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Opposing roles of blood myeloid and plasmacytoid dendritic cells in HIV-1
infection of T cells: transmission facilitation versus replication inhibition
Fedde Groot, Toni M. M. van Capel, Martien L. Kapsenberg, Ben Berkhout, and Esther C. de Jong

CD11c� myeloid dendritic cells (MDCs)
and CD11c� CD123� plasmacytoid DCs
(PDCs) have been identified as main hu-
man DC subsets. MDCs are professional
antigen-presenting cells for T cells, and
include Langerhans cells, dermal DCs,
and interstitial DCs. They have been asso-
ciated with HIV-1 capture and sexual trans-
mission, whereas PDCs play an important
role in the innate immune responses to
different types of viruses, including HIV-1.
To compare the influence of MDCs and

PDCs on HIV-1 infection of T cells, we
isolated donor-matched MDCs and PDCs
from peripheral blood, activated them by
adding different maturation-inducing
compounds, and cocultured them with T
cells and HIV-1. We found that MDCs
enhance HIV-1 infection through capture
of the virus and subsequent transmission
to T cells, and that differently matured
MDC subsets have different HIV-1 trans-
mission efficiencies. These differences
were not due to soluble factors, viral

capture differences, or the expression of
integrins ICAM-1, -2, -3, or LFA-1. In con-
trast, regardless of their state of matura-
tion, PDCs inhibit HIV-1 replication in T
cells through the secretion of IFN� and
an additional, unidentified small mole-
cule. This study shows that the 2 main
types of DCs have opposing roles in
HIV-1 infection of T cells. (Blood. 2006;
108:1957-1964)

© 2006 by The American Society of Hematology

Introduction

Dendritic cells (DCs) are professional antigen-presenting cells that
play an important role in the initiation of immune responses.
Immature DCs develop into mature effector DCs upon activation
by microorganisms or inflammatory signals, and migrate to the
draining lymph nodes where they encounter and stimulate naive Th
cells.1,2 HIV-1 has been proposed to make use of this process, being
captured by DCs in mucosal tissues and delivered to the lymph
node, which then becomes the principal site of virus replication.3,4

In humans, 2 main DC subsets are found: CD11c� myeloid DCs
(MDCs) and CD11c� CD123� plasmacytoid DCs (PDCs). MDCs
include Langerhans cells, dermal DCs, and interstitial DCs, and are
found in blood, skin, and mucosal tissues and have been associated
with HIV-1 capture and sexual transmission. PDCs are located in
blood and secondary lymphoid organs but they can be recruited to
sites of inflammation.5-7 The difference between MDCs and PDCs
is furthermore manifested by differential expression of Toll-like
receptors (TLRs) and secretion of different cytokines: MDCs are
known to secrete high levels of interleukin-12 (IL-12) whereas
PDCs are thought to play an important role in innate immune
responses to different types of viruses by producing IFN�.8-12

Several studies have shown that the numbers of both MDCs
and PDCs are substantially reduced in the blood of patients
infected with HIV-1 and that the DCs are functionally impaired
with respect to T-cell proliferation and cytokine production.13-18

In addition, both types of DCs have been shown to be susceptible to
HIV-1 infection, and to be able to transmit the virus to CD4� T cells
in vitro.19-21

In this study, we set out to compare the influence of differently
matured MDCs and PDCs on HIV-1 infection of T cells. A large
proportion of DC research is being performed with monocyte-
derived DCs, which represent the MDC subset. However, several
differences have been described for these in vitro–generated DCs
and MDCs isolated from blood or skin.22,23 In addition, there is no
in vitro PDC model available. Therefore, we isolated donor-
matched MDCs and PDCs directly from blood and investigated
their influence on HIV-1 infection by coculturing them with T cells.
We found remarkable differences between MDCs and PDCs.
MDCs enhance HIV-1 infection through capture of the virus and
subsequent transmission to T cells. Differently matured MDC
subsets exhibit distinct HIV-1 transmission efficiencies, and se-
creted factors by MDCs did not modulate the transmission of
HIV-1 to T cells. In contrast, irrespective of their maturation status,
PDCs inhibit HIV-1 replication in T cells by secretion of IFN� and
an additional, heat-sensitive small molecule of smaller than 3 kDa.
This study shows that the 2 main DC subsets found in blood have
opposing roles in respect to HIV T-cell infection.

Materials and methods

Isolation and culturing of DCs

Peripheral blood mononuclear cells (PBMCs) were isolated by density
centrifugation on Lymphoprep (Nycomed, Torshov, Norway). Subse-
quently, MDCs and PDCs were isolated using magnetic bead isolation and
AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). For MDC
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isolation, PBMCs were depleted from B cells using anti-CD19 microbeads
(Miltenyi Biotec) followed by positive selection with mouse anti–human
BDCA-1-PE and anti-PE microbeads (Miltenyi Biotec). PDC isolation was
performed with mouse anti–human BDCA-4-PE and anti-PE microbeads
(Miltenyi Biotec). Prior to incubation with CD19/BDCA-1/BDCA-4 anti-
bodies the cells were preincubated with FcR-block for 5 minutes (Miltenyi
Biotec). Culturing was done in Iscove modified Dulbecco medium (IMDM;
Life Technologies, Paisley, United Kingdom) with gentamicin (86 �g/mL;
Duchefa, Haarlem, The Netherlands) and 10% fetal calf serum (HyClone,
Logan, UT) at a density of 35 � 103 DCs/well. The medium was
supplemented with granulocyte macrophage–colony-stimulating factor
(GM-CSF; 500 U/mL; Schering-Plough, Uden, The Netherlands) or IL-3
(10 ng/mL; Strathmann Biotech AG, Hannover, Germany) for MDCs and
PDCs, respectively. Maturation of the DCs was induced by culturing the
cells for 24 hours with the following factors, provided alone or in
combination as indicated in the “Results” section: maturation factors (MFs;
LPS [100 ng/mL; Difco, Detroit, MI], IL-1� [10 ng/mL; Strathmann Biotec
AG], and TNF� [50 ng/mL; Strathmann Biotec AG]), poly (I:C) (20
�g/mL; Sigma-Aldrich, St Louis, MO), IFN� (1000 U/mL; Strathmann
Biotec AG), R-848 (2 �g/mL; Invivogen, San Diego, CA), or fixed
Staphylococcus aureus Cowan strain I bacteria (SAC; 25 �M; Calbiochem,
La Jolla, CA). Each experiment in this study is a representative of 4 to 8
different donors.

