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HIV-1 directly activates human plasmacytoid DCs (pDCs) by upregulating the expression of costimulatory and 
MHC molecules and maturation markers, increasing T cell stimulatory activity, and inducing the production 
of type I interferons and TNF-α. A consequence of this activation is the bystander maturation of myeloid DCs 
and overall enhancement of antigen-presenting function. However, little is known about the mechanism(s) of 
pDC activation by HIV-1. Here we demonstrate by in vitro studies that IFN-α production by pDC in response 
to HIV-1 requires at least 2 interactions between the cell and virus. Initially, envelope-CD4 interactions medi-
ate endocytosis of HIV-1, as demonstrated through the use of inhibitors of binding, fusion, endocytosis, and 
endosomal acidification. Subsequently, endosomally delivered viral nucleic acids, particularly RNA, stimulate 
pDCs through TLRs, as activation is reproduced with purified genomic RNA but not viral RNA packaging–
deficient HIV-1 and blocked with different inhibitory TLR ligands. Finally, by using genetic complementation, 
we show that TLR7 is the likely primary target. Viral RNA rather than DNA in early retrotranscripts appears to 
be the active factor in HIV-1 that induces IFN-α secretion by pDCs. Since the decline in pDCs in chronic HIV-1 	
infection is associated with high viral loads and opportunistic infections, exploiting this natural adjuvant 
activity of HIV-1 RNA might be useful in the development of vaccines for the prevention of AIDS.

Introduction
DCs are bone marrow–derived professional APCs with the capacity 
to stimulate immune responses. The 2 subsets of human DCs char-
acterized in blood so far, myeloid DCs (MDCs) and plasmacytoid 
DCs (pDCs), are distinguished by their phenotype and function. 
MDCs are the most potent APCs for priming of T cell respons-
es, while pDCs induce innate antimicrobial immune respons-
es through production of type I IFNs (1). They differ in other 
aspects, including differential expression of C-type lectin receptors 
(CLRs) and TLRs. Studies have demonstrated that TLR7 mRNA is 
expressed by both blood-derived pDCs and MDCs, whereas TLR8 
mRNA is restricted to MDCs (2–6). In addition, pDCs are the only 
human DC subset expressing TLR9.

In acute viral infections, a transient decline in blood pDCs is 
typically observed. Chronic infections due to HIV-1, HCV, human 
T cell leukemia virus type I, herpes simplex virus (HSV), and Den-
gue virus can lead to decreased levels of blood pDCs, which have 
been associated with illness severity (7–10). During chronic HIV-1  
infection, reduced blood pDC frequency correlates with high 
viral load, reduced CD4 count, and susceptibility to opportunis-

tic infections, and antiretroviral therapy only partially reverses 
this decline (11–19). In contrast, the number of pDCs appears to 
be higher in long-term survivors compared with healthy donors 
(20). pDC loss in blood of chronically infected individuals has 
been attributed to cell death and/or to a failure of bone marrow 
progenitors to differentiate into pDCs. Recently, we showed that 
human blood pDCs but not MDCs undergo phenotypic and 
functional activation upon exposure to HIV-1 (21). This process 
is characterized by upregulation of maturation markers such as 
CD83, CCR7, and costimulatory molecules. In addition, HIV-1–
activated pDCs produce IFN-α and TNF-α, migrate in response 
to CCL19, and, in coculture, stimulate the bystander maturation 
of MDCs. This HIV-1–induced maturation of both DC subsets 
may partly explain their disappearance from blood of HIV+ sub-
jects as they migrate to lymph nodes. As preservation of pDC and 
thereby MDC functions would be essential to maintaining anti-
viral immune responses, further characterization of the nature of 
pDC-virus interactions is necessary.

To date, little is known regarding the mechanisms by which 
HIV-1 activates pDCs, particularly the relevant immunostimula-
tory factors or signaling pathways. A possibility that HIV-1 might 
be detected through TLRs emerged from studies demonstrat-
ing that viral RNA or DNA can be potent activators of murine 
pDCs through ligation of TLR7 and -8 or TLR9, respectively. 
Murine pDCs produce IFN-α in response to the single-stranded 
RNA (ssRNA) viruses, influenza virus, and vesicular stomatitis 
virus (VSV) (22) without the requirement of viral replication; to 
ssRNA purified from influenza virus (23); and to RNA40 (a syn-
thetic [G+U] rich short oligoribonucleotide [ORN] derived from 
the HIV-1 U5 region) (24) via a TLR7-dependent pathway. HSV-1  
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(25, 26), HSV-2, and DNA purified from HSV-2 (27), as well as 
murine CMV (28) activate murine pDCs through TLR9. Baculo-
virus and baculoviral DNA have also been shown to stimulate the 
TLR9 signaling pathway (29). Furthermore, Heil et al. have shown 
that RNA40 activates human pDCs, and genetic complementation 
studies indicate that human TLR8 and not human TLR7 medi-
ates its recognition (24). Significantly, entry into endosomes is 
required, as indicated by the need to formulate viral or synthetic 
ORNs with liposomes or cationic lipids (23, 24). However, human 
pDCs also detect ssRNA viruses (respiratory syncytial virus, Sendai 
virus), which directly enter host cells via fusion at the plasma mem-
brane, in a TLR7/8- or TLR9–independent manner (30). Moreover, 
murine MDCs produce IFN-α in response to influenza virus (31) 
and mature in response to Sendai virus (32) in a replication-depen-
dent manner and in the absence of TLR7/8 or TLR9 signaling.

Formal evidence that HIV-1 stimulates human pDCs through 
TLRs or after direct entry into the cytoplasm via fusion is lacking, 
however. Human pDCs do not express TLR8, indicating that HIV-1  
must stimulate pDCs through another pathway. Furthermore, while 
both pDCs and MDCs produce inflammatory cytokines in response 
to RNA40 (IFN-α and IL-12p40, IL-6, and TNF-α, respectively), only 
pDCs, but not MDCs, are activated in response to HIV-1 (21). It is 
also not known whether full-length genomic HIV-1 RNA is equally 
active as RNA40, nor whether HIV-1 RNA is the only stimulus from 
whole viral particles that activates pDCs. As retrotranscription can 
occur within cell-free HIV-1 virions (33), it is possible that HIV-1 
DNA within viral particles could activate pDCs through TLR9 and 

fail to stimulate MDCs, which lack this receptor. Finally, a role 
played by interactions between viral envelope glycoproteins from 
Newcastle disease virus, HSV-1, CMV, and HIV-1 and components 
of the plasma membrane has been demonstrated in the induction 
of the type I IFN response (34–38). In human pDCs, HIV-1–induced 
IFN-α is inhibited with neutralizing anti-CD4 antibodies (39), 
implicating a role for viral envelope glycoprotein-CD4 contact in 
pDC activation. Along those lines, we observed that envelope-defi-
cient HIV-1 fails to elicit IFN-α production (21). Whether envelope-
receptor interactions trigger signaling and direct activation of pDCs 
or induce receptor-mediated uptake and/or facilitate fusion to route 
HIV-1 nucleic acids to the appropriate TLR-expressing compart-
ments also remains to be established.

