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Cells of the monocyte lineage can be infected with human immunodeficiency virus type 1 (HIV-1) both during
clinical infection and in vitro. The ability of HIV-1-based vectors to transduce human monocytes, monocyte-
derived macrophages, and dendritic cells (DCs) was therefore examined, in order to develop an efficient
protocol for antigen gene delivery to human antigen-presenting cells. Freshly isolated monocytes were refrac-
tory to HIV-1-based vector transduction but became transducible after in vitro differentiation to mature
macrophages. This maturation-dependent transduction was independent of the HIV-1 accessory proteins Vif,
Vpr, Vpu, and Nef in the packaging cells and of the central polypurine tract in the vector, and it was also
observed with a vesicular stomatitis virus-pseudotyped HIV-1 provirus, defective only in envelope and Nef. The
level and extent of reverse transcription of the HIV-1-based vector was similar after infection of immature
monocytes and of mature macrophages. However, 2LTR vector circles could not be detected in monocytes,
suggesting a block to vector nuclear entry in these cells. Transduction of freshly isolated monocytes exposed
to HIV-1-based vector could be rescued by subsequent differentiation into DCs. This rescue was induced by
fetal calf serum in the DC culture medium, which promoted vector nuclear entry.

Cells of the monocyte lineage are generally the first to be
infected with human immunodeficiency virus (HIV-1) during
viral transmission (12, 40, 50), and human monocyte-derived
macrophages (MDMs) (16, 33, 34, 38) and peripheral blood-
derived dendritic cells (DCs) (2, 4, 7, 42, 46) are susceptible to
HIV-1 infection in vitro. The chemokine receptor CCR5 serves
as a coreceptor for entry of macrophagetropic (M-tropic), or
nonsyncytium-inducing, HIV-1 strains into CD41 macro-
phages (43, 47). T-cell line-tropic (T-tropic), or syncytium-
inducing, HIV-1 strains can also infect monocytes and macro-
phages, using CXCR4 as a coreceptor (45, 48).

This infection of cells of the monocyte lineage by HIV-1
suggests that HIV-1-based vectors may be particularly suitable
for antigen gene delivery to antigen-presenting cells. Profes-
sional antigen-presenting cells, such as macrophages and DCs,
scavenge antigens in tissue and upon inflammatory stimuli
present peptides derived from these antigens to T cells (3).
Patient DCs loaded in vitro with tumor antigens have shown
great promise in the treatment of advanced-stage cancer (28,
29), and DCs expressing tumor antigen genes have been dem-
onstrated to be superior to such antigen-loaded DCs in treat-
ment of metastatic tumors in animals (21). Both DCs and
macrophages can be differentiated in vitro from adherent pe-
ripheral blood monocytes, DCs by culture in the presence of
fetal calf serum and the cytokines interleukin 4 (IL-4) and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
for 7 days (35), and macrophages by culture in medium con-

taining human serum for at least 5 days (9). HIV-1-based
vectors, pseudotyped with vesicular stomatitis virus G proteins
(VSV-G), have previously been reported to transduce both
monocyte-derived DCs (8, 18, 37) and MDMs (37, 51).

The requirements for HIV-1 infection in nondividing cells,
such as those of the monocyte lineage, remain an area of
controversy. Unlike in infections with simple retroviruses, after
the completion of reverse transcription the preintegration
complex containing the proviral DNA can traverse the nuclear
membrane in the absence of mitosis. Various viral proteins
have been implicated in this process. The accessory protein
Vpr contains a nuclear localization sequence (19), as do inte-
grase (13) and matrix (6). A subset of phosphorylated matrix
proteins has also been described as having a role in nuclear
entry (14, 15). More recently, a second primer binding site
within the pol gene of the virus, the central polypurine tract
(cPPT), has been proposed to act as a regulator of nuclear
entry through the formation of triple-stranded DNA flap dur-
ing reverse transcription (49). However, it is unclear to what
extent each of these factors is responsible for nuclear entry in
any particular cell type. Furthermore, in resting cells such as
naive primary T cells, activation stimuli are required for the
efficient completion of HIV-1 reverse transcription (25). This
was thought to be due to the lack of deoxyribonucleotides
(dNTPs) in resting cells, but an artificial increase in dNTP
levels failed to rescue infection (24). However, CD28 costimu-
lation and activation of the transcription factor NFAT have
been shown to be required for HIV-1 infection of primary,
resting T cells (20, 25, 44).