Flow cytometry

All MDC and PDC fractions were tested for purity (� 90%) with
CD11c-APC (BD Biosciences, San Jose, CA), lineage-markers (Lin-1-
FITC; BD Biosciences), and CD19-FITC (Dakopatts, Glostrup, Denmark).
After maturation, DCs were analyzed for the expression of cell-surface
molecules by fluorescence-activated cell sorting (FACS). Mouse antihuman
mAbs were used against the following molecules: BDCA-1-PE, BDCA-4-
PE, CD11c-APC, CD11a-FITC (LFA-1; Pelicluster, Sanquin, Amsterdam,
The Netherlands), CD83-APC, CD86-FITC, CD4-APC, ICAM-3-FITC (all
BD Biosciences) or biotinylated ICAM-1 or ICAM-2 (R&D Systems,
Abingdon, United Kingdom) followed by Streptavidin-PerCP-Cy5.5 (BD
Biosciences). Samples were analyzed on a FACScan (BD Biosciences).

Virus stocks and T cells

C33A cervix carcinoma cells were transfected using calcium phosphate
with 5 ng of the molecular clone of CXCR4-using HIV-1 LAI and
CCR5-using JR-CSF. The virus containing supernatant was harvested 3
to 5 days after transfection, filtered, and stored at �80°C. The
concentration of virus was determined by CA-p24 enzyme-linked
immunosorbent assay (ELISA). PM1 cells, which are susceptible to
CXCR4- and CCR5-using HIV-1,24 were maintained in Roswell Park
Memorial Institute (RPMI) medium 1640 (Life Technologies), supple-
mented with 10% FCS, 2 mM sodium pyruvate, 10 mM HEPES, 2 mM
L-glutamine, penicillin (100 U/mL) (Sigma-Aldrich), and streptomycin
(100 �g/mL; Invitrogen, Breda, The Netherlands). The reporter cell line
LuSIV was kindly donated by Janice E. Clements (Johns Hopkins
University School of Medicine, Baltimore, MD). This CEMx174-derived
cell line contains the firefly luciferase reporter gene downstream of the
SIVmac239 LTR. Infection by HIV-1 results in Tat-mediated expression of
luciferase, which can be measured 24 hours later.25 Cells were maintained
in the same medium as PM1 cells, but with 300 �g/mL hygromycin B to
maintain the luciferase construct. For experiments with DCs, hygromycin
B–free medium was used.

Single-cycle replication assay with LuSIV cells

MDCs and PDCs (35 � 103) were stimulated with maturation-inducing
compounds for 24 hours as indicated in the “Results” section. DCs were
subsequently incubated with HIV-1 LAI (3 ng CA-p24/well) and 40 � 103

LuSIV cells for 24 hours. Alternatively, only the supernatant of 24-hour–
stimulated MDCs or PDCs was incubated with LuSIV cells and HIV-1.
After 24 hours of coculture, luciferase was measured as described

previously.26 LuSIV cells (40 � 103) grown without DCs or HIV-1 were
used to obtain the background luciferase value, which was subtracted from
all data.

MDC transmission assay

Matured MDCs (35 � 103) were incubated for 2 hours with 5 ng CA-p24
HIV-1 LAI, followed by 2 washing steps in the plate to remove unbound
virus. DCs were then cocultured with LuSIV cells for 24 hours, after which
luciferase was measured. Control or blocking antibodies against ICAM-1 or
-3 (20 �g/mL; Immunotech, Marseille, France) were preincubated with
DCs and LuSIV cells for 30 minutes at 37°C before coculture. Background
luciferase level of LuSIV cells grown without HIV-1 was subtracted from
all data.

MDC CD40-ligation

MDCs (35 � 103) that were stimulated as indicated in the “Results” section
were washed twice to remove all soluble factors. DCs were then cocultured
with 35 � 103 CD40 ligand (CD40L)–expressing mouse plasmacytoma
cells (J558 cells; a gift from Dr P. Lane, University of Birmingham,
Birmingham, United Kingdom). Supernatants were harvested after 24 hours
and added to 40 � 103 LuSIV cells and 3 ng CA-p24 of HIV-1 LAI.
Luciferase levels were measured after 24 hours. Background luciferase
level of LuSIV cells grown without HIV-1 was subtracted from all data.

HIV-1 capture by MDCs

MDCs that were stimulated with different maturation-inducing compounds
for 24 hours as indicated in the “Results” section were incubated in a sterile
FACS-tube (100 � 103 DC/100 �L) with 5 ng CA-p24 HIV-1 LAI for 4
hours at 37°C. After centrifugation at 400g, the DCs were washed with
phosphate-buffered saline (PBS) to remove unbound virus. This step was
performed 3 times, followed by lysis of the cells and CA-p24 ELISA to
determine the amount of HIV-1 capture.

HIV-1 replication with PDC supernatant

PM1 T cells (60 � 103) were infected with 1 ng CA-p24 HIV-1 LAI or 2 ng
JR-CSF with or without supernatant of SAC-stimulated PDCs in a final
volume of 250 �L. We used 80 �L PDC supernatant per well, or made
dilutions as indicated in the “Results” section. In some cases, supernatant
and T cells were preincubated for 30 minutes with blocking antibodies
against type I interferons27 (a kind gift of Dr I. Julkunen, National Public
Health Institute, Helsinki, Finland) as indicated in the text. Viral replication
was followed by CA-p24 ELISA of the supernatant.

Size fractionation of PDC supernatant

To separate supernatant of SAC-stimulated PDCs into fractions of 0 to 3
kDa, 3 to 10 kDa, 10 to 30 kDa, 30 to 100 kDa and more than 100 kDa,
Microcon Centrifugal Filter Devices (Millipore, Bedford, MA) were used.
A quantity of 80 �L of each fraction was incubated with 150 �L LuSIV
cells and 3 ng CA-p24 HIV-1 LAI, followed by luciferase measurement
after 24 hours. Background luciferase level of LuSIV cells grown without
HIV-1 was subtracted from all data. The obtained fractions were analyzed
for the presence of IFN� by ELISA with a detection limit of 10 pg/mL
(coating antibody, detection antibody, and standard were obtained from
R&D Systems, Endogen [Ettenleur, The Netherlands], and Roche [Nutley,
NJ], respectively). Blocking antibodies against type I IFNs were used in a
1:100 dilution. Heat inactivation of the different fractions was done at 50,
75, or 100°C for 20 minutes.

