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increased. Both the increase in A3G/3F expression and the 
inhibition of HIV-1 replication were reversed by anti-IFN- �  or 
anti-IFNAR antibodies. Our findings in this study provide in-
sight into the mechanism of Gag-VLP-induced inhibition of 
HIV-1 replication in DCs and T cells. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Human immunodeficiency virus-1 (HIV-1) is a devas-
tating human pathogen responsible for a worldwide pan-
demic of acquired immunodeficiency syndrome (AIDS). 
Despite extensive research on HIV, we still lack an effec-
tive prophylactic or therapeutic vaccine. Highly active 
antiretroviral therapy (HAART) has led to a major re-
duction in HIV-related mortality and morbidity; howev-
er, HIV-1 still cannot be eradicated from the human 
body. Therefore, the development of a safe and efficient 
AIDS vaccine remains a major concern, and the need to 
find a cure for HIV is even more urgent now than ever 
before  [1, 2] .
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 Abstract 

 Human immunodeficiency virus-1 (HIV-1) infection and the 
acquired immune deficiency syndrome (AIDS) pandemic re-
main global threats in the absence of a protective or a thera-
peutic vaccine. HIV-1 replication is reportedly inhibited
by some cellular factors, including APOBEC3G (A3G) and 
APOBEC3F (A3F), which are well known inhibitors of HIV-1. 
Recently, HIV-1 Gag-virus-like particles (Gag-VLPs) have been 
shown to be safe and potent HIV-1 vaccine candidates that 
can elicit strong cellular and humoral immunity without 
need of any adjuvant. In this report, we stimulated human 
monocyte-derived dendritic cells (DCs) with Gag-VLPs and 
we demonstrated that Gag-VLP-treated DCs (VLP-DCs) pro-
duced interferon alpha (IFN- � ), along with an increase in 
mRNA and protein expression of A3G and A3F. Gag-VLPs in-
hibited HIV-1 replication not only in DCs themselves, but also 
in cocultured T cells in an IFN- � -dependent manner. In addi-
tion, A3G/3F content in HIV virions released from VLP-DCs 
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  Virus-like particles (VLPs) have been reported to be 
promising candidates for the development of effective 
vaccines against viral infections. VLPs represent a spe-
cific class of subunit vaccine that mimics the structure of 
authentic virus particles with better efficiency in induc-
ing cellular and humoral immune responses than recom-
binant protein immunogens  [3, 4] . HIV-1 Gag-virus-like 
particles (Gag-VLPs) are also appealing as attractive 
AIDS vaccine candidates because of their ability to prime 
strong cytolytic CD8+ T cell (CTL) responses, CD4+ T 
cell proliferation and B cell-mediated humoral immunity 
in vivo  [5–9] . We have recently reported that Gag-VLPs 
efficiently stimulate dendritic cells (DCs), eliciting their 
maturation and production of proinflammatory cyto-
kines, which subsequently induce NK cell immune re-
sponses  [10] . Gag-VLPs bind to and are taken up by DCs 
and processed for presentation on both MHC class I and 
MHC class II molecules by cross presentation without 
causing infection or intracellular replication  [11, 12] .

  DCs are the most potent antigen-presenting cells of 
the immune system. They play a major role in the initia-
tion and regulation of immune responses with their 
unique properties to process and transport various infec-
tious materials from the periphery to T cell areas in lym-
phoid organs, inducing activation of primary T cells and 
NK cells  [13–15] . DCs are also involved in the transmis-
sion and pathogenesis of HIV-1 by capturing virions at 
mucosal surfaces and disseminating the virus directly to 
CD4+ T cells through infectious synapses (trans-infec-
tion pathway)  [16, 17] . Alternatively, HIV-1 can preferen-
tially infect and replicate in DCs (cis-infection pathway) 
by exploiting innate immune signaling through TLR8 
and DC-SIGN  [18–21] . Increasing evidence indicates that 
HIV-infected DCs act as viral reservoirs for long-term 
HIV transmission in vivo  [22–24] . Although DCs are sus-
ceptible to both R5 and X4 HIV-1 strains, HIV-1 replica-
tion is generally less productive in DCs than in CD4+ T 
cells, presumably because of the expression of restriction 
factors in DCs that block HIV-1 replication.

