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Myeloid, CD1a-sorted dendritic cells (MDC) productively replicated human immunodeficiency virus strains
encoding envelope genes of either primary X4R5 or R5 strains for up to 45 days. Cell-free supernatant collected
from long-term infected MDC, which had been exposed to an X4R5 virus 45 days earlier, was still infectious
when placed over activated T cells. These data imply that DC can act as a persistent reservoir of infectious
virus.

Dendritic cells (DC) play a crucial role in the immune de-
fense against pathogens (4, 24). Two subsets, plasmacytoid DC
and myeloid DC (MDC), were identified in humans based on
their phenotypes (5). MDC are involved in uptake, processing,
and presentation of foreign antigens. Immature MDC are dis-
seminated throughout tissues, where they capture antigens,
mature, and home to lymph nodes; DC then present the pro-
cessed antigens to T cells (20).

A number of groups have examined the ability of MDC to
interact with human immunodeficiency virus (HIV) (1, 2, 6, 17,
23, 30, 33). Recent studies demonstrated that HIV replication
depends on the stage of DC differentiation (3, 19, 21). DC
express CD4 and the chemokine receptors CCR5 and CXCR4
(2, 13, 29, 34); the expression of the latter molecules varies with
the DC maturation stage (3, 7), thus influencing the cells’
susceptibility to productive HIV infection. Also, HIV can in-
teract with DC via the C-type lectin DC-SIGN without under-
going replication; captured virus remains infectious for days
and can be transmitted to T cells (12).

The aim of this study was to determine the period of time
during which highly purified MDC can support replication of
HIV to explore whether virus-exposed MDC could represent a
potential long-lived reservoir of infectious HIV. For this purpose,
we established long-term cultures of MDC that were differenti-
ated from peripheral blood monocytes (Fig. 1). After 6 days of
differentiation in complete RPMI 1640 medium supplemented
with interleukin-4 (IL-4) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (25, 26), we observed cells with a
veiled appearance (Fig. 2A). These cells were purified by positive
selection against CD1a (Fig. 2B to E). Staining of CD1a-sorted
MDC with monoclonal antibodies (MAbs) against CD3, CD14,
and CD19 did not show contamination with T cells, macrophages,
and B cells (data not shown). After sorting, these MDC were
DC-SIGN� (Fig. 2F) and expressed markers typical for immature
MDC; a minor fraction of these cells expressed CCR5 or CXCR4
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FIG. 1. Experimental design schema. MDC were differentiated from
monocytes by culturing 3 � 107 CD14� cells/flask in 75-cm3 flasks
(Costar-Falcon, Franklin Lakes, N.J.) for 6 days in complete RPMI 1640
medium (Gibco BRL, Invitrogen, Gaithersburg, Md.) supplemented with
10% fetal calf serum (Sigma, St. Louis, Mo.), 100 U of penicillin/ml, 100
�g of streptomycin/ml, 2 mM L-glutamine (both from Gibco BRL), and
20-ng/ml concentrations of both IL-4 and granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF) (Stem Cell Technology, Vancouver,
Canada) (MDC medium). On day 6, cells were stained with anti-CD1a
mouse MAbs conjugated with fluorescein isothiocyanate (BD Pharmin-
gen, San Diego, Calif.) and purified by positive selection for CD1a.
Twelve hours later, purified MDC (3 � 107 cells) were exposed to dual-
tropic HIV-GFP (0.5 50% tissue culture infectious doses per cell). HIV-
exposed cells were cultured in MDC medium in 75-cm3 flasks (Costar-
Falcon) for 45 days. Infected (GFP�) DC were isolated by flow cytometry.
Both GFP� and GFP� fractions (5 � 103 cells) were analyzed by real-
time DNA PCR and cultured in the top well of 24-well transwell units
(Costar-Falcon) with 2 � 105 CEMx174 cells in the bottom well. In
parallel, GFP� MDC (2 � 103 cells) were placed into the top wells of
transwell units, and autologous T cells alone or autologous T cells (2 �
105 cells) mixed with autologous, freshly differentiated MDC (2 � 104

cells) were placed into the bottom wells.
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(Table 1). CD1a-sorted MDC performed macropinocytosis effi-
ciently; when the cells were matured with lipopolysaccharide
(LPS), their ability to perform macropinocytosis decreased dra-
matically (Fig. 2G). Thus, our DC were highly pure and exhibited
properties of immature MDC.