Statistical analysis

Data were analyzed for statistical significance (GraphPad InStat, San
Diego, CA) using analysis of variance (ANOVA). P values below .05 were
considered to be significant.
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Results

MDCs enhance, whereas PDCs inhibit, HIV-1 infection of T cells

To compare the influence of MDCs and PDCs on HIV-1
infection of T cells, donor-matched MDCs and PDCs were
isolated from peripheral blood and matured by addition of
several stimulating compounds. MDCs were cultured in medium
only (immature DCs), or matured with poly(I:C), R-848, SAC or
IFN� plus MFs. PDCs were cultured in medium only, or with
poly(I:C), R-848, and SAC. After 24 hours, DCs were cocul-
tured with HIV-1 LAI and the reporter T-cell line LuSIV, which
has an HIV-1–inducible promoter cloned upstream of the
luciferase gene.25 HIV-1 infection of these cells results in
luciferase production, which can be measured after 24 hours.
Since no cell-to-cell spread of newly produced virus occurs, this
single-cycle replication assay represents an effective way of
determining HIV-1 infectivity.

To determine the basal amount of luciferase production
induced by HIV-1 in the absence of DCs, LuSIV cells were
infected with HIV-1 with the different culture media. The
luciferase levels were comparable for all different maturation-
inducing compounds, meaning that they did not influence the
induction of luciferase production by HIV-1 (Figure 1A-B,
white bars). Please note that the scales of Figure 1A and 1B are
different. The presence of DCs had opposite effects on HIV-1
infectivity: MDCs strongly stimulated HIV-1 infection, whereas
PDCs reduced HIV-1 infection to below the basal levels (Figure
1A-B, black bars). Furthermore, MDCs matured by R-848 were
significantly more efficient in HIV-1 stimulation than MDCs
matured by other compounds (P 	 .01). To test whether the
stimulating and inhibitory effects of MDCs and PDCs were
mediated by secreted factors, LuSIV cells were infected with
HIV-1 in the presence of the supernatant of matured DCs.
Interestingly, the stimulating effect of MDCs was not repro-
duced with the supernatant of MDCs, but supernatant from
PDCs was sufficient to reduce luciferase levels (Figure 1A-B,
gray bars). This result demonstrates that both DC subsets have
opposing effects on HIV-1 infection of T cells, mediated through
different mechanisms.

MDCs do not stimulate HIV-1 infection through secreted factors

The results shown in Figure 1A-B demonstrate that the stimulating
effect of MDCs is not mediated through a factor that is secreted
during DC maturation. However, T cells can activate DCs via
CD40 ligand (CD40-L)–CD40 signaling, leading to increased
expression of costimulatory molecules CD80/CD86 and cytokine
release.2 It is therefore still possible that the nature of the enhancing
effect of MDCs is a factor that is secreted after T-cell engagement.
To critically test this alternative explanation, we cocultured
differently matured MDCs with a CD40L-expressing cell line to
mimic T-cell encounter. After 24 hours, the supernatant was
collected and incubated with LuSIV cells and HIV-1, followed
by luciferase measurement one day later. We found that MDC
supernatant after CD40 ligation did not stimulate HIV-1 infec-
tion (Figure 1C). This demonstrates that in order to enhance
HIV-1 infection, MDCs must be present and that secreted factors
do not play a role.

Differences in HIV-1 stimulation are not due to differences in
HIV-1 capture

Interestingly, differently matured MDCs vary in their ability to
stimulate HIV-1 infection: MDCs matured with R-848, a stimulator
of TLR7 and TLR8,28 are most efficient in stimulation of HIV-1
infection in coculture experiments without washing steps (Figure
1A,C). All mature MDCs expressed comparable levels of matura-
tion/activation markers CD83/86 (data not shown). Also in a
transmission assay, in which the MDCs were washed after HIV-1
incubation to remove unbound virus and other soluble compounds,
the R-848–matured MDCs are more efficient in HIV-1 stimulation
(Figure 2A). This shows that MDCs stimulate HIV-1 infection
of T cells through capture and transmission of the virus. To
investigate whether differences in HIV-1 capture are responsible
for this effect, differently matured MDCs were incubated for 4
hours with HIV-1, followed by extensive washing to remove
unbound virus. Viral capture was subsequently determined by
lysis of the cells and CA-p24 ELISA. We found no differences in
the amount of HIV-1 capture (Figure 2B), showing that the
increased transmission by R-848–matured MDCs must act at a
later step.

Figure 1. MDCs enhance HIV-1 infection of T cells, whereas PDCs inhibit it. (A,
B) Donor-matched MDCs (A) and PDCs (B) from peripheral blood were differently
stimulated with maturation-inducing compounds, as indicated on the x-axis. After 24
hours, the DCs were cocultured with HIV-1 and reporter LuSIV cells. HIV-1 infection
of these cells results in luciferase production, which was measured after 24 hours (f).
Note the different scales of the graphs. LuSIV cells were also infected in the presence
of only supernatant of stimulated DCs (u). To determine basal luciferase induction by
HIV-1 in the absence of DCs or DC supernatant, LuSIV cells were infected with the
respective culturing media only (�). *P 	 .05; **P 	 .01 compared with culturing
medium. (C) Factors secreted by MDCs following T-cell encounter are not respon-
sible for the stimulation of HIV-1 infection. MDCs were cultured in medium only (left),
or were matured with either R-848 (middle) or IFN� plus MF (right), and were
subsequently cocultured with CD40L-expressing J558 cells to mimic T-cell encoun-
ter. After 24 hours, the supernatant was collected and incubated with LuSIV cells and
HIV-1, followed by luciferase measurement one day later. *P 	 .01; **P 	 .001
compared with “no DC.” Background luciferase level of LuSIV cells grown without
HIV-1 was subtracted from all data. RLU, relative light units. Error bars represent
standard deviations.
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ICAM-1 expression is required for MDC-mediated transmission

