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ABSTRACT

Human immunodeficiency virus type 1 (HIV-1) replication in dendritic cells (DCs) is restricted by SAMHD1. This factor is
counteracted by the viral protein Vpx; Vpx is found in HIV-2 and simian immunodeficiency virus (SIV) from sooty mangabeys
(SIVsm) or from macaques (SIVmac) but is absent from HIV-1. We previously observed that HIV-1 replication in immature DCs
is stimulated by cocultivation with primary T and B lymphocytes, suggesting that HIV-1 restriction in DCs may be overcome
under coculture conditions. Here, we aimed to decipher the mechanism of SAMHD1-mediated restriction in DC-lymphocyte
coculture. We found that coculture with lymphocytes downregulated SAMHD1 expression and was associated with increased
HIV-1 replication in DCs. Moreover, in infected DC-T lymphocyte cocultures, DCs acquired maturation status and secreted type
1 interferon (alpha interferon [IFN-�]). The blockade of DC-lymphocyte cross talk by anti-ICAM-1 antibody markedly inhibited
the stimulation of HIV-1 replication and prevented the downregulation of SAMHD1 expression in cocultured DCs. These results
demonstrate that, in contrast to purified DCs, cross talk with lymphocytes downregulates SAMHD1 expression in DCs, trigger-
ing HIV-1 replication and an antiviral immune response. Therefore, HIV-1 replication and immune sensing by DCs should be
investigated in more physiologically relevant models of DC/lymphocyte coculture.

IMPORTANCE

SAMHD1 restricts HIV-1 replication in dendritic cells (DCs). Here, we demonstrate that, in a coculture model of DCs and lym-
phocytes mimicking early mucosal HIV-1 infection, stimulation of HIV-1 replication in DCs is associated with downregulation
of SAMHD1 expression and activation of innate immune sensing by DCs. We propose that DC-lymphocyte cross talk occurring
in vivo modulates host restriction factor SAMHD1, promoting HIV-1 replication in cellular reservoirs and stimulating immune
sensing.

Human immunodeficiency virus type 1 (HIV-1) replication
has been proposed to be highly restricted in myeloid den-

dritic cells (DCs) (1, 2). The poor capacity of these cells to support
replication was recently explained by the presence of the host re-
striction factor SAMHD1 (3–5). Restriction by SAMHD1 was ob-
served in DCs infected with cell-free HIV-1 and in the presence of
infected CD4 T cells (6). SAMHD1 diminishes intracellular pools
of deoxynucleoside triphosphates (dNTPs), substrates necessary
for the synthesis of viral DNA (7–9), and its antiviral activity is
inhibited following phosphorylation (10–12). Of note, HIV-1 in-
hibition by SAMHD1 is counteracted by the viral protein Vpx
found in HIV-2 and in simian immunodeficiency virus (SIV)
from macaques (SIVmac) (3, 4); Vpx is absent from HIV-1 (13, 14).
Vpx degrades SAMHD1 in numerous cell types (3, 4, 6, 9, 15–21),
allowing efficient viral DNA synthesis and significantly enhanced
HIV-1 replication in DCs (2, 22). The paralogous viral protein of
Vpx is Vpr, which is encoded by all lineages of lentivirus (23). In
lentiviral lineages, which do not encode SAMHD1 antagonist
Vpx, the Vpr protein has also been found to degrade SAMHD1
(24, 25). These findings of viral adaptation to host restriction sug-
gest that SAMHD1 antagonism is a component of viral fitness in
the context of natural infections (26).

Monocyte-derived dendritic cells (MoDCs) have been used as
model for myeloid DCs (27, 28). These cells do not undergo mat-
uration following HIV-1 infection (29–33) and produce only
small amounts of interferon (IFN) (6, 33). Intracellular delivery of
Vpx to MoDCs induces sensing of HIV-1 with production of type

1 IFN, upregulation of the costimulatory molecule CD86, and
triggering of DC maturation (21, 34, 35). Therefore, sensing of
HIV-1 in DCs has been proposed to be limited by the presence of
SAMHD1.

We have previously demonstrated that HIV-1 replication in
primary HIV-1 isolate-loaded immature DCs is enhanced when
they are cocultured with autologous primary CD4 T or B lympho-
cytes (29, 36). In this study, we investigated whether this enhanced
HIV-1 replication in cocultured DCs was due to modulation of
SAMHD1 expression. We found that the stimulation of HIV-1
replication in DCs during cross talk with primary lymphocytes
was associated with the decreased expression of SAMHD1. In ad-
dition, IFN-� was secreted into the medium of infected DC-T
lymphocyte cocultures, and DCs acquired the maturation status.
These results demonstrate for the first time that coculture with
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lymphocytes downregulates the expression of the host restriction
factor SAMHD1 in DCs, and this decreased expression is associ-
ated with both efficient HIV-1 replication in DCs and the trigger-
ing of an antiviral immune response.

MATERIALS AND METHODS
Antibodies. Mouse anti-human CD3-VioBlue (BW264/56) and CD83-
allophycocyanin (APC) (HB15) monoclonal antibodies (MAbs) were
purchased from Miltenyi Biotec SAS (France). Peridinin chlorophyll pro-
tein (PerCP)-Cy5.5-conjugated mouse MAb against human CD209 (DC-
SIGN; DCN46) was purchased from BD Pharmingen (San Diego, CA).
HIV-1 antigen (Ag) p24 APCA700 and goat F(ab=)2 fragment anti-mouse
IgG1-phycoerythrin (PE) Abs were purchased from Beckman-Coulter
(Roissy, France). Anti-ICAM-1 antibody (clone 1H4 [azide free]) was
purchased from Abcam (United Kingdom). Mouse monoclonal IgG1 di-
rected against human SAMHD1 antibody (clone I19-18) was kindly pro-
vided by Olivier Schwartz and Françoise Porrot (Institut Pasteur, Unité
Virus et Immunité, Paris, France): this antibody was selected for its ability
to recognize SAMHD1 in flow cytometry assays (6, 17, 37).

