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Abstract

In this study, we characterized the anti-HIV activities of various R88-APOBEC3G (R88-A3G) mutant fusion
proteins in which each A3G mutant was fused with a virus-targeting polypeptide (R14-88, hereafter named R88)
derived from HIV-1 Vpr. Our results show that the introduction of the deaminase-defective mutant E259Q
into R88-A3G did not affect the virion incorporation of this mutant but blocked the protein’s ability to inhibit
HIV-1 infection. Our data also reveal that the antiviral effect of A3GY124A, a previously described A3G virus-
packaging mutant, was completely rescued when the mutant was fused with R88. In an attempt to identify the
most potent R88-A3G fusion proteins against HIV-1 infection, we introduced two Vif-binding mutants (D128K and
P129A) into the R88-A3G fusion protein and showed that both R88-A3GD128K and R88-A3GP129A possessed
very potent anti-HIV activity. When R88-A3GP129A was transduced into CD4þ C8166 T cells, HIV-1 infection was
completely abolished for at least 24 days. In an attempt to further test the anti-HIV effect of this mutant in primary
human HIV susceptible cells, we introduced R88-A3GP129A into human peripheral blood mononuclear cells
(PBMCs) and macrophages with a recombinant adeno-associated virus (rAAV2/5) vector. The results demonstrate
that a significant inhibition of HIV-1 infection was observed in the transduced PBMCs and macrophages. These
results provide evidence for the feasibility of an R88-A3G–based anti-HIV strategy. The further optimization of this
system will contribute to the development of new anti-HIV gene therapy approaches.

Introduction

The Apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like 3G (APOBEC3G; hereafter referred to as

A3G), is a cellular cytidine deaminase that can interfere with
the replication of a broad range of retroviruses and hepatitis B
viruses (Sheehy et al., 2002; Turelli et al., 2004). It is well known
that in the absence of HIV Vif, A3G is capable of efficiently
incorporating into viral particles during HIV assembly by
interacting with the viral Gag precursor (Alce and Popik,
2004; Cen et al., 2004; Luo et al., 2004; Schafer et al., 2004). In the
viral particle, A3G associates with the HIV-1 reverse tran-
scription complex, and this association is enhanced by the
presence of viral RNA (Khan et al., 2005). After virus entry into
susceptible cells, the virion-incorporated A3G interrupts HIV

infectivity by introducing dC-to-dU mutations into the minus
strand of the viral DNA during reverse transcription (Harris
et al., 2003; Lecossier et al., 2003; Mangeat et al., 2003; Mariani
et al., 2003; Zhang et al., 2003). In addition to its deaminase
activity, A3G has been shown to inhibit viral reverse tran-
scription directly (Chiu et al., 2005; Newman et al., 2005). All of
these studies clearly indicate that host A3G possesses multiple
anti-HIV activities during HIV-1 replication.

During wild-type HIV-1 infection, however, the antiviral
effects of A3G are counteracted by the presence of the viral
protein Vif. It is well known that Vif can directly bind to A3G
and significantly prevent the virion incorporation of A3G by
accelerating A3G ubiquitination and proteasomal degrada-
tion, thus decreasing the intracellular concentration of A3G

1Laboratory of Molecular Human Retrovirology, 2Department of Medical Microbiology, University of Manitoba, Winnipeg, MB R3E 0J9,
Canada.

3Department of Histology, Montreal Children’s Hospital Research Institute and McGill University Health Center, Montreal, QC H3Z 2Z3,
Canada.

4Hunan Provincial Center For Disease Control and Prevention, 450 Furong Zhong Lu Yiduan of Changsha 410005, China.
5Special Pathogens Program, National Microbiology Laboratory, Public Health Agency of Canada, Winipeg, MB R3E 3R2, Canada.

HUMAN GENE THERAPY 22:1225–1237 (October 2011)
ª Mary Ann Liebert, Inc.
DOI: 10.1089/hum.2010.012

1225



(Conticello et al., 2003; Kao et al., 2003; Mariani et al., 2003;
Marin et al., 2003; Sheehy et al., 2003; Stopak et al., 2003; Yu
et al., 2003, 2004). In addition, other studies suggest that Vif
can prevent A3G incorporation into virions independent of
the reduction in A3G intracellular levels (Kao et al., 2003,
2004; Mariani et al., 2003; Sheehy et al., 2003). Indeed, Opi
et al. (2007) showed that HIV-1 Vif efficiently inhibits the
virion packaging and antiviral activity of a degradation-
resistant A3G mutant.

Given that A3G possesses potent anti-HIV activity and
that its action is counteracted by HIV-1 Vif protein, consid-
erable interest has been focused on restoring A3G’s antiviral
activity during wild-type HIV-1 infection because the anti-
viral activity of A3G represents a novel therapeutic strategy
against HIV-1 infection. One way to overcome the inhibition
of A3G by Vif is to disrupt the Vif-A3G interaction. Previous
studies have shown that a single amino-acid substitution at
position 128 of A3G (representing a change of an aspartic
acid [D] to a lysine [K]) blocked the Vif interaction with A3G
and rescued the antiviral activity of A3G (Bogerd et al., 2004;
Mangeat et al., 2004; Schrofelbauer et al., 2004; Xu et al., 2004;
Huthoff and Malim, 2007; Lavens et al., 2010). This finding
demonstrated the feasibility of designing pharmaceutical
agents that could block Vif binding to A3G. Interestingly,
while the three amino acid (aa) motif comprised of aspartic
acid, proline, and aspartic acid (DPD) at aa positions 128 to
130 of A3G was identified as a crucial region for the inter-
action between A3G and HIV-1 Vif (Huthoff and Malim,
2007), a YYFW (124 to 127) region that is adjacent to the
N-terminus of the DPD motif of A3G was found to be critical
for the virion packaging of A3G. Such close alignment of
these two functional domains within A3G makes it difficult
to target the DPD motif with a pharmaceutical agent without
affecting A3G packaging. Thus, other approaches, including
delivering A3G into HIV-1 particles independent of the
blockage by Vif and subsequently inactivating HIV-1 infec-
tivity, could hold promise as a potential HIV therapeutic
approach.