We have previously shown that the interaction between the
integrins ICAM-1 on DCs and LFA-1 on T cells is crucial for
HIV-1 transmission. Mature monocyte-derived DCs that express
higher levels of ICAM-1 have an enhanced capacity to transmit
HIV-1,29 and transmission to LFA-1–negative T cells is impaired
(F.G., T.W. Kuijpers, B.B., and E.C.d.J., manuscript submitted).
The ICAM-1–LFA-1 interaction plays a key role in the initiation of
immune responses by strengthening the adhesion between DCs and
T cells at the immunologic synapse.30,31 To explore the possibility
of increased integrin expression on R-848–matured MDCs, differ-
ently matured MDCs were analyzed by FACS (Figure 3A-D).
MDCs matured by R-848 do indeed express more ICAM-1, but
MDCs matured with IFN�/MF express even higher levels
(Figure 3A). These data imply that there must be additional
reasons for the superiority of R-848–matured MDCs. LFA-1 can
also interact with ICAM-2 or -3,32,33 but no expression of
ICAM-2 was found on MDCs, whereas ICAM-3 was not
differently expressed on matured MDCs, suggesting that the
latter is not responsible for the enhanced transmission by R-848
MDCs (Figure 3B-C). LFA-1 is expressed on T cells, but can
also be found on DCs.34 However, we found no differences in
LFA-1 expression either (Figure 3D). To confirm our previous
work on the importance of the ICAM-1–LFA-1 interaction,
blocking antibodies were used to test the importance of this
molecule in HIV-1 transmission by blood MDCs. We preincu-
bated HIV-1–loaded DCs with antibodies against ICAM-1 or -3
and cocultured them with LuSIV cells. Addition of blocking
antibodies against ICAM-1 severely decreased transmission,
whereas blocking antibodies against ICAM-3 did not (Figure
3E). These results show that ICAM-1 is still a prerequisite for
DC-mediated HIV-1 transmission to T cells, but that there must be
another factor responsible for the increased transmission by R-848–
matured MDCs.

PDC supernatant inhibits replication of both CXCR4- and
CCR5-using HIV-1

PDC supernatant inhibits HIV-1 in the single-cycle replication
assay (Figure 1B). We next investigated whether this supernatant
could inhibit HIV-1 over an extended period of time during a
spreading infection in T cells. We therefore infected the PM1 T-cell
line with HIV-1 in the presence of supernatant from SAC-
stimulated PDCs. HIV-1 replication was followed by measuring
CA-p24 accumulation in the supernatant by ELISA. Both CXCR4-
and CCR5-using HIV-1 were significantly inhibited 10-fold by
PDC supernatant in this spreading assay (Figure 4A; P 	 .01), and
the supernatant could be diluted 10 times before it lost its inhibitory
properties (Figure 4B). This spreading assay, however, could
underestimate the actual inhibitory capacity of the supernatant,
because the inhibitor is gradually lost due to possible degradation
and necessary refreshment of the medium. We therefore tested the
supernatant dilutions also in the single-cycle replication assay, and
found that the supernatant could be diluted 100 times without
losing its inhibitory properties (Figure 4C).

Type I interferons are partially responsible for the inhibition of
HIV-1 replication

A very likely candidate HIV-1 inhibitor in the supernatant of PDCs
is the family of type I interferons (IFNs), including IFN�. These
antiviral molecules are produced in large amounts by PDCs and
have been shown to inhibit replication of several viruses including

Figure 3. ICAM-1 expression is required for MDC-mediated transmission.
Differently matured MDCs as indicated on the left were analyzed by FACS for the
expression of ICAM-1 (A), ICAM-2 (B), ICAM-3 (C), and LFA-1 (D). The mean
fluorescence intensity is indicated. Open histograms represent isotype controls. (E)
Blocking antibodies against ICAM-1 and -3 were preincubated with HIV-1–loaded,
R-848–matured MDCs before coculture with LuSIV cells. Error bars represent
standard deviations. *P 	 .01 compared with control antibody.

Figure 2. MDCs matured with R-848 demonstrate enhanced HIV-1 transmission
capacity, which is not due to increased viral capture. (A) MDCs were cultured in
medium only, or with R-848 or IFN� plus MF for 24 hours, followed by HIV-1
incubation and extensive washing to remove all factors. DCs were subsequently
cocultured with LuSIV cells to allow HIV-1 transmission. Luciferase was measured
after 24 hours. *P 	 .01, compared with medium and IFN�/MF maturation. RLU,
relative light units. (B) Differently matured MDCs as indicated on the x-axis were
incubated for 4 hours with HIV-1, followed by extensive washing to remove unbound
virus. Viral capture was subsequently determined by lysis of the cells and CA-p24
ELISA. Error bars represent standard deviations. NS, not significant.
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HIV-1.12,35-37 With ELISA, we found that SAC- and poly(I:C)–
stimulated PDCs secrete high levels of IFN� (3925 
 75 pg/mL
and 4295 
 104 pg/mL, respectively). We therefore tried to
counteract the inhibitory effect of PDC supernatant using well-
described blocking antibodies against type I IFNs.27 Both PM1 T
cells and PDC supernatant were preincubated with the antibodies
before HIV-1 infection, followed by coculture for several days
during which HIV-1 replication was monitored by measuring
CA-p24 accumulation in the supernatant. Neutralization of type I
IFNs partially restored virus replication, as shown for the day-5
sample of the replication curve (Figure 5). Even at twice the
optimal antibody concentration, we found no further restoration of
HIV-1 replication, suggesting that type I IFNs are only partially
responsible for the inhibitory effect of PDC supernatant on HIV-1
replication.