For clinical applications, in vitro manipulation of antigen-
presenting cells should be kept to a minimum. We therefore
used HIV-1-based vectors to transduce freshly isolated mono-
cytes and then differentiated them into either macrophages or
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DCs. We found a postentry block to HIV vector transduction
at the level of nuclear entry that was regulated by macrophage
maturation or culture in fetal calf serum.

MATERIALS AND METHODS

Plasmids. HIV-1-based plasmids were kindly provided by D. Trono (Geneva,
Switzerland) and are described elsewhere (31, 51). The packaging plasmids
pCMVDR8.2 and pCMVDR8.9 carry gag, pol, tat, and rev, and pCMVDR8.2 also
carries the accessory genes vif, vpr, vpu, and nef. The vector plasmid pHR9-CMV-
eGFP contains a cytomegalovirus (CMV)-driven emerald green fluorescent pro-
tein (eGFP) expression cassette, and pMDG encodes VSV-G. Murine leukemia
virus (MLV) vectors based on the pHIT system (pHIT60 carrying MLV gag-pol,
pCNCG vector genome encoding a CMV-driven eGFP, and pHIT456 encoding
the amphotropic MLV envelope) were kindly provided by Oxford Biomedica
(Oxford, United Kingdom) (39). pHR9 plasmids containing Rous sarcoma virus
(RSV), human elongation factor 1a (EF1a), or human b-actin promoters in
place of CMV were constructed by Y. Ikeda (unpublished data), and the pHR9-
cPPT-CMV-eGFP vector containing the cPPT was constructed as described
previously (49). The envelope-defective HIV-1 clone NL4-3 harboring GFP in
place of nef was obtained from P. Clapham (London, United Kingdom).

Virus production. Human 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco, Paisley, United Kingdom) supplemented with 10% fetal
calf serum (FCS) and penicillin and streptomycin, and grown at 37°C in a
humidified atmosphere with 10% CO2. Viruses were produced, essentially as
described previously (31), by transient transfection of 293T cells with a weight
ratio of 3:2:1 of vector to packaging to envelope plasmids using Lipofectamine
(Gibco) per the manufacturer’s instructions. Cells were then washed and grown
for 48 h in serum-free OptiMEM (Gibco) at 37°C. Supernatants were harvested,
passed through a 0.45-mm-pore-size filter, and concentrated by ultracentrifuga-
tion, 100,000 3 g for 90 min (VSV-G pseudotypes) or low-speed centrifugation,
4,000 3 g for 5 h (MLV amphotropic strain [MLV-A] pseudotypes). Viruses
were aliquoted, their titers were determined on 293T cells, and the viruses were
stored at 280°C prior to use.

Isolation of human MDMs. Blood was drawn from consenting healthy donors
into heparinized syringes, and peripheral blood mononuclear cells (PBMCs)
were isolated on Ficoll gradients. Monocytes were allowed to adhere for 2 h on
non-tissue culture-treated plates and washed extensively. Monocytes were then
removed in EDTA, washed, and replated at the desired density on tissue culture
plates and grown in RPMI medium plus 10% heat-inactivated human AB serum
(Harlan, Loughborough, United Kingdom) and antibiotics. Cells isolated were
.90% CD14 positive by FACScan.

Isolation of human monocyte-derived DCs. Monocytes were grown in RPMI
medium supplemented with 10% FCS, antibiotics, IL-4, and GM-CSF (1,000
U/ml) as described previously (35). Four days later, DC cultures were depleted
of CD2-, CD3-, and CD19-expressing cells by negative immunomagnetic selec-
tion and replated at the desired density. After infection studies, DCs were
identified by expression of CD1a and HLA-DR by FACScan.

