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Plasmacytoid dendritic cells (pDC) are key players in viral immunity
and produce IFN-� after HIV-1 exposure, which in turn regulates
TNF-related apoptosis-inducing ligand (TRAIL) expression by CD4�

T cells. We show here that infectious and noninfectious HIV-1
virions induce activation of pDC into TRAIL-expressing IFN-produc-
ing killer pDC (IKpDC). IKpDC expressed high levels of activation
markers (HLA-DR, CD80, CD83, and CD86) and the migration marker
CCR7. Surprisingly, CXCR4 and CCR5 were down-regulated on
IKpDC. We also show that HIV-1-induced IKpDC depended on
Toll-like receptor 7 (TLR7) activation. HIV-1 or TLR7 agonist-
exposed IKpDC induced apoptosis of the CD4� T cell line SupT1 via
the TRAIL pathway. Furthermore, IFN-� produced after HIV-in-
duced TLR7 stimulation was responsible for TRAIL expression and
the down-regulation of both CXCR4 and CCR5 by IKpDC. In con-
trast, activation and migration markers were not regulated by
IFN-�. Finally, IFN-� increased the survival of IKpDC. We charac-
terized a subset of pDC with a killer activity that is activated by
endosomal-associated viral RNA and not by infection.

apoptosis � endocytosis � AT-2 HIV-1 � CCR5 � CXCR4

P lasmacytoid dendritic cells (pDC) are immature dendritic
cells (DC) that participate in both innate and adaptative

immunity (1, 2). pDC are specialized cells located in blood and
lymphoid organs (2, 3) that produce up to 1,000-fold more IFN-�
than other cell types in response to virus exposure (4). Viral
activation of pDC can be regulated by either of two Toll-like
receptors (TLR), TLR7 or TLR9 (5), which are considered to be
the receptors that human pDC use for recognition of RNA/
retroviruses (6, 7) and DNA (8), respectively.

The role of pDC and IFN-� in HIV-1 infection is not fully
understood. Type I IFNs (IFN-�/�) provide essential innate
immunity against viruses (3) and inhibit HIV-1 replication in
vitro (9). The number of circulating pDC is decreased in HIV-1
infection (10), and the lack of IFN-� production was suggested
to be responsible for HIV-1 disease progression (11, 12). In
contrast, high plasma titers of IFN-� are found during acute
HIV-1 infection and reappear during late-stage disease (13).
Induction of type I IFNs could be a double-edged sword and
might exert pathogenic in addition to protective effects in innate
immunity. We previously reported that one consequence of
IFN-� production by HIV-1-stimulated pDC is the expression of
TNF-related apoptosis-inducing ligand (TRAIL) by monocytes
(14). Furthermore, isolated pDC cultured with infectious or
noninfectious HIV-1 particles produced large amounts of IFN-�
(15, 16) that induced TRAIL expression by primary CD4� T
cells (17). TRAIL was shown to be involved in the selective
induction of apoptosis in uninfected CD4� T cells in both a
human in vitro model (18) and an animal model using HIV-
infected hu-PBL-NOD-SCID mice (19). We recently reported
that the TRAIL/DR5 pathway contributed to selective apoptosis
of CD4� T cells in vitro and that levels of TRAIL and the
percentages of CD4� T cells expressing DR5 were elevated in

blood of untreated HIV-infected patients (20). Recently, a
report showed that influenza virus A regulated TRAIL expres-
sion by a human pDC cell line (GEN2.2), which became cyto-
toxic and induced apoptosis of a melanoma cell line (21).
Because we have shown that HIV-1-exposed CD4� T cells are
sensitive to TRAIL-induced apoptosis (20), we questioned
whether HIV-1 would induce TRAIL expression by pDC,
resulting in apoptosis of CD4� T cells.

We show in this study that HIV-1 induced expression of
TRAIL and the activation and migration markers CD83 and
CCR7 and turned pDC into IFN-producing killer pDC (IKpDC).
By analyzing the expression of HIV-1 receptors on IKpDC, we
found that the two major coreceptors of HIV-1, CXCR4 and
CCR5, were down-regulated by aldrithiol-2 (AT-2) HIV-1 ex-
posure. The transformation from pDC to IKpDC occurred
through TLR7 after endocytosis of HIV-1 virions. In addition,
IKpDC induced apoptosis of a CD4� T cell line via the TRAIL
pathway. Furthermore, we found that IFN-� was responsible for
TRAIL expression and decreased CXCR4 and CCR5 on
IKpDC, although the activation and migration markers were not
regulated by IFN-�. Finally, we showed that stimulation of TLR7
induced survival of pDC and the production of TNF-� by
IKpDC, a hallmark of immune cell activation. This study there-
fore identifies a subset of human DC with cytotoxic activity in
HIV-1 infection, which may contribute to immunopathogenesis.