  Among the host restriction factors, the most impor-
tant and well known are the APOBEC3 (apolipoprotein B 
mRNA editing catalytic polypeptide 3; A3) proteins, a 
group of cellular cytidine deaminases with powerful an-
tiretroviral activity that have been shown to block post-
entry HIV-1 replication. Among A3 family members, 
A3G and A3F (A3G/3F) are reported to be the most po-
tent inhibitors of HIV-1 replication. They are coordinate-
ly expressed in a wide range of human tissues, including 
DCs, and they independently inhibit retroviral infections 
 [27, 28] . A3G/3F are incorporated into HIV-1 virions and 

deaminate deoxycytidine to deoxyuridine in minus 
strand viral DNA during reverse transcription through 
their cytidine deaminase activity, causing the degrada-
tion of viral DNA and generation of nonfunctional pro-
viral genomes  [29] . Moreover, nonenzymatic antiretrovi-
ral activity of A3 proteins has also been implicated in 
inhibiting the accumulation of HIV-1 reverse transcrip-
tion products, plus-strand DNA transfer and provirus in-
tegration  [30, 31] . In addition to inhibition of HIV infec-
tion by A3 proteins packaged into virions, cytoplasmic 
A3 in resting CD4+ T cells, monocytes and mature DCs 
can also function as a post-entry restriction to incoming 
HIV-1 virions  [32, 33] . A3G has also been shown to stim-
ulate recognition of HIV-infected T cells by CTLs through 
the generation of defective translation products  [34] . In 
addition, Norman et al.  [35]  provide several lines of evi-
dence in support of a role of A3G in upregulating NKG2D 
ligand expression in HIV-infected cells sensitizing these 
cells to recognition and lysis by NK cells. They show that 
the amount of A3G present in HIV-infected cells is posi-
tively correlated with the amount of NKG2D ligand ex-
pression.

  This antiretroviral activity of A3 is suppressed by 
HIV-1 virion infectivity factor (Vif), which binds and de-
grades human A3 via polyubiquitination and proteasom-
al degradation  [36, 37] . Vif also suppresses the antiviral 
role of APOBEC proteins by inhibiting their incorpora-
tion into HIV virions  [38] . Furthermore, Vif inhibits the 
expression of NKG2D-ligands in HIV-infected cells and 
diminishes lysis by NK cells  [35] .

  The expression of A3 proteins is upregulated in some 
cell types by treatment with interferon alpha (IFN- � ). 
IFN- �  significantly enhances the expression of A3G/3F 
at the transcriptional level and promotes anti-HIV-1 ac-
tivity  [39–41] . A3 levels in human DCs increase and re-
strict HIV-1 replication during DC maturation or after 
treatment with IFN- �   [42] .

  In this report, we demonstrate for the first time that 
human DCs treated with Gag-VLPs (VLP-DCs) substan-
tially upregulate cellular A3G/3F expression in an IFN-
 � -dependent manner. Gag-VLPs inhibit HIV-1 replica-
tion in DCs as well as in cocultured CD4+ T cells, and 
HIV-1 virions released from VLP-DCs contain increased 
amounts of A3G/3F as compared to virions released from 
control DCs. Neutralizing IFN- �  with anti-IFN- �  or 
blocking type I IFN receptors (IFNAR) with anti-IFNAR 
antibodies reversed Gag-VLP-induced upregulation of 
A3G/3F expression in both mRNA and protein levels, 
and also reversed the inhibition of HIV-1 replication in 
VLP-DCs and cocultured T cells.
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  Materials and Methods 

 Cell Culture 
  Spodoptera frugiperda  (Sf-9) insect cells were grown at 27   °   C in 

BD Gold serum-free medium (BD Gold) containing 100  � g/ml 
kanamycin sulfate. HeLa and 293T cells were maintained in 
DMEM culture medium (Sigma) supplemented with 10% fetal bo-
vine serum (Life Technologies), penicillin (100 U/ml) and strep-
tomycin (100  � g/ml; Sigma).

  Preparation of Human Monocyte-Derived DCs 
 Human monocyte-derived DCs were prepared from leukocyte-

rich buffy coats from healthy donors as previously reported  [10] . 
Briefly, peripheral blood mononuclear cells (PBMCs) were isolated 
by density gradient centrifugation using Ficoll-Paque PLUS (GE 
Healthcare Bio-Sciences), and plastic-adhered monocytes were 
cultured for 6 days in DC culture medium in the presence of 20 ng/
ml concentrations of each recombinant GM-CSF and interleukin 
(IL)-4 (Pepro Tech). At day 6, DCs were purified using a CD1c+ 
(BDCA-1) human DC isolation kit (Miltenyi Biotec Inc).

  Generation of Recombinant Baculovirus AcCAG-Gag 
 The baculovirus transfer vector pAcCAG-gag containing the 

HIV-1 gag gene was generated as previously described  [10] . Re-
combinant baculovirus (AcCAG-gag) was generated by cotrans-
fection of Sf-9 cells with the baculovirus transfer vector pAcCAG-
gag and AcMNPV-DNA using the BD Gold Baculovirus trans-
fection kit (BD Biosciences). The recombinant baculovirus 
AcCAG-gag was expanded in Sf-9 cells and the titer was deter-
mined using a plaque assay.

  Generation of X4 and R5 HIV-1 Viruses 
 T-tropic X4-HIV-1 NL4–3  (HIV-1 NL4–3 ) and M-tropic R5-HIV-

1 JR-CSF  (HIV-1 JR-CSF ) strains were generated by transfection of 
HEK-293T cells with plasmid DNA (pNL4–3 or pJR-CSF) con-
taining sequences of HIV-1 NL4–3 or JR-CSF. HIV-1 NL-E  contain-
ing the green fluorescent protein (GFP) gene in place of nef was 
generated from pNL-E. Culture supernatants of HEK-293T cells 
were collected 48 h post-transfection and filtered through 0.45 
 � m filters. Viral p24 Gag  contents were measured by ELISA using 
the Lumipulse automated chemiluminescent enzyme immunoas-
say (CLEIA) analyzer.