PDCs secrete an additional inhibitory factor of less than 3 kDa

To confirm the presence of an additional inhibitory factor in PDC
supernatant, a size fractionation of the supernatant was performed
using centrifugal filters. The resulting fractions of less than 3, 3 to
10, 10 to 30, 30 to 100, and more than 100 kDa were subsequently
tested for their capacity to inhibit HIV-1 infection in the single-
cycle replication assay with LuSIV cells. The less than 3 kDa, 30 to
100 kDa, and more than 100 kDa fractions inhibited HIV-1

infection significantly, whereas the fractions between 3 and 30 kDa
did not (Figure 6A, black bars). All fractions were tested for the
presence of IFN� by ELISA (Figure 6A, gray bars). The 30- to
100-kDa fraction contained high levels of IFN�, as did the more
than 100 kDa fraction, probably because this molecule (
 20 kDa)
is present as dimers38 or complexed with other molecules or serum
components. More importantly, the less than 3 kDa fraction
contained no IFN� (Figure 6A), and addition of neutralizing
antibodies against type I IFNs did not reverse the inhibitory
properties of this fraction (Figure 6B). A full restoration of HIV-1
infectivity was obtained when the antibodies were used to neutral-
ize the type I IFNs in the 30 to 100 kDa fraction, confirming the

Figure 4. PDC supernatant inhibits replication of both CXCR4- and CCR5-using HIV-1. (A) The PM1 T-cell line was infected with CXCR4-using LAI (filled markers) or
CCR5-using JR-CSF (open markers) in the presence (triangles) or absence (diamonds) of supernatant from SAC-stimulated PDCs. HIV-1 replication was followed by
measuring CA-p24 accumulation in the supernatant with ELISA. (B, C) PM1 T cells (B) or LuSIV cells (C) were infected with CXCR4-using HIV-1 LAI in the presence of PDCs,
or PDC supernatant dilutions. RLU, relative light units. Error bars represent standard deviations. *P 	 .01 compared with medium control.

Figure 5. Type I interferons are partially responsible for the inhibition of HIV-1
replication by PDC supernatant. PM1 T cells and PDC supernatant were preincu-
bated with type I IFN blocking antibodies (or a control antibody), followed by HIV-1
infection and subsequent replication of the virus. A control experiment was performed
with mock supernatant (DC culturing medium). Viral spread was followed by CA-p24
ELISA; the results of day 5 are shown. Antibodies were used in a recommended
1:100 dilution, or at twice that concentration (1:50). Error bars represent standard
deviations. *P 	 .001 compared with respective controls with mock supernatant.
#P 	 .001.

Figure 6. PDCs secrete an additional HIV-1 inhibitory factor of less than 3 kDa.
(A) PDC supernatant was size fractionated by filter centrifugation into fractions of less
than 3 kDa, 3 to 10 kDa, 10 to 30 kDa, 30 to 100 kDa, and more than 100 kDa. These
fractions were incubated with LuSIV cells and HIV-1 for 24 hours, followed by
luciferase measurement (f). All fractions were also tested for the presence of IFN�
by ELISA (u). *P 	 .001 compared with control (ie, HIV-1 only). (B) LuSIV cells and
the less than 3 kDa and 30 to 100 kDa fractions were preincubated with type I IFN
blocking antibodies, followed by coculture and HIV-1 infection. Luciferase was
measured 24 hours later. *P 	 .01 compared with controls with mock supernatant.
#P 	 .01. NS, not significant; RLU, relative light units. Error bars represent standard
deviations.
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functioning of the antibodies (Figure 6B). Both IFN� and the small
molecule inhibitor are heat-sensitive, since incubating the respec-
tive fractions at 50, 75, or 100°C resulted in loss of inhibitory
properties (Figure 7). This suggests that the inhibitory factor is a
small polypeptide.

Discussion

In the present study, we compared differently matured MDCs and
PDCs from peripheral blood for their influence on HIV-1 infection
of T cells. Opposing effects were scored: MDCs strongly promote
HIV-1 infection, and PDCs severely inhibit HIV-1 replication. The
former finding has been described before39 and we extended the
findings here by showing that soluble factors secreted during MDC
maturation or following T-cell encounter do not influence this
process. To the best of our knowledge, no comparison has been
made of differently matured blood MDCs and their ability to
transmit HIV-1. We have previously shown that differently matured
monocyte-derived DCs have different transmission efficiencies,
which correlates with differences in ICAM-1 expression.29 Here we
show that the same rule did not apply to blood MDCs: MDCs
matured with R-848 enhance HIV-1 infection twice as efficient as
MDCs matured with SAC, IFN�/MF or poly(I:C), which does not
perfectly correlate with ICAM-1 expression. Although we could
confirm that ICAM-1 is a prerequisite for MDC-mediated HIV-1
transmission (Figure 3E), an additional factor seems to contribute
to the increased HIV-1 transmission by R-848–matured MDCs.
This factor is not another integrin like ICAM-2, ICAM-3, or
LFA-1, and the amount of viral capture by R-848 MDCs was
comparable to that of immature MDCs or IFN�/MF-matured
MDCs. One possible explanation is that HIV-1 is degraded to a
smaller extent after capture by R-848 MDCs. Significant viral
degradation occurs after viral capture,40 but a proportion of the
virus survives by residing in a nonlysosomal compartment fol-
lowed by transmission to T cells.41,42 Maturation of MDCs with
R-848 could possibly change the balance between degradation and
survival of HIV-1. Consequently, R-848–matured MDCs could
direct HIV-1 more efficiently or in larger amounts toward the
infectious synapse.42,43 More research on the differences between
MDCs matured with R-848 and other compounds is necessary and
may lead to the identification of novel factors that play a role in
HIV-1 transmission by DCs.

R-848 is a synthetic compound that stimulates TLR7/8,28 for
which the natural ligand has been proposed to be single-stranded
RNA.44 HIV-1 is a single-stranded RNA virus and our results
therefore suggest that HIV-1 may enhance its own transmission
through engagement with TLR7/8. However, HIV-1 by itself does
not fully activate monocyte-derived DCs or blood MDCs.20,45,46

For efficient HIV-1 transmission, MDCs need additional inflamma-
tory factors or pathogens for full maturation.