Results
Characterization of pDC After Exposure to AT-2 HIV-1. Enriched pDC
were cultured with noninfectious AT-2 HIV-1MN (CXCR4 co-
receptor-specific) or AT-2 HIV-1ADA (CCR5 coreceptor-
specific) particles or negative control microvesicles (mock) over-
night. We tested TRAIL expression induced by these AT-2
HIV-1 particles on CD123� BDCA2� cells, markers that we
used to define pDC (Fig. 1A). After AT-2 HIV-1 exposure, 50 �
5% of pDC were TRAIL� compared with 0.6 � 0.5% (P �
0.006) when treated with microvesicles (pDCmock) (Fig. 1 A), and
the mean fluorescence intensity (MFI) was also increased in
AT-2 HIV-treated pDC (MFI � 65 � 19) compared with
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pDCmock (MFI � 15 � 9; P � 0.003). The MFI of pDCmock was
identical to pDC stained with isotype control (MFI � 15 � 3)
[supporting information (SI) Fig. 5A]. We also tested the effect
of infectious HIV-1MN and HIV-1ADA, and we obtained similar
results on TRAIL expression by pDC (SI Fig. 5A). We therefore
define these TRAIL-expressing pDC as TRAIL�pDCHIV.

We investigated the expression of activation markers on pDC
exposed to AT-2 HIV-1. CD83 was up-regulated on
TRAIL�pDCHIV compared with pDCmock (P � 0.03) (Fig. 1B),
as were CD80 and CD86 (P � 0.004 and P � 0.0001) (SI Fig. 5B).
Similarly, the CCR7 migration marker was also increased after
AT-2 HIV-1 exposure, and 97 � 4% of TRAIL�pDCHIV were
CCR7� (Fig. 1C and SI Fig. 5C). Because the HIV-1 coreceptors
CCR5 and CXCR4 are decreased on pDC of HIV� patients (22)
we tested for their expression in this system. We tested both AT-2
HIV-1MN (CXCR4 tropic) and AT-2 HIV-1ADA on coreceptor
expression and obtained identical results. AT-2 HIV-1 induced
down-regulation of both CCR5 and CXCR4 on
TRAIL�pDCHIV (Fig. 1D). We also observed data similar to
those shown in Fig. 1 A–F using the infectious counterparts of
both AT-2 HIV-1MN and HIV-1ADA (SI Fig. 5 A and D).

Generation of TRAIL�pDCHIV Occurs After Endosomal Acidification and
Is Mediated by TLR. Recently, pDC activation by AT-2 HIV-1 was
shown to occur by TLR stimulation after endocytosis (6). To
determine whether endocytosis is required for AT-2 HIV-1
induction of TRAIL�pDCHIV, we cultured pDC with AT-2
HIV-1 and the endosomal acidification inhibitor chloroquine
(CQ) and looked for activation by staining for TRAIL. CQ
inhibited TRAIL expression by 97 � 8% (P � 0.005) (Fig. 1E)
compared with cultures in the absence of CQ.

Because endocytosis is required for AT-2 HIV-1 activation of
pDC, we investigated the intracellular receptors responsible for
activation. TLR7 and TLR9 are intracellular receptors of the
innate immune system that are present in pDC (23). To dem-
onstrate the role of TLR in this system, we added the suppressive
oligodinucleotide A151 to pDC cultured with AT-2 HIV-1.

A151, also known as (TTAGGG)4, is a competitive inhibitor of
TLR stimuli and has been shown to inhibit the activity of TLR7-
or TLR9-transfected HEK293 cells (6). A151 significantly in-
hibited TRAIL expression on pDC cultured with AT-2 HIV-1 by
74 � 15% (P � 0.02) compared with TRAIL�pDCHIV (Fig. 1F).