We recently reported that the R88-A3G fusion protein,
which was made by fusing A3G to a virus-targeting poly-
peptide (R14-88) derived from the HIV-1 Vpr protein (Yao
et al., 1999), was able to overcome the HIV-1 Vif barrier and
efficiently deliver A3G into the virus (Ao et al., 2008).
Moreover, the study demonstrated that the expression of the
R88-A3G fusion protein in Vifþ HIV-1–producing cells
drastically inhibited progeny virus infection in different cell
types, including CD4þ C8166 T cells and human primary
peripheral blood mononuclear cells (PBMCs) (Ao et al., 2008).
In the present study, we introduced different A3G mutants
into the R88-A3G fusion system and characterized their anti-
HIV properties. Furthermore, this study demonstrates that,
through an AAV2/5 vector, we were able to introduce R88-
A3GP129A into CD4þ T cells human PBMCs and macro-
phages and efficiently inhibit HIV-1 infection.

Material and Methods

Plasmids

CMVin-R14-88-pcs-A3Gwt (R88-A3Gwt), HA-A3Gwt, and
pYEF1-R88-A3Gwt were constructed previously (Ao et al.,
2008). The CMVin-R88-A3G mutants were generated by a
polymerase chain reaction (PCR)-based method (Ao et al.,

2007). Briefly, in a two-step PCR technique that has been
previously described (Yao et al., 1995b), the primers used for
generating different A3G mutants were the 50-A3G-XbaI
primer (50-TCATCTAGAAAGCCTCACTTCAG-30), 30-BglII
primer (50-TAAGAGCTCATGCCTGCAGCC-30), and the
corresponding mutagenic oligonucleotides. Each of the am-
plified A3G mutant cDNAs was cloned into CMVin-R14-88-
pcs as described previously (Ao et al., 2008). The presence of
the corresponding mutations in A3G was confirmed by se-
quencing. The HIV-1 Vif expressor (pcDNA-hVif) (Nguyen
et al., 2004) was obtained from the National Institutes of
Health (NIH) AIDS Research and Reference Reagent Pro-
gram. The HIV-1 proviral clones HxBru-Vifþ and pNL4.3-
Nefþ/GFP have been described previously (Ao et al., 2008).
The AAV2CMVlacZ plasmid expressing the lacZ reporter
gene from a cytomegalovirus (CMV) promoter and flanked
by AAV2 inverted terminal repeats has been described be-
fore (Auricchio et al., 2001; Bello et al., 2009). The R88-
A3GP129A gene was amplified by PCR from plasmid
CMVin-R88-A3GP129A using the following primer pair: 50-
R88-NotI primer (50-ATAGCGGCCGCCATGCCACACAA
TGAA-30) and 30-A3G-BamHI primer (50-GCTCGGATCCT
CAGTTTTCCTGATT-30).

Cell lines, antibodies, and chemicals

Human embryonic kidney 293T cells and HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 1%
penicillin and streptomycin. The CD4þ C8166 T-cell line was
maintained in RPMI-1640 medium containing 10% FCS and
1% penicillin and streptomycin. PBMCs were isolated from
the blood of healthy adult volunteers by sedimentation on a
Ficoll (Lymphoprep; Axis-Shield, Norton, MA) gradient.
Isolated PBMCs were stimulated with 0.1% phytohemaglu-
tinin for 3 days and maintained in RPMI 1640 supplemented
with 5% interleukin-2. PBMC-derived macrophages were
prepared by dispensing fresh PBMCs into 12-well plates at
the desired density at 378C for 2 hours. After gentle washing
with DMEM, the adherent cells were cultured in DMEM
containing 10% fetal bovine serum (FBS) and 10-ng/ml
macrophage colony-stimulating factor (M-CSF; R&D Sys-
tems, Minneapolis, MN) for 7 days. The DNA transfection of
293T cells or HeLa cells was performed using a standard
calcium phosphate DNA precipitation method.

The purified rabbit anti-hA3G (cat. no. 10201) was ob-
tained through the NIH AIDS Research and Reference Re-
agent Program. The rabbit anti-Vpr antibody has been
described previously (Yao et al., 1995b). The mouse anti-
HIVp24 and anti-CD4 monoclonal antibodies used in this
study have been described previously (Yao et al., 1995a; Ao
et al., 2005).