Cell preparation. All human blood samples were collected from
healthy anonymized donors seronegative for HIV-1 and hepatitis C virus
(HCV) (EFS, Strasbourg, France). The primary human immune cells,
immature monocyte-derived dendritic cells (MoDCs), were obtained by
purification of human blood CD14� monocytes (with a high degree of
purity, �99.5%) by immunomagnetic bead isolation after Ficoll-
Hypaque sedimentation (AutoMACS; Miltenyi Biotec). Highly purified
CD14� monocytes were differentiated to MoDCs at 2 � 106 cells/ml in
RPMI 1640 plus GlutaMAX (GIBCO) medium supplemented with 5%
fetal calf serum (FCS), 10 ng/ml of granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) (R&D Systems), and 20 ng/ml interleukin-4
(IL-4) (R&D Systems) for 6 days, as previously described (29, 30, 36).
Autologous CD19� B lymphocytes and CD4� T lymphocytes were puri-
fied by positive selection (AutoMACS; Miltenyi Biotec) after CD14� pu-
rification. All nonactivated CD19� B lymphocytes and nonactivated
CD4� T lymphocytes were frozen immediately after purification. The
resting primary purified CD4� T lymphocytes were activated by incuba-
tion with phytohemagglutinin A (PHA) (2 �g/ml) for 3 days in RPMI
1640 plus GlutaMAX medium supplemented with 10% FCS. Cells were
stored frozen and thawed 1 day before use.

Cells of the MT4 T cell line (NIH) was cultured in RPMI 1640 plus
GlutaMAX medium supplemented with 10% FCS at 37°C under 5% CO2;
all media used were supplemented with 100 U/ml of penicillin and 100
�g/ml of streptomycin (GIBCO).

Virus preparation. The primary clinical HIV-1 isolates were ampli-
fied on human blood leukocytes, as previously described (30). Virus
stocks collected at peak virus production were concentrated 70-fold with
a 100-kDa-cutoff polyethersulfone filter (Centricon Plus-70 Biomax fil-
ter; Millipore, Molsheim, France). The primary clinical R5 isolate HIV-
1BaL (subtype B) was provided by S. Gartner, M. Popovic, and R. Gallo
from the National Institutes of Health (NIH). HIV-1SF162 (subtype B, R5
strain) was obtained from the AIDS Research and Reference Reagent Pro-
gram (Division of AIDS, NIAID, NIH). HIV-1QH0 (subtype B, R5 strain)
was obtained from the National Institute for Biological Standards and
Control (NIBSC). An SIV type 3 (SIV-3)-positive wild-type strain con-
taining vesicular stomatitis virus G glycoprotein (VSV-G)-pseudotyped
virus and Vpx (SIV-Vpx-VSV-G) and named VLP-Vpx was kindly pro-
vided by Olivier Schwartz and Françoise Porrot (Institut Pasteur, Paris,
France) (6).

HIV-1 transfer experiments. The conditions used for MoDC infec-
tion and coculture with PHA-activated autologous CD4 T lymphocytes,
nonactivated CD4 T lymphocytes, and nonactivated B lymphocytes were
similar to those previously described (29, 36) (Fig. 1A). Briefly, immature
MoDCs were infected with primary R5 HIV-1 isolates at a concentration
of 500 ng/ml viral p24 antigen such that �2% of the cells were infected.
After 2 h of incubation, MoDCs were thoroughly washed three times to

remove unbound free viral particles. Twenty-five microliters of HIV-1-
loaded MoDCs (at 6 � 106 cells/ml) was incubated with or without 25 �l
of autologous PHA-activated or nonactivated CD4 T and B lymphocytes
(at 24 � 106 cells/ml, 1:4 ratio) or MT4 cells (at 6 � 106 cells/ml, 1:1 ratio)
in 96-well plates. Where indicated, virus-like particles containing Vpx
(VLP-Vpx) or exogenous deoxynucleotide triphosphates (dNTPs) (10
�M) (Invitrogen Life Science, Applied Biosystems Inc., CA) were added
to cells as controls to decrease SAMHD1 levels and stimulate HIV-1 rep-
lication, respectively. For some experiments, the HIV-1 reverse transcrip-
tase inhibitor azidothymidine (AZT [Sigma]) was added (5 �M) 2 h after
MoDC infection, concomitantly with the addition of CD4 T lymphocytes
to prevent productive HIV-1 replication. Viral p24 antigen detected in
AZT-treated wells was therefore indicative of residual p24 detected in the
absence of de novo virus synthesis. The HIV-1 protease inhibitor indinavir
(IDV) (AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH), added at 1 �M (38) to MoDCs at the same time as
CD4 T lymphocytes, limits the infection to a single cycle of HIV-1 repli-
cation, therefore preventing DCs from de novo virus infection. Unless
otherwise stated, productive infection was quantified by flow cytometry,
based on the detection of intracellular viral p24 antigen in the MoDC
population after 48 and 72 h of culture (Fig. 1A).

Inhibition of dendritic cell-lymphocyte cross talk. In order to pre-
vent the cross talk between MoDCs and autologous lymphocytes, anti-
ICAM-1 monoclonal antibody was added at 20 �g/ml to HIV-1-loaded
MoDCs prior to the coculture with autologous lymphocytes for 48 h.