To address these issues, we examined the role of viral envelope-
receptor(s) engagement and the contribution of viral nucleic acid–
TLR interactions in mediating IFN-α production by human pDCs 
in response to HIV-1. We found that binding of envelope to CD4, 
leading to receptor-mediated endocytosis, as well as the presence 
of HIV-1 nucleic acids are required for pDC activation. Fusion is 
not involved in the detection of HIV-1 by pDCs. Viral RNA stimu-
lates pDCs primarily through TLR7, whereas triggering by early 
DNA transcripts does not appear to be critical. These findings are 
important for understanding the pathogenesis of HIV infection. 
Exploiting this natural adjuvant activity of HIV-1 RNA might be 
useful in the development of vaccines or immunotherapies for the 
prevention of HIV infection or development of AIDS.

Results
Binding of gp160 to CD4 is necessary but not sufficient for HIV-1 to stim-
ulate pDCs. HIV-1 enters cells by direct fusion with the plasma 
membrane or through receptor-mediated endocytosis. Uptake 
via nonspecific endocytosis is considered to be less significant. 
Direct fusion of virions with the plasma membrane occurs follow-
ing a series of interactions between the trimers of the heterodi-
meric envelope glycoprotein gp120SU/gp41TM on the virions, the 
cell-surface receptor CD4, and a coreceptor, usually CXCR4 or 
CCR5, depending on the strain (X4 or R5 tropic). Fusion is pH 
independent and facilitates the insertion of HIV-1 cores into the 
cytoplasm, which, depending upon the cell type, may lead to pro-
ductive infection. In contrast, endocytosis can result in inactiva-
tion and concomitant degradation of virions within acidified 
endolysosomes and, in most cells, in nonproductive infection. In 
the case of MDCs, vesicular uptake of HIV-1 primarily occurs via 
CD4 (which acts as an endocytic receptor) and through CLRs such 

Figure 1
pDC activation in response to HIV-1. BDCA-4+ pDCs were cultured in 
the presence of various doses of HIV-1MN (ng p24CA/ml). Supernatants 
were collected after 15 hours and assessed for the presence of IFN-α 
(ng/ml) and MIP-1α (pg/ml) by ELISA.

Figure 2
Inhibition of binding. BDCA-4+ pDCs were cultured overnight in the presence of HIV-1MN or R848 and a neutralizing anti-gp120 mAb, b12 or 17b, 
versus an irrelevant human IgG1 (A); a neutralizing anti-CD4 antibody versus an irrelevant murine IgG1 (B); or AMD 3100 (C). The presence of 
IFN-α (ng/ml) in the supernatants was assessed by ELISA.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 115      Number 11      November 2005	 3267

as DC-SIGN, which promotes infection in both a cis and a trans 
manner. Far less is known about how pDCs interact with HIV-1. 
pDCs express CD4, CXCR4, and CCR5 (39–41) but not DC-spe-
cific ICAM-3–grabbing nonintegrin (DC-SIGN) (42). They are also 
less efficient at internalizing particulate antigens compared with 
MDCs (40, 43–45). Nevertheless, pDCs undergo profound activa-
tion in response to HIV-1 (21, 39), including secretion of IFN-α 
and CCL3 (MIP-1α), which may protect pDCs and surrounding 
cells from HIV infection (Figure 1). RANTES production was low 
or not detectable (data not shown). As indicated by dose-response 
experiments, we used 300 ng p24CA Eq/ml of the MN strain of 
HIV-1 (HIV-1MN) as an optimal stimulus of pDC activation and 
relied on IFN-α and TNF-α secretion and CD83 upregulation as a 
measure of pDC activation, with IFN-α production being the most 
sensitive marker (Figure 1).

To evaluate the role of envelope-pDC interactions in initiating 
pDC activation, we previously demonstrated that envelope-defi-
cient HIV-1 fails to induce survival and maturation of pDCs or to 
elicit IFN-α production (21). We confirmed the critical role played 
by the viral envelope glycoprotein by using neutralizing anti–HIV-1 
antibodies. When pDCs were cultured in the presence of HIV-1MN 
and either b12, a human neutralizing anti-gp120 mAb, or 17b, a 
human neutralizing anti-gp120 mAb that binds to an epitope 
induced by binding of gp120 to CD4, IFN-α production was inhib-
ited, with b12 being more powerful than 17b (Figure 2A). No effect 
was observed when a human IgG1 of irrelevant specificity was used. 
We next characterized the receptors utilized by HIV-1 to bind and 
gain entry into pDCs. A mouse neutralizing anti-human CD4 anti-
body, but not an irrelevant mouse IgG1, substantially decreased the 
capacity of pDCs to secrete IFN-α in response to HIV-1MN (Figure 
2B), in addition to MIP-1α (data not shown).

The involvement of the coreceptor CXCR4 was studied using 
bicyclam AMD 3100, a synthetic antagonist of CXCR4 (46). Only 
a slight inhibition of HIV-1MN (X4 tropic) mediated IFN-α produc-
tion was observed with a high dose of AMD 3100 (Figure 2C). As 

expected, the immunostimulatory effects of R848, a CXCR4-inde-
pendent synthetic agonist of TLR7 and TLR8 used as a control 
stimulus, were not influenced by AMD 3100.