In contrast to MDCs, PDCs inhibit HIV-1 replication. Previ-
ously, others have shown that PDCs are able to transmit HIV-1 to T
cells,21 a finding that seems to contradict our results. However, our
experiments involved DC–T-cell cocultures without washing of the
DCs, such that all inhibitory factors remain present during the
whole experiment. We identified IFN� as one of these factors,
which is known to decrease the replication of several viruses,
including HIV-1.12,35-37 Inhibition of HIV-1 by IFN� in PDCs
supernatant has been described,47 but we now demonstrate that
PDCs secrete at least one additional inhibitory factor that is smaller
than 3 kDa. This factor is heat-sensitive, but remains to be
identified. Some candidate inhibitors can be excluded. The group of
chemokines that block the coreceptor, thereby preventing HIV-1
entry into T cells,48 are too large. Furthermore, PDCs do not secrete
the SDF-1 ligand for CXCR4 and very little of the RANTES/MIP-
1�/� ligands for CCR5.49 Indeed, the PDC supernatant inhibits
CXCR4- and CCR5-using HIV-1 infection to the same extent
(Figure 4A).

Another group of possible candidates are antimicrobial pep-
tides. These small peptides (1-5 kDa) are secreted by different cell
types and are active against a broad range of bacteria, fungi, and
viruses.50,51 With respect to HIV-1, 3 inhibitory mechanisms of
antimicrobial peptides have been described: direct virolysis, inhibi-
tion of transcription from the LTR promoter, and block of entry by
binding to cell-surface molecules.52-55 The production of antimicro-
bial peptides by PDCs has not been studied extensively. One study
reported small amounts of intracellular human �-defensin 1
(hBD-1) in PDCs from some donors.56 Another group showed that
monocyte-derived MDCs harbor low amounts of mRNA for hBD-1
and hBD-2.57 hBD-1, and hBD-2 in particular, have been shown to
inhibit HIV-1 replication by an unidentified mechanism.58 In our
study, we found that PDCs of some donors express marginal
amounts of mRNA for hBD-1 and hBD-2, and that no mRNA for
another antimicrobial peptide, LL-37, was detected (Sylvia J.P.
Bogaards, Peter H. Nibbering, unpublished results). For this
reason, it is not very likely that hBD-1 or hBD-2 is the additional
HIV-1 inhibitor in PDC supernatant. It cannot be excluded that
other antimicrobial peptides are responsible for the inhibition. It
would be of interest to perform a further search for this inhibitor
and investigate whether the factor inhibits other viruses as well.
Not only will this broaden our knowledge on the antiviral response
of PDCs, but it could also create novel therapeutic options.

The differential impact of MDCs and PDCs on HIV-1 infection
may reflect the different location and function of these cells in the
human body. MDCs constantly sample the outside milieu to detect
pathogens and form a direct link between innate and adaptive
immunity.2 It has been known for several years that they stimulate
HIV-1 infection,39 and it has been proposed that they transmit the
virus to T cells following migration to secondary lymphoid
organs.59 Their role in HIV-1 infection is therefore better under-
stood than the role of PDCs. It is not very likely that PDCs are
similarly involved in HIV-1 capture in mucosal tissues. PDCs are
not found in high amounts at sites of pathogen entry; they do not

Figure 7. The inhibitory factor of less than 3 kDa is heat-sensitive. Size fractions
of PDC supernatant were incubated at 50, 75, or 100°C for 20 minutes, followed by
incubation with LuSIV cells and HIV-1 for 24 hours. RLU, relative light units. Error
bars represent standard deviations. *P 	 .05; **P 	 .01 compared with control (ie,
HIV only).
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capture, endocytose, and process antigens as effectively as MDCs;
and their role in T-cell proliferation is less pronounced.11 In
contrast, PDCs are involved in the innate immune response
against many viruses, including HSV-1 and -2, influenza, VSV,
and HIV-1.11 Their role in HIV-1 infection may be to control the
virus in order to delay disease progression. The numbers of both
MDCs and PDCs in blood of HIV-1–infected patients are
reduced.13,14,16,18 Since both types of DCs can be infected by
HIV-1,19,20,60 this reduction can be the result of depletion.
Alternatively, they may have relocated to secondary lymphoid
tissue as a consequence of HIV-1 infection.61,62 Both types of
DCs isolated from HIV-1 patients were reported to be function-
ally impaired with respect to T-cell stimulation and cytokine
production.15-17 It remains to be established whether this impair-
ment is a cause or an effect of progressing HIV-1 infection, but
at least the various data suggest that MDCs may have a dual role
in HIV-1 infection: initially, MDCs may help to establish HIV-1

infection, but later on, progression toward AIDS is correlated
with a loss of MDC numbers and a decreased antigen-presenting
capacity to T cells.

In conclusion, we have shown that MDCs and PDCs have
opposing effects on HIV-1 infection, and subsequent replication in
T cells. MDCs enhance HIV-1 infection by facilitating transmis-
sion, PDCs inhibit infection by secreting factors that inhibit HIV-1
replication. These differences should be taken into account when
studying the role of DCs in HIV-1 pathogenesis.

Acknowledgments

We thank Sylvia J.P. Boogaards and Peter H. Nibbering (Depart-
ment of Infectious Diseases, Leiden University Medical Centre,
The Netherlands) for the RT-PCR study and their permission to cite
the unpublished results.

References

1. Banchereau J, Steinman RM. Dendritic cells and
the control of immunity. Nature. 1998;392:245-
252.

2. Banchereau J, Briere F, Caux C, et al. Immunobi-
ology of dendritic cells. Annu Rev Immunol. 2000;
18:767-811.

3. Haase AT. Population biology of HIV-1 infection:
viral and CD4� T cell demographics and dynam-
ics in lymphatic tissues. Annu Rev Immunol.
1999;17:625-656.

4. Pantaleo G, Graziosi C, Butini L, et al. Lymphoid
organs function as major reservoirs for human
immunodeficiency virus. Proc Natl Acad Sci
U S A. 1991;88:9838-9842.

5. Dzionek A, Fuchs A, Schmidt P, et al. BDCA-2,
BDCA-3, and BDCA-4: three markers for distinct
subsets of dendritic cells in human peripheral
blood. J Immunol. 2000;165:6037-6046.

6. Liu YJ. Dendritic cell subsets and lineages, and
their functions in innate and adaptive immunity.
Cell. 2001;106:259-262.

7. Robinson SP, Patterson S, English N, et al. Hu-
man peripheral blood contains two distinct lin-
eages of dendritic cells. Eur J Immunol. 1999;29:
2769-2778.

8. Akira S, Takeda K, Kaisho T. Toll-like receptors:
critical proteins linking innate and acquired immu-
nity. Nat Immunol. 2001;2:675-680.