Monocyte, MDM, and DC transductions. On the desired day postisolation,
monocytes, MDMs, or DCs were washed and exposed to virus or vector at the
required multiplicity of infection (MOI), as standardized on 293T cells, for 12 h,
and then the cells were washed thoroughly. We have observed that eGFP in viral
supernatants can lead to pseudotransduction of phagocytic cells, with cells dis-
playing punctate staining due to phagocytosed eGFP for up to 3 days (unpub-
lished data). Therefore, cells were cultured for 7 days posttransduction, until
cells displayed uniform cytoplasmic eGFP. Percent cell transduction was then
determined by FACScan and analyzed by the Cellquest software. Transduced
MDMs were stained with anti-human CD14-phycoerythrin (PE), and transduced
DCs were stained with anti-human CD1a-PE (Harlan), HLA-DR-PE (Harlan),
or CD83-PE (Becton Dickinson). Titers of NL4-3-pseudotyped viruses were
determined in the same way; infection was detected by in situ p24 capsid expres-
sion using an anti-p24 monoclonal (EVA365/66; NIBSC, London, United King-
dom) and a secondary anti-mouse immunoglobulin b-galactosidase conjugate,
obtained from Southern Technical Association (Birmingham, Ala.). Staining was
developed using X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside).

PCR of reverse transcription intermediates. A total of 2 3 105 cells were
plated to detect reverse transcription intermediates, and 1 3 106 cells were
plated for 2LTR circle detection. Viral stocks were treated with 20 U of DNase
I/ml at 37°C for 1 h to remove contaminating plasmid DNA. Cells were then
exposed to vector at an MOI of 10, 5, or 1 and harvested at 2-h intervals
postinfection. Cells were washed and resuspended in 13 PCR buffer containing
5 mM MgCl2, 0.5% Tween 20, 0.5% NP-40, 0.1% gelatin, and 100 mg of pro-
teinase K/ml, incubated at 56°C for at least 2 h, and then heated to 95°C for 10

min. Lysate (25 ml or a dilution) was used for PCRs and mixed 1:1 with 13 PCR
buffer containing 1 mM concentrations of dNTPs, 1 ml of each primer (10 mM
stock) and 1.5 U of Taq polymerase (Promega). Primers (Sigma, Poole, United
Kingdom) were eGFP and b-actin, primers for LTR/gag, and 2LTR circles and
have been described elsewhere (36). PCR conditions for eGFP and 2LTR were
94°C for 30 s, 62°C for 1 min, and 72°C for 45 s for 35 cycles; those for LTR/gag
were 94°C for 30 s, 57°C for 1 min, and 72°C for 45 s for 35 cycles; and those for
b-actin were 94°C for 30 s, 68°C for 1 min, and 72°C for 30 s for 35 cycles.

RESULTS

Maturation-dependent transduction of MDMs by HIV vec-
tors. Delivery of antigen genes to antigen-presenting cells may
represent a powerful method of inducing potent, long-lasting
immunity. Lentiviral vectors are particularly suitable as deliv-
ery vehicles because they stably transduce nondividing cells
and do not express any viral proteins. We therefore tested the
ability of HIV-based vectors to transduce human monocytes
and MDMs. Adherent PBMCs were isolated from whole blood
and allowed to differentiate in human serum. On various days
postisolation, cells were exposed to HIV vectors, pseudotyped
with either VSV-G or MLV-A envelopes, at an MOI of 10 as
determined by titer on human 293T cells. Vectors were pro-
duced from packaging constructs either encoding all HIV-1
accessory genes (CMVDR8.2) or containing deletions of vif,
vpr, vpu, and nef (CMVDR8.9). VSV-G-pseudotyped MLV,
which does not infect nondividing cells, was used as a control.