We exposed the CD1a-sorted MDC to HIV-GFP, an X4R5
virus containing the envelope gene of the dual-tropic, primary
HIV isolate 89.6 (9) and the gene for green fluorescent protein
(GFP). Like the parental HIV89.6, HIV-GFP was able to use
both CXCR4 and CCR5 for virus entry, while the reporter
gene GFP placed in lieu of nef allowed detection of infection at
the single-cell level. Because we wanted to show that DC could
represent a reservoir of productive HIV replication during
chronic infection, we chose this dual-tropic HIV strain as a
representative of a primary HIV isolate that can be found
during chronic infection. Throughout disease progression,
some HIV strains expand their usage of coreceptors for viral

entry, shifting from exclusive use of CCR5 to use of CXCR4;
this shift has been described for approximately half of the HIV
clade B-infected individuals with progressive disease (10, 27,
32).

Our purified MDC were highly positive for DC-SIGN and
expressed both CCR5 and CXCR4 (Fig. 2F; Table 1). As
expected, these MDC were productively infected by the dual-
tropic X4R5 HIV-GFP (Fig. 3). Virus-exposed MDC were
cultured for 45 days, and throughout this time period, GFP-
expressing and hence productively infected MDC were de-
tected (Fig. 3A and B). In general, between 1.5 to 4.5% of the
virus-exposed MDC were GFP� and thus HIV�. Supernatants
from infected DC collected at various time points contained
p24 Gag that peaked on day 10 and was present in culture
supernatants during the next 35 days (Fig. 3C). MDC on day 30
still expressed DC-SIGN at high levels (Table 1), and we were
able to colocalize GFP and DC-SIGN, indicating productive

FIG. 2. Differentiation, purification, and characterization of MDC. (A) Phase-contrast microscopy of MDC on day 6, prior to CD1a sorting
(magnification, �20). (B) forward scatter (FSC) versus side scatter (SSC) of MDC before sorting. (C) MDC were stained with fluorescein
isothiocyanate (FITC)-conjugated mouse isotype control antibody (BD Pharmingen) (light plot) and an anti-CD1a mouse MAb conjugated with
FITC (BD Pharmingen) (150 �g of MAb per 2 � 107 cells) (dark plot). (D) The gated population of CD1a-stained MDC (R1) was sorted using
a MoFlow cytosorter (Cytomation, Fort Collins, Colo.). (E) CD1a-sorted MDC (dark plot) are shown compared to isotype control (light plot).
(F) CD1a-sorted MDC (105 cells) were stained with FITC-conjugated mouse anti-human DC-SIGN MAb and FITC-conjugated mouse isotype
control antibody (both from BD Pharmingen) (dark and light histogram plots, respectively) and analyzed by flow cytometry. (G) Macropinocytosis
by CD1a-sorted MDC. Immature MDC (iDC) (5 � 105 cells/well in 24-well plates; Costar-Falcon) were incubated in duplicates in the presence
or absence of LPS with 2.5 mg of fluorescein-isothiocyonate-dextran (Sigma)/ml for 1 h at 37°C or at 4°C. After 15, 30, and 60 min, cells were
washed three times with phosphate-buffered saline and 1% fetal calf serum and analyzed by flow cytometry. One out of three representative
experiments is shown. mDC, DC matured with LPS.
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HIV infection of DC at the single-cell level (Fig. 3D). On day
45 of culture, the viability of virus-exposed MDC and that of
unexposed controls was 63 and 70%, respectively (Table 2).
Both cultures were CD14 negative; no surface CD14 expres-
sion was found on GFP-expressing, HIV-infected cells (data
not shown). The absolute number of virus-exposed and non-
exposed control cells decreased from 3 � 107 on day one to 1.9
� 107 and 2.1 � 107 on day 45 after viral exposure, respec-
tively. These data indicate that MDC can be maintained in
culture for extended periods of time with the majority of the

FIG. 3. Long-term productive HIV infection of MDC. CD1a-sorted MDC were exposed to 0.5 50% tissue culture infectious doses per MDC
of the dual-tropic strain HIV-GFP, which encodes GFP in lieu of nef. The cells were thoroughly washed and incubated in 10 ml of DC medium
in 75-cm3 flasks (Costar-Falcon). Fresh DC medium (1 ml) was added every third day throughout the time of the experiment without removing
medium. To visualize DC productively infected with HIV-GFP on day 45 postinoculation, MDC were subjected to fluorescent (A) and phase-
contrast (B) microscopy (magnification, �20). (C) Aliquots of supernatants (200 �l) from HIV-exposed MDC cultures were collected on days 5,
10, 15, 20, 30, and 45 and assayed for p24 Gag by enzyme-linked immunosorbent assay (Beckman Coulter, Miami, Fla.); the p24 levels were
corrected for the dilution of the medium during continued long-term culture. (D) Surface expression of DC-SIGN on MDC was tested 30 days
after virus exposure. Briefly, 5 � 104 cells were washed with phosphate-buffered saline supplemented with 2% bovine serum albumin (Sigma)
(PBS-BSA) and incubated with 0.5 �g of mouse anti-DC-SIGN MAb conjugated with phycoerythrin (BD Pharmingen) for 30 min without cell
permeabilization at 4°C in the dark. After washing with PBS-BSA, images were analyzed by fluorescent microscope (Nikon Instech Co., Kawasaki,
Japan) at a magnification of �40 and processed with the MetaMorph software (Universal Imaging Corp., Downingtown, Pa.). Results of one out
of four representative experiments are shown.