Cell staining and flow cytometry assay. Briefly, cells were labeled with
LIVE/DEAD fixable dead cell stain fluorescence kits (Invitrogen Life Sci-
ence, Applied Biosystems, Inc., CA) for 10 min at room temperature. The
cells were then washed, fixed and permeabilized with the Cytofix and
Perm/Wash kit solutions (BD Biosciences), and subjected to intracellular
SAMHD1 staining for 15 min at 4°C and then incubated for 15 min at 4°C
with goat F(ab=)2 fragment anti-mouse IgG1-PE. The samples were then
washed, a mixture of Abs directed against the human CD209, CD3, and
intracellular p24 antigen was added, and the samples were incubated for
10 min at 4°C. The percentages of infection and SAMHD1 labeling were
determined simultaneously by flow cytometry for each of DC-SIGN�

(CD209�) CD3� MoDCs, CD3� DC-SIGN� CD4 T lymphocytes, and
CD19� DC-SIGN� B lymphocytes. For MoDC maturation kinetics stud-
ies, a mixture of Abs directed against human CD209, CD83, and CD3 was
incubated with the samples for 10 min at 4°C, and the cells were then fixed
and permeabilized. Multicolor samples were acquired with a LSRII SORP
cytometer (BD Bioscience, San Jose, CA). Cytometer setup and tracking
(CST) calibration particles were used to ensure that fluorescence intensity
measurement was consistent in all experiments. Flow cytometry Comp-
Beads kits (BD) were used for compensation. Forward angle and side
scatter light gating were used to exclude cell debris from the analysis.
Forward width and forward area were used to exclude doublet cells, and
dead cells were excluded with the LIVE/DEAD kit solution. The final
analysis was performed with FACS (i.e., fluorescence-activated cell sorter)
Diva software version 6.1.2 (BD), which generated a graphical output. The
strategies for the analysis of flow cytometry data are detailed in Fig. 1B.

ELISA. The number of HIV-1 particles released into the supernatant
of cell cultures was detected by dosage of HIV-1 p24 antigen by enzyme-
linked immunosorbent assay (ELISA) (Innogenetics/Ingen) following the
manufacturer’s instruction. Supernatants from cell cultures treated with
AZT were used as a negative control to determine residual p24 due to the
virus inoculum.

Cytokine analysis. Supernatants were collected at various time points
during HIV-1 infection for analysis of cytokine production. IFN-� was
assayed with the Verikine human IFN-� multisubtype ELISA kit (PBL
Interferon Source, NJ). This kit is specifically formulated to detect 14 of
the 15 identified human IFN-� subtypes using a VMax Kinetic ELISA
microplate reader to determine the absorbance at 450 nm (Molecular
Devices, California, USA).
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Statistical analysis. All data plotted with error bars are expressed as
means � standard deviations (SD). The P values were generated by ana-
lyzing data with a one-way analysis of variance (ANOVA) (Kruskal-Wallis
test) for group comparisons or by two-tailed pairwise comparison based
on Wilcoxon matched-pairs signed rank test. P values of 	0.05 were con-
sidered statistically significant. Correlations were analyzed by calculating
Pearson’s correlation coefficient, with P values of 	0.05 considered sta-
tistically significant. GraphPad Prism 5.04 software (GraphPad, San Di-
ego, CA) was used for all statistical analyses.

RESULTS
The increased HIV-1 replication in immature MoDCs in the
presence of activated CD4 T lymphocytes is inversely correlated
with SAMHD1 expression. Using a coculture model (Fig. 1), we
observed that coculture with autologous PHA-activated CD4 T
lymphocytes significantly increased the percentage of HIV-1 in-
fected MoDCs after 48 h (Fig. 2A and B) and 72 h (Fig. 2E) of
culture. Enhancement of HIV-1 replication was also observed in

DCs transduced with VLP-Vpx, which was added as control (Fig.
2A and H), suggesting that, like Vpx, the coculture with CD4 T
lymphocytes may regulate HIV-1 replication in DCs by modulat-
ing SAMHD1 expression.

Therefore, to investigate SAMHD1-mediated restriction in
DC-lymphocyte coculture, we analyzed HIV-1 infection and
SAMHD1 expression in DC-SIGN� MoDCs at 48 and 72 h
postinfection. Double staining of HIV-1 intracellular p24 antigen
and SAMHD1 revealed that SAMHD1 expression was signifi-
cantly lower in HIV-1-infected MoDCs when they were cultivated
with activated CD4 T lymphocytes (Fig. 2A and C, 48 h postinfec-
tion; F, 72 h postinfection). This decreased SAMHD1 expression
was also detected when MoDCs were treated with VLP-Vpx (Fig.
2A and I), indicating that the presence of autologous CD4 T lym-
phocytes downregulate SAMHD1 expression in DCs to a similar
extent as Vpx. Most MoDCs positive for intracellular p24� were
SAMHD1 negative (Fig. 2A), consistent with a restriction of

