








in the presence of IL-3, IL-6, stem cell factor, GM-CSF, and
erythropoeitin to allow colony differentiation and prolifera-
tion. Two weeks later, colony types were counted and stained
for AP activity. To our surprise, the cells transduced with VSV
G-pseudotyped virus produced roughly 50% fewer colonies of
each type than did the cells transduced with otherwise identical
bald virus (Fig. 6). Very few of the colonies stained positive for
AP, and those colonies were minute (fewer than 50 cells). This
result, reproduced several times, suggested that there was a

cytotoxic or cytostatic gene product present within pHIV-
APDenvDR1 which did not allow for expansion of transduced
cells. We then made a series of deletion and frameshift vector
constructs (Fig. 1A) and tested them for initial transduction
efficiency and stability of expression by bulk culture and by
colony formation in methylcellulose. As shown in Table 1, each
construct, pseudotyped with VSV G, had a different titer on
HOS cells and a different initial transduction efficiency on
CD341 cells, with pHIV-APDenvDVifDVpr being superior in
this respect. AP expression was monitored in bulk culture for
4 weeks. For each of the constructs in Fig. 1A, there was a
decay in the proportion of cells with detectable expression
(Fig. 7). This decay was most pronounced and significant for
pHIV-APDenvDR1 (compared to pHIV-APDenvDVifDVpr),
consistent with the results described above. On day 3, a frac-
tion of the transduced cells were plated into methylcellulose
and examined for AP expression after 3 weeks. The percent
AP-positive colonies mirrored what was observed in bulk cul-
ture (data not shown), although there was a subpopulation of
sectored colonies. These results suggest that either Vif or the
amino terminus of Vpr is cytotoxic or cytostatic to CD341

cells.
Because we could not distinguish decay in the expression of

the marker gene from a defect in survival expansion of the
transduced cells, we wished to determine the transduction rate
by PCR marking. Because we had great difficulty in removing
all contaminating DNA from the original transfection of the
293T producers, we eliminated the BspEI site in the 59 LTR
(pHIV-APDenvDVifDVpr-BspEI [Fig. 1B]). Using PCR prim-
ers which flank this site, we would thus be able to differentiate
between contaminating DNA and complete proviral replica-
tion by measuring the susceptibility of the PCR product to
BspEI digestion. CD341 cells were transduced with either
pHIV-APDenvDVifDVpr-BspEI(VSV G) or pHIV-APDenvD
VifDVpr-BspE1(bald), treated with DNase I to remove most
of the contaminating DNA from the original transfection, and
plated into methylcellulose. In this experiment, the initial
transduction rate was 42%. At 3 weeks, 24% of the colonies

FIG. 5. Transduction is independent of the S phase. CD341 cells were trans-
duced overnight with ultracentrifuge-concentrated bald HIV-CD4 (mock) or
HIV-CD4(VSV G) and at the same time incubated in the presence or absence
of 30 mg of BrdU per ml. Two days later, the cells were fixed and incubated with
mouse anti-BrdU followed by FITC-IgG. After further washing, the cells were
incubated with mouse anti-CD4–PE (1:10 dilution) and analyzed by flow cytom-
etry on a FACScan. Similar results were obtained in a 4-h experiment. BrdU-
positive cells represent those that were in the S phase.

FIG. 6. Transduction by HIV-APDenvDR1(VSV G) results in cytotoxicity.
CD341 Thy11 cells were transduced overnight with ultrafiltered bald or HIV-
APDenvDR1(VSV G). Three days later, the cells were plated into methylcellu-
lose. Colony types and AP staining were determined 2 weeks later. GM, granu-
locyte-macrophage; E, erythroid; mixed, mixed cell types. Only a few AP1

colonies were observed, and these were small compared to AP2 colonies. This
experiment was repeated twice more with CD341 cells, and similar results were
obtained.

TABLE 1. Titers and transduction rates of HIV vectors

HIV vectora Titer on HOS
cells (IU/ml)b

% Transduction
of CD341 cellsc

p24 leveld

mg/ml pg/IU

HIV-AP (1.0–2.0) 3 107 NDe ND ND
HIV-APDenv 2.5 3 107 20–48 ND ND
HIV-APDenvDR1 3.0 3 107 60 9.6 0.32
HIV-APDenvDVifDVpr 4.0 3 107 50–85 7.5 0.19
HIV-AP G-P-E-F-V- 3.0 3 106 35 2.1 0.7
HIV-AP E-F-V-T- 1.0 3 106 20 4.4 4.4
HIV-AP E-F-V-R- 1.0 3 106 35 5.2 5.2
HIV-AP E-F-V-R-T- 5.0 3 105 5 4.7 9.4

a HIV vectors (with the exception of pHIV-AP) are as shown in Fig. 1A and
were pseudotyped with VSV G envelope glycoprotein. The last four vectors were
also cotransfected with pHIV-PV (Fig. 1A) in the producer 293T cell line to
trans-complement protein function such that the virus produced would be capa-
ble of a single round of replication.