9. Jarrossay D, Napolitani G, Colonna M, Sallusto F,
Lanzavecchia A. Specialization and complemen-
tarity in microbial molecule recognition by human
myeloid and plasmacytoid dendritic cells. Eur
J Immunol. 2001;31:3388-3393.

10. Kadowaki N, Ho S, Antonenko S, et al. Subsets of
human dendritic cell precursors express different
toll-like receptors and respond to different micro-
bial antigens. J Exp Med. 2001;194:863-869.

11. Colonna M, Trinchieri G, Liu YJ. Plasmacytoid
dendritic cells in immunity. Nat Immunol. 2004;5:
1219-1226.

12. Asselin-Paturel C, Trinchieri G. Production of type
I interferons: plasmacytoid dendritic cells and be-
yond. J Exp Med. 2005;202:461-465.

13. Barron MA, Blyveis N, Palmer BE, MaWhinney S,
Wilson CC. Influence of plasma viremia on de-
fects in number and immunophenotype of blood
dendritic cell subsets in human immunodeficiency
virus 1-infected individuals. J Infect Dis. 2003;
187:26-37.

14. Donaghy H, Pozniak A, Gazzard B, et al. Loss of
blood CD11c(�) myeloid and CD11c(-) plasmacy-
toid dendritic cells in patients with HIV-1 infection

correlates with HIV-1 RNA virus load. Blood.
2001;98:2574-2576.

15. Donaghy H, Gazzard B, Gotch F, Patterson S.
Dysfunction and infection of freshly isolated blood
myeloid and plasmacytoid dendritic cells in pa-
tients infected with HIV-1. Blood. 2003;101:4505-
4511.

16. Feldman S, Stein D, Amrute S, et al. Decreased
interferon-alpha production in HIV-infected pa-
tients correlates with numerical and functional
deficiencies in circulating type 2 dendritic cell pre-
cursors. Clin Immunol. 2001;101:201-210.

17. Macatonia SE, Lau R, Patterson S, Pinching AJ,
Knight SC. Dendritic cell infection, depletion and
dysfunction in HIV-infected individuals. Immunol-
ogy. 1990;71:38-45.

18. Pacanowski J, Kahi S, Baillet M, et al. Reduced
blood CD123� (lymphoid) and CD11c� (myeloid)
dendritic cell numbers in primary HIV-1 infection.
Blood. 2001;98:3016-3021.

19. Patterson S, Rae A, Hockey N, Gilmour J, Gotch
F. Plasmacytoid dendritic cells are highly suscep-
tible to human immunodeficiency virus type 1 in-
fection and release infectious virus. J Virol. 2001;
75:6710-6713.

20. Smed-Sorensen A, Lore K, Vasudevan J, et al.
Differential susceptibility to human immunodefi-
ciency virus type 1 infection of myeloid and plas-
macytoid dendritic cells. J Virol. 2005;79:8861-
8869.

21. Lore K, Smed-Sorensen A, Vasudevan J, Mas-
cola JR, Koup RA. Myeloid and plasmacytoid
dendritic cells transfer HIV-1 preferentially to anti-
gen-specific CD4� T cells. J Exp Med. 2005;201:
2023-2033.

22. MacDonald KP, Munster DJ, Clark GJ, et al.
Characterization of human blood dendritic cell
subsets. Blood. 2002;100:4512-4520.

23. Turville SG, Cameron PU, Handley A, et al. Diver-
sity of receptors binding HIV on dendritic cell sub-
sets. Nat Immunol. 2002;3:975-983.

24. Lusso P, Cocchi F, Balotta C, et al. Growth of
macrophage-tropic and primary human immuno-
deficiency virus type 1 (HIV-1) isolates in a
unique CD4� T-cell clone (PM1): failure to down-
regulate CD4 and to interfere with cell-line-tropic
HIV-1. J Virol. 1995;69:3712-3720.

25. Roos JW, Maughan MF, Liao Z, Hildreth JE,
Clements JE. LuSIV cells: a reporter cell line for
the detection and quantitation of a single cycle of
HIV and SIV replication. Virol. 2000;273:307-315.

26. Groot F, Geijtenbeek TB, Sanders RW, et al. Lac-
toferrin prevents dendritic cell-mediated human

immunodeficiency virus type 1 transmission by
blocking the DC-SIGN—gp120 interaction. J Vi-
rol. 2005;79:3009-3015.

27. Mogensen KE, Pyhala L, Cantell K. Raising anti-
bodies to human leukocyte interferon. Acta Pathol
Microbiol Scand. 1975;83:443-450.

28. Jurk M, Heil F, Vollmer J, et al. Human TLR7 or
TLR8 independently confer responsiveness to
the antiviral compound R-848 [letter]. Nat Immu-
nol. 2002;3:499.

29. Sanders RW, de Jong EC, Baldwin CE, et al. Dif-
ferential transmission of human immunodefi-
ciency virus type 1 by distinct subsets of effector
dendritic cells. J Virol. 2002;76:7812-7821.

30. Bromley SK, Burack WR, Johnson KG, et al. The
immunological synapse. Annu Rev Immunol.
2001;19:375-396.

31. van Kooyk Y, van de Wiel-van Kemenade P,
Weder P, Kuijpers TW, Figdor CG. Enhancement
of LFA-1-mediated cell adhesion by triggering
through CD2 or CD3 on T lymphocytes. Nature.
1989;342:811-813.

32. Fawcett J, Holness CL, Needham LA, et al. Mo-
lecular cloning of ICAM-3, a third ligand for
LFA-1, constitutively expressed on resting leuko-
cytes. Nature. 1992;360:481-484.

33. Staunton DE, Dustin ML, Springer TA. Functional
cloning of ICAM-2, a cell adhesion ligand for
LFA-1 homologous to ICAM-1. Nature. 1989;339:
61-64.

34. Scheeren RA, Koopman G, Van der BS, Meijer
CJ, Pals ST. Adhesion receptors involved in clus-
tering of blood dendritic cells and T lymphocytes.
Eur J Immunol. 1991;21:1101-1105.

35. Yonezawa A, Morita R, Takaori-Kondo A, et al.
Natural alpha interferon-producing cells respond
to human immunodeficiency virus type 1 with al-
pha interferon production and maturation into
dendritic cells. J Virol. 2003;77:3777-3784.