  Production of Gag-VLPs in HeLa Cells 
 HIV-1 Gag-VLPs were produced as previously described  [10] . 

Briefly, HeLa cells were infected with recombinant baculovirus 
AcCAG-gag at a multiplicity of infection of 100 for 1 h at 37   °   C 
washed twice with phosphate-buffered saline (PBS) and incubat-
ed at 37   °   C for 3 days. The culture supernatant was centrifuged at 
2,500 rpm for 20 min and filtered through a 0.45- � m filter to re-
move cell debris. Gag-VLPs were pelleted by ultracentrifugation 
at 25,000  g  for 2 h at 4   °   C and purified by sucrose gradient cen-
trifugation through 20–60% continuous sucrose layers. VLP 
preparations were tested to be free of endotoxin ( ! 0.01 endotoxin 
units/ml) using the Pyrodick endotoxin kit (Seikagaku Co., To-
kyo, Japan).

  DC Activation and Detection of IFN- �  
 DCs were incubated with Gag-VLPs (10  � g/ml), lipopolysac-

charide (LPS; 1  � g/ml; Sigma) or medium alone for 24 h. IFN- �  

in the culture supernatants was quantified using an ELISA kit 
(BD Biosciences, San Diego, Calif., USA).

  Antibody Blocking Assays 
 IFN- �  in the DC culture medium was neutralized by adding 

anti-IFN- �  antibody (5  � g/ml; PBL Biomedical Laboratories). To 
block IFN- � / �  receptor signaling in DCs, anti-IFN- � / �  receptor 
antibody (anti-IFNAR; 5  � g/ml; Santa Cruz) was used. DCs were 
preincubated with anti-IFN- �  or anti-IFNAR for 30 min before 
treatment with Gag-VLPs or LPS. Blocking assays in the infection 
experiments were performed in the presence of anti-IFN- �  or an-
ti-IFNAR.

  Western Blot Analysis 
 Cell lysates were prepared from DC cultures. For IFN- �  

blocking experiments, DCs were preincubated with anti-IFN- �  
(5  � g/ml) or anti-IFNAR (5  � g/ml) antibodies for 30 min before 
treatment with Gag-VLPs or LPS. The HIV virion fraction was 
prepared from the culture supernatants of HIV-infected DCs. 
The supernatants were first centrifuged for 20 min at 3,000 rpm 
to remove debris and then for 2 h at 19,000 rpm in a Beckman 
NVT-100 rotor to pellet viral particles. Cell or viral pellets were 
lysed in lysis buffer [1% Nonidet P-40, 50 m M  Tris-HCl (pH 7.5), 
1 m M  EDTA and 1% protease inhibitor cocktail]. Lysates were 
then resolved by SDS-PAGE and electroblotted onto a PVDF 
membrane (Roche). The membrane was incubated with rabbit 
polyclonal anti-A3G (ProSci Inc.) or goat polyclonal anti-A3F 
(Santa Cruz) antibody (1:   1000 dilution), followed by washing and 
incubation with anti-mouse or anti-rabbit IgGs conjugated with 
horseradish peroxidase (1:   5,000; GE Healthcare Bio-Sciences) 
and visualization using the ECL plus Western blotting detection 
system (Amersham Pharmasia Biotech Inc.).  � -Actin was used as 
a cell lysate control, and HIV-1 p24 Gag  was used as a viral lysate 
control.

  RT-PCR Analysis 
 DCs (1  !  10 6 ) were cultured in the presence or absence of Gag-

VLPs (10  � g/ml) or LPS (1  � g/ml) for 24 h. Control DCs were left 
untreated. After 24 h, total RNA was extracted from the cells us-
ing a GenElute TM  Mammalian Total RNA Miniprep Kit (Sigma) 
according to the manufacturer’s instructions. cDNA was synthe-
sized using ReverTra Ace- � - TM  (TOYOBO). The PCRs for A3G, 
A3F and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
were performed using TaKaRa Ex Taq TM  Hot Start Version (Ta-
KaRa Bio Inc., Otsu, Japan), and the following primers were used: 
for A3G, forward primer: 5 � -TCATCTAGTCCATCCCAGGG-3 �  
and reverse primer: 5 � -TTACCTGCTTCACCTCCTGG-3 � ; for 
A3F, forward primer: 5 � -TACGCAAAGCCTATGGTCGG-3 �  and 
reverse primer: 5 � -GCTCCAAGATGTGTACCAGG-3 � ; for GAP-
DH, forward primer: 5 � -CCTTGGAGAAGGCTGGGG-3 �  and 
reverse primer: 5 � -CAAAGTTGTCATGGATGACC-3 � . The PCR 
conditions consisted of an initial denaturation step (94   °   C for
3 min), followed by 30 cycles of denaturation (94   °   C for 30 s), an-
nealing (64   °   C for 30 s) and extension (72   °   C for 12 s).