Because TLR stimulation is required for the generation of
TRAIL�pDCHIV and TLR7 is used by human pDC for recog-
nition of ssRNA (7, 24), we tested whether HIV-1 surface
proteins or ssRNA were responsible for activation of pDC. We
depleted ssRNA from HIV-1 particles by treatment with 80 mM
�-cyclodextrin (HIV�CD), a chemical modification that induces
a hole in the virion capsid, liberating ssRNA but retaining capsid
proteins as previously shown (25). These RNA-free particles
were used for the culture of pDC (SI Fig. 5G), as we had done
with AT-2 HIV-1. RNA-free HIV-1 particles did not induce
TRAIL expression on pDC (Fig. 1G). Similarly, HIV�CD did not
induce CXCR4 or CCR5 down-regulation on pDC (data not
shown). Taken together, these data indicate that TLR7 stimu-
lation by viral RNA is required for the activation of pDC.

Role of TLR7 for Induction of TRAIL�pDC. We tested whether TLR7
expression in pDC from 21 HIV-infected patients (HIV�) was
different from pDC from 19 healthy control blood donors
(HIV�). Peripheral blood mononuclear cells from HIV� and
HIV� individuals were tested for intracellular expression of
TLR7 in pDC. We found that circulating pDC from both HIV�

and HIV� constitutively expressed TLR7. However, TLR7
expression was elevated in HIV� patients compared with HIV�

controls (MFI � 487 � 58 and MFI � 99 � 14 respectively; P �
0.001). This result establishes a parallel between TLR7 expres-
sion in our in vitro AT-2 HIV-1 data and in HIV� patients.

To determine the effects of TLR7 stimulation in vitro, pDC
isolated from peripheral blood mononuclear cells of healthy
blood donors were cultured overnight with imiquimod (Imiq), an
imidazoquinoline known to stimulate TLR7 but not TLR9 (26).
TRAIL activation and migration markers were analyzed as
above in the AT-2 HIV-1 experiments. TLR7 stimulation by
Imiq induced TRAIL on 92 � 6% of pDC (Fig. 2B).
TRAIL�pDC generated by Imiq stimulation (TRAIL�pDCImiq)
expressed high levels of CD83 and CCR7 (Fig. 2C), as well as
HLA-DR, CD80, and CD86 (data not shown), compared with
pDCmock. We also tested the effect of Imiq on HIV-1 coreceptors
and observed that Imiq induced a marked down-regulation of
both CXCR4 and CCR5 (Fig. 2D), similar to the findings above
for AT-2 HIV-1. Therefore, the TRAIL�pDC generated by
either AT-2 HIV-1 activation or a known TLR7 stimulator
resulted in cells expressing identical surface markers.

Finally, we tested whether IFN-� and TNF-� production
(secretion of both are associated with activated pDC) were
TLR-dependent. As shown in Fig. 2E, the TLR antagonist A151
inhibited �90% of IFN-� and TNF-� production by Imiq-
stimulated pDC. TNF-� produced by AT-2 HIV-exposed pDC
was also strongly reduced by A151 (95 � 12% and 96 � 7%
inhibition; P � 0.002 and P � 0.01, respectively). However,
IFN-� production by AT-2 HIV-activated pDC was partially
reduced by A151 (46 � 9% inhibition; P � 0.04).

TRAIL�pDC Induce Apoptosis of Target Cells. To determine whether
the HIV-induced TRAIL expressed by pDC was functional, we
performed cytotoxicity assays with purified pDC as effector cells
and the TRAIL-sensitive SupT1 CD4� T cell line as target
cells (27, 28). Purified pDC were cultured with microvesicles
(pDCmock) or AT-2 HIV-1 (pDCHIV) overnight. The superna-
tants were removed, and cells were washed. pDCmock or pDCHIV
were then cocultured with the SupT1 cells at different effector-
:target cell ratios for 6 h, and apoptosis was tested by measuring
annexin V on CD123�BDCA2�-gated cells (SI Fig. 6). The pDC
did not express DR5, even when cultured with AT-2 HIV-1 (data