b The endpoint titer was determined by using 10-fold serial dilutions of the
unconcentrated viral stocks on HOS cells.

c The percent transduction of HSC was based upon using 50- or 100-fold-
ultracentrifuge-concentrated viral stocks (beginning with 40 ml of supernatant),
typically in a total volume of 1.0 ml of IMDM with cytokines in the presence of
4 mg of polybrene per ml for 12 to 16 h. Transduction efficiency was determined
by AP staining with BCIP/NBT and counting at least 100 cells, usually 2 to 3 days
posttransduction.

d HIV capsid (p24) levels were determined with 10-fold serial dilutions of viral
supernatant stocks and a commercial kit (Coulter).

e ND, not done.
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stained positive for AP activity. At the same time, individual
colonies were picked and PCR was performed as described in
Materials and Methods. The PCR products were then digested
with BspEI. As shown in Fig. 8A, the transduction rate (as
measured by PCR) for pHIV-APDenvDVifDVpr-BspEI(VSV
G) was 91% (10 of 11), since all but one of the samples which
were positive for the b-globin product were also positive for
the HIV product. All other colonies were positive for the
control b-globin product (data not shown). In a second exper-
iment, the PCR marking rate was 100% (12 of 12). No attempt
was made to determine the copy number per colony. To show
that the provirus had integrated, nested Alu-PCR was per-
formed with the DNA from these colonies. This technique
relies on the fact that in most cases there will be an Alu repeat
relatively close to the integrated provirus. Nested primers
present within the LTR are then used to amplify a product of
a specific size (4). As shown in Fig. 8B, DNA from 10 of 12
colonies gave a product of the expected size, as visualized by
ethidium bromide staining of the agarose gel. This suggests
that in this clonogenic assay, expression of the transgene car-
ried by the integrated HIV provirus in a majority of the trans-
duced cells had been suppressed to a level below the limit of
detection.

DISCUSSION

We demonstrate efficient transduction of purified human
HSC by HIV vectors pseudotyped with VSV G. Titers of tran-
siently produced pseudotyped HIV reported here are equiva-
lent to or greater than those previously reported (1, 28, 29, 34),
which may reflect the nature of the enzymatic marker AP. In
studies with CD341 cells, the HIV proviral construct simply
had a deletion in Env, with the marker gene inserted within
Env or Nef, and the stability of marker gene expression was not
examined. In the results reported here, since more of the HIV
genome was deleted from the vector, the titer was reduced
accordingly, which may be due in part to inefficient cotrans-
fection of the 293T producer cells, with the plasmid providing
complementing functions in trans. Alternatively, packaging or
reverse transcription of deleted vectors may not be optimal.
The transduction rates we observed for HSC exceeded those of
other currently used retroviruses (6, 12, 20, 21, 27) and were
roughly equivalent to those of other viral vector systems in use
(3, 7, 13, 26, 30, 45). These are likely to be true transduction
rates, since they were dependent upon both reverse transcrip-
tase and integrase. We were surprised that the titers of the
Tat2 HIV construct (pHIV-AP E-F-V-T-) were reduced 30- to
50-fold on HOS cell targets whereas CD341 transduction rates
were diminished only 2- to 3-fold. The Tat2 virus was prepared
by cotransfection of the pHIV-PV construct, which has an
intact Tat gene, so that production of the virus would presum-
ably not be limiting. It is possible that the AP assay is more
sensitive and nonlinear than measurements of transcript abun-
dance. Readthrough transcription from bona fide or fortuitous
promoters in cellular flanking sequences followed by conven-
tional splicing would also yield an AP-positive cell. The titers
of the construct lacking functional Tat and Rev were reduced
100-fold on HOS cells and gave very poor transduction rates
on HSC.

The transduction rates in our experiments were reproducibly
higher if HSC were preactivated with cytokines for 48 h. How-
ever, this high transduction rate was independent of mitosis in
that aphidocolin, an S-phase inhibitor, had no consistent effect
on the transduction efficiency. In addition, transduced cells had
nearly the same DNA content profile as untransduced cells,
with an insignificant bias toward the S, G2, and M phases.
Furthermore, transduction by HIV(VSV G) was independent
of the S phase, as indicated by the BrdU labelling experiment.
These results, taken together, are consistent with previous
findings that HIV can infect nondividing cells. It is not clear
why we observed a requirement for the cells to be cultured in
the presence of cytokines for a few days for maximal transduc-
tion rates, which is at odds with the results discussed above
(34). However, the CD341 cells were prepared and transduced
in a slightly dissimilar manner, and different markers and de-
tection systems were used. More than 99% of freshly isolated
HSC are in the G0/G1 (presumably G0) phase as measured by
DNA content analysis (34, 42). HSC require cytokines both to
prevent apoptosis and to enter G1. The results presented here
may be reconciled with the findings that efficient, complete
transduction by HIV probably requires the target cell to be
transcriptionally active and at least in G1 (out of G0) (38, 39,
41). HIV can enter G0 CD41 T cells and macrophages, but
reverse transcription and expression of viral gene products are
limited (41, 47). Importantly, these cells need not traverse
mitosis for nuclear entry and expression of viral genes to take
place. Thus, if transduction is measured by transgene expres-
sion (as it was in most cases here), a requirement for an
activated state and consequent transcription but not mitosis is
observed.