  Immunofluorescence Staining and Confocal Microscopy 
 Control DCs, VLP-DCs and LPS-DCs were washed with PBS 

and fixed with 2% paraformaldehyde for 5 min. DCs were then 
permeabilized with 0.1% Triton X-100 in PBS for 10 min and 
blocked with 3% BSA for 30 min. Cells were then incubated for
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1 h with rabbit polyclonal anti-A3G (ProSci) or goat polyclonal 
anti-A3F (Santa Cruz) antibodies (1:   500 dilution), followed by 
FITC-conjugated anti-rabbit IgG or anti-goat IgG (Santa Cruz), 
respectively. Nuclei were stained with DAPI (Sigma). A3G/3F ex-
pression was visualized by confocal microscopy using a Zeiss 
(LSM-510, V-2.5) laser imaging confocal microscope.

  HIV-1 Infection of DCs and Analysis 
 Control DCs, VLP-DCs and LPS-DCs (5  !  10 5 ) were infected 

with 100 ng of p24 Gag  content of HIV-1 JR-CSF  or 300 ng of HIV-
1 NL-E  for 2 h at 37   °   C. Cells were washed twice with PBS and cul-
tured at 37   °   C for 72 h. Viral replication was estimated by measur-
ing p24 Gag  contents in culture supernatants using Lumipulse and 
by measuring viral RNA using real-time quantitative RT-PCR 
analysis. HIV-1 NL-E -infected DCs were nuclear stained with 
DAPI, and GFP fluorescence was examined under a KEYENCE 
(BZ-8000) immunofluorescent microscope.

  Real-Time RT-PCR Analysis 
 Control DCs, LPS-DCs and VLP-DCs were infected with 100 

ng of p24 Gag  content of R5-HIV-1 JR-CSF  for 2 h at 37   °   C and cul-
tured for 72 h. Total RNA was extracted from the cells using a 
GenElute TM  Mammalian Total RNA Miniprep Kit (Sigma). For 
quantification of HIV-1 RNA (R-U5 region of HIV-1 JR-CSF ), real-
time RT-PCR was performed using ABI 7500 Real-Time PCR sys-
tem and TaqMan One-Step RT-PCR master mix reagent kit from 
Applied Biosystems (Foster City, Calif., USA). Each qPCR mix-
ture consisted of 12.5  � l of 2x master mix, 0.625  � l of 40x multi-
scribe and RNase inhibitor mix, 1.5  � l of forward primer (5  �  M ), 
1.5  � l of reverse primer (5  �  M ), 0.2  � l of probe (25  �  M ), 4  � l (for 
HIV-1) or 1  � l (for 18S) of sample RNA, and RNase-free water for 
a final volume of 25  � l. As a loading control for normalization, 
18S ribosomal RNA was quantified. The sequences of the primers 
and probes used in the analysis are as follows: HIV-1 forward:
5 � -CAATAAAGCTTGCCTTGAGTGCT-3 � ; HIV-1 reverse: 5 � -
GGGTCTGAGGGATCTCTAGTTACC-3 � ; HIV-1 probe: 5 � -
FAM-AGTGTGTGCCCGTCTGTTGTGTGACTC-TAMRA-3 � ; 
18S-F: 5 � -GTAACCCGTTGAACCCCATT-3; 18S-R: 5 � -CCA-
TCCAATCGGTAGTAGCG-3 � ; 18S probe: 5 � -FAM-TGCGTT-
GATTAAGTCCCTGCCCTTTGTA-TAMRA-3 � . The real-time 
RT-PCR began with a reverse transcription step (48   °   C for 30 min), 
followed by a DNA denaturation and polymerase activation step 
(95   °   C for 10 min) and 45 cycles of amplification (95   °   C for 15 s, 
60   °   C for 60 s).

  DC/CD4+ T Cell Coculture 
 Autologous CD4+ T cells were isolated from human PBMCs 

using a CD4+ T cell isolation kit (Miltenyi Biotec Inc.) and stimu-
lated with phytohemagglutinin A (5  � g/ml; Sigma) and IL-2 (30 
U/ml; Roche) for 24 h. Control DCs, VLP-DCs and LPS-DCs
(1  !  10 5 ) were infected with 300 ng of p24 Gag  content of HIV-
1 NL4–3  for 2 h and then washed with PBS. Activated CD4+ T cells 
were then added at a DC-to-T cell ratio of 1:   5 and cultured for 5 
days. An additional set of DCs, LPS-DCs and VLP-DCs infected 
with HIV-1 NL4–3  were included as controls. The p24 Gag  in the cul-
ture supernatants was measured by Lumipulse. For the blocking 
experiment, DCs were preincubated with anti-IFN- �  antibody
(5  � g/ml) for 30 min before treatment with Gag-VLPs or LPS. 
DC/T cells were cocultured in the presence of anti-IFN- �  (5  � g/
ml). To further analyze the kinetics of HIV infection from DC to 

T cells, cocultures were continued for up to 9 days. One third of 
culture supernatants were collected for the measurement of 
p24 Gag  at the indicated time points and replaced with fresh me-
dium.