Fig. 1. Characterization of pDC after treatment with AT-2 HIV-1. (A) Dot plot
of BDCA4� cells. pDC are defined as CD123�BDCA2� cells. Shown is TRAIL
expression on pDC cultured with microvesicles (pDCmock, black) compared with
AT-2 HIV-1 (pDCHIV, red). (B) Increased CD83 expression on TRAIL�pDCHIV (red)
compared with pDCMock (black). (C) Increased CCR7 expression on
TRAIL�pDCHIV (red) compared with pDCMock (black). (D) Reduced expression of
CCR5 on TRAIL�pDCHIV (red) compared with pDCMock (black). Shown is reduced
expression of CXCR4 on TRAIL�pDCHIV (red) compared with pDCMock (black).
(E) TRAIL expression on pDCmock (black) or pDCHIV (red) and pDCHIV plus CQ
(green). (F) TRAIL expression on pDCmock (black) or pDCHIV (red) and pDCHIV

plus A151 (green). (G) TRAIL expression on pDCmock (black), pDCHIV (red), and
HIV�CD (green).
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not shown). pDCmock induced a baseline level of apoptosis in
SupT1 cells at each effector:target combination (Fig. 3). In
contrast, pDCHIV induced increased levels of annexin V expres-
sion in SupT1 cells that were proportional to increasing effec-
tor:target cell ratios. Furthermore, pDCHIV preincubated with a
neutralizing anti-TRAIL antibody and cultured with SupT1 cells
showed reduced expression of annexin V on SupT1 cells. These
results demonstrate that AT-2 HIV-1 activation results in killer
function of TRAIL�pDC and that the increase in the observed
death is mediated by the TRAIL apoptotic pathway.

IFN-� Regulates TRAIL, CXCR4, and CCR5 on TRAIL�pDC. Because we
and others previously demonstrated that AT-2 HIV-1 induced
high levels of IFN-� by pDC (15–17), we tested whether IFN-�
plays a role in the regulation of TRAIL on TRAIL�pDC.

Additionally, because both CXCR4 and CCR5 are down-
regulated on pDC of HIV� individuals compared with healthy
controls (22), and CXCR4 is down-modulated in response to
cytokines (29), we tested whether IFN-� played a role in the
down-regulation of CXCR4 and CCR5 observed on
TRAIL�pDC. pDC were therefore cultured overnight with
microvesicles, AT-2 HIV-1, or Imiq in the absence (�Anti-IFN)
or presence (�Anti-IFN) of antibodies against IFN-� (Fig. 4A).
TRAIL expression was significantly reduced when pDC were
cultured with AT-2 HIV-1 or Imiq in the presence of IFN-�
antibodies [67 � 11% (P � 0.02) and 79 � 19% inhibition (P �
0.003), respectively] compared with cultures without antibodies.
Furthermore, the addition of neutralizing IFN-� antibodies
abrogated the effect of AT-2 HIV-1 and Imiq on CXCR4
down-regulation (Fig. 4B Left). Similar results were obtained on
CCR5 expression (Fig. 4B Right). To confirm that IFN-� was
responsible for the down-regulation of CXCR4 and CCR5, we
cultured pDC overnight with recombinant IFN-�. Both CXCR4
and CCR5 expression on pDC were significantly reduced by
recombinant IFN-� compared with untreated pDC [82 � 23%
(P � 0.0001) and 71 � 17% (P � 0.002) inhibition, respectively]
(Fig. 4C).

Because HIV-1 was associated with a decrease of pDC numbers
in patients’ blood (10), it was suggested that HIV-1 induced the
death of pDC (12). Therefore, we tested the effect of IFN-�, AT-2
HIV-1, and Imiq on pDC survival. Isolated pDC from healthy
blood donors were cultured with recombinant IFN-�, AT-2 HIV-1,
Imiq, or IL-3 (positive control) for 3 days, and cells were counted
at 24-h intervals. IFN-�, AT-2 HIV-1, Imiq, and IL-3 each in-
creased the survival of pDC compared with mock-treated pDC
after 2 and 3 days of culture (Fig. 4D). We also performed a cell
proliferation assay. Isolated pDC were cultured overnight in the
presence of infectious HIV, AT-2 HIV, IFN-�, and IL-3. We found
that infectious HIV, AT-2 HIV, and IFN-� were not cytotoxic for
pDC and induced a metabolic activation similar to IL-3 (SI Fig. 7).
These data suggest that neither HIV-1 nor IFN-� exposure con-
tributed to the death of pDC.