Virus production and infection

To generate viruses that incorporated different R88-A3G
fusions, 293T cells were co-transfected with the correspond-
ing HIV-1 proviral DNA and R88-A3Gwt/mut plasmids.
Virus-containing supernatants were collected at 48 hr after
transfection and subjected to ultracentrifugation (32,000 rpm
for 1 hr at 48C) to pellet the virus. The quantification of virus
stocks was determined by Gag-p24 measurements using an
HIV-1 p24 ELISA Kit (purchased from the AIDS Vaccine
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Program of the Frederick Cancer Research and Development
Center, Ft. Detrick, MD). To infect CD4þ C8166 T cells, equal
amounts of virus were incubated with susceptible cells at
378C for 2 hr. The cells were then washed and incubated with
fresh medium. At different time points, HIV replication
levels in each infected culture were monitored by measure-
ment of HIV-1 Gag-p24 antigen by HIV-1 Gag-p24 ELISA.
The infection level mediated by the pNL4.3-GFP HIV-1 virus
was monitored using a fluorescence-activated cell sorter
(FACS; Becton Dickinson FACS Calibur, Franklin Lakes, NJ)
or observed under fluorescence microscopy after the infected
cells were fixed with phosphate-buffered saline (PBS)-4%
paraformaldehyde.

Establishment of R88-A3Gwt/mutant-expressing
stable C8166 cell lines

The C8166 cell lines expressing R88-A3Gwt or R88-
A3GP129A were generated as described previously (Ao et al.,
2008). Briefly, pseudotyped lentiviral vector stocks were
produced by co-transfecting 293T cells with pYEF1-mcs
or pYEF1-R88-A3Gwt/P129A-puro vectors and the HIV-
packaging pCMV DR8.2 vector (Kobinger et al., 2001) and
VSV-G expression plasmids. The lentiviral vector produced
(300 ng of Gag-p24) was then incubated with 0.5�106 C8166
T cells overnight. Forty-eight hours after transduction, the
transduced C8166 T cells were placed under selection with
puromycin (0.5 mg/ml) for at least 10 days before analysis.
The cell growth, cell cycle profiles, and CD4 receptor ex-
pression levels of the various cell lines were analyzed as
described previously (Ao et al., 2008).

AAV production and transduction

The AAV2/5 vectors were produced by triple transfection
of HEK 293 cells with AAV2/5 CMVlacZ or AAV2/
5CMVR88-A3GP129A, the pACK2/5 packaging plasmid,
which comprises rep from AAV2 and cap from AAV5 (Bello
et al., 2009) and the pAd.DELTA F6 helper plasmid con-
taining adenoviral genes necessary to drive AAV replication
(E2a, E4, VARNA). Transfections were performed with cal-
cium phosphate co-precipitation (Bello et al., 2009). Re-
combinant AAV2/5 vectors were all purified by the standard
cesium chloride sedimentation method (Xiao et al., 1998). The
titers of AAV2/5 vector preparations were determined by
TaqMan PCR with primers for the bGH polyA (Bello et al.,
2009).

The cells were transduced with recombinant AAV2/
5CMVLacZ or AAV2/5-CMVR88-A3GP129A at 1�106 virus
particles (vp)/cell in serum-free medium and incubated for
2 hr at 378C with gentle agitation every 15 min followed by
the addition of fresh media with 10% FBS and overnight
incubation.

Quantitative detection of R88-A3GP129A mRNA
in transduced cells by reverse transcription
and real-time PCR analysis

Human PBMCs and macrophages were transduced with
AAV2/5CMVLacZ or AAV2/5CMVR88-A3GP129A vectors
at 106 vp/cell. Seventy-two hours after transduction, total RNA
from 1�106 cells was extracted using the TRIZOL reagent
(Invitrogen, Carlsbad, CA) following the manufacturer’s

instructions. RNA was subjected to reverse-transcription PCR
(RT-PCR) with Moloney murine leukemia virus reverse tran-
scriptase (Promega, Madison, WI). The cDNA was then PCR-
amplified with Taq DNA polymerase using the following
primers: 50-R88-NotI-ATAAGCGGCCGCCATGCCACACAA
TGAA, 30-A3GP129A-TGGTAATCTGTCCCAGAA. The 50

and 30 primers targeted Vpr and A3G, respectively. The mRNA
content was normalized by amplifying the human b-globin
gene as described previously (Simon and Malim, 1996). All
PCR products were separated by electrophoresis on 1.2%
agarose gels. To quantitatively determine the expression levels
of R88-A3GP129A mRNA and the total cellular A3G mRNA
(including endogenous A3G mRNA) in PBMC and in macro-
phages, the extracted RNA was first subjected to RT-PCR with
Moloney murine leukemia virus reverse transcriptase (Pro-
mega). Then the reverse-transcripted DNA from each sample
was quantified by real-time PCR analysis by using two sets of
primers separately: one set for R88-A3GP129A (Vpr-5, 50-GA
TACTTGGGCAGGAGTGG-30 and A3G-3; 50-CACCTGGCC
TCGAAAGAT-30) and another set for A3G (A3G-5; 50-CTTC
AGAAACACAGTGGAGC-30 and A3G-3; 50-CACCTGGCC
TCGAAAGAT-30). The R88-A3GP129A and the total cellular
A3G levels were quantified in Mx3000P real-time PCR system
(Stratagene, Santa Clara, CA). The reaction was carried out in a
final volume of 20ml, consisting 1�FastStart DNA Master
SYBR Green I (Roche Diagnostics, Mannheim, Germany) and
0.2mM of each sense and antisense primers.

Radiolabeling, immunoprecipitation,
and Western blot analyses

To perform pulse-chase radiolabeling experiments, 293T
cells were co-transfected with wild-type R88-A3G or the
mutants and a pcDNA-hVif expressor. After 48 hr, cells were
incubated for 30 min with starvation medium (DMEM
without methionine, plus 10% dialyzed FBS) followed by
pulse-labeling for 30 min with 250mCi of [35S]-methionine
(PerkinElmer Life Science, Boston, MA). After labeling, the
radiolabeled medium was replaced with medium containing
an excess of unlabeled methionine, and the cells were incu-
bated at 378C. Labeled cells were collected at 0, 3.5, or 5 hr
and subjected to immunoprecipitation using an anti-Vpr
antibody. Immunoprecipitates were resolved by SDS–PAGE
in a 12% gel followed by autoradiography.