Freshly isolated monocytes were refractory to transduction
by HIV vectors pseudotyped with either VSV-G or MLV-A
envelopes. When these vectors were used at an MOI of 10, less
than 0.5% of cells became transduced (Fig. 1A). Increasing the
MOI above 50 led to cellular toxicity and did not result in
increased transduction above 1% (not shown). However, after
5 days of culture in human serum the MDMs became progres-
sively more susceptible to infection (Fig. 1A). The presence of
the accessory proteins Vif, Vpr, Vpu, and Nef had no effect on
this maturation-dependent transduction (Fig. 1A). A similar
result was obtained with CMVDR8.9 packaged vectors
pseudotyped with the MLV-A envelope, which, unlike the pH-
dependent VSV-G, fuses at the cell surface, indicating that this
maturation dependence was not affected by route of entry. As
expected, MLV vectors pseudotyped with VSV-G failed to
transduce MDMs at any stage of differentiation. We confirmed
that the cells which were transduced after exposure to vector at
day 7 postisolation were macrophages by staining with an an-
tibody to the lipopolysaccharide (LPS) binding protein recep-
tor CD14. Figure 2 shows that over 90% of cells within the
culture were CD14 positive and that the cells expressing eGFP
were within the CD14-positive population.

To demonstrate that there were no sequences within HIV-1
but absent from the HIV-based vectors which were required
for monocyte transduction, we used the HIV-1 clone NL4-3,
which is defective only in envelope and Nef, to produce virions
pseudotyped with VSV-G. Infection was measured by in situ
p24 expression. This virus also showed a similar dependence
on monocyte differentiation for infection (Fig. 1B). A recently
identified element within the HIV-1 pol gene, the cPPT, has
been proposed to act as a second primer binding site during
reverse transcription and lead to the formation of a DNA
“flap,” which facilitates nuclear entry in nondividing cells (49).
Inclusion of this sequence in vector genomes has allowed
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greater efficiency of transduction in a variety of nondividing
primary cells, including mature macrophages (11). Vectors
containing the cPPT were more efficient in transduction of
mature macrophages; however, inclusion of the cPPT failed to

allow transduction prior to day 5 of culture (Fig. 1C). This
increase in transduction efficiency also explains that observed
for the full-length NL4-3 pseudotype, which contains a cPPT,
on day 5 of culture (Fig. 1B).

The marker gene for eGFP is driven from a minimal CMV
promoter in the pHR9-CMV-eGFP vector. To assess whether
the transgene promoter had any effect on the maturation-
dependent transduction, VSV-G-pseudotyped vectors contain-
ing eGFP driven from the human b-actin or EF1a promoters
or from the Rous sarcoma virus LTR (RSV) were generated.
While the level of expression varied in permissive macro-
phages, none of these promoters allowed eGFP expression in
monocytes (Fig. 3A). This suggested that lentiviral transduc-
tion of monocytes was blocked prior to proviral establishment
and expression. It has previously been reported that pretreat-
ment of vector stocks with dNTPs can increase transduction of
some nondividing cells (30). To test whether this was also true
for monocytes, vector stocks were treated with concentrations
of dNTPs up to 20 mM for an hour prior to infection. Again,
although the higher dNTP concentrations could increase titers
on permissive macrophages, none had any effect on monocyte
transduction (Fig. 3B). MLV(VSV-G) pseudotypes failed to
transduce either monocytes or macrophages after dNTP treat-
ment (Fig. 3B).

HIV-based vectors undergo reverse transcription but not
nuclear entry in monocytes. Since the VSV-G receptor is
present on most human cell types, we reasoned that virion
entry was unlikely to be the defect in vector transduction of
monocytes. We therefore analyzed whether reverse transcrip-
tion of vector genomes could occur in monocytes. To do this,
2 3 105 day 1 monocytes or day 9 mature macrophages were
infected with CMVDR8.9 packaged vector pseudotyped with
VSV-G at an MOI of 10. At 2-h intervals after exposure to
vector, cells were harvested and lysed, and PCR was performed
for reverse transcription intermediates. PCR products of inter-
mediate reverse transcripts containing eGFP sequences in-
creased similarly over time in both monocytes and macro-
phages, indicating that reverse transcription initiation was not
impaired in monocytes (Fig. 4A). Products resulting from re-
verse transcripts generated after the second-strand transfer
(LTR/gag) also increased over time in both cell types (Fig. 4B).