To test whether non–virion-associated HIV-1 envelope gly-
coprotein would mimic the effects induced by the whole viral 
particles, we exposed pDCs to a high dose of recombinant oligo-
meric HIV-1IIIB gp160 (10 µg/ml) (47). We estimate that this 
dose represents a molar excess of between 5 and 6 logs over the 
amount of virion-associated envelope glycoprotein used in most 
experiments. In contrast to HIV-1MN, recombinant gp160 did not 
activate pDCs (data not shown). Together, our results imply that 
binding of HIV envelope glycoprotein to CD4 is necessary but 
not sufficient for HIV-1 to stimulate pDCs.

Endocytosis but not fusion of HIV-1 is required for pDC activation. In 
order to discriminate between the requirement of fusion with the 
plasma membrane and/or endocytosis for pDCs to detect HIV, we 
used C34, a peptide that inhibits the post–CD4 binding conforma-
tional changes in the transmembrane envelope glycoprotein gp41 
required for membrane fusion (46). In addition, we tested several 
inhibitors that block the uptake of particular matter, including 
viruses. Dimethyl amiloride (DMA) inhibits ion channels and 
blocks membrane ruffling and subsequent macropinocytosis. 
Cytochalasin D (CCD) disrupts the cytoskeleton by inhibiting 
actin polymerization and thus blocks the endocytotic trafficking, 
including clathrin-mediated entry (48). Finally, chlorpromazine 
blocks clathrin-coated pit–mediated endocytosis (49).

Although C34 did not affect the increase in TNF-α production 
or CD83 expression stimulated by HIV-1MN, it slightly increased 
IFN-α production (Figure 3A). On the other hand, DMA, CCD, 
and chlorpromazine fully inhibited IFN-α secretion (Figure 3, B 
and C), suggesting that endocytosis is required for HIV-1 to stimu-
late pDCs. Although less dramatic, inhibition of IFN-α production 
by DMA and CCD was also observed in response to R848, consis-
tent with previous observations that activation of TLR7, which is 
located intracellularly and not on the cell surface, occurs within 

Figure 3
Inhibition of fusion with plasma membrane and endocytosis. (A) Flow cytometry–sorted pDCs were incubated overnight in the presence of HIV-
1MN and C34. BDCA-4+ pDCs were cultured for 15 hours with HIV-1MN and DMA, CCD, or DMSO (B) and chloropromazine (Chlorpro) (C). As 
a read-out, IFN-α (ng/ml) and TNF-α (pg/ml) secretion and CD83 expression were measured by ELISA and flow cytometry, respectively. The 
percentage of positive cells is indicated in bold and the mean of fluorescence intensity underlined.
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endosomes (50, 51). The effects observed were not attributable to 
nonspecific toxicity of inhibitors, based on trypan blue exclusion 
(data not shown).

We next examined whether acidification/maturation of the 
endosomes is necessary for HIV-1 to activate pDCs using chloro-
quine and quinacrine, 2 lysosomotropic weak bases that diffuse 
across membranes in a concentration-dependent manner, become 
protonated and thereby neutralize the acidic environment of endo-
cytic vesicles. Chloroquine and quinacrine treatment caused full 
inhibition of IFN-α and TNF-α secretion induced by HIV-1 (Fig-
ure 4, A and B). Chloroquine treatment also resulted in inhibition 
of MIP-1α secretion (data not shown). As expected, chloroquine 
and quinacrine inhibited the IFN-α production induced by R848 
and CpG-containing oligodeoxyribonucleotides (CpG ODNs, syn-
thetic ligands of TLR9) (Figure 4, A and B). Since their inhibitory 
effects might be mediated not by interfering with the acidification 
of vesicles (52), but by blocking binding of ODNs to TLR9 (53), we 
also tested ammonium chloride (NH4Cl) (Figure 3C), another weak 
base unrelated to chloroquine, and bafilomycin A1 (Baf A1), a pro-
totype compound from another class of endosomal acidification 
inhibitors that acts on vacuolar H+-ATPases (Figure 4D). Although 

less effective than chloroquine and quinacrine, both 
NH4Cl and Baf A1 inhibited HIV-1–induced IFN-α and 
TNF-α production. As expected, Baf A1 inhibited the 
CpG ODN–mediated IFN-α secretion by pDCs. Nota-
bly, Baf A1 and chloroquine did not inhibit TNF-α  
production in response to CpGB and R848, respec-
tively (Figure 4A). It has been suggested that pH-sen-
sitive endosomal TLR7 and TLR9 signaling is critical 
for activation of the MyD88/interferon regulatory fac-
tor 7 pathway and thereby IFN-α secretion, but it may 
not affect the NF-κB pathway, responsible for TNF-α 
induction (54). In conclusion, our findings suggest 
that endocytosis of HIV-1, and subsequent acidifica-
tion of endosomes, rather than direct fusion of virions 
at the cell membrane, is the entry pathway required for 
pDC activation. However, its relevance for productive 
infection within these APCs is unknown.

HIV-1 RNA is responsible for the stimulation of pDCs. We 
next sought to identify the element from HIV-1 viral 
particles that activates pDCs. To test the involvement 
of viral nucleic acids, we cultured pDCs with recombi-
nant virions profoundly deficient in viral RNA pack-
aging. Because nucleocapsid (NC) is critically involved 
in packaging of retroviral genomic RNA, the introduc-
tion of site-directed mutations in which all 6 cysteine 
residues of the conserved zinc finger structures of 
HIV-1 NC are replaced with serine results in a virus 
that forms virions virtually devoid of packaged viral 
RNA (55). An analysis of the HIV-1 RNA and DNA 
contents of the virus preparations revealed that, when 

normalized for equivalent levels of p24CA, the wild-type virus  
HIV-1NL4-3 (X4 tropic) contained 650 times more RNA copies and 
143 times more DNA copies than the mutant virus NC SSHS/
SSHS HIV-1NL4-3 (X4 tropic). This HIV DNA consists of HIV-1  
sequences present in the plasmid DNA used to transfect 293 T 
cells that remained in the virus preparation even after DNase 
treatment of the recombinant HIV-1–containing supernatants, 
and/or of early retrotranscripts generated within the particles. 
Exposure of pDCs to the mutant NC SSHS/SSHS HIV-1NL4-3 viri-
ons did not promote their survival (data not shown), induce the 
secretion of IFN-α or TNF-α, or upregulate CD83 expression, in 
striking contrast to results obtained with the wild-type HIV-1NL4-3 
virions (Figure 5A). The wild-type HIV-1NL4-3 appeared to be less 
potent than HIV-1MN, an outcome probably related to the method 
of production (transfection and ultracentrifugation of superna-
tants for HIV-1NL4-3 versus infection and sucrose gradient ultra-
centrifugation for HIV-1MN), to the cells from which viruses are 
produced (293T cells vs. CEMX174 [T1] cells, respectively), as well 
as to the relative amount of viral nucleic acids (HIV-1MN contained 
0.6 times less RNA copies and 2 times more DNA copies than 
HIV-1NL4-3). In any case, our results confirmed that interactions 