To analyze protein expression in viral particles, lysed viral
samples were directly loaded into a 12% SDS–PAGE gel,
and different proteins were detected by Western blot anal-
ysis with the corresponding antibodies. The horseradish
peroxidase–conjugated donkey anti-rabbit IgG and sheep
anti-mouse IgG (Amersham Biosciences, Piscataway, NJ)
were used as secondary antibodies, and the protein bands
were visualized using an enhanced chemiluminescence kit
(PerkinElmer Life Science).

Immunofluorescence

HeLa cells were grown on glass coverslips (12 mm2) in 24-
well plates and transfected with CMVin-HA-A3Gwt or dif-
ferent R88-A3Gwt/mutant plasmids. After 48 hr, the cells were
washed with PBS and fixed and permeabilized with methanol/
acetone (1:1 ratio) for 30 min at room temperature. The cover-
slips were incubated with a rabbit anti-A3G antibody (1:500)
for 2 hr at 378C followed by incubation with a 1:500 dilution of
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fluorescein isothiocyanate–conjugated anti-rabbit antibody for
1 hr. Nuclei were stained with 40,6-diamidino-2-phenylindole.
The coverslips were mounted with Mowiol 4-88, and the cells
were visualized under an Axiovert 200 microscope (Carl Zeiss,
Jena, Germany) with a�20 objective.

Results

Expression of different R88-A3G variants
and their resistance to Vif-mediated degradation

Our previous study demonstrated that the fusion protein
R88-A3Gwt comprised of an A3G and a virion-targeting
polypeptide (R14-88) significantly inhibited HIV-1 infection
even in the presence of Vif (Ao et al., 2008). To develop a
more potent anti-HIV R88-A3G fusion molecule and to test
the requirement of A3G enzymatic activity for the anti-HIV
effect of R88-A3G fusion proteins, we introduced several
A3G mutants into the CMVin-R88-A3G fusion protein, in-
cluding R88-A3GY124A, R88-A3GD128K, R88-A3GP129A,
and R88-A3GE259Q (Fig. 1A). Among these mutants, D128K
and P129A, which are located in the previously described
HIV Vif-binding region 128DPD130, were intended to block
the Vif-A3G interaction (Xu et al., 2004; Huthoff and Malim,
2007). The A3GY124A has a mutation located in a

124YYFW127 region that is important for the packaging of
A3G into HIV-1 particles. This mutant has been previously
shown to lose the virion incorporation ability (Huthoff and
Malim, 2007). We also included a C-terminal cytidine de-
aminase domain mutant, R-A3GE259Q (Shindo et al., 2003;
Schumacher et al., 2008; Browne et al., 2009), to test the im-
portance of the enzymatic function of A3G in the antiviral
activity of R-A3G.

We next tested the expression of different A3G mutants
and their resistance to Vif-mediated degradation. It is known

that HIV Vif targets A3G to the proteasome for degradation,
and that this targeting results in reduced intracellular levels
of A3G, consequently inhibiting A3G packaging into virions
(Kao et al., 2003; Mariani et al., 2003; Marin et al., 2003; Sheehy
et al., 2003; Stopak et al., 2003). In this study, we transfected
each of the R88-A3G expressors with an HIV-1 Vif plasmid
(pcDNA-hVif) (Nguyen et al., 2004) into 293T cells. At 48 hr
post-transfection, the expression of each protein in 293T cells
was analyzed by [35S]methionine pulse-chase radiolabeling
and immunoprecipitation with anti-Vpr antibodies as de-
scribed previously (Ao et al., 2008). Our results show that,
consistent with a previous study (Ao et al., 2008), R88-A3Gwt
was rapidly degraded in the presence of Vif and had a half-
life of approximately 3 hr (Fig. 1B). Similarly, R88-A3GE259Q
and R88-A3GY124A were also sensitive to Vif-mediated
degradation (Fig. 1B and C). By contrast, the R88-A3GD128K
and R88-A3GP129A mutants were found to be resistant to
degradation and had half-lives of more than 5 hr (Fig. 1B).
These results are consistent with previous observations for
wild-type A3G (Xu et al., 2004; Schrofelbauer et al., 2006;
Huthoff and Malim, 2007) and imply that the Vif-resistant
properties of R88-A3GD128K and R88-A3GP129A may affect
their antiviral activities.

Inhibitory effects of different R88-A3G
mutants on Vif þ HIV-1 infectivity

To investigate the inhibitory effect of each R88-A3G
mutant on Vifþ HIV-1 infectivity, we produced virus stocks
by co-transfecting pNL4.3/GFPþ/Vifþ provirus with either
wild-type R88-A3G or different mutant expression vectors
in 293T cells. Forty-eight hours after transfection, progeny
viruses were pelleted by ultracentrifugation and quanti-
fied by Gag-p24 measurements using an HIV-1 p24 ELISA