FIG 1 Schematic representation of HIV-1 cell-to-cell transfer assay and the gating strategy for flow cytometry analysis. (A) HIV-1 cell-to-cell transfer assay.
Immature MoDCs were pulsed with primary R5 HIV-1 isolates for 2 h and then thoroughly washed to remove unbound free viral particles. HIV-1-loaded
MoDCs were incubated with or without autologous PHA-activated or nonactivated CD4 T or B lymphocytes or cells of the MT4 T cell line in 96-well plates.
Where indicated, virus-like particles containing Vpx (VLP-Vpx) or exogenous dNTPs were added to infected MoDCs at the same time as lymphocytes as controls
to decrease SAMHD1 levels and stimulate HIV-1 replication, respectively. After 48 and 72 h of culture, productive infection in MoDCs was quantified by
detection of intracellular viral p24 antigen and intracellular SAMHD1 levels simultaneously by flow cytometry using cell-specific marker staining. (B) Quanti-
fication of productive infection and intracellular SAMHD1 levels by flow cytometry. Among all events, forward width and forward area were used to exclude
doublet cells; forward angle and side scatter light gating were used to exclude cell debris. The DC population can easily be distinguished from lymphocytes
according to size. Within the DC population, Ab directed against human CD209 (DC-SIGN, a DC-specific surface marker) was used to select DC-SIGN� CD3�

MoDCs; in the T cell population, Ab directed against human CD3 was used to select CD3� CD4 T cells. Dead cells were then excluded with LIVE/DEAD fixable
dead cell stain fluorescence kits. Percentages of living DC-SIGN� MoDCs that are infected and contain intracellular SAMHD1 can be determined simultane-
ously. Double staining for HIV-1 infection and SAMHD1 expression in living DC-SIGN� MoDCs is shown. The final analysis was performed with FACS Diva
software, which generated a graphical output. FSC, forward scatter; SSC, side scatter.
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FIG 2 Detection of intracellular HIV-1 p24 antigen and SAMHD1, and the correlation between the two markers in immature MoDCs. (A) Dot plot showing the
percentages of HIV-1 intracellular p24 Ag (top), intracellular SAMHD1 expression (middle), and double intracellular p24 Ag and SAMHD1 staining (bottom)
within DC-SIGN� MoDCs at 48 h postinfection (PI) by primary HIV-1BaL in the presence or absence of activated CD4 T lymphocytes or VLP-Vpx. One
representative experiment from 12 independent experiments performed with 12 different healthy blood donors is shown. Shown are percentages of infected
MoDCs with primary HIV-1BaL (B and E) and SAMHD1 expression in DC-SIGN� MoDCs (C and F) after 48 h (B and C) or 72 h (E and F) of infection as
percentages of cells in the absence or presence of activated CD4 T cells. The percentages of infected MoDCs (H) and SAMHD1 expression (I) among DC-SIGN�

MoDCs were measured 48 and 72 h postinfection in the absence or presence of VLP-Vpx. Data are means � standard deviations (SD) from at least 12
independent experiments performed with cells from 12 healthy blood donors in duplicate. (Each point represents the result from one donor.) Horizontal bars
denote medians, and whiskers denote interquartile ranges. The significance of differences was determined with two-tailed Wilcoxon matched-pairs signed rank
test, and P 	 0.05 is considered significant. Plotted is the correlation between the percent decrease of SAMHD1 levels (with respect to control infected MoDCs
alone) and the percent increase of infection in cocultured DC-SIGN� MoDCs with activated CD4 T lymphocytes at 48 h (D) and 72 h (G) postinfection and
infected DC-SIGN� MoDCs alone in the presence of VLP-Vpx as a control (J). Repeated independent experiments were performed with cells from at least 12
healthy donors. Correlations were analyzed by calculating Pearson’s correlation coefficient, with P 	 0.05 considered significant.
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HIV-1 infection by SAMHD1 (3, 6). Moreover, the decrease
of SAMHD1 expression was strongly associated with the increase
of HIV-1 replication in cocultured MoDCs at 48 and 72 h postin-
fection (Fig. 2D and G). A similar association between decreased
SAMHD1 expression and increased HIV-1 replication was ob-
served in VLP-Vpx-transduced and HIV-1-infected MoDCs (Fig.
2J). These results suggest that the increased HIV-1 replication in
DCs following DC/T coculture is due to the downregulation of
SAMHD1 expression.

Stimulation of HIV-1 replication in cocultured MoDCs oc-
curs before viral assembly. First, we confirmed that the percent-
age of p24� cells detected by flow cytometry corresponds to newly
synthesized HIV-1 by treatment of the cells with a reverse trans-
criptase inhibitor, AZT. We observed that treatment with AZT
strongly inhibited the percentage of infected cells (Fig. 3A, left
panel) (36, 38). In addition, significant viral p24 released was de-
tected in the supernatants of coculture (Fig. 3B). These results
demonstrate that the percentage of p24� cells corresponds to in-
fected cells producing de novo virus particles released in the super-
natant of coculture. Next, we investigated whether the increased
HIV-1 replication in cocultured MoDCs was due to the stimula-
tion of HIV-1 replication in these cells or to an external refeeding
with virions newly synthesized by PHA-activated CD4 T lympho-
cytes. We therefore added a protease inhibitor, indinavir (IDV), 2
h after the infection of MoDCs, at the same time as activated CD4
T lymphocytes. IDV prevents new cycles of infection by blocking
final assembly and maturation of newly synthesized virions and
thus restraining HIV-1 to a single cycle of replication. In the pres-
ence of IDV, the level of infected MoDCs in the coculture corre-
sponds to 80% of the level of control infected MoDCs in the ab-
sence of IDV (Fig. 3A, left panel). The HIV-1 replication detected
in MoDCs after 48 h was therefore mainly due to a single cycle of
infection. This percentage of infected MoDCs treated by IDV was

increased in coculture by 3.1-fold compared to treated MoDCs in
the absence of CD4 T lymphocytes (Fig. 3A, left panel). This in-
creased infection indicates that the stimulation of HIV-1 replica-
tion in cocultured MoDCs occurs before viral assembly and is not
the consequence of refeeding of MoDCs with virions newly syn-
thesized by PHA-activated CD4 T lymphocytes. Interestingly, the
presence of inhibitors IDV and AZT did not modify the expres-
sion of SAMHD1 in MoDCs (Fig. 3A, right panel). The downregu-
lation of SAMHD1 expression in MoDCs was related to the pres-
ence of CD4 T lymphocytes, suggesting that CD4 T lymphocytes
and not HIV-1 replication trigger the decrease in SAMHD1 ex-
pression.