Figure 4
Inhibition of endosomal acidification/maturation. pDCs 
were enriched by BDCA-4 positive selection and cultured 
for 15 hours with HIV-1MN. The inhibitory effects of chloro-
quine (A), quinacrine (B), NH4Cl (C) and Baf A1 (D) were 
assessed. IFN-α (ng/ml) and TNF-α (pg/ml) concentra-
tions were determined by ELISA. As controls, pDCs were 
cultured with R848, CpGA or CpGB ODNs.
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Figure 5
HIV RNA stimulates pDCs but not MDCs. (A) Flow cytometry–sorted pDCs were exposed overnight to recombinant wild-type or mutant NC SSHS/
SSHS HIV-1NL4-3 at the doses of 900 or 300 ng p24CA Eq/ml. As controls, pDCs were cultured with CpGA ODN or HIV-1MN. (B) BDCA-4+ cells were 
stimulated with 10,000 times more copies of pNL4-3 than the amount present in 900 ng p24CA/ml of HIV-1NL4-3, in the circular (cir) and linearized (lin) 
forms and after formulation with DOTAP. Low doses of CpGA and CpGB ODNs (1 µg/ml) and R848 (1 µM) were used as controls. Flow cytometry–sort-
ed blood pDCs (C) and MDCs (D) were treated overnight with HIV-1MN RNA, microvesicle-derived RNA (Mv RNA), or with RNA40 and RNA41 mixed 
with DOTAP as controls. HIV-1MN and Mv RNA were preincubated with RNase prior to formulation with DOTAP. Flow cytometry–sorted pDCs (E) and 
MDCs (F) were cultured overnight with 900 ng p24CA/ml of wild-type HIV-1NL4-3 or pseudotyped VSV-G HIV-1NL4-3. Concentrations of IFN-α (ng/ml) 
produced by pDCs and TNF-α (pg/ml) produced by pDCs and MDCs were determined by ELISA. CD83 expression was measured by flow cytometry 
(the percentage of positive cells is indicated in bold and the mean of fluorescence intensity underlined).
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between HIV-1 envelope and pDCs are required but not sufficient 
for promotion of survival of pDCs, induction of cytokine pro-
duction, and upregulation of CD83 expression and demonstrated 
that HIV-1 nucleic acids are the main viral stimulus for pDCs.

To differentiate between nucleic acids, pDCs were cultured in the 
presence of plasmid DNA encoding HIV-1 or purified HIV-1 RNA. 
To date, it has been demonstrated that purified influenza virus 
RNA delivered within liposomes and purified HSV-2 DNA activate 
murine pDCs via TLR7 and TLR9, respectively. However they are 
1,300 and 600 times less potent, respectively, in inducing IFN-α 
than RNA or DNA naturally packaged within viral particles (23, 
27). When pDCs were exposed to plasmid DNA encoding HIV-1NL4-3 
(pNL4-3), circular or linear, and formulated in cationic lipids (N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sul-
fate [DOTAP]), they did not undergo full activation (i.e., they failed 
to induce IFN-α or to upregulate CD83), even when pDCs were 
treated with 10,000 times more copies of DNA than the amount 
present in 900 ng p24CA/ml of HIV-1NL4-3 (Figure 5B). When mixed 
with DOTAP, CpGA and CpGB ODNs exerted superior immu-
nostimulatory activity, although R848-mediated effects were not 
enhanced, demonstrating the efficiency of the DOTAP delivery sys-
tem (Figure 5B). In conclusion, the inability of linear pNL4-3 DNA 
to mimic HIV-1NL4-3 virions indicates that HIV-1 DNA is unlikely to 
be responsible for the observed stimulation of pDCs.

In contrast to viral DNA, and similarly to RNA40, when pDCs 
were exposed to 10 µg/ml of purified HIV-1 RNA preincubated 
with DOTAP, they released IFN-α and TNF-α and also upregulated 
CD83 (Figure 5C). Ten micrograms/ml of purified HIV-1MN RNA 
formulated with DOTAP (which corresponds to 2,666 times more 
copies of RNA than the amount present in 300 ng p24CA/ml of 
HIV-1MN, since the mass ratio of p24 to RNA in HIV-1 is 8) was less 
stimulatory than 300 ng p24CA/ml of HIV-1MN. RNase treatment 
inhibited the immunostimulatory effect (Figure 5C). Notably, RNA 
obtained from control microvesicles prepared from uninfected cells 
matched to those used to produce 
virions was ineffective at activating 
pDCs (Figure 5C), confirming the 
viral specificity of the pDCs’ activa-
tion. Together, our results suggest 
that HIV-1 genomic RNA, rather 
than DNA, is responsible for activat-
ing pDCs. It is worth noting that, for 
the induction of IFN-α through the 
TLR9/MyD88-dependent pathway, 
both the frequency of CpG motifs 
and the presence of the canonical 
palindromic structure present in 

CpG types A and C ODN are essential 
(56, 57). It is presumed that these factors 
underlie the basis for the self-assembly 
and the formation of optimally stimulat-
ing nanoparticles. Contrary to bacteria 
and to some viruses (i.e., HSV and CMV), 
the frequency of CpG motifs within HIV-1 
DNA is low (58), in further support of our 
contention that HIV-1–associated DNA is 
unlikely to be the major factor stimulat-
ing IFN-α production.

Finally, in contrast to pDCs, we observed 
that RNA40, but not HIV-1 RNA, when 

formulated with DOTAP, stimulated MDCs to secrete TNF-α and 
to upregulate CD83 expression (Figure 5D). To further assess the 
nature of the differential responsiveness between pDCs and MDCs 
toward HIV-1 RNA, we cultured both subsets with pseudotyped 
VSV-G HIV-1NL4-3 endocytosed in a CD4- and a coreceptor-inde-
pendent manner (59). The pDC response to pseudotyped VSV-G 
HIV-1NL4-3 was largely higher than the one induced by wild-type 
HIV-1NL4-3 (Figure 5E), whereas the unresponsiveness of MDCs to 
HIV-1 and HIV-1 RNA was not overcome (Figure 5F). Our data 
suggest that the differences in response to HIV-1 between pDCs 
and MDCs have to do not only with differential mode of entry but 
perhaps also with the final subcellular location of the virus.