FIG. 1. Maturation dependence of HIV-1 infection in human
MDMs. (A) HIV vector transduction. Adherent PBMCs were
plated at 104 cells/well of a 96-well plate and infected with
CMVDR8.2(VSV-G) and CMVDR8.9(VSV-G) packaged vectors
(8.2-G and 8.9-G, respectively) or CMVDR8.9(MLV-A) packaged vec-
tor [8.9(MLVA)] at an MOI of 10, as standardized on human 293T
cells, on various days postisolation. Cells were cultured for 7 days
posttransduction; percent cell transduction was then quantified by flu-
orescence-activated cell sorting. MLV vectors pseudotyped with
VSV-G (MLV-G) were used as a control at the same MOI. Values are
means 6 standard errors of the means for three separate experiments.
(B) HIV-1 infection. Titers of NL4-3 pseudotyped with VSV-G
(NL4-G) were determined as for panel A, with the MOI standardized
on 293T cells. Infection was scored by in situ p24 immunoassay. (C)
Effect of cPPT on vector transduction (cPPT2 or cPPT1). Titers of
CMVDR8.9(VSV-G) particles packaging pHR9-CMV-eGFP or HR9-
cPPT-CMV-eGFP were determined as for panel A. The levels of p24
in both supernatants were equal (not shown), and infections were
performed with an equivalent volume for which the cPPT2 vector gave
an MOI of 10 to standardize for virion input.

FIG. 2. Identification of infected cells as macrophages Macro-
phages transduced with a CMVDR8.9(VSV-G) packaged vector on
day 7 postisolation were analyzed on day 14 for eGFP expression and
stained with a PE-conjugated monoclonal antibody against the mono-
cyte/macrophage marker CD14 or the equivalent PE-conjugated iso-
type control (y axis).
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Human b-actin primers were used to demonstrate that similar
amounts of cellular DNA was present in all samples (Fig. 4C).
Serial dilution of the sample from the 8-h time point showed
similar levels of eGFP and LTR/gag products in both immature
and mature cells (Fig. 4D). PCR of an amount of viral super-
natant equivalent to that used to infect the cells was negative
(Fig. 4A and B). Furthermore, addition of the reverse tran-
scriptase inhibitor zidovudine greatly inhibited generation of
eGFP reverse transcripts (Fig. 4E). These data demonstrate
that monocytes can support efficient reverse transcription and
that the block to transduction in these cells must occur at a
later stage in the viral life cycle.

After completion of reverse transcription, HIV preintegra-
tion complexes traverse the cell and enter the nucleus. Ligases
within the nucleus can circularize proviral DNA, before inte-
gration into the host chromosome can occur. Although these
circles are believed to be nonfunctional, they can serve as
measure of viral nuclear entry (41). To assess whether vector
DNA enters the nucleus in monocytes, 106 day 1 monocytes or
day 9 macrophages were infected with CMVDR8.2 or
CMVDR8.9 packaged vector pseudotyped with VSV-G at an
MOI of 5 or 1. At 48 h after exposure to vector, cells were lysed
and PCR was performed to detect 2LTR circles. While circles
were detected in mature macrophages, neither vector pro-

duced circles after infection of monocytes (Fig. 5). A smaller
PCR product of the incorrect size can be seen at a low level in
both cell types (Fig. 5). These data suggest that the block to
transduction in monocytes is at a level between the completion
of reverse transcription and nuclear entry. This block is not
relieved by accessory viral gene products but appears to be
regulated during monocyte-to-macrophage differentiation.