36. Brassard DL, Grace MJ, Bordens RW. Interferon-
alpha as an immunotherapeutic protein. J Leukoc
Biol. 2002;71:565-581.

37. Grandvaux N, Tenoever BR, Servant MJ, Hiscott
J. The interferon antiviral response: from viral in-
vasion to evasion. Curr Opin Infect Dis. 2002;15:
259-267.

38. Radhakrishnan R, Walter LJ, Hruza A, et al. Zinc
mediated dimer of human interferon-alpha 2b re-
vealed by X-ray crystallography. Structure. 1996;
4:1453-1463.

39. Cameron PU, Freudenthal PS, Barker JM, et al.
Dendritic cells exposed to human immunodefi-
ciency virus type-1 transmit a vigorous cytopathic

OPPOSING ROLES OF DC SUBSETS IN HIV INFECTION 1963BLOOD, 15 SEPTEMBER 2006 � VOLUME 108, NUMBER 6



infection to CD4� T cells. Science. 1992;257:383-
387.

40. Turville SG, Santos JJ, Frank I, et al. Immunodefi-
ciency virus uptake, turnover, and two-phase
transfer in human dendritic cells. Blood. 2003;
103:2170-2179.

41. Kwon DS, Gregorio G, Bitton N, Hendrickson WA,
Littman DR. DC-SIGN-mediated internalization of
HIV is required for trans-enhancement of T cell
infection. Immunity. 2002;16:135-144.

42. Garcia E, Pion M, Pelchen-Matthews A, et al.
HIV-1 trafficking to the dendritic cell-T-cell infec-
tious synapse uses a pathway of tetraspanin sort-
ing to the immunological synapse. Traffic. 2005;6:
488-501.

43. McDonald D, Wu L, Bohks SM, et al. Recruitment
of HIV and its receptors to dendritic cell-T cell
junctions. Science. 2003;300:1295-1297.

44. Heil F, Hemmi H, Hochrein H, et al. Species-spe-
cific recognition of single-stranded RNA via toll-
like receptor 7 and 8. Science. 2004;303:1526-
1529.

45. Canque B, Rosenzwajg M, Camus S, et al. The
effect of in vitro human immunodeficiency virus
infection on dendritic-cell differentiation and func-
tion. Blood. 1996;88:4215-4228.

46. Smed-Sorensen A, Lore K, Walther-Jallow L,
Andersson J, Spetz AL. HIV-1-infected dendritic
cells up-regulate cell surface markers but fail to
produce IL-12 p70 in response to CD40 ligand
stimulation. Blood. 2004;104:2810-2817.

47. Gurney KB, Colantonio AD, Blom B, Spits H, Uit-
tenbogaart CH. Endogenous IFN-alpha produc-
tion by plasmacytoid dendritic cells exerts an anti-
viral effect on thymic HIV-1 infection. J Immunol.
2004;173:7269-7276.

48. Verani A, Lusso P. Chemokines as natural HIV
antagonists. Curr Mol Med. 2002;2:691-702.

49. Penna G, Vulcano M, Roncari A, et al. Cutting
edge: differential chemokine production by my-
eloid and plasmacytoid dendritic cells. J Immunol.
2002;169:6673-6676.

50. Zasloff M. Antimicrobial peptides of multicellular
organisms. Nature. 2002;415:389-395.

51. van’t Hof W, Veerman EC, Helmerhorst EJ, Amer-
ongen AV. Antimicrobial peptides: properties and
applicability. Biol Chem. 2001;382:597-619.

52. Cole AM, Hong T, Boo LM, et al. Retrocyclin: a
primate peptide that protects cells from infection
by T- and M-tropic strains of HIV-1. Proc Natl
Acad Sci U S A. 2002;99:1813-1818.

53. Robinson WE Jr, McDougall B, Tran D, Selsted
ME. Anti-HIV-1 activity of indolicidin, an antimicro-
bial peptide from neutrophils. J Leukoc Biol.
1998;63:94-100.

54. Wachinger M, Kleinschmidt A, Winder D, et al.
Antimicrobial peptides melittin and cecropin in-
hibit replication of human immunodeficiency virus
1 by suppressing viral gene expression. J Gen
Virol. 1998;79:731-740.

55. Zhang L, Yu W, He T, et al. Contribution of human
alpha-defensin 1, 2, and 3 to the anti-HIV-1 activ-

ity of CD8 antiviral factor. Science. 2002;298:995-
1000.

56. Ryan LK, Diamond G, Amrute S, et al. Detection
of HBD1 peptide in peripheral blood mononuclear
cell subpopulations by intracellular flow cytom-
etry. Peptides. 2003;24:1785-1794.

57. Duits LA, Ravensbergen B, Rademaker M, Hiem-
stra PS, Nibbering PH. Expression of beta-defen-
sin 1 and 2 mRNA by human monocytes, macro-
phages and dendritic cells. Immunology. 2002;
106:517-525.

58. Sun L, Finnegan CM, Kish-Catalone T, et al. Hu-
man beta-defensins suppress human immunode-
ficiency virus infection: potential role in mucosal
protection. J Virol. 2005;79:14318-14329.

59. Rowland-Jones SL. HIV: the deadly passenger in
dendritic cells. Curr Biol. 1999;9:R248-R250.

60. Fong L, Mengozzi M, Abbey NW, Herndier BG,
Engleman EG. Productive infection of plasmacy-
toid dendritic cells with human immunodeficiency
virus type 1 is triggered by CD40 ligation. J Virol.
2002;76:11033-11041.

61. Lore K, Sonnerborg A, Brostrom C, et al. Accu-
mulation of DC-SIGN�CD40� dendritic cells with
reduced CD80 and CD86 expression in lymphoid
tissue during acute HIV-1 infection. AIDS. 2002;
16:683-692.

62. Yoneyama H, Matsuno K, Zhang Y, et al. Evi-
dence for recruitment of plasmacytoid dendritic
cell precursors to inflamed lymph nodes through
high endothelial venules. Int Immunol. 2004;16:
915-928.

1964 GROOT et al BLOOD, 15 SEPTEMBER 2006 � VOLUME 108, NUMBER 6