HIV-1 activates a TLR pathway in pDCs. Our final goal was to deter-
mine how HIV-1 signals in pDCs. We analyzed the contribution 
of the TLR-mediated signaling pathways, since TLR7 and TLR9 
expressed by human pDCs are involved in recognition of viruses 
and are responsible for IFN-α production. Moreover, they signal in 
endocytic compartments (60, 61), and their signaling is dependent 
on endosomal acidification (50, 51).

We made use of a set of TLR inhibitors that potentially act as spe-
cific TLR7 and TLR9 antagonists or partial agonists. Loxoribine is 
a synthetic ligand of TLR7, and nonstimulatory analogs, including 
m1,7o8Guo, can inhibit loxoribine-mediated promitotic and adju-
vant effects on murine cells (62). Inhibitory TLR9 agonists have 
been studied more extensively. Nonstimulatory ODNs, includ-
ing 2088 ODN derived from murine immunostimulatory CpG 
2084 ODN by base replacement (63) and the (TTAGGG)4 motif 
found in mammalian telomeres (64), have been shown to neutral-
ize the immunostimulatory effects of murine CpG ODNs. They 
are often utilized to demonstrate a TLR9 dependence in murine 
systems (27, 28, 65, 66). Similarly, the control GpCB ODN (with 
an inverted CpG motif) binds human TLR9 but fails to activate 
NF-κB nuclear translocation in HEK 293 cells and inhibits TLR9 
signaling induced by CpGB ODN (60).

Table 1
Characterization of some inhibitors of TLR7

Stimulus	 Competitor

	 None	 2088 ODN	 (TTAGGG)4 ODN	 GpCB ODN	 CpGB ODN	 m1,7o8Guo
None	 1.00 ± 0.22	 0.98 ± 0.15	 1.03 ± 0.1	 0.94 ± 0.16	 0.93 ± 0.08	 0.94 ± 0.04
R848	 19.34 ± 1.2	 15.68 ± 1.94	 6.54 ± 0.5	 4.16 ± 0.56	 14.59 ± 1.2	 13.65 ± 1.3

HEK293 cells expressing hTLR7 and a NF-κB–luciferase reporter gene were stimulated with R848 in 
competition with 2088, (TTAGGG)4, GpCB, and CpGB ODNs and m1,7o8Guo. Cells were lysed and 
assayed for luciferase gene activity. Data are expressed as fold increase in luciferase activity com-
pared with unstimulated cells ± SD.

Table 2
Characterization of some inhibitors of TLR9

Stimulus	 Competitor

	 None	 2088 ODN	 (TTAGGG)4 ODN	 GpCB ODN	 R848	 m1,7o8Guo
None	 1.00 ± 0.24	 1.03 ± 0.15	 1.13 ± 0.00	 1.49 ± 0.31	 0.99 ± 0.01	 0.94 ± 0.04
CpGB ODN	 8.61 ± 0.47	 1.33 ± 0.37	 2.33 ± 0.31	 5.43 ± 0.62	 5.39 ± 0.45	 4.29 ± 0.18

HEK293 cells expressing human TLR9 and an NF-κB–luciferase reporter gene were stimulated with CpGB 
ODNs in competition with 2088, (TTAGGG)4, and GpCB ODNs, R848, and m1,7o8Guo. Cells were lysed and 
assayed for luciferase gene activity. Data are expressed as fold increase in luciferase activity compared 
with unstimulated cells ± SD.
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We first evaluated the mechanisms of inhibition of these com-
pounds, their specificity and degree of inhibitory effects. Compe-
tition assays with nonresponsive HEK 293 cells stably transfected 
with human TLR7 or TLR9 and a NF-κB–luciferase reporter gene 
were conducted. In the TLR7 system (Table 1), R848 activated 
NF-κB, whereas 2088, (TTAGGG)4, GpCB, and CpGB ODNs 
and m1,7o8Guo did not. However, R848-induced TLR7-depen-
dent NF-κB activation was significantly inhibited by GpCB and 
(TTAGGG)4 ODNs and m1,7o8Guo, in decreasing order. CpGB 
and 2088 ODNs were only mildly inhibitory. These data indicate 
that antagonists previously considered to be TLR9 specific also 
have the potential to inhibit TLR7 activation. Indeed, inhibition 
of TLR7 and TLR8 signaling by ODNs has been recently reported 
by Jurk and coworkers (67).

Conversely, in the TLR9 system (Table 2), only CpGB ODN was 
stimulatory, and 2088, (TTAGGG)4, and GpCB ODNs, R848, and 
m1,7o8Guo did not activate NF-κB through TLR9 at the concentra-
tions used. However, they strongly inhibited CpGB ODN–induced 
TLR9-dependent NF-κB activation [in decreasing order: 2088 
ODN, then (TTAGGG)4 ODN, then m1,7o8Guo, then GpCB ODN, 
followed by R848]. It is interesting to note that even 
the TLR7 antagonist and agonist m1,7o8Guo and 
R848, respectively, were significantly inhibitory. These 
competition assays demonstrate that these inhibitory 
TLR ligands partially block both TLR7 and TLR9 and 
are not as specific as originally suggested. Actually, a 
recent paper describes that (TTAGGG)4 directly binds 
STAT1 and STAT4, preventing their phosphoryla-
tion (68). However, no direct binding to JNK or other  
NF-κB– and MAPK-related molecules was observed. 
Our study also provides striking evidence of complex 
relationships between TLR7 and TLR9.

Nevertheless, when tested for its effects on HIV-1–
induced pDC activation, m1,7o8Guo did not directly 
stimulate human pDCs, but it did reduce IFN-α and 
TNF-α secretion (Figure 6A), when a low dose of 
p24CA Eq/ml of HIV-1MN was used. These data sug-
gest that inhibition of TLR7 can impair pDC activa-
tion by HIV-1, although the failure of m1,7o8Guo to 
inhibit R848-mediated pDC activation indicates that 
it is not a potent inhibitor when optimal doses of a 
TLR7 agonist are used.