Coculture with various primary lymphocyte subtypes down-
regulates SAMHD1 expression in MoDCs. As PHA-activated
primary CD4 T lymphocytes contain high concentrations of
dNTPs (3 to 30 �M) (9, 39, 40), we first investigated whether
dNTPs carried by activated CD4 T lymphocytes had any effect on
HIV-1 replication and SAMHD1 restriction in DCs. Exogenous
dNTPs were thus added to MoDCs (Fig. 4). The presence of exog-
enous dNTPs markedly enhanced HIV-1 replication in DCs with-
out modifying SAMHD1 levels (Fig. 4). Thus, the downregulation
of SAMHD1 expression in cocultured DCs does not appear to be
due to the abundant dNTPs carried over from activated CD4 T
lymphocytes.

To further assess whether virions newly synthesized by acti-
vated CD4 T lymphocytes affect SAMHD1 expression, MoDCs
were cocultivated with autologous nonactivated CD4 T or B lym-
phocytes, two cell types that are naturally resistant to HIV-1 rep-
lication. Indeed, nonactivated T/B lymphocytes did not replicate
HIV-1 under these coculture conditions although they strongly
stimulated HIV-1 replication in MoDCs (Fig. 4A and B). Interest-
ingly, we found that the expression of SAMHD1 by MoDCs was
significantly decreased by cocultivation with these various lym-

FIG 3 Single cycle of HIV-1 infection in cocultured MoDCs. (A) Percentages of HIV-1BaL-infected DC-SIGN� MoDCs (left panel) were measured at 48 h
postinfection in the presence or absence of activated CD4 T lymphocytes treated with HIV-1 protease inhibitor indinavir (IDV) at 1 �M to prevent infection of
new virus produced by MoDCs or T lymphocytes or treated with HIV-1 reverse transcriptase inhibitor azidothymidine (AZT) at 5 �M to prevent HIV-1
replication as negative controls. Data are expressed as means � SD from 10 independent experiments performed with 10 healthy blood donors. Under the same
conditions, we measured intracellular SAMHD1 levels in DC-SIGN� MoDCs (right panel). Data are expressed as means � SD from four healthy blood donors.
(B) Quantification of the amounts of viral p24 released into the supernatant when HIV-1-infected immature MoDCs were cultured with or without activated
CD4 T cells in the presence or absence of negative controls treated with AZT. The means � SD from eight different donors after 48 h of infection are shown. The
significance of differences was determined with two-tailed Wilcoxon matched-pairs signed rank test. P values of 	0.05 were considered statistically significant.
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phocyte populations following infection by primary clinical iso-
late HIV-1BaL (Fig. 4A and C) or HIV-1QH0 and HIV-1SF162 (Fig.
5). Therefore, modulation of SAMHD1 expression in DCs is in-
dependent of HIV-1 replication and is observed in the presence of
various types of autologous primary lymphocytes. These de-
creased SAMHD1 levels and increased HIV-1 replication in cocul-
tured MoDCs were also observed in the presence of exogenous
dNTPs (Fig. 4C and 5).

Interestingly, in the absence of HIV-1 infection, SAMHD1 lev-
els in MoDCs were also significantly decreased by cocultivation
with autologous lymphocytes for 48 h (P 	 0.05) (Fig. 4C and 5B
and D). In contrast, the addition of cells of the T cell line MT4 to
infected MoDCs had no effect on the percentage of p24� DC-
SIGN� MoDCs (Fig. 4B) and also had no effect on the levels of
SAMHD1 expression (Fig. 4C). These results suggest that decrease
of SAMHD1 expression in immature MoDCs is associated with
the formation of stable immunological synapses between DCs and
autologous primary lymphocytes that may not occur with the T
cell line MT4.

Dendritic cell-lymphocyte cross talk is required for the stim-
ulation of HIV-1 production in MoDCs. The interaction between
adhesion molecule LFA-1 and its ligand ICAM-1 plays significant
roles not only in the formation of immunological synapses and
antigen-presenting cell-T cell interactions but also in cell-to-cell
HIV-1 transmission (36, 41–44). To investigate the functional role
of DC-lymphocyte cross talk, we used an anti-ICAM-1 monoclo-

nal antibody to prevent the formation of immunological synapse
between immature MoDCs and autologous lymphocytes. The ad-
dition of 20 �g/ml antibody directed against ICAM-1 to HIV-1-
infected MoDCs prior to the coculture with autologous lympho-
cytes markedly inhibited by 50 to 60% the stimulation of HIV-1
replication in MoDCs (Fig. 6A). In parallel to this decreased
HIV-1 replication, the presence of anti-ICAM-1 prevented
SAMHD1 downregulation as 70 to 92% SAMHD1 expression was
detected compared to that in control MoDCs cultured without
lymphocytes (Fig. 6B). The blockade of immunological synapse
formation by anti-ICAM-1 also preserved high levels of SAMHD1
expression in the absence of HIV-1 infection (Fig. 6B). Thus, the
cellular interactions between MoDCs and autologous lympho-
cytes modulate the expression of SAMHD1 in MoDCs. Overall,
the downregulation of SAMHD1 expression promotes HIV-1 rep-
lication in HIV-1-infected DCs.