Discussion
The present article describes and identifies a unique subset of
human pDC that possess killer activity. This killer activity was

Fig. 2. Role of TLR7 in IKpDC activation. (A) Increase of TLR7 expression in
pDC of HIV� patients (n � 21) compared with HIV� controls (n � 19) (MFI �
487 � 58 and MFI � 99 � 14, respectively; P � 0.001). (B) TRAIL expression on
pDCmock (Left) compared with Imiq-stimulated pDC (pDCImiq) (Right). (C) Ex-
pression of CD83 (Left) and CCR7 (Right) by TRAIL�pDCImiq (red) compared
with pDCmock (black). (D) Down-regulation of CCR5 (Left) and CXCR4 (Right)
on TRAIL�pDCImiq (red) compared with pDCmock (black). (E) IFN-� and TNF-�
production and inhibition with A151. *, P � 0.05, two-tailed Student’s t test.

Fig. 3. TRAIL�pDC kill DR5� T cell targets. pDC stimulated with microvesicles
(pDCMock) or AT-2 HIV-1 (pDCHIV) were used as effector cells against SupT1
target cells at various ratios in the absence or presence of a neutralizing
anti-TRAIL antibody or matched isotype controls. Cytotoxicity was measured
as the percentage of annexin V� cells on the BDCA2�CD123� cell population.
Data are presented as the mean of three experiments � 95% CI.
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effected by TRAIL, a cytotoxic molecule that induces apoptosis
of DR4� and/or DR5� target cells (30, 31). We show here that
exposure of isolated pDC to either infectious or noninfectious
HIV-1 induced TLR7-mediated IFN-�-dependent expression of
TRAIL. These TRAIL-expressing pDC induced TRAIL-
sensitive target cell apoptosis that was proportional to the
pDC:target cell ratio. Therefore, we define this HIV-activated,
TRAIL-expressing pDC as IKpDC.

We recently reported that the TRAIL/DR5 pathway contrib-
uted to HIV-induced selective apoptosis of CD4� T cells in vitro
(20) and that ex vivo apoptosis of HIV-infected patients’ CD4�

T cells were blocked by an antibody against DR5 (20). Our
earlier studies indicated that exposure of monocytes or CD4� T
cells from HIV� blood bank donors to infectious or noninfec-
tious HIV-1 resulted in production of soluble TRAIL by mono-
cytes and in membrane expression of TRAIL by both monocytes
and CD4� T cells (14, 17). Furthermore, the blood of HIV�

patients contained levels of plasma TRAIL and DR5-expressing

CD4� T cells that were directly (TRAIL) and inversely (DR5)
associated with plasma viral load (20).

More than 99% of HIV-1 particles detected in the circulation
are not productively infectious (32) but, as previously suggested,
might contribute to HIV-induced immunopathogenesis (20, 33).
For this reason, our investigations have included the effects of
noninfectious AT-2 HIV-1 on TRAIL-mediated apoptosis of
CD4� T cells (20). The results of the present study that nonin-
fectious HIV-1 particles induced IKpDC are consistent with
those earlier reports, indicating that AT-2 HIV-1 activates
resting pDC to produce IFN-�, resulting in TRAIL expression
on CD4� T cells in the absence of productive HIV infection (17).
Our finding here that HIV-1 can induce IKpDC adds another
cellular source of TRAIL to those mentioned above. However,
it should be noted that IKpDC differ from HIV-induced,
TRAIL-expressing CD4� T cells in that T cells express both
DR5 and TRAIL and therefore are themselves susceptible to
TRAIL/DR5-mediated apoptosis. In contrast, because IKpDC
express TRAIL but not DR5, this population of killer cells
should not be susceptible to TRAIL/DR5-mediated apoptosis
and could serve as an apoptosis-resistant population of killer
cells.

Lymphoid tissues are major sites of CD4� T cell depletion
(34–36). Because CD4� T cells expressing DR5 were elevated in
lymphoid tissue (37), it is possible that IKpDC that express the
migration marker CCR7 contribute to CD4� T cell death by
inducing apoptosis via the TRAIL pathway in lymphoid organs.
Consistent with this hypothesis is the finding that AT-2 HIV-
activated pDC expressed CCR7 and migrated to CCL19 in a
transwell experiment (15). CCL19 is a chemokine that is found
in lymphoid compartments and is the ligand of CCR7. These
results can account for the fact that a high percentage of CD4�

T cells die in the lymphoid tissues during the early and late stages
of HIV-1 disease (34, 38). In addition to CCR7, IKpDC also
expressed the activation markers CD80, CD83, CD86, and
HLA-DR, as was reported for activated pDC (15).