Interestingly, 2088 (Figure 6B), (TTAGGG)4 
(Figure 6C), and GpCB (Figure 6D) ODNs inhib-
ited HIV-1–mediated effects. (TTAGGG)4 ODN had 
stronger inhibitory effects than 2088 ODN on IFN-α  
and TNF-α secretion (Figure 6, B and C). GpCB 
ODN fully inhibited IFN-α production and did 
not interfere with TNF-α secretion (Figure 6D). In 
addition, GpCB ODN alone exerted some immuno-
stimulatory effects on pDCs (TNF-α production but 
not IFN-α), although it did not activate NF-κB in 

the 293 cells expressing TLR9. Our data are analogous to a recent 
study demonstrating that a non–CpG-containing immunostimu-
latory motif present in GpCB ODN can induce the upregulation 
of CD40, CD86, and MHC class I molecules on pDCs without 
stimulating IFN-α (69).

Based on our competition assays with 293 cells, and the inhibi-
tion of pDC stimulation following HIV-1 exposure by m1,7o8Guo 
and (TTAGGG)4, GpCB, and 2088 ODNs, our data suggest that 
TLR7 and/or TLR9 participate in the activation pathway, although 
their mode of action remain to be fully determined. We made several 
additional attempts to identify the TLR involved in pDC activation 
in response to HIV. Initially, we used genetic complementation and 
the TLR-transfected HEK 293 cells, as described in Tables 1 and 2. 
NF-κB activation was detected when HEK 293 cells expressing TLR7 
were exposed to HIV-1 after pretreatment with lipofectamine, to 
overcome the entry requirement for CD4 and chemokine receptors 
(Figure 7A). In contrast, lipofectamine-facilitated HIV-1 induced 
substantially lower relative activation of TLR9-expressing HEK 293 
cells, when compared with the positive control, CpGB (Figure 7B, 
note the y axis). These data are certainly consistent with the idea 

Figure 6
Inhibition with some inhibitory TLR ligands. pDCs were 
stimulated overnight with 300 or 37.5 ng p24CA Eq/ml 
HIV-1MN and m1,7o8Guo (A), 2088 ODN (B), (TTAGGG)4 

ODN (C), or GpCB ODN (D). As controls, CpGA and 
CpGB ODNs or R848 were used. IFN-α (ng/ml) and 
TNF-α (pg/ml) production were measured by ELISA.
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that HIV-1 preferentially activates pDCs via viral RNA-TLR7 interac-
tions following CD4-mediated endocytosis.

Subsequent studies testing the capacity of TLR7–/– or TLR9–/– 
mice to respond to VSV glycoprotein–pseudotyped HIV-1 (as HIV-1  
does not infect murine cells) were inconclusive in that cells from 
both mice showed evidence of low levels of activation (data not 
shown). These data were difficult to interpret, as HIV-1 RNA may 
not efficiently interact with murine TLRs or may utilize murine 
TLRs differently from human cells. It is known that TLR expres-
sion on DC subsets in mice differs from that in humans. Finally, 
we were not successful in blocking either TLR7 or TLR9 activity 
using specific siRNA constructs, as recently described (70). All 
told, our findings point to a requirement for an endocytic, TLR-
dependent pathway that leads to the activation of human pDCs 
by HIV-1 RNA. Further studies with better-characterized reagents 
will be necessary to determine whether activation also requires the 
contribution of multiple TLRs (e.g., TLR7 and TLR9).

Discussion
HIV-1 endocytosis by pDCs. Human DC subsets respond differently 
upon encountering HIV-1. While blood pDCs undergo a complex 
program of activation and differentiation (21, 39), MDCs fail to 
mature or produce proinflammatory cytokines such as IL-12 and 
instead induce T cell–dependent immunosuppression (71). Our 
studies have focused on the mechanism(s) by which HIV-1 acti-
vates pDCs from entry (72) to activation. Our results demonstrate 
that endocytosis is the primary mode of entry of HIV-1 for pDC 
activation and that this initial step is dependent upon interactions 
between viral envelope and CD4. Indeed, pDCs fail to undergo 
activation when exposed to envelope glycoprotein-deficient HIV-1  
(21). In addition, pDC activation, and most particularly IFN-α 
production, is substantially inhibited in the presence of (a) block-
ing mAbs to gp120 (b12, 17b) and to CD4 and (b) inhibitors of 
endocytosis. Finally, pDC activation by HIV-1 does not involve 
fusion with plasma membrane. Fusion does not require pH-depen-
dent conformation changes of the viral envelope glycoprotein and 
therefore should be resistant to inhibition of endosomal acidifi-
cation. Using an extensive panel of inhibitors, we demonstrated a 
requirement for endosomal acidification for HIV-1 to stimulate 
pDCs. Interestingly, blockade of HIV-1 fusion with C34 resulted in 

a slight increase in IFN-α production by pDCs. This is likely due to 
enhanced virion entry via the endocytic pathway, based on a com-
pensatory relationship between fusion and endocytosis reported 
recently in CD4+ T cells (73). Fusion of HIV-1 virions likely occurs 
in parallel to endocytosis and may lead to productive infection of 
pDCs (74, 75); however, fusion and viral replication are not neces-
sary for pDCs to detect the virus and undergo activation (21, 39).

As purified envelope glycoprotein gp160 failed to stimulate 
pDCs, we do not believe viral envelope glycoprotein–plasma 
membrane interactions directly trigger the type I IFN pathway, 
as postulated for other viruses and HIV-1. Instead, we consider 
that binding of viral envelope to CD4, and the consequent recep-
tor-mediated endocytosis that is triggered, is required to shuttle 
virions and their nucleic acids into the appropriate compartment 
where TLRs are expressed.

HIV-1 genomic RNA activates pDCs through a TLR pathway. HIV-1 RNA 
rather than DNA retrotranscripts appears to be essential for activat-
ing pDCs. Several lines of evidence support this conclusion. First, 
recombinant virions deficient in packaged viral RNA failed to trig-
ger pDC activation. Second, purified HIV-1 RNA, and not control 
RNA from microvesicles, when complexed with DOTAP stimulated 
pDCs, whereas plasmid DNA encoding HIV-1 was ineffective.