  Statistical Analysis 
 All data are presented as the mean  8  SD. Statistical signifi-

cance was evaluated by using Student’s t test based on triplicate 
samples unless otherwise stated. p values  ! 0.05 were considered 
statistically significant.

  Results 

 Gag-VLPs Induce Production of IFN- �  and 
Expression of A3G/3F in DCs 
 We have previously shown that treatment of human 

DCs with Gag-VLPs results in DC maturation and pro-
duction of proinflammatory cytokines  [10] . Here, we in-
vestigated whether Gag-VLP treatment could induce pro-
duction of IFN- �  and upregulate the expression of 
A3G/3F. The IFN- �  levels in the culture supernatants 
were measured by ELISA and found to be elevated in 
VLP-DCs and LPS-DCs compared to control DCs 
( fig. 1 a). Next, we examined the mRNA levels of A3G/3F 
in DCs by RT-PCR and A3 protein expression by Western 
blot analysis. The expression of both A3G/3F mRNA 
( fig. 1 b) and protein ( fig. 1 c) was increased in VLP-DCs 
to levels comparable to those measured in LPS-DCs. Im-
munofluorescence staining and confocal microscopy re-
vealed an increase in A3G/3F expression in VLP-DCs and 
LPS-DCs ( fig. 1 d). These results indicate that Gag-VLPs 
induce production of IFN- �  and enhance A3G/3F ex-
pression in DCs.

  Gag-VLPs Inhibit HIV-1 Replication in DCs and 
Increase Incorporation of A3G/3F into Nascent 
Virions 
 We next tried to determine whether Gag-VLPs could 

inhibit HIV-1 replication in DCs. The ability of Gag-
VLPs to affect HIV infection in DCs was investigated us-
ing two HIV-1 strains (HIV-1 JR-CSF  and HIV-1 NL-E ). HIV-
1 JR-CSF -infected DCs showed an abrogation of progeny 
virion production (p24 Gag  content in culture superna-
tants) in VLP-DCs and LPS-DCs ( fig. 2 a). The p24 Gag  lev-
el in VLP-DCs was nearly one third of that in control 
DCs. Inhibition of HIV-1 in VLP-DCs was further con-
firmed by real-time RT-PCR. The result showed that after 
72 h postinfection, HIV-1 in VLP-DCs was only about 
20% of control DCs ( fig. 2 b). In HIV-1 NL-E  infection, a re-
duced number of HIV-1 NL-E -infected, GFP-fluorescent 
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  Fig. 1.  Gag-VLPs induce production of IFN- �  and expression of 
A3G/3F.  a  Production of IFN- �  in the culture supernatants of 
DCs treated with Gag-VLPs (10  � g/ml), LPS (1  � g/ml) or medium 
only for 24 h was measured by ELISA. The results are expressed 
as the mean  8  SD of triplicate cultures.  b  mRNA expression of 
A3G/3F in control DCs, LPS-DCs and VLP-DCs was measured by 
RT-PCR. GAPDH mRNA was used as a control.  c  A3G/3F protein 
expression was evaluated by Western blot analysis. DCs were 
lysed, and the total cell lysates were run on an SDS gel before be-

ing transferred to a PVDF membrane and probed with antibodies 
against A3G/3F. The membrane was stripped and reprobed for  � -
actin to ensure that comparable amounts of lysates were loaded in 
each lane. A representative image of 3 independent experiments 
is shown.  d  Cellular A3G/3F expression in DCs was analyzed by 
confocal immunofluorescence microscopy. One representative 
image of DCs is depicted here with the corresponding cellular 
markers (green: A3G or A3F, blue: nucleus; colors in the online 
version only). 
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cells were observed in VLP-DCs ( fig. 2 c). We next exam-
ined the incorporation of A3G/3F in nascent HIV virions 
released from the HIV-1 JR-CSF -infected DCs by Western 
blot analysis. Incorporation of A3G/3F was increased in 
HIV virions released into culture supernatants from 
VLP-DCs and LPS-DCs ( fig. 2 d).