FIG. 1. The expression of
R88-APOBEC3G (R88-A3G)
mutants and their resistance to
Vif-mediated degradation. (A)
Schematic representation of
R88-A3G mutants at the cyti-
dine deaminase activity site
(E259Q), viral packaging site
(P124A), and Vif-response site
(D128K, P129A). (B and C) R88-
A3G wild-type or mutant ex-
pressors were co-transfected
with a pcDNA-hVif expressor
in 293T cells. At 48-hr post-
transfection, cells were pulse-
radiolabeled with [35S]-methio-
nine for 30 min and collected
and lysed at 0, 3.5, and 5 hr. The
level of R88-A3Gwt/mutant in
each lysed cell sample was
evaluated by anti-Vpr immu-
noprecipitation (upper panel).
The level of degradation of
wild-type and mutant R88-A3G
was quantified by laser densi-
tometry (lower panel). The re-
sult shown is representative of
two independent experiments.
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kit. The virus production from different R88-A3G mutant-
transfected cells did not differ significantly according to the
p24 levels (data not shown). Equal amounts of the viruses
(adjusted by HIV-1 Gag-p24 levels) were used to infect
CD4þ C88166 T cells, and the level of infection was deter-
mined in CD4þ C88166 T cells by FACS analysis of the
percentage of infected (green fluorescent protein [GFP]-
positive) cells (Fig. 2). In the absence of any R88-A3G, ap-
proximately 64% of the cells were infected (Fig. 2A and B,
b), while in the presence of R88-A3Gwt, only 19% of cells
were found to be positive (Fig. 2A and B, c). Interestingly,
R88-A3GE259Q, a catalytically defective mutant, did not
exhibit significant antiviral activity compared with R88-
A3Gwt (Fig. 2A and B, g). These results indicate that, in the
context of the R88-A3G fusion, the cytidine deaminase
mutant A3GE259Q was not active against HIV-1, even
though it was efficiently incorporated into the virus (Fig.
3B, left panel). In contrast, the packaging-defective mutant
R88-A3GY124A (Huthoff and Malim, 2007) possessed anti-
HIV activity as efficiently as the wild-type R88-A3G (Fig.
2A and B, compare d with c). This result provides evidence
that the fusion of a virion-targeting signal (R88) to
A3GY124A can rescue the antiviral activity of A3GY124A.

Two R88-A3G mutants, R88-A3GD128K and R88-
A3GP129A, showed significantly enhanced anti-HIV activi-
ties compared with R88-A3Gwt. The infection was almost
completely blocked when the infecting virus was produced
from R88-A3GD128K– or R88-A3GP129A–expressing cells
(Fig. 2A and B, e and f). This result was expected because the
two mutants have been shown to be resistant to inhibition by
Vif (Mangeat et al., 2004; Schrofelbauer et al., 2004; Xu et al.,
2004; Huthoff and Malim, 2007). Moreover, our data indicate
that wild-type R88-A3G is not fully Vif resistant, and that
introducing D128K or P129A into R-A3G could almost
completely inhibit HIV-1 replication by overcoming the

blockage of Vif. These results indicate that R88-A3GD128K
and R88-A3GP129A are potent antiviral molecules.

Intracellular localization and virion incorporation
of different R88-A3G mutants

The results discussed above show that different R88-A3G
mutants possess varying anti-HIV activities. To better un-
derstand the mechanism underlying the actions of these
mutants, we investigated their intracellular localization and
virion incorporation. Previous studies showed that A3G lo-
calized predominantly to the cytoplasm and that the single aa
substitutions within the region from aa 113 to 128 did not
affect the cytoplasmic localization of A3G (Stenglein et al.,
2008). Because A3G was fused to a HIV-1 Vpr peptide, a
karyophilic protein that is predominantly localized in the
nucleus (Lu et al., 1993; Yao et al., 1995b), we examined whe-
ther this fusion strategy changed the intracellular distribution
of different A3G mutants. Each R88-A3G mutant was trans-
fected into HeLa cells, and their intracellular localization was
analyzed by an anti-A3G immunofluorescence assay. In par-
allel, an HA-tagged A3G expressor (Ao et al., 2008) was also
transfected into HeLa cells as a control. The results show that
HA-A3G was evenly distributed in the cytoplasm (Fig. 3A).
Similarly, wild-type R88-A3G and all R88-A3G mutants were
predominantly localized in the cytoplasm (Fig. 3A). These
results indicate that fusing R14-88 with A3G did not affect the
intracellular localization of the fusion protein.

To examine the encapsidation of R-A3G mutants into the
virus in the presence of HIV Vif, we transfected 293T cells with
the HxBru-Vifþ provirus and either the wild-type or mutant
(D128K, P129A, or E259Q) CMVin-R88-A3G plasmids. At
48 hr post-transfection, viral particles were collected and con-
centrated by ultracentrifugation through a 20% sucrose cush-
ion. Similar amounts of each virus (adjusted by the amount
of HIV p24) were lysed and directly loaded onto a 12%