While we demonstrated that HIV-1 RNA triggered a TLR pathway 
in pDCs by using inhibitory ligands, their “promiscuity” compli-
cated the identification of which TLR (TLR7 or TLR9) was targeted 
by HIV-1 RNA and exposed a heretofore-unappreciated complexity 
in the relationship between TLR7 and TLR9 instead. The possibil-
ity remains, however remote, that HIV-1 RNA may signal through 
both TLR7 and TLR9. Likewise, CpG constructs may also rely on 
a contribution by TLR7 (54). Despite an exhaustive analysis using 
(a) stably transfected TLR7 or TLR9 HEK 293 cell lines, (b) cells 
from mice deficient in TLR7 or TLR9, and (c) the application of 
siRNAs to selectively knock down TLR expression, we could not 
conclusively identify TLR7 as the sole receptor for HIV-1 RNA, nor 
could we clearly exclude a role for TLR9. However, when considered 
together with studies that used TLR7-deficient mice to define the 
target for ssRNA viruses, purified ssRNA, and ORNs and studies 
that demonstrated that TLR9 needs a DNA-like structure rather 
than a RNA-like sugar conformation for optimal recognition (76), 
our data are most consistent with the concept that HIV-1 RNA pri-
marily activates human pDCs via TLR7 and not TLR9.

Requirement for endocytic acidification. Endocytic acidification 
is critical for pDCs to detect several viruses, as well as synthetic 
agonists of TLR7 and TLR9. The molecular basis of this require-
ment remains to be defined. Presumably HIV-1 virions need to 
be degraded by pH-dependent lipases and proteases to free their 
genomic RNA. In addition, it is possible that the endosomal acid-
ic environment facilitates physical access of genomic RNA to its 
TLR targets once released from its envelope. Finally, endosomal 
maturation may be necessary for the recruitment and/or activa-
tion of the signaling machinery, as suggested by the sensitivity of 
MyD88 recruitment to Baf A1 in loxoribine-induced TLR7 signal-
ing (51) and the translocation of TLR9 and MyD88 to the site of 
entry of CpG ODNs (60, 61).

Differential responses of pDCs and MDCs to HIV-1. RNA40 formu-
lated with DOTAP and influenza virus successfully activate both 
human MDCs and pDCs, presumably because they both share 
TLR7. In contrast, only pDCs are activated in response to HIV-1 
and HIV-1 RNA. If HIV-1 RNA triggers both TLR7 and TLR9, then 
the differential responsiveness of pDCs and MDCs may reflect 

Figure 7
TLR7 is the likely target of HIV in pDCs. HEK 293 cells express-
ing human TLR7 (A) or human TLR9 (B) and an NF-κB–luciferase 
reporter gene were pretreated (black bars) or not (white bars) with 
lipofectamine and stimulated overnight with HIV-1MN at doses of 600, 
300, and 150 ng p24CA Eq/ml, R848, or CpGB ODN. Cells were 
lysed and assayed for luciferase gene activity. Data are expressed 
as luciferase activity in relative light units and are representative of 
2 independent experiments.
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the set of TLRs they express. pDCs express TLR7 and TLR9 but 
not TLR8, and MDCs express TLR7 and TLR8 but not TLR9. One 
other possibility is that responses to HIV-1 could simply reflect dif-
ferences in terms of TLR7 expression and function between the 2 
subsets. Indeed, the intensity of the TLR7 mRNA expression has 
been reported to be lower in MDCs than in pDCs (2, 3, 5). In addi-
tion, TLR7 and TLR8 differ in specificity, sensitivity, and signal-
ing (50, 51, 77) and might interact together in MDCs. Neverthe-
less, one cannot completely rule out differential uptake pathways 
and, more importantly, subsequent subcellular localizations and 
duration of endosomal retention as pointed out recently (54, 78) 
in MDCs versus pDCs. In particular, sequestration of HIV-1 in 
DC-SIGN–expressing vesicles in MDCs might permit HIV-1 RNA 
to avoid encounter with TLR7, the DC-SIGN contribution being 
surmounted when RNA40 is targeted to TLR7 with DOTAP, but 
not by HIV RNA with DOTAP or VSV-G–pseudotyped HIV-1. In 
contrast, CLRs specifically expressed by pDCs could cooperate with 
TLR7 and TLR9. Further studies will be necessary to determine the 
nature of the differential response of MDCs and pDCs to HIV-1 
and particularly the contribution of CLRs.

Pathophysiology of HIV-1 and vaccine development. Our studies 
emphasize the important role pDCs play in the pathophysiology 
of HIV-1 infection. As a result of HIV-1 activation, not only do 
pDCs produce antiviral type I IFNs, but by inducing the bystander 
maturation of MDCs (21), they might overcome the potentially 
suppressive effect HIV-1 may have on MDCs. A combination 
of agonists targeting TLR7 and TLR9 may provide an effective 
approach to maintaining DC functions in chronic HIV-1 infection. 
Alternatively, chemically treated HIV-1, which has the same activ-
ity as live virus on pDCs, would be a suitable and safe alternative if 
incorporated into a vaccine. The advantage of this approach is the 
concomitant delivery of antigens and TLR agonist. Indeed, when 
targeted to DCs, this form of virus induces a potent therapeutic 
immune response in humans (79).

Methods
pDC purification. Leukocyte-enriched buffy coats were obtained from the 
New York Blood Center. PBMCs were separated by centrifugation on Ficoll-
Hypaque (Amersham Pharmacia Biotech). pDCs were positively selected 
with anti–BDCA-4–conjugated magnetic microbeads over 2 LS Columns 
(Miltenyi Biotec). The purity of pDCs was analyzed by staining with anti–
BDCA-2–FITC (Miltenyi Biotec) and anti–CD123–PE (BD) mAbs and was 
within the range of 75–95%. Data were systematically confirmed with flow 
cytometry–purified pDCs as previously described (21).