Transduction of monocyte-derived DCs is not maturation
dependent. Recent reports show that human DCs can be trans-
duced by lentiviral vectors (8, 18). Since DCs are differentiated
from adherent monocytes in the presence of IL-4 and GM-
CSF, we tested whether DC cultures exhibited maturation de-
pendence similar to that observed for macrophages. Adherent
monocytes were isolated as before, plated in RPMI medium
plus 10% FCS and the DC differentiation-promoting cytokines
IL-4 and GM-CSF, and transduced on day 1, 4, 7, or 11 pos-
tisolation as monocytes with both HIV-based vectors and MLV
vectors pseudotyped with VSV-G. After washing, the cells
were cultured for 7 days prior to analysis. Figure 6A shows
that, unlike MDMs, monocyte-derived DC cultures were
equally susceptible to transduction by HIV vectors on days 1, 4,
and 7. The transduced cells were identified as DCs by the
expression of the Langerhans cell marker CD1a and HLA-DR
(Fig. 6B). Most transduced cells were CD83lo, indicating that
they were immature DCs; they could be activated to CD83hi

mature DCs by LPS stimulation (Fig. 6C). DCs cultured for 11
days showed a marked decrease in transduction efficiency (Fig.
6A), a result consistent with reported DC transduction with
HIV vectors after prolonged culture (37). As shown earlier for
macrophage transduction, DC transduction efficiency was in-
dependent of accessory gene function (Fig. 6A), and as ex-
pected, MLV-based vectors failed to transduce DCs at all time
points.

Monocyte transduction can be rescued by subsequent dif-
ferentiation to DCs. To assess whether DC differentiation
could rescue vector transduction in monocytes postentry,
adherent day 1 monocytes were exposed to CMVDR8.9
pseudotyped VSV-G vectors at an MOI of 10 for 6 h in
RPMI medium plus human serum. The cells were then
washed thoroughly, replated, and differentiated to macro-
phages or DCs (Fig. 7). As expected, macrophage cultures
did not express eGFP; however, the same monocytes differ-
entiated to DCs became eGFP positive, demonstrating that
vector rescue in these cells was at a postentry level. To
assess the relative contribution of the factors required for
rescue, day 1 monocytes transduced as described above for
6 h were replated in RPMI medium supplemented with FCS
or human serum and with IL-4, GM-CSF, or both cytokines.
As shown in Fig. 8A, all monocytes cultured in medium
containing FCS became eGFP positive, whereas cells cul-
tured in human serum showed little eGFP expression. Nei-
ther cytokine had a significant effect on vector rescue in
monocytes cultured in human serum.

The rescue of the postentry block in monocytes by FCS
treatment led us to study whether this had a positive effect on
the accumulation of nuclear 2LTR circles in these cells. Day 1
monocytes were exposed to CMVDR8.9 pseudotyped VSV-G
vectors at an MOI of 10 for 6 h. At this time, second-strand-
transfer PCR products could be detected in these cells (Fig.

FIG. 3. Maturation-dependent transduction is independent of
transgene promoter and dNTP concentration. (A) MDMs were trans-
duced as for Fig. 1A at an MOI of 10 with CMVDR8.9(VSV-G)
packaged vector with eGFP driven from either CMV, human b-actin,
human EF1a, or RSV promoters. Cells were analyzed for eGFP ex-
pression 7 days posttransduction. (B) CMVDR8.9(VSV-G) or MLV-
(VSV-G) vector stocks were treated for 1 h prior to infection with 0, 5,
10, or 20 mM concentrations of dNTPs as shown in parentheses and
then used to infect MDMs at an MOI of 10 at various days postisola-
tion. Cells were analyzed for eGFP expression 7 days posttransduction.
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8B). The cells were then replated in the presence of human
serum or FCS for a further 24 h, whereupon the cells were
lysed and PCR was performed to detect 2LTR circles. Figure 8B
shows that FCS treatment was sufficient to rescue 2LTR circles in
monocytes. DNA loading was assessed by actin PCR. Rescue by
FCS treatment could not be achieved 48 h after exposure to

vector, suggesting that functional preincubation complexes are
degraded after this time (data not shown).