FIG. 2. The inhibitory effects
of R88-A3G mutants on Vifþ

virus infectivity. Viruses were
produced from 293T cells
transfected with 3mg of HIV-1
pNL4.3-GFP or co-transfected
with 4 mg of a R88-A3Gwt/
mutant expressor. Equal
amounts of produced viruses
(as adjusted by the Gag-p24
level) were used to infect
CD4þ C8166 T cells. At 72 hr
post-infection, the percentage
of infected (green fluorescent
protein [GFP]-positive) cells
was measured by fluorescence-
activated cell sorter (FACS)
analysis. (A) Representative
FACS profiles. (B) Mean per-
centages of infected cells from
each cell line (a–g) with stan-
dard errors are the results for
duplicated samples from the
experiment.
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SDS-PAGE gel. The virion-associated R88-A3G and Gag-p24
proteins were detected by Western blotting with rabbit anti-
A3G and mouse anti-p24 antibodies. Consistent with our
previous observations (Ao et al., 2008), a significant amount of
R88-A3Gwt was shown to be packaged into Vifþ HIV-1 viri-
ons (Fig. 3B, left panel, lane 2). Interestingly, the R88-
A3GD128K and R88-A3GP129A mutants that are resistant to
Vif-mediated degradation (Fig. 1B) were incorporated into
viruses at much higher levels compared with wild-type R88-
A3Gwt (Fig. 3B, left panel, compare lanes 3 and 4 with lane 2).
The virion-incorporation level of the cytidine deaminase–de-
ficient mutant R88-A3GE259Q was similar to that of wild-type
R88-A3G (Fig. 3B, left panel, lane 5). These data indicate that
one explanation for the remarkable anti-HIV activities of R88-
A3GD128K and R88-A3GP129A (as shown in Fig. 2B) arises
from their high levels of virion incorporation.

Expression of R88-A3GP129A in CD4þ

C8166 T cells effectively blocks HIV-1
replication and spread

The results from the above-mentioned experiments
showed that R88-A3GD128K and R88-A3GP129A exhibited
the most effective antiviral activity when they were tran-
siently over-expressed in HIV-producing 293T cells. To

determine how these mutants affect HIV replication and
spread when expressed in CD4þ T cells, we generated
CD4þ T-cell lines that stably expressed a low level of
R88-A3G and R88-A3GP129A through a lentiviral vector
system as previously described (Ao et al., 2008). Briefly, the
CD4þ C8166 T cells were subsequently transduced with an
equal amount of R88-A3G– and R88-A3GP129A–expressing
vector particles (300 ng of Gag-p24), as described in Ma-
terials and Methods, and selected with puromycin (0.5 mg/
ml). Two C8166 T-cell lines that stably expressed R88-
A3Gwt or R88-A3GP129A were obtained. The expression
of the fusion protein was detected by monitoring virion-
incorporated R88-A3Gwt or R88-A3GP129A protein from
highly concentrated HxBru-Vifþ viruses produced in these
two cell lines (data not shown). We were unable to obtain
cells containing R88-A3GD128K due to the extremely
strong inhibitory effect of R88-A3GD128K on lentiviral
vector transduction efficiency. Prior to examining the ef-
fects of the R-A3Gwt/mutant on HIV replication, we
evaluated the cell growth, cell cycle profile, and CD4 re-
ceptor expression on the cell surface as described previ-
ously (Ao et al., 2008). The results showed that cell growth
and the cell cycle profiles did not significantly differ in
R88-A3Gwt, R88-A3GP129A, or empty vector–transduced
C8166 T-cell lines (Fig. 4A and B). In addition, equivalent

FIG. 3. Intracellular localization and virion
incorporation of different R88-A3G mutants.
(A) HeLa cells were transfected with equal
amounts of HA-A3G or R88-A3Gwt/mutant
plasmid DNA. Forty-eight hours post-
transfection, cells were fixed and treated with
rabbit anti-A3G polyclonal antibody followed
by incubation with fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit antibody and
observed by fluorescence microscopy (�20
objective). (B) 293T cells were transfected
with HxBru-Vifþ (3mg; lane 2) or co-transfected
with HxBru-Vifþ and 2mg of R88-A3Gwt/
mutant (D128K, P129A, or E259Q; lanes 3
to 6). After 48 hr, the produced virus parti-
cles were collected from the supernatant
by ultracentrifugation through a 20% sucrose
cushion. The virus lysate samples were loa-
ded onto a 12% SDS-PAGE gel and analyzed
by Western blotting with rabbit anti-A3G and
anti-p24 antibodies, as indicated. The result
shown is representative of two independent
experiments.
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levels of the surface CD4 receptor were detected on these
stable cell lines (Fig. 4C).

To determine whether the R88-A3GP129A–transduced
C8166 T cells exerted inhibitory effects on HIV-1 infection,
we infected R88-A3Gwt, R88-A3GP129A, and empty vector–
transduced C8166 T-cell lines in parallel with equal amounts
of pNL4.3-GFP virus (Ao et al., 2008). Viral replication was
monitored by measuring the level of the HIV-1 Gag-p24
antigen in the supernatant for a 24-day period (Fig. 5A). In
addition, the presence of HIV-1–infected cells (GFP-positive)
at day 6 was determined using fluorescence microscopy (Fig.
5B). The results showed that the empty vector control cell
line supported Vifþ pNL4.3-GFP virus replication, which
peaked after 6 days of infection. In the R-A3Gwt–transduced
cell line, Vifþ pNL4.3-GFP robust virus replication began at
day 12 and peaked at day 16 (Fig. 5A and B). Interestingly,
no HIV-1 replication was detected during the 24 days of
observation in cells expressing R88-A3GP129A (Fig. 5A and
B). These data indicate that R88-A3GP129A expressed in
highly susceptible CD4þ T cells was capable of providing
long-term inhibition of Vifþ HIV-1 replication.

