, we have shown

that virus binding is increased in mobilized PB CD34+

cells compared with steady-state BM CD34+ cells.
Our results confirm and expand earlier observations
indicating that growth factors incubation increases
the binding of retrovirus vector to BM CD34+ cells,6

and the expression of amphotropic receptor mRNA
in PB CD34+ cells.9 An analogous observation has
been reported in mouse hematopoietic stem cells,
where low efficiency of transduction by amphotrop-
ic retroviral vectors correlated with low levels of the
amphotropic receptor expression.9 We have also

shown that virus binding to mobilized CD34+ cells
occurs immediately after harvesting for clinical cell
autografting, while bone marrow CD34+ cells require
growth factors incubation as a pre-requisite for virus
binding. This finding suggests that an additional
advantage of mobilized PB progenitors in a gene
transfer clinical setting is the possibility of avoiding
laborious ex vivo incubations prior to virus infection.
Furthermore, we show that retrovirus binding in
mobilized PB CD34+ cells is significantly correlated
with their transduction efficiency. This finding is in
agreement with previous reports2,3 showing that
mobilized progenitors are more efficiently infected
than bone marrow counterparts, and helps explain
their high susceptibility to retrovirus infection. It is
also interesting to notice that the virus binding is
detectable only on CD34+ cells from mobilized PB,
and not on either monocyte-macrophage nor on T
cell subsets. These data are in keeping with other
investigators’ observations that T lymphocytes are
relatively refractory to retrovirus infection. These
analyses also suggest a mechanism by which they can
escape retroviral-mediated gene transfer.

Another attempt to explain the different suscepti-
bility to retrovirus infection among progenitors of
different sources (BM, steady-state PB, mobilized
PB) is based on their cell cycle kinetics. For example,
mobilized PB progenitors are mitotically more active
than BM cells and thus more efficiently transduced.10

However, other studies addressing the issue of the
proliferative status of mobilized PB CD34+ cells gave
the following controversial results: 96% of mobilized

Retrovirus binding to mobilized CD34+ cells

Figure 3. Binding of PA317-N2 retrovirus vector to mobi-
lized CD34+ cells after infection with serial dilutions of N2
supernatant. The retrovirus binding is detected by phyco-
erythin (PE) fluorescence intensity (see legend to Figure 1
for details).

Figure 4. Binding of PA317-N2 retrovirus vector to CD34+,
CD14+, CD2+ and CD19+ cell subsets from mobilized PB sus-
pensions (see legend to Figure 1 for details).

Table 1. 83A25-PE mean fluorescence intensity of CD34+

cells and percentage of G418-resistant CFU-GM from mobi-
lized PB cells infected with serial dilutions of N2 super-
natant.

Dilution of N2 83A25-PE mean G418-resistant
supernatant fluorescence intensity CFU-GM (%)

No dilution 20.86 20.0

1:5 5.96 8.2

1:10 3.50 11.2

1:100 2.73 1.1

Mock 3.39 0
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PB CD34+ cells were found in G0/G1 phases of the
cell cycle or, conversely, only 4-7% of PB progenitors
were in S phase.11,12 These data, apparently contra-
dicting the knowledge that retroviral infection is
dependent on active replication of the target cells,13

may be explained by considering virus binding and
proviral integration as two distinct events. Retrovirus
binding is dependent on the expression of the
amphotropic receptor on the cell surface of the tar-
get cell; after translocation of the viral genome into
the cell, integration of the provirus will take place
only if the cell undergoes S-phase. PB CD34+ cells are
ready to progress into S-phase under cytokine stim-
ulation.12 Thus, the presence of cytokines in the cul-
ture medium (e.g., IL-3, IL-6, SCF) inducing CD34+

cell cycling14 is presumably the factor that promotes
virus integration. 

In conclusion, our data indirectly indicate that the
expression of the amphotropic receptor is an impor-
tant factor in the series of events that lead to retro-
virus-mediated gene transfer into hematopoietic
progenitors. Further knowledge of the biology of the
amphotropic receptor may allow genetic manipula-
tion aimed at optimizing gene transfer into CD34+

cells.
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