FIG. 7. Expression of AP marker declines over time. CD341 cells were
transduced in triplicate overnight with ultracentrifuge-concentrated VSV G
pseudotyped HIV vectors (Table 1). Note that the viruses HIV-AP G-P-E-F-V-,
HIV-AP E-F-V-T-, HIV-AP E-F-V-R-, and HIV-AP E-F-V-R-T- were pro-
duced by cotransfection with pHIV-PV (Fig. 1A) and pME VSV G. After
transduction, the cells were either plated out into methylcellulose and 3 weeks
later stained for AP with BCIP/NBT or maintained in bulk culture in the pres-
ence of IL-3, IL-6, and stem cell factor and periodically stained for AP. No
staining was observed for cells infected with bald HIV-APDenvDVifDVpr (data
not shown). For each construct, the percentage of AP1 colonies observed in
methylcellulose was similar to what was seen in bulk culture. p, P , 0.0001
compared to HIV-APDenvDVifDVpr; pp, P . 0.05 compared to HIV-AP E-F-
V-R- but P , 0.0001 compared to HIV-APDenvDVifDVpr; §, P , 0.0001 for
both HIV-APDR1 and HIV-AP E-F-V-R-T- compared to HIV-APDenvDVifD
Vpr (all results obtained by two-way balanced analysis of variance). Error bars
have been omitted for clarity.
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We also demonstrate that expression of the transgene wanes
over the course of several weeks, so that an initial transduction
rate measured by expression of more than 50% (as an exam-
ple) declines to a proportion of 25% at 3 weeks. It is not known
whether expression diminishes further over more extended
times. However, transduction measured by PCR marking re-
mained high. It is uncertain which features of the virus (or host
cell) cause extinction of viral gene expression, but this phe-
nomenon is generally observed for the retroviruses and re-
mains problematic for their use as gene transfer agents. An
unexpected finding presented here is that HIV-1 contains a
gene product which is selectively cytotoxic to HSC. This prod-
uct is not Tat or the carboxy terminus of Vpr, which have been
shown in other cell types to cause apoptosis (24, 32, 46) and
G2/M arrest (14, 17, 25, 33), respectively. Based on the series
of deletion constructs, the cytotoxic product is either Vif or the
amino terminus of Vpr. Other experiments suggest that this
property maps within Vif, not Vpr (data not shown). Although
Vif is highly conserved among different HIV-1 isolates and is
present in other lentiviruses, its role in the viral life cycle
remains poorly defined. Vif is required for viral replication in
primary cell types and is critical for proviral DNA synthesis in
selected target cells (44). The cytotoxicity of certain HIV-1
isolates has been mapped to the Vif gene product (36), with
the cytopathic effect being manifested as loss of cell viability
and giant cell formation. Others have reported that cell clones
that survive the initial cytopathic effect harbor HIV species
which have individual mutations in accessory gene products,
including Vif (18, 19). However, toxic effects of Vif are not
consistently seen (44), and we do not observe the cytotoxic
effect of Vif in established human and mouse cell lines. For the
HSC transduced with Vif1 HIV, multinucleated giant cells

were not observed, but we do not yet know the cause of the loss
of cell viability. These results do suggest, however, that dele-
tion of Vif is a requisite for maintenance of the transduced
HSC population and hence for expression of the transgene.

We have yet to detect replication-competent virus present in
the transient-transfection viral supernatants. This has also
been true for similar HIV vector systems, which have larger
deletions of the provirus (5, 28, 29, 31). It remains possible that
replication-competent virus exists at a level of 1029 or 10210

(representing 30 or 300 ml of viral supernatant, respectively)
and that the assay used here is not sensitive enough to detect
these rare occurrences. It is also conceivable that a target cell
could express an endogenous envelope so that cells transduced
with pHIV-APDenv would produce virus of altered tropism but
would still be replication defective. It is thus most desirable to
use a vector such as pHIV-AP G-P-E-F-V- or the previously
described transfer vector (29), which has a minimum of resid-
ual HIV sequence. Packaging cell lines with HIV core proteins
and HIV envelopes have been described, but the host range of
the replication-defective virus was more restricted and the
titers were reduced at least 1,000-fold compared to HIV(VSV
G) pseudotypes (5, 31). Transient production of viral superna-
tants is clearly advantageous for vector development, but it will
be desirable ultimately to generate suitable HIV packaging cell
lines of wide host range in a bioreactor system, as has been
demonstrated for MuLV (8).
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