  IFN- � -Dependent Upregulation of A3G/3F in
VLP-DCs 
 To further explore the potential role of IFN- �  in A3 

expression in DCs, we used an anti-IFN- �  antibody to 
neutralize IFN- �  released from VLP- or LPS-activated 
DCs and anti-IFNAR to block IFN- �  receptors on DCs. 
The mRNA level of A3G/3F in DCs was examined by RT-
PCR and A3 protein expression was assessed by Western 
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  Fig. 2.  Gag-VLPs inhibit HIV-1 replication in DCs and increase 
incorporation of A3G/3F into nascent virions. DCs were treated 
with Gag-VLPs (10  � g/ml), LPS (1  � g/ml) or medium only for
24 h. Cells were then pulsed with HIV-1 JR-CSF  and cultured for
72 h.  a  Virus production was estimated by measuring p24 Gag  con-
tent in culture supernatants of DCs.  b  Infection was analyzed by 
real-time RT-PCR and normalized with 18S ribosomal RNA. The 
relative infection levels are shown as the percentage of control 
DCs. Each bar represents the average of 3 independent experi-

ments. Statistical analysis was performed using the Student t test 
( *  p  !  0.05).  c  Immunofluorescent analysis of DCs infected with 
HIV-1 NL-E  by confocal microscopy. One representative image of 
DCs is depicted here with the corresponding cellular markers 
(green: GFP, blue: nucleus; colors in the online version only).
 d  Virion incorporation of A3G and A3F was examined by West-
ern blot analysis using viral lysates from DC culture supernatants. 
The p24 Gag  content was included as a viral lysate control. A rep-
resentative image of 3 independent experiments is shown. 
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blot analysis. The mRNA levels of A3G/3F were found to 
be the same in control DCs, LPS-DCs and VLP-DCs in 
the presence of anti-IFN- �  or the IFN- �  receptor inhibi-
tor anti-IFNAR ( fig. 3 a). At the same time, anti-IFN- �  
and anti-IFNAR suppressed Gag-VLP- or LPS-induced 
A3G/3F protein expression to basal levels found in con-
trol DCs ( fig. 3 b). Altogether, these data demonstrate that 
Gag-VLP-induced upregulation of A3G/3F in DCs is 
IFN- �  dependent and reversible by neutralizing IFN- �  or 
blocking the IFN- �  receptor on DCs.

  IFN- � -Dependent Inhibition of HIV-1 Replication in 
VLP-DCs 
 We next examined the influence of IFN- �  on Gag-

VLP-induced restriction of HIV-1 replication. DCs were 
treated with anti-IFN- �  or anti-IFNAR prior to stimula-
tion with Gag-VLPs or LPS, and infected with HIV-
1 JR-CSF . Restriction of HIV-1 replication in VLP-DCs or 

LPS-DCs was found to be reversed in the presence of an-
ti-IFN- �  ( fig.  3 c) or anti-IFNAR ( fig 3 d), increasing 
p24 Gag  levels to almost the same level observed in control 
DCs. Altogether, the above findings demonstrate that 
Gag-VLP-induced inhibition of HIV-1 replication in 
VLP-DCs is due to the upregulation of A3G/3F expres-
sion, which is dependent upon IFN- � .

  Gag-VLPs Inhibit HIV-1 Replication in Cocultured 
CD4+ T Cells 
 DCs have been known to transmit HIV-1 upon contact 

with CD4+ T cells. Despite relatively low efficiency, viral 
replication in DCs plays an important role in HIV-1 
transmission from DCs to CD4+ T cells, which results in 
efficient HIV-1 replication and extensive spread of infec-
tion. To determine whether Gag-VLPs inhibit HIV-1 rep-
lication in cocultured T cells, we infected control DCs, 
VLP-DCs and LPS-DCs with HIV-1 NL4–3  and cocultured 
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hibit HIV-1 replication in an IFN- � -dependent manner.      a  DCs 
were preincubated with anti-IFN- �  (5  � g/ml) or anti-IFNAR
(5  � g/ml) antibodies for 30 min before treatment with Gag-VLPs 
or LPS for 24 h. mRNA expression of A3G/3F was measured by 
RT-PCR as mentioned above. GAPDH mRNA was used as a con-
trol.    b  A3G/3F protein expression was evaluated by Western blot 

analysis. A representative image of 3 independent experiments is 
shown. DCs were preincubated with anti-IFN- �  (     c ) or anti-IF-
NAR ( d ) for 30 min before treatment with Gag-VLPs or LPS. Cells 
were then pulsed with HIV-1 JR-CSF  for 2 h and washed and cul-
tured for 72 h. Virus production was estimated by measuring 
p24   Gag  content in culture supernatants. 
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with activated CD4+ T cells at a DC-to-T cell ratio of 1:   5. 
After 5 days, the p24 Gag  content in culture supernatants 
was evaluated by Lumipulse. HIV-1 replication was in-
hibited in VLP-DC/T cells and LPS-DC/T cell cocultures 
( fig. 4 a). Gag-VLPs inhibited HIV-1 replication in VLP-
DC/T cell cocultures to nearly 30% of the p24 Gag  levels 
observed in the control DC/T cell cocultures. To differ-