TABLE 1. Surface marker expression of uninfected MDC during
long-term culture

Donor and
surface marker

% Positive cells at the following no.
of days in culture:

1a 30 60

Donor 1
DC-SIGN 98.6 98.1 66.9
CD1a 94.8 14.3 0
HLA-DR 70.5 98.5 75.7
CD80 15.7 4.0 1.4
CD83 1.1 6.8 11.5
CD4 56.1 3.8 2.5
CCR5 24.8 4.8 2.1
CXCR4 17.4 14.8 7.2

Donor 2
DC-SIGN 97.6 96.8 75.2
CD1a 95.4 45.1 12.0
HLA-DR 75.0 85.8 78.2
CD80 25.0 30.5 10.0
CD83 5.8 12.5 45.3
CD4 30.5 45.0 15.0
CCR5 20.2 8.8 2.6
CXCR4 2.3 34.2 18.2

a Day 0 was designated the day of CD1a sorting.

TABLE 2. Viability of HIV-infected and nonexposed MDC during
long-term culture

Myeloid DC

% Viability at the following no.
of days in culture:a

1 10 20 30 45 60

Noninfected cells 98 95 80 76 70 64
HIV-exposed cells 97 86 76 68 63 55

a Viability of cells in the long-term MDC culture was determined by staining
of noninfected and HIV-exposed MDC with 0.4% trypan blue.
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cells remaining viable. Furthermore, productive HIV replica-
tion by a small fraction of GFP� cells did not appreciably
influence the long-term viability of the entire culture.

The use of dual-tropic HIV-GFP allowed us to examine
whether long-term productively infected MDC could transfer
viral progeny to T cells. On day 45 after virus exposure, MDC
were separated by flow cytometry into GFP� and GFP� frac-

tions (Fig. 1 and Fig. 4B, C, and D); approximately 4.5% of the
MDC were GFP� and thus productively infected. Real-time
DNA-PCR with primers specific for HIV pol was used to
demonstrate the presence of proviral DNA. A strong signal
was detected in GFP� cells (Fig. 4E), indicating that HIV-GFP
entered MDC, proceeded through the early steps of the viral
life cycle, and completed reverse transcription.

FIG. 4. Purification of long-term HIV-infected MDC. (A) Negative control for sorting of HIV-GFP-exposed MDC; unexposed MDC cultured
for 45 days were subjected to flow cytometry. (B) On day 45 after HIV exposure, GFP� and GFP� MDC (total of 5 � 106 cells) were separated
using the MoFlow cytosorter (Cytomation); M1, marker 1 (GFP). (C) Forward scatter (FSC) versus side scatter (SSC) and (D) the histogram plot,
respectively, represent patterns of HIV-GFP-infected MDC after sorting. (E) Real-time DNA PCR for HIV pol of GFP� and GFP� MDC by
TaqMan methodology. The oligonucleotides 5�-CAAGGGAAGGCCAGGGAAT-3�, 5�-CCCCAAACCTGAAGCTCTCTT-3�, and 5�-CTTCAG
AGCAGACCAGAGCCAACAGCC-3� (Integrated DNA Technologies Inc., Coralville, Iowa) represent the sequences of forward and reverse
primers for PCR and the sequence of the probe, respectively. The latter was labeled on the 5� end with the reporter dye FAM (6-carboxy-
fluorescein) and at the 3� end with the quencher dye TAMRA (6-carboxytetramethyl-rhodamine) to identify PCR products, respectively (curves
a and b represent analysis of GFP� and GFP� fractions of HIV-exposed MDC, respectively; curve c represents values of nonexposed control
MDC).
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Next, the sorted GFP� cells were plated in the upper wells
of transwell tissue culture units (103 cells/well), while the lower
wells contained CEMx174 cells (5 � 104 cells). As negative
controls, nonexposed MDC were placed into the upper wells in
parallel plates. GFP� MDC released HIV that crossed the
semipermeable membrane of the transwell unit and infected
CEMx174 cells; release of p24 Gag into the culture superna-
tant increased as a function of time (Fig. 5A). In parallel, we
also examined the MDC fraction that was GFP negative 45
days after initial exposure to HIV-GFP. Only a low level of
viral replication was detected in the transwell system involving
CEMx174 cells in the bottom wells (Fig. 5A), possibly due to
the presence of a few MDC, in which infectious HIV-GFP had
initiated the replication cycle without yet expressing GFP at
sufficient levels at the time of sorting.