Coculture with CD4 T lymphocytes induces innate sensing
of HIV-1-infected MoDCs. Impairment of SAMHD1 induces the
triggering of the immune response (6). We therefore evaluated the
kinetics of MoDC maturation by assaying expression of the DC
maturation marker CD83 on the surface of DC-SIGN� MoDCs
(Fig. 7A). HIV-1-infected MoDCs matured efficiently in cocul-
tures with CD4 T lymphocytes, and the extents of maturation
were greater after 48 and 72 h of culture (P 
 0.0145 and P 

0.0025, respectively). MoDC maturation was also greater in the
presence of HIV-1 replication than that in uninfected cells, al-

FIG 4 Measurement of HIV-1 infection and SAMHD1 expression in immature MoDCs cocultivated with various primary lymphocyte subtypes and MT4. (A)
Dot plot showing the percentages of HIV-1 infection (top), intracellular SAMHD1 expression (middle), and double intracellular p24 Ag and SAMHD1 staining
(bottom) among DC-SIGN� MoDCs in the absence or presence of virus, PHA-activated CD4 T lymphocytes, or nonactivated CD4 T and B lymphocytes at 48
h postinfection. One representative experiment from seven independent experiments performed with seven different healthy blood donors is shown. HIV-1
infection (B) and SAMHD1 expression (C) were measured as percentages of DC-SIGN� MoDCs at 48 h postinfection in the absence or presence of virus,
autologous primary lymphocytes, T cell line MT4, or exogenous dNTPs. The data are the means � SD from at least seven independent experiments performed
with DCs from seven healthy blood donors in duplicate (except for coculture with MT4, where n 
 4). Horizontal bars denote the medians, and error bars denote
the interquartile ranges. The significance of differences was determined with two-tailed Wilcoxon matched-pairs signed rank test, with P 	 0.05 considered
significant.

FIG 5 Measurement of HIV-1 infection and SAMHD1 expression in immature MoDCs infected with primary HIV-1 isolates HIV-1QH0 and HIV-1SF162 when
cocultured with autologous primary lymphocyte populations. Dot plots show the percentages of HIV-1 infection and SAMHD1 levels in DC-SIGN� MoDCs in
the absence or presence of PHA-activated CD4 T lymphocytes or nonactivated CD4 T or B lymphocytes at 48 h postinfection, infected with primary clinical
isolate HIV-1QH0 (A and B) or HIV-1SF162 (C and D). The data are the means � SD from one representative experiment.
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though the difference was not statistically significant (P 
 0.1475
at 48 h postinfection and P 
 0.1250 at 72 h postinfection) (Fig.
7A). There was no such maturation by HIV-1 in the absence of
CD4 T lymphocytes (Fig. 7A).

IFN-� production was also evaluated. IFN-� was detected in
the supernatant of HIV-1-infected MoDCs cocultivated with ac-
tivated CD4 T lymphocytes at 48 and 72 h postinfection; the in-
duction of this production was donor dependent (Fig. 7B). It is
noteworthy that this increase was statistically significant at 72 h
postinfection, indicating that the type I IFN is released at a later
time point as a DC maturation marker (Fig. 7B). Interestingly,
nonactivated CD4 T lymphocytes also induced IFN-� release
from HIV-1-infected MoDCs, whereas nonactivated B lympho-
cytes did not (Fig. 7C), despite inducing increased HIV-1 replica-
tion and decreased SAMHD1 expression. Of note, the increased
IFN-� release in the presence of CD4 T lymphocytes was similar to
that observed in the presence of VLP-Vpx (Fig. 7B and C). Addi-
tion of exogenous dNTPs did not significantly modify IFN-� re-
lease by infected MoDCs alone (Fig. 7B and C). Furthermore, no
IFN-� was detected in either uninfected or infected MoDCs in the
absence of CD4 T lymphocytes or in uninfected or infected CD4 T
lymphocytes, consistent with previous reports (35). Thus, cocul-
ture with autologous CD4 T lymphocytes is necessary for HIV-1-
infected MoDCs to produce IFN-�. To determine if IFN-� pro-
duction is due to the HIV-1 infection by newly synthesized
virions, the protease inhibitor IDV was added to the coculture. We
observed that IFN-� production by HIV-1-infected cocultured
MoDCs or VLP-Vpx-transduced MoDCs was not significantly
modified following IDV treatment (Fig. 7D). Therefore, the stim-
ulation of IFN-� production by HIV-1 is due to a viral replication

step that occurs before viral assembly and release (known as viral
maturation) of newly synthesized virus.

Taken together, these findings indicate that coculture with
CD4 T lymphocytes downregulates the expression of the host re-
striction factor SAMHD1, thereby promoting efficient HIV-1 rep-
lication and stimulating an antiviral immune response in DCs.