entiate viral replication in DCs from that in cocultured T 
cells, DC-only wells infected with HIV-1 NL4–3  were also 
included as controls. In control DC/T cell cocultures, 
HIV-1 replication was increased 2-fold compared to that 
in control DC cultures. In VLP-DC/T cells, HIV-1 repli-
cation was increased only about 1.5-fold compared to lev-
els in VLP-DC cultures ( fig. 4 a, b). This indicates that the 
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reduction of p24 Gag  in VLP-DC/T cell cocultures was due 
to decreased replication of HIV-1 in T cells, not due to 
decreased HIV-1 production in DCs because of the neg-
ligible low efficiency replication of X4-HIV-1 in DCs. To 
assess the role of IFN- �  in HIV-1 replication in DC/T cell 
cocultures, we added anti-IFN- �  to DCs before cocultur-
ing with T cells. HIV-1 replication was measured by Lu-
mipulse after 5 days. Inhibition of HIV-1 replication in 
VLP-DC/T cell cocultures was found to be only about 
40% of that observed in control DC/T cell cocultures 
( fig. 4 b). Because of the possibility that we could not com-
pletely neutralize the IFN- �  released from DCs during 
the coculture period, VLP-induced inhibition of HIV-1 
replication may partially remain even in the presence of 
anti-IFN- � . HIV-1 replication was increased 2-fold in 
VLP-DC/T cell cocultures compared to that observed in 
VLP-DC cultures, which is the same ratio found in con-
trol DC/T cell cocultures versus control DC cultures 
( fig. 4 b). For the analysis of the kinetics of viral replica-
tion, DCs were infected with HIV-1 NL4–3  and cocultured 
with CD4+ T cells for 9 days. The kinetics of the HIV-1 
replication in DC/T cell cocultures was correlated with 
the culture period as infected T cells released newly 
formed, replication-competent virus into culture super-
natants. Viral replication in T cells was strongly sup-
pressed in cocultures with VLP-DCs and LPS-DCs 
( fig. 4 c).

  In summary, we showed that Gag-VLPs efficiently 
stimulate human DCs to produce IFN- �  and increase the 
expression of A3G/3F, inducing the suppression of HIV-1 
replication in DCs as well as in cocultured T cells.

  Discussion 

 The global HIV-infected population is still increas-
ing every year despite the extensive efforts that have 
been made to combat AIDS. Highly active antiretroviral 
therapy significantly suppresses the HIV viral load but 
is unable to eradicate the virus from the body, leaving 
the possibility of the persistence of viral reservoirs. HIV-
infected DCs act as viral reservoirs for long-term HIV 
transmission in vivo  [22–24] . Identifying ways to trigger 
innate and adaptive immune responses to inhibit DC-
endorsed HIV replication represents a potential strategy 
to limit HIV infection. DCs are essential for antigen pre-
sentation and activation of both innate and adaptive im-
mune responses. DCs also play a critical role in the onset 
of HIV infection, providing one of the primary sites of 
HIV replication in vivo before the virus is transferred to 

CD4+ T cells, where robust viral amplification occurs 
 [16–18] . Viruses that are transmitted from DCs to T cells 
are newly synthesized progeny viruses generated during 
de novo replication in DCs. However, DCs can preferen-
tially replicate R5 HIV-1 strains to a greater extent than 
X4 strains  [43] . The preferential replication of R5-HIV-1 
over X4-HIV-1 in DCs appears to result from differen-
tial levels of coreceptor expression on the surface of 
DCs.

  Previous reports have demonstrated Gag-VLP-medi-
ated induction of CD4+ T cell activation, CTL responses 
and B cell-mediated humoral immunity  [5–9] . We have 
previously reported the induction of DC and NK cell im-
mune responses by Gag-VLPs. Binding and internaliza-
tion of VLPs by DCs occur through macropinocytosis 
and receptor-mediated endocytosis. Mannose receptors, 
including the DC-SIGN receptor, which belongs to the 
C-type lectin family, are reportedly involved in VLP-up-
take. The DC-SIGN receptor, present on the DC surface, 
recognizes VLPs and enhances internalization. Internal-
ized VLPs induce maturation and activation of DCs and 
production of IFN- � , which is partially mediated through 
Toll-like receptors  [10] .

  In this study, we developed a candidate HIV-1 thera-
peutic vaccine model based on Gag-VLPs produced in 
mammalian HeLa cells. The purpose of production of 
Gag VLPs in mammalian HeLa cells is to rule out con-
tamination of baculovirus in VLPs during purification, 
which may distort the results when analyzing immuno-
genicity of VLPs. We first demonstrated that DCs treated 
with Gag-VLPs secreted increased amounts of IFN- �  
( fig.  1 a) and induced upregulation of A3G/3F mRNA 
( fig. 1 b) and protein ( fig. 1 c, d) expressions. Bakri et al. 
 [44]  indicated that the reduced replication of HIV in ma-
ture DCs is mainly due to postintegration regulatory 
events occurring at the transcriptional level. Their find-
ing supports the possibility of A3-induced inhibition of 
HIV-1 in mature DCs, and our results are also consistent 
with this finding.