To further test the effect of R88-A3Gwt and R88-
A3GP129A on HIV transmission, the supernatant from the
initial infection culture (passage 1) was collected at 72 hr
post-infection. Similar volumes (1 ml) of infectious superna-
tants were used to infect normal (Fig. 5C, upper panel) or
fresh R88-A3Gwt– or R88-A3GP129A–expressing C8166 T
cells (Fig. 5C, lower panel). After infection, we performed an
HIV-1 p24 ELISA to determine the infectivity of the progeny
virus by measuring HIV-1 Gag-p24 levels in the supernatants
from the corresponding cultures at days 7 and 11 post-
infection. The results show that the infectivity of the progeny

virus from R88-A3Gwt–transduced cells was reduced ap-
proximately fivefold compared with the virus from empty
vector–transduced cells in normal C8166 cells (passage 2; Fig.
5C, upper panel). However, when the viral infection was
carried out in freshly R88-A3Gwt–transduced cells (passage
2; Fig. 5, lower panel), no infection was detected until day
11. Interestingly, there were no escaped infectious viruses
produced in R88-A3GP129A–expressing cells at passage 1.
Therefore, no infection was observed at passage 2 post-
infection in either normal or freshly R88-A3GP129A–
transduced cells (passage 2; Fig. 5C). Taken together, these
results further demonstrate that the presence of R88-A3G in
CD4þ T cells significantly inhibited HIV infection, and that
R88-A3GP129A was able to completely block HIV infection
and spread in CD4þ C8166 T cells.

R88-A3GP129A inhibits HIV-1 replication
in human PBMCs and macrophages

Human CD4þ T cells and macrophages are the main HIV-1
infection target cells in vivo. Thus, it is important to introduce
R88-A3GP129A in these primary cells and test its inhibitory
effect on HIV infection. Because the low efficient lentiviral
vector-mediated introduction of R88-A3GP129A into these
primary cells poses a significantly obstacle, we utilized an
adeno-associated viral (AAV2/5) vector to introduce the R88-
A3GP129A gene into primary PBMCs and macrophages be-
cause previous studies showed that the production and
transduction of the AAV vector were not inhibited by A3G
(Chen et al., 2006; Narvaiza et al., 2009). To produce AAV2/
5-expressing R88-A3GP129A, we first replaced the lacZ gene
in an AAV2-lacZ vector (Auricchio et al., 2001; Bello et al.,

FIG. 4. Generation and bio-
logical characterization of CD4þ

T cells stably expressing R88-
A3GP129A. C8166 T cells
(0.5�106) were transduced with
an empty vector (pYEF1-MCS)
or lentiviral vectors containing
either R88-A3Gwt (pYEF1-R88-
A3Gwt) or R88-A3GP129A
(pYEF1-R88-A3GP129A) and
selected with 0.5 mg/ml puro-
mycin to produce puromycin-
resistant cell populations. (A)
To assess the growth of vector-
and R88-A3Gwt/mut-transduced
C8166 T cells, a cell prolifera-
tion reagent WST assay was
performed to determine the cell
viability at several time points.
(B) The cell-cycle profiles of
vector- and R88-A3G–trans-
duced C8166 T cells were ana-
lyzed by staining with 30mg/ml
of propidium iodide followed
by flow cytometry to measure
cellular DNA content. (C) CD4
receptor expression levels in
vector- and R88-A3Gwt/mut–
transduced C8166 T cells were
analyzed by anti-CD4 staining
and a flow cytometry assay.
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2009) with a cDNA encoding R88-A3GP129A (Fig. 6A).
AAV2/5-lacZ- and AAV2/5-R88-A3GP129A particles were
subsequently produced by transfecting 293T cells with AAV2-
lacZ or AAV2-R88-A3GP129A, the pACK2/5 packaging
plasmid, and the helper plasmid pAd.DELTA F6. The re-
combinant AAV2/5 vector particles were collected, purified
by cesium chloride gradients and titrated by TaqMan PCR as
previously described in the Material and Methods section. To
test whether AAV2/5 could transduce C8166 T cells, human
PBMCs, and macrophages, we transduced these cells with the
AAV2/5-R88-A3GP129A vector (106 vp/cell). After 3 days,
R88-A3GP129A and the total cellular A3G mRNA levels were
quantified by reverse transcription followed by PCR (Fig. 6B)
and by the real-time PCR analysis (Fig. 6C). The results
showed that R88-A3GP129A–specific mRNA was detected in
PBMCs and in macrophages (Fig. 6B, middle and lower
panels), and the data from quantitative real-time PCR re-
vealed that the R88-A3GP129A mRNA level was approxi-
mately 23% of the total A3G mRNA level in PBMCs (Fig. 6C,
upper panel). Interestingly, the R88-A3GP129A mRNA level
in macrophages reached nearly 40% of the total A3G mRNA
level (Fig. 6C, lower panel). These results indicate that by
using AAV2/5 vector transduction, R88-A3GP129A can be
efficiently introduced into primary PBMCs and macrophages.
Moreover, by using Western blot with an anti-A3G antibody,
we could directly detect R88-A3GP129A fusion protein and its
cleaved product, A3GP129A, in HIV progeny viruses pro-
duced from AAV2/5-R88-A3GP129A–transduced C8166 T
cells infected with HIV-1 (Fig. 6B, upper panel).

We next tested whether AAV2/5-R88-A3GP129A–
transduced C8166 T cells and human PBMCs were resistant

against HIV-1 infection. First, we transduced C8166 T cells
and phytohemaglutinin-stimulated human PBMCs with
AAV2/5-R88-A3GP129A or AAV2/5-lacZ particles (106 vp/
cell) for 3 days. The cells were subsequently infected with
equal amounts (adjusted by amounts of HIV Gagp24) of
T-tropic HIV-1 (pNL4.3–GFP). At days 3 (for C8166 T cells)
or 6 (for PBMCs), supernatants were collected and the HIV-1
replication level was monitored by measuring HIV-1 Gagp24
antigen levels. The results show that in both R88-
A3GP129A–expressing C8166 T cells and human PBMCs,
HIV-1 replication was reduced approximately two- to
threefold compared with that in AAV2/5-lacZ–transduced
cells (Fig. 7A and B).