DISCUSSION

Restriction of HIV-1 infection in DCs in vitro has been observed at
various steps of HIV-1 replication (3, 45–52; reviewed in reference
53). SAMHD1 was identified as one of several cellular restriction
factors, the expression of which prevents HIV-1 reverse transcrip-
tion in myeloid DCs (3, 4). It is generally admitted that DCs sup-
port only low levels of HIV-1 replication, and infection of DCs
with cell-free virions does not induce DC maturation (29–33).
These results have been obtained using purified DCs cultivated
alone. Here, we used a coculture model mimicking early mucosal
HIV-1 infection and dissemination, in which DCs bind and take
up the virus, which is then transferred to CD4 T lymphocytes (44,
54–59). Under these conditions, a significant proportion of virus
particles released in DC-lymphocyte coculture were produced by
DCs carried the DC-specific marker CD1a (36). Moreover, these
newly synthesized virions were infectious, as they productively
infected MoDCs and peripheral blood mononuclear cells
(PBMCs) (36). Here, we demonstrated that the high HIV-1 repli-
cation observed in cocultured DCs was associated with a de-
creased expression of SAMHD1. SAMHD1 expression by DCs was
also downregulated in cocultures with autologous primary non-
activated CD4 T or B lymphocytes, which are naturally resistant to
HIV-1 replication. However, the presence of the T cell line MT4

FIG 6 Blockade of dendritic cell-lymphocyte cross talk by anti-ICAM-1. Anti-ICAM-1 antibody (1H4; 20 �g/ml) was added to HIV-1-infected or uninfected
MoDCs prior to coculture with autologous lymphocytes. At 48 h postinfection, intracellular HIV-1 infection (A) and SAMHD1 expression (B) were measured
and expressed as a percentage of the p24� or SAMHD1� DC-SIGN� MoDCs compared to control cells in the absence of coculture. The percent decrease of
HIV-1 infection was calculated and is shown in red. The data are means � SD from two independent healthy blood donors.
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had no effect on HIV-1 replication or SAMHD1 expression by
infected MoDCs. Of note, MT4 cells are highly permissive to cell-
free HIV-1 but do not establish strong immunological/virological
synapses (60). Indeed, HIV-1 can be transmitted through direct
cell-to-cell contact via such synapses (56, 61–63; reviewed in ref-
erences 64, 65, 66, and 67). The formation of an immunological/
virological synapse contributes to DC-lymphocyte cross talk and
involves the local reorganization of various molecules (includ-
ing CD3, CD4, CD20, TCR, ICAM-1/LFA-1, DC-SIGN/gp120,
CD40/CD40L, and the major histocompatibility complex
[MHC]) important to viral pathogenesis, antigen presentation,
and immune responses (68–71). The impairment of DC-lympho-
cyte cross talk by anti-CD3 or anti-ICAM-1/LFA-1 prevents the

stimulation of HIV-1 replication in MoDCs cocultivated with pri-
mary CD4 T lymphocytes (36); this confirmed that the formation
of an immunological synapse is required for efficient HIV-1 rep-
lication in MoDCs. In addition, we showed that the blockade of
immunological synapse formation by anti-ICAM-1 monoclonal
antibody prevented the downregulation of SAMHD1 expression,
demonstrating that DC-lymphocyte cross talk modulates
SAMHD1 expression and consequently inhibits the stimulation of
HIV-1 replication in the presence of anti-ICAM-1. DC-lympho-
cyte cross talk may therefore induce signal transduction across cell
membranes like gene transcription by unknown retrograde sig-
nals delivered to DCs. Recently, Puigdomenech et al. analyzed
SAMHD1 expression by MoDCs in the presence of productively

FIG 7 Coculture with CD4 T lymphocytes induces innate sensing of HIV-1-infected MoDCs. (A) The kinetics of MoDC maturation were assessed at various
time points. The percentage of CD83� DC-SIGN� MoDCs was determined in the absence or presence of virus and/or activated CD4 T lymphocytes. Each point
represents the result from one donor. (B) Detection of the production of IFN-� by MoDCs in the supernatants of uninfected or infected MoDCs cultured alone
or cocultured with activated CD4 T lymphocytes, VLP-Vpx, or dNTPs or with combinations of these factors collected at 48 h (black diamonds) and 72 h (pink
circles) postinfection (P.I.). At least 12 independent experiments were performed with DCs from 12 healthy blood donors. (C) IFN-� was assessed under same
conditions as in panel B, cocultured with nonactivated CD4 T or B lymphocytes. Data represent the results from seven independent experiments performed with
DCs from seven healthy blood donors. Each point represents the result for one donor, and horizontal red bars denote the medians in the plots. (D) IFN-� was
measured under same conditions as in panel B and cocultured with PHA-activated CD4 T lymphocytes or VLP-Vpx-transduced MoDCs in the absence or
presence of HIV-1 protease inhibitor IDV at 1 �M to prevent the final assembly and maturation of newly synthesized virions. Data are expressed as means � SD
from four healthy blood donors. Groups were compared by one-way ANOVA (Kruskal-Wallis test) and two-tailed pairwise comparison based on Wilcoxon
matched-pairs signed rank test, with P 	 0.05 considered significant.
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infected CD4 T cells or the T cell line MT4 and found that the
presence of infected CD4 T cells did not modify SAMHD1 expres-
sion in DCs (6). Indeed, in HIV-1-infected T cells, cross talk with
DCs may be limited because of the altered intracellular trafficking
of T cell receptor (TCR), Lck, and CD3 in a Nef-dependent man-
ner and thereby impair the formation of the immunological syn-
apse (72, 73; reviewed in references 74 and 75). This would explain
the lack of downregulation of SAMHD1 expression in this previ-
ous study involving HIV-1-infected CD4 T lymphocytes (6). In-
terestingly, we observed decreased expression of SAMHD1 in
cocultured MoDCs in the absence of HIV-1 infection, indicating
that downregulation of SAMHD1 expression in DCs is not the
consequence of HIV-1 replication but requires coculture with au-
tologous lymphocytes. These findings suggest that SAMHD1 not
only plays a critical role in HIV-1 restriction but also interferes
with other biological functions in many other cells or tissues dur-
ing DC-lymphocyte contact that need to be identified. It will be
worthwhile for further studies to determine which molecules are
involved in signal transduction pathways that regulate SAMHD1
variation within the MoDCs during DC-lymphocyte cross talk.