  We used LPS as a positive control in analyzing the ef-
fects of Gag-VLP on DCs. LPS signals through the innate 
immune receptor TLR4 and causes both DC maturation 
and the release of cytokines, notably of IFN- � , which re-
portedly increases hA3G expression and reduces suscep-
tibility to HIV-1 infection  [45, 46] .

  To examine whether increased expression of A3G/3F 
in VLP-DCs could control HIV-1 replication, we infected 
DCs with replication competent R5 (HIV-1 JR-CSF ) and X4 
(HIV-1 NL-E ) strains of HIV-1, which have different effi-
ciencies of infection and replication in DCs. In spite of 
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their different replication efficiencies, both strains of 
HIV-1 showed low levels of viral replication in VLP-DCs 
( fig.  2 a–c). Several groups reported different mecha-
nisms of A3 other than postintegration inhibition by cy-
tidine deamination, including inhibition of the accumu-
lation of HIV-1 reverse transcription products, plus-
strand DNA transfer and provirus integration  [30, 31] . 
Moreover, since we infected DCs with the replication-
competent HIV-1 JR-CSF  virus, our results probably reflect 
the overall effects in inhibition of HIV-1 by Gag-VLPs 
( fig. 2 a, b).

  We next examined the incorporation of A3G/3F into 
nascent virions released from infected DCs, which re-
stricts viral replication in newly infected cells. Incorpora-
tion of A3G/3F was increased in HIV virions released 
into culture supernatants from VLP-DCs and LPS-DCs 
( fig. 2 d).

  We further investigated the relationship between IFN-
 � -induced expression of A3G/3F and inhibition of HIV-1 
replication. Neutralizing IFN- �  and blocking IFNAR by 
adding relative antibodies to DC cultures before treat-
ment with Gag-VLPs or LPS reduced the A3G/3F mRNA 
and protein expressions to the same levels expressed in 
control DCs ( fig. 3 a, b). At the same time, neutralizing 
IFN- �  or blocking IFNAR resulted in an increase in HIV-
1 replication in VLP-DCs and LPS-DCs, comparable to 
that in control DCs ( fig. 3 c, d). Our results implicate that 
Gag-VLP-induced expression of A3G/3F and the inhibi-
tion of HIV-1 replication were mainly dependent upon 
IFN- � . IFN- �  exerts its antiviral activity through mul-
tiple mechanisms besides A3 induction, such as the RNA-
dependent protein kinase/eukaryotic initiation factor 2 �  
pathway, oligoadenylate synthetase/RNase L pathway 
and RNA deaminases  [47] . However, Peng et al.  [41]  
showed that depletion of A3G by small interfering RNA 
(siRNA) resulted in loss of the ability of IFN- �  to com-
pletely inhibit HIV replication, confirming that A3 is
a key downstream anti-HIV mechanism induced by
IFN- � .

  DCs are an important source of HIV-1 transmission to 
CD4+ T cells, where dissemination of infection starts by 
robust replication of HIV-1  [16, 17] . To obtain effective 
control of HIV-1 replication, the initial viral replication 
in DCs as well as replication in T cells must be contained. 
We next examined the Gag-VLP-induced inhibition of 
HIV-1 in cocultured CD4+ T cells. To exclude the effects 
of A3-induced lysis of HIV-infected T cells by CTLs or 
NK cells, we purified CD4+ T cells from PBMCs for co-
culture assays. Our findings reveal that Gag-VLPs effi-
ciently inhibit HIV-1 replication in VLP-DC/T cell cocul-

tures ( fig. 4 a). To verify the inhibitory effect of IFN- �  on 
cocultured T cells, we added anti-IFN- �  to DC/T cell co-
cultures and evaluated HIV-1 replication. As expected, 
neutralizing IFN- �  reversed the VLP-or LPS-induced in-
hibition of HIV-1 in DC/T cell coculture assays ( fig. 4 b). 
Because HIV-1 remains in endosomes of infected DCs for 
only 3 days  [48] , we measured p24 Gag  5 days postinfection 
to exclude the effects of transinfection of HIV-1 from 
DCs to T cells in all coculture experiments. Then, viral 
replication in cocultures was examined up to day 9 to as-
sess the kinetics of VLP-induced inhibition in cocultured 
T cells.

  Based on our findings, we can define a mechanism of 
IFN- � -dependent upregulation of A3G/3F, mediated by 
Gag-VLPs, in association with inhibition of HIV-1, offer-
ing insight into the prevention of HIV-1 by strengthening 
A3G/3F-mediated intracellular innate immunity. Aug-
mentation of this innate immune barrier could prevent 
HIV-1 replication and transmission in DCs, the native 
reservoir of HIV. Collectively, our results demonstrate 
that Gag-VLP-induced A3G/3F is incorporated into na-
scent virions and potently interferes with virus replica-
tion in both DCs and cocultured T cells. Our present 
findings may, therefore, have important implications for 
the understanding of the mechanism of Gag-VLP-in-
duced inhibition of HIV-1 replication and open perspec-
tives in the development of an effective immunotherapy 
against HIV.
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