Interestingly, a novel TRAIL-expressing DC, IFN-producing
killer DC, was recently described in a murine tumor model in
which TRAIL expression was controlled by IFN-� and the
resulting DC expressed NK markers (39). In contrast, we did not
detect the NK marker CD56 on IKpDC or IFN-� production by
these cells. It remains to be determined whether this difference
is due to murine IFN-producing killer DC versus human IKpDC
or whether it is due to a difference between tumor and viral
stimuli. The answer to this question may reside in the nature of
the stimulus, because influenza activated TRAIL expression by
a human pDC cell line that is regulated by type I and not type
II IFN (21).

TLR7 and TLR9 are sensor molecules of the innate immune
system that recognize nucleic acid moieties of microbiological
infectious agents (24, 40). Because TLR7 and TLR9 are not
expressed on the surface of pDC, stimuli must gain access to
intracellular compartments. A recent report showed that AT-2
HIV-1 enters pDC by endocytosis and stimulates TLR7 and
possibly TLR9 to induce IFN-� (6). We found that CQ inhibited
HIV-induced TRAIL expression on IKpDC and prevented
HIV-induced loss of CXCR4 expression on IKpDC. These data
indicate that endocytosis is required for these HIV-induced
effects but do not distinguish whether the sensor molecule
involved was TLR7 and/or TLR9. We used the TLR-stimulating
agent Imiq, which is specific for TLR7, and demonstrated that it
had the same effect as HIV-1 for inducing the up-regulation of
TRAIL, CCR7, IFN-�, TNF-�, CD80, CD83, and CD86 and in
the down-regulation of CXCR4 and CCR5 expression. In addi-
tion, the effect of Imiq on these parameters was abrogated by
A151. Finally, we demonstrated that removal of viral RNA from
HIV-1 particles with �-CD resulted in complete loss of the
ability of these RNA-depleted HIV-1 particles to induce TRAIL

Fig. 4. IFN-� regulation of TRAIL, CXCR4, and CCR5 by IKpDC. (A) TRAIL
expression on pDC cultured overnight with AT-2 HIV-1 (Upper) or Imiq (Lower)
in the absence (�Anti-IFN) or presence (�Anti-IFN) of antibodies against
IFN-�. (B Left) Expression of CXCR4 on pDCMock (black), pDCHIV (red), and
pDCHIV plus anti-IFN-� (green). (B Right) Expression of CCR5 on pDCMock

(black), pDCHIV (red), and pDCHIV plus anti-IFN-� (green). (C) Down-regulation
of CXCR4 (Left) and CCR5 (Right) by recombinant IFN-�. (D) Survival of isolated
pDC in the presence of different stimuli during a 3-day period.
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expression by pDC (25). These results demonstrate that TLR7 is
the only TLR that is required for HIV-induced transformation
of pDC into IKpDC. Interestingly, pDC from HIV-1-infected
patients express higher levels of TLR7 than pDC from healthy
individuals, which is consistent with our in vitro findings. These
results do not exclude the fact that TLR9 stimulation by CpG can
induce activation of IKpDC (data not shown); however, in our
model TLR9 is not responsible for pDC activation by HIV-1.

The major producers of IFN-� after viral infection are pDC
(2, 3), and type I IFN has been shown to have antiviral activity
against several viruses, including HIV-1 (41, 42). Furthermore,
IFN-� induced TRAIL-mediated apoptosis of virus-infected
cells in a murine model (43), and this mechanism was suggested
to kill HIV-infected CD4� T cells (44). However, the role of
IFN-� in HIV-1 infection and pathogenesis is complex and
controversial (45). Thus, high plasma titers of IFN-� are found
during acute HIV-1 infection and reappear during late-stage
disease as an indicator of poor clinical prognosis (13). Further-
more, HIV-1 disease progression was inhibited in AIDS patients
immunized against IFN-� (46). In addition, we reported that a
similar mechanism involving TRAIL/DR5-mediated apoptosis
of CD4� T cells is induced by IFN-� that is produced by AT-2
HIV-1-activated pDC (20). This immunopathogenic mecha-
nism, which kills uninfected CD4� T cells, would be favored in
a setting in which most in situ HIV-1 is noninfectious, resulting
in death of a disproportionately high percentage of uninfected T
helper cells (20). Our finding here that infectious and noninfec-
tious HIV-1 induces IFN-�, which activates TRAIL expression
on IKpDC that kill DR5-expressing uninfected CD4� T cells,
provides another mechanistic example of IFN-�-induced immu-
nopathogenesis.