We then investigated whether sorted GFP� MDC could

transmit HIV to primary autologous T cells. GFP� MDC were
placed into the upper wells of transwell units, while the lower
wells contained either autologous T cells alone or T cells cocul-
tured with autologous, freshly differentiated, noninfected
MDC at a ratio of 10:1. In the latter culture, p24 Gag increased
as a function of time (Fig. 5B); in the absence of MDC, virus
replicated at a substantially lower level (120 ng/ml versus 27
ng/ml of p24 on day 15 of incubation). This indicated that
GFP� MDC in the upper wells shed virus that was propagated
efficiently by the T cells activated by autologous DC but not by
T cells cultured alone. Together, our data clearly demonstrate
that 45 days after virus exposure, MDC harbored infectious
virus that could be transmitted in the absence of cell-cell con-
tact.

To investigate whether MDC can support long-term produc-
tive infection of a primary HIV isolate, we exposed CD1a-

FIG. 5. Transfer of cell-free HIV produced by long-term infected MDC. (A) p24 Gag was analyzed by enzyme-linked immunosorbent assay
(Beckman-Coulter) in supernatants of CEMx174 cells placed in the bottom wells of a transwell unit. In the upper wells, HIV-infected GFP�,
HIV-exposed GFP�, or noninfected MDC were cultured. (B) p24 Gag analysis of samples collected from the bottom wells of transwell units
containing either primary resting T cells or T cells mixed with autologous, freshly differentiated MDC that had not been exposed to HIV-GFP.
In the upper inserts, GFP� HIV-exposed cells were cultured. Data are presented as averages of p24 values, which were calculated from triplicates;
error bars represent standard deviations. Results of one out of two representative experiments are shown. (C) Long-term cultured MDC support
replication of R5 HIV. CD1a-sorted MDC (105 cells per well) were plated in 24-well tissue culture plates (Costar-Falcon). Next, MDC were
exposed to 0.1 50% tissue culture infectious doses per cell of the R5 HIV1084i. After washing, MDC were cultured for 45 days in 1.5 ml of DC
medium. In parallel, mock-infected MDC and HIV-exposed MDC were cultured in the presence of AZT (10 �M). Supernatants (200 �l) were
collected and assayed for p24 Gag by enzyme-linked immunosorbent assay (Beckman Coulter).
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sorted MDC to HIV1084i, an R5 primary HIV clade C strain
from Africa (14). This virus, which had been isolated from a
4-month-old infant infected either intrapartum or by breast
feeding, was molecularly cloned and tested for its tropism (14).
We maintained HIV-exposed and nonexposed MDC cultures
for 45 days in the presence or absence of azidothymidine
(AZT) (Fig. 5C). Clearly, MDC supported the replication of
this strain, indicating permissiveness to both X4R5 (Fig. 3C)
and R5 viruses.

In summary, CD1a� sorted MDC supported HIV replica-
tion for 45 days. Progeny virus released by GFP� MDC on day
45 was fully infectious and readily replicated in the CEMx174
cell line and in primary T cells cocultured with uninfected
autologous MDC. T cells upon contact with noninfected MDC
undergo activation, which leads to the upregulation of HLA-
DR, CD25, and CD69 (31). According to earlier data, activa-
tion of T cells is one of prerequisites for productive HIV
replication (8, 22, 28). We found that even a low amount of
HIV released by the long-term infected MDC was sufficient to
rapidly spread infection in the MDC–T-cell microenvironment.

We demonstrated here for the first time that CD1a-sorted,
DC-SIGN�, HIV-exposed MDC survive and release infectious
virus during a protracted period of time. It would be interest-
ing to compare the life span of our long-term in vitro HIV-
infected DC with the life span of human DC in vivo. Few data
are available about the life span of DC. Earlier studies re-
ported that Langerhans cells represent a long-lived cell popu-
lation (15, 16, 18). For instance, Langerhans cells were iden-
tified throughout 9 weeks in human skin grafts, which were
transplanted to BALB/c nude mice (18). MDC are motile cells
circulating in peripheral blood, residing in mucosa, and easily
migrating across vascular endothelium (5, 11). Our data imply
that MDC could form a long-lived, motile HIV reservoir with
an important role in disseminating infectious virus through
peripheral blood and in lymphoid and nonlymphoid tissues.
Both productive infection and DC-SIGN-mediated virus cap-
ture could contribute to HIV transmission in vivo.
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