HIV-1, HIV-1 RNA, and DNA. Virions of HIV-1MN (X4 tropic) were pro-
duced by infection from the HIV-1 CEMX174 (T1) cell line and purified by 
sucrose gradient ultracentrifugation after cells were removed by tangential 
flow filtration or by clarification as previously described (80–82). Samples 
were titrated for the presence of infectious virus using AA2CL.1 cells and 
HIV-1 p24 antigen capture kits (AIDS Vaccine Program, National Cancer 
Institute). Virions of wild type HIV-1NL4-3 (X4 tropic), pseudotyped VSV-G  
HIV-1NL4-3, and mutant NC SSHS/SSHS HIV-1NL4-3 were produced by 
transfection of 293 T cells with pNL4-3 based on pUC19 (55), concentrated 
by ultracentrifugation, and treated with nucleases, which were inactivated 
and removed by addition of 50 mM EDTA and centrifugation through 
20% (vol/vol) sucrose. Quantification of p24 levels was performed using 
SYPRO Orange fluorescent protein stain of a SDS-PAGE gel (Invitrogen 
Corp.). HIV-1 RNA and DNA contents of the virus preparations were also 
determined using standard real-time RT-PCR and real-time PCR. pNL4-3 
DNA was digested at a unique restriction site using SmaI (New England 

Biolabs Inc.). Full-length genomic HIV-1 RNA was purified from HIV-1MN 
virions (clone 4) and microvesicle-derived from uninfected CEMX174 cells 
according to previously published methods (83). Prior to formulation with 
DOTAP, RNA was digested by 200 U RNase If/1 µg of RNA (New England 
Biolabs Inc.) into mono-, di-, and trinucleotides.

Culture and stimulation of primary pDCs. Freshly isolated pDCs were cultured 
at 106 cells/ml in RPMI 1640 with 20 µg/ml gentamicin (Invitrogen Corp.) 
and 5% pooled human serum (Cellgro; Mediatech Inc.). Cells were incubated 
overnight with 300 ng p24CA Eq/ml HIV-1MN, corresponding to 400–1,200 
particles per cell; 10 µM R848 (GLSynthesis Inc.); 2 µg/ml CpG containing 
ODN type A (D)/2216 (CpGA ODN, G*G*GGGACGATCGTC*G*G*G*G
*G*G); 2 µg/ml CpG ODN type B (K)/2006 (CpGB ODN, T*C*G* T*C*G
*T*T*T*T*G*T*C*G*T*T*T*T*G*T*C*G*T*T), where CpG motifs are 
underlined and the asterisks indicate a phosphorothioate bond (Integrated 
DNA Technologies Inc.); 10 µg/ml RNA40 (ORN derived from HIV-1 U5 
region nt 108–127, G*C*C*C*G*U*C*U*G*U*U*G*U*G*U*G*A*C*U
*C); 10 µg/ml RNA41 as a negative control (U to A replacement in RNA40) 
(Dharmacon Inc.); or 10 µg/ml of HIV-1MN RNA. ORNs, purified genomic 
viral RNA, and plasmid DNA were formulated with 12.5 µg/ml DOTAP 
Liposomal Transfection Reagent (Roche Diagnostics Corp.).

ELISA and flow cytometry. The presence of IFN-α (PBL Biomedical Laborato-
ries), TNF-α (BD Biosciences — Pharmingen), and MIP-1α (R&D Systems) in 
pDC supernatants was evaluated by ELISA. Magnetically purified BDCA-4+  
pDCs were stained with FITC-conjugated mAb against CD83 (BD) and 
PE-conjugated mAb against CD123 (BD), whereas flow cytometry–sorted 
pDCs and MDCs were stained with FITC-conjugated mAb against CD83 
(BD). Cells were fixed with PBS containing 4% paraformaldehyde (Sigma-
Aldrich) prior to acquisition. Fluorescence was analyzed by flow cytometry 
on a FACScalibur using CellQuest software (BD).

Binding and fusion inhibitors. pDCs were treated with 1 of the following HIV 
binding and fusion inhibitors and 300 ng p24CA Eq/ml HIV-1MN: b12 and 17b 
(5 µg/ml), 2 human anti-gp120 mAbs (gift from D. Burton, Scripps Research 
Institute, San Diego, California, USA); a mouse neutralizing anti-human 
CD4 antibody (1 µg/ml) (RPA-T4; BD); bicyclam AMD 3100 (5 µg/ml) and 
C34 (50 nM) (NIH AIDS Research and Reference Reagent Program).

Endocytosis and endosomal maturation inhibitors. pDCs were cultured in the 
presence of 300 ng p24CA Eq/ml HIV-1MN and various endocytosis and 
endosomal maturation/acidification inhibitors: DMA (50 µM); CCD (10 
µM); chlorpromazine (6.25 µg/ml); chloroquine (5 µM); quinacrine (5 µM); 
NH4Cl (1 mM); and Baf A1 (50 nM), all from Sigma-Aldrich except for 
chlorpromazine, which was from Elkins-Sinn Inc.

Luciferase assay. Stably transfected HEK 293 cells (15 × 104 cells/well) 
expressing human TLR7 and TLR9 (gift from Coley Pharmaceutical 
Group Inc.), previously described, were stimulated overnight with R848 or 
CpGB ODN in competition with various inhibitory TLR ligands, lysed, and 
assayed for luciferase gene activity using a luciferase assay kit (Promega) 
and a luminometer (Wallac VICTOR3; PerkinElmer). In experiments exam-
ining the effects of HIV-1, 0.5 µl of lipofectamine, suspended in 25 µl of 
OPTIMEM (Invitrogen Corp.) for 10 minutes, was added to HEK 293 cells 
for 1.5 hours. HIV-1 was added for an additional hour. Then media was 
supplemented with FCS to a final concentration of 10% for overnight 
culture. Stimulation indices were calculated in reference to reporter gene 
activity of unstimulated cells.

Inhibitory TLR7 and TLR9 ligands. pDCs were cocultured with 300 or 37.5 
ng p24CA equivalents/ml HIV-1MN and 100 µM of m1,7o8Guo (gift from Riba
pharm) or 10 µg/ml of control GpC ODN type B (K)/2006 (GpCB ODN, 
T*G*C*T*G*C*T*T*T*T*G*T*G*C*T*T*T*T*G*T*G*C*T*T), 2088 
ODN (T*C*C*T*G*G*C*G*G*G*G*A*A*G*T), and (TTAGGG)4 ODN 
(T*T*A*G*G*G*T*T*A*G*G*G*T*T*A*G*G*G*T*T*A*G*G*G) (all 
from Integrated DNA Technologies Inc.).
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Statistics. Data shown are representative of greater than or equal to 3 
independent experiments. Two-tailed paired Student’s t test was used to 
determine statistical significance.
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