In pure MoDC cultures, intracellular HIV-1 capsid, provided
by incoming viral particles, failed to induce expression of the co-
stimulatory molecule CD86 (35), and IFN production was low,
leading to defect of innate immune sensing of HIV-1 by MoDCs
(6, 33, 76; reviewed in references 77 and 78). The defect of im-
mune sensing of HIV-1 by DCs is due to HIV-1 capsid that pre-
vents liberation of nucleic acid (79) and activation of DNA sensor
cyclic GMP-AMP synthase (cGAS) (80, 81) in the cytosol before
viral integration (80). The downregulation of SAMHD1 in the
presence of CD4 T lymphocytes might favor reverse transcription
of viral RNA, promoting the production of DNA retrotranscripts
involved in DC sensing (80). The detection of IFN-� production
in the presence of the protease inhibitor IDV further suggests that
the final steps of viral assembly and maturation are not involved in
DC sensing. Interestingly, DC-B lymphocyte cross talk did not
induce IFN-� production, despite the increased HIV-1 replica-
tion and decreased SAMHD1 expression in DCs. This lack of
IFN-� production during DC-B lymphocyte cross talk may be
attributed to a paracrine feedback phenomenon. It has been
shown that upregulation of the expression of costimulatory recep-
tors on B lymphocytes by soluble CD23 and ICAM produced by
HIV-1-infected macrophages enhanced HIV-1 infection of rest-
ing CD4� T lymphocytes (82). The induced costimulatory mole-
cules on B lymphocytes may provide some negative signaling
pathways leading to the inhibition of IFN-� production by DCs.
Another hypothesis is that nonactivated B lymphocytes may not
be efficiently triggered by HIV-1, due to lack of high HIV-1 enve-
lope protein gp120 affinity receptors. Conversely, gp120 may bind
to and signal through �4�7 on B lymphocytes, resulting in in-
creased expression of the immunosuppressive cytokine trans-
forming growth factor �1 (TGF-�1) (83). This TGF-�1 produc-
tion negatively regulated IFN-� responses, as previously described
for CD4� T cells, by protein tyrosine phosphatase SHP-l, mito-
gen-activated protein kinase (MAPK), and extracellular signal-
regulated kinase (ERK) pathways (84, 85). Thus, B lymphocytes
may provide negative regulation of signaling pathways by TGF-�,
leading to impairment of IFN-� production. These complex sig-
naling pathways may explain the various degrees of SAMHD1
downregulation and HIV-1 replication observed, depending on
the type of cells involved in the cross talk and on the type and

degree of HIV-1 infection. Further investigation will be required
to elucidate these distinct mechanisms.

SAMHD1 expression by DCs appeared to be donor dependent:
the detection rates by flow cytometry vary between 20% and 80%
in our study. Moreover, the levels of SAMHD1 vary according to
the type of DCs studied in vitro and in vivo (86). Langerhans cells
and memory T lymphocytes emigrating from human skin ex-
plants have been found to facilitate productive HIV-1 replication
in vivo (87). In the context of HIV-1 transmission at mucosal site,
HIV-infected cells efficiently transmit the virus across epithelial
barriers through cell-to-cell contact (88–91). Therefore, modula-
tion of SAMHD1-mediated retroviral restriction by cross talk with
lymphocytes may be highly relevant in vivo. Consequently, the
modulation of SAMHD1 expression in the various types of cells
(such as macrophages, plasmacytoid and myeloid DCs, Langer-
hans and interstitial DCs, and lymphocytes) should be further
investigated in coculture conditions and derived from in vivo
studies. In addition, other restriction factors may also participate
in the regulation of HIV-1 replication in DCs (92, 93). For exam-
ple, APOBEC3A was recently reported to inhibit HIV-1 replica-
tion by interfering with the reverse transcription and hypermutat-
ing/accumulating nascent viral DNA (vDNA) in myeloid DCs (47,
50, 94, 95). MxB (MX2) was proposed to inhibit HIV-1 replication
by targeting the viral capsid in monocytoid or permissive CD4� T
cell lines (96–98). These distinct host factors may play key coop-
erative effects in establishing HIV-1 control.

Our various analyses show that coculture with autologous lym-
phocytes decreases the SAMHD1 expression by DCs. This down-
regulation of SAMHD1 expression allows a significant increase of
HIV-1 replication in DCs, which may favor the transfer of HIV-1
to T lymphocytes during early mucosal HIV-1 infection. More-
over, DC activation and innate immune sensing of HIV-1-in-
fected immature DCs are observed under coculture conditions.
However, once productively infected T cells are established, cross
talk between DCs and infected T cells is reduced (73), therefore
maintaining SAMHD1 expression (6). This impairment of effi-
cient cross talk with HIV-1-infected T lymphocytes implies that
during the chronic phase of HIV-1 infection, immune sensing by
DCs may be restricted, therefore providing a likely explanation of
physiological role of SAMHD1 antagonist Vpx in the control by
the immune system of HIV-2 pathogenicity. Further studies of
HIV-1 replication and sensing of HIV-1 in DCs should be per-
formed in physiologically relevant models of DC-lymphocyte co-
culture. The modulation of DC-lymphocyte cross talk by phar-
macological intervention may interfere with HIV-1 replication
and immune responses and could prove to be a valuable pre-
ventive approach for restricting and/or promoting HIV-1 in-
fection of DCs.
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