We demonstrate here that IFN-� regulates TRAIL expression
on IKpDC and is also responsible for HIV-1 coreceptor down-
regulation and survival of IKpDC. The facts that both CXCR4
and CCR5 are down-regulated by IFN-�, coupled with the
finding that IKpDC exhibited increased survival in an IFN-�-
enriched environment, raise the possibility that IKpDC would
not themselves be susceptible to HIV-1-induced death and could
function as a persistent source of HIV-resistant killers of DR5-
expressing target cells. Our data also highlight the ambiguous
role of IFN-�. IFN-� up-regulates a cytotoxic molecule
(TRAIL) and at the same time down-regulates HIV coreceptors,
which may protect the cells from infection. This study provides
a role for type I IFN in addition to those previously described for
HIV-induced immunopathogenesis and disease progression (45,
47). The role, number, and function of IKpDC in vivo open a new
area of DC research in HIV-1 immunopathogenesis and tumor
cell biology.

Materials and Methods
Blood was collected from HIV� patients who were enrolled in
a U.S. Air Force natural history protocol at Wilford Hall
Medical Center, Lackland Air Force Base (San Antonio, TX),
and were not receiving antiretroviral therapy. Blood from HIV-
1-seronegative blood bank donors was obtained from the De-
partment of Transfusion Medicine at the National Institutes of

Health (Bethesda, MD). All patients were studied under insti-
tutional review board-approved protocols and gave written,
informed consent on forms from the National Cancer Institute
and Wilford Hall Medical Center.

Isolation and Culture of Blood Leukocytes. Peripheral blood mono-
nuclear cells were isolated by density gradient centrifugation using
lymphocyte separation medium (Cambrex, Gaithersburg, MD).
The pDC were isolated from healthy donor peripheral blood
mononuclear cells by using the BDCA-4 isolation kit (Miltenyi
Biotec, Auburn, CA). Cells were cultured in RPMI medium 1640
(Invitrogen, Gaithersburg, MD) containing 10% FBS (HyClone,
Logan, UT) and 1% Pen-Strep-Glut (Invitrogen) in the presence of
cytokine, infectious HIV-1, or replication-incompetent HIV-1
preparations. A description of the preparation and concentration of
stimuli used in this study is included in SI Experimental Methods.

Flow Cytometry. After stimulation in culture, pDC phenotype
was studied by f low cytometry. See SI Experimental Methods
for a detailed description of staining procedures and antibod-
ies used.

Cytotoxicity Experiment. We used human lymphoid T cell line
SupT1 (American Type Culture Collection, Manassas, VA) as
target cells because SupT1 cells express DR5 but not TRAIL. In
a 96-well plate, 5 � 103 target cells per well were incubated with
pDC in different effector:target cell ratios of 5:1, 10:1, and 20:1.
For inhibition of TRAIL-dependent lysis, 5 �g of monoclonal
anti-TRAIL (clone RIK-2; eBioscience) or 5 �g/ml of an IgG1
isotype (eBioscience) was added to target cells 30 min before
addition of effector cells. After 6 h of coculture, SupT1 cells were
assayed for apoptosis by annexin V by flow cytometry. Briefly,
cells were washed in annexin V buffer and stained with annexin
V-FITC, CD123-phycoerythrin, and BDCA2-allophycocyanin.
Because SupT1 cells do not express CD123 or BDCA2, an
acquisition gate was placed on the CD123�BDCA2� population
and 2,000 events were captured. Apoptosis was measured as the
percentage of annexin V� cells in the CD123�BDCA2� popu-
lation. Data are presented as the mean of three independent
experiments � 95% confidence interval.

Statistical Analysis. Experiments were repeated at least four times.
P values were determined by using a two-tailed Student t test.
P � 0.05 was considered statistically significant. Univariate
distributions of flow cytometric data were performed by prob-
ability binning in 300 bins with FlowJo software (48).
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