For clinical applications, DC culture in autologous human
serum rather than FCS will be desirable. It must therefore
be noted that DCs cultured in human serum plus IL-4 and
GM-CSF showed the same maturation-dependent transduc-

FIG. 4. Analysis of reverse transcription in monocytes (day 1) or mature macrophages (day 9). Cells were harvested at 2-h intervals after
exposure to CMVDR8.9(VSV-G) packaged vector at an MOI of 10. PCR was then performed for intermediate reverse transcripts containing eGFP
sequences (A) and second-strand-transfer products containing LTR/gag sequences (B), and serial twofold dilutions were used for PCR of cellular
b-actin for a loading control (C). PCR was also performed on supernatants containing an equivalent amount of virus to check for DNA
contamination in the viral preparations (lanes V). Serial twofold dilutions of samples from the the 8-h time points of days 1 and 9 were used for
PCR to estimate relative amounts of eGFP and LTR/gag transcripts (D). The reverse transcriptase inhibitor zidovudine (AZT) was added to day
1 cells exposed to CMVDR8.9(VSV-G) packaged vector at an MOI of 10. After 14 h, PCR was performed on cell lysates to detect eGFP transcripts
(E). Un, uninfected cells; PI, postinfection.

FIG. 5. Analysis of nuclear 2LTR circles in infected monocytes (day 1 [A]) and mature macrophages (day 9 [B]). Cells were exposed to
CMVDR8.2(VSV-G) or CMVDR8.9(VSV-G) packaged vectors overnight at MOIs of 5 and 1 (8.2 and 8.9, respectively). MLV(VSV-G),
unenveloped CMVDR8.2 (E2) vectors, and uninfected cell lysates (U) were used as controls. Cells were then washed, cultured for 48 h, and lysed.
PCR with primers specific for 2LTR circles (36) was performed on an equivalent of 1.5 3 105 cells. The 2LTR product of 680 bp is indicated.
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tion as macrophages (Fig. 8C). The DCs which were trans-
duced were phenotypically identical to those in the FCS–
IL-4–GM-CSF cultures (data not shown).

DISCUSSION

In this study we found a block to HIV-1-based vector infec-
tion of monocytes at the level of nuclear entry that was not
present after monocytes had matured into macrophages fol-
lowing 5 days of culture. Studies of HIV-1 infection have also
reported a block in monocyte infection which could be relieved
by macrophage differentiation (34). In the case of M-tropic
strains of HIV-1, this has been explained by the up-regulation

of the coreceptor CCR5 during macrophage differentiation,
which relieves a block to viral entry (43). However, a posten-
try block to T-tropic HIV-1 infection of monocytes has also
been described (36). Our work with VSV-G and MLV-A
pseudotyped HIV-1-based vectors demonstrates that this block
occurs irrespective of the viral route of entry and identifies
nuclear translocation as the stage at which infection is inhib-
ited. The extent to which our data can be extrapolated to the
behavior of wild-type HIV-1 needs to be determined.

Differentiation of monocytes into DCs could rescue vectors
that had already entered the cells. Surprisingly, the relief of
this restriction was traced to the culture of these cells in FCS

FIG. 6. Transduction of monocyte-derived DCs by HIV-based vectors. (A) Adherent monocytes were differentiated to DCs in RPMI medium
containing 10% FCS, IL-4, and GM-CSF. Cells were exposed to CMVDR8.2(VSV-G), CMVDR8.9(VSV-G), or MLV(VSV-G) packaged vectors
at an MOI of 10 for 12 h on various days after isolation as monocytes. Cells were the washed and cultured for 7 days and analyzed for eGFP
expression by FACScan analysis. Results are means 6 standard errors from three separate experiments. (B) Transduced cells were identified as
DCs by expression of eGFP and staining with the Langerhans cell marker CD1a and HLA-DR (y axis). (C) Day 1 monocytes transduced with
CMVDR8.9(VSV-G) packaged HR9cPPTCMVeGFP vectors at at MOI of 10 were differentiated to DCs, cultured for a further 48 h with and
without 50 ng of LPS/ml, and stained for surface expression of the DC activation marker CD83 (y axis). Cell populations shown were previously
gated on HLA-DR1 CD1a1 DCs.
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rather than cytokine treatment. Cytokine treatment is sufficient
to rescue HIV vector transduction in quiescent T cells (44);
however, these cells are blocked at the level of reverse tran-
scription and T-cell activation causes a G0-to-G1b transition, a
prerequisite for HIV-1 reverse transcription (24, 25). In mono-
cytes which were not restricted at the level of reverse transcrip-
tion, FCS treatment or macrophage differentiation had a pos-
itive effect on the accumulation of nuclear viral DNA. It will be
of interest to determine which intracellular signaling pathway,
either triggered or inhibited by FCS, relieves the block to
monocyte infection. HIV-1 infection of primary T cells has
been shown to be dependent on NFAT activation (20),
whereas LPS stimulation of p38 has been shown to block
HIV-1 infection of mature macrophages (52). The mechanism
by which nuclear entry is regulated also remains unclear, al-
though the HIV-1 accessory protein Vpr and the cPPT within
the vector, which have been implicated in nuclear entry (19,
49), were not required for infection of macrophages or DCs.
The HIV-1 envelope protein gp120 can activate intracellular
signaling pathways via CD4 (5, 32) or chemokine receptors (1,
10, 27). Therefore, exposure of monocytes, MDMs, or DCs to
some variants of gp120 may also affect their permissivity to
HIV-1.

Kootstra and Schuitemaker (22) and Schuitemaker et al.
(38) have proposed that HIV-1 infection of macrophages is
restricted to proliferating cells. In their studies, block of the
cell cycle in early G1 prevented reverse transcription due to an
insufficient dNTP pool and G2 progression was associated with
the detection of nuclear DNA (23). They described a block to
HIV-1 infection in monocytes at the level of reverse transcrip-
tion, suggesting an early G1 block (38). In contrast, we find that
freshly isolated monocytes are competent for reverse transcrip-
tion and that treatment of the virus with dNTPs fails to rescue
transduction. Furthermore, infection can be rescued by DC
differentiation, which does not involve proliferation as mea-
sured by Ki-67 staining or propidium iodide labeling of DNA
content (17).

In order to transduce antigen-presenting cells with HIV-1-
based vectors, the most rapid protocol will be to expose freshly
isolated monocytes to the vector and then induce DC differ-
entiation. Previous studies have induced DC differentiation for
3 to 8 days before HIV-1-based vector infection (8, 37). Trans-
duction of freshly isolated cells will minimize the time of cell
culture and allow DCs at various stages of differentiation to be
compared for their ability to home to lymph nodes and persis-
tently present antigen. Differentiation of DCs from lentivirus-

FIG. 7. Monocyte differentiation to DCs rescues transduction. Adherent monocytes (106; day 1) were infected with CMVDR8.9(VSV-G) or
MLV(VSV-G) packaged vectors (8.9 and MLV, respectively) at an MOI of 10. At 6 h posttransduction, cells were washed and either plated in
macrophage medium (RPMI medium plus 10% human serum) or DC differentiation medium (10% FCS plus IL-4 and GM-CSF). eGFP expression
was assessed 7 days later by confocal microscopy of infected cells. Images were acquired on a Bio-Rad MRC 1064 confocal microscope at a
magnification of 3200. eGFP expression in CMVDR8.9-transduced cells was analyzed by fluorescence-activated cell sorting, and cells were
phenotype stained for CD14 (macrophages) or CD1a (DCs).
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transduced stem cells has been reported (26). Culture in FCS
will, however, be undesirable. It will therefore be necessary to
identify the signal which allows vector transduction and to
stimulate this by another mechanism. Transduction of periph-
eral blood DCs will be a less invasive and probably cheaper
clinical source of DCs for modification; however, the efficacy of
immune response induction with DCs from these sources re-
quires comparison.
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