To further test the effect of R88-A3GP129A on HIV repli-
cation in macrophages, we transduced macrophages from
two different donors with the same AAVs. After 3 days, the
transduced cells were infected with a macrophage-tropic
pNL4.3-Bal virus as previously describe (Bishop et al., 2006;
Miyagi et al., 2007; Ao et al., 2010). At different time points
after infection, supernatants from each infected cell culture
were collected, and the viral infection level was monitored
using an anti-p24 ELISA. The data from Fig. 7C show that
HIV-1 replication was inhibited in AAV2/5-R88-A3GP129A–
transduced macrophages. From donor 1, HIV-1 replication in
AAV2/5-lacZ–transduced macrophages peaked at days 8 to
12, while in AAV2/5-R88-A3GP129A–transduced macro-
phages, HIV-1 infection peaked at day 8, while viral repli-
cation was reduced by approximately 40%. Of interest, after
8 days of infection, the HIV-1 infection level in AAV2/5-R88-
A3GP129A–transduced macrophages rapidly decreased to a
low level (Fig. 7C, left panel), suggesting that either HIV-1

FIG. 5. The R88-A3GP129A–
transduced CD4þ C8166 T cells
significantly inhibited HIV-1
infection. Equal amounts of
pNL4.3-GFP virus were used
to infect vector-, R88-A3Gwt-,
or R88-A3GP129A–transduced
C8166 cell lines. (A) At different
time points, virion-associated
Gag-p24 antigen levels in the
supernatant were measured by
anti-p24 ELISA. (B) After 6
days of infection, the numbers
of infected (GFP-positive) cells
were visualized under fluores-
cence microscopy. (C) Identical
volumes of 72-hr infectious su-
pernatants were used to infect
nontransduced (upper panel)
or transduced C8166 cells
(lower panel; passage 2). Levels
of HIV-1 Gag-p24 antigen in
supernatants from passage 2
were then measured by an HIV
p24 ELISA assay at days 7 and
11 post-infection. The result
shown is representative of
two independent experiments.
Means with standard errors
were calculated from the du-
plicated samples from one ex-
periment.
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infection could not persist or the progeny virus were unable
to initiate efficient subsequent infections. In macrophages
from donor 2, HIV-1 infection was significantly less pro-
ductive (approximately 10-fold decrease in HIV Gagp24
production) than that in macrophages from donor 1 (Fig. 7C,
compare right panel with the left panel). Interestingly, in
AAV2/5-R88-A3GP129A–transduced macrophages, it ap-
peared that HIV-1 could not initiate a productive infection
up to 15 days (Fig. 7C, right panel). All of these results in-
dicate that AAV2/5-mediated introduction of R88-
A3GP129A in primary PBMCs and macrophages are suffi-
cient to inhibit HIV-1 infection.

Discussion

In this study, we investigated the anti-HIV activity of
different R88-A3G mutant fusion proteins including the A3G
virus-packaging mutant Y124A, the deaminase-defective
mutant E259Q, and the Vif-binding mutants D128K and
P129A. We showed that, while all R-A3G mutants could be
efficiently incorporated into Vifþ HIV-1 particles, the highest
virion-incorporation levels were observed for R88-
A3GD128K and R88-A3GP129A mutants because of their

resistance to Vif-mediated degradation. In addition, the re-
sults show that A3G deaminase activity was required for
R88-A3G antiviral activity. Most importantly, we demon-
strated that introducing R88-A3GP129A into CD4þ C8166 T
cells, PBMCs, and macrophages through AAV2/5-mediated
transduction could significantly inhibit HIV-1 infection. All
of these data provide further evidence for a potent A3G-
based gene therapy approach to inhibit HIV-1 infection.

In the absence of HIV Vif, A3G can be efficiently incorpo-
rated into viral particles and interrupt HIV infectivity by in-
troducing dC-to-dU mutations in the minus viral DNA strand
during reverse transcription in target cells (Harris et al., 2003;
Lecossier et al., 2003; Mangeat et al., 2003; Mariani et al., 2003;
Zhang et al., 2003). Although the cytidine deaminase activity
mediated by A3G plays an important role in restricting HIV-1
infection, the deaminase-independent antiviral activity of
A3G remains controversial. Several studies have suggested
that the antiviral function of A3G can be dissociated from its
cytidine deaminase activity (Shindo et al., 2003; Newman et al.,
2005; Bishop et al., 2006). However, other studies have shown
that a specific deaminase-defective mutant of A3G, E259Q,
has little or no antiviral activity (Navarro et al., 2005; Miyagi
et al., 2007; Schumacher et al., 2008; Browne et al., 2009). To

FIG. 6. AAV2/5 vectors de-
liver R88-A3GP129A into C8166
T cell, human PBMCs, and
macrophages. (A) Structures
of AAV2/5CMV-transgene
vectors. AAV2/5CMV-R88-
A3GP129A vector plasmids
were constructed by sub-
stituting the lacZ gene with
R88-A3GP129A between the
cytomegalovirus (CMV) pro-
moter and the poly(A) se-
quence. The entire vector
DNA is flanked by the AAV2
inverted terminal repeats
(ITRs). (B) C8166 cells were
transduced with AAV2/
5CMV-lacZ or AAV2/5CMV-
R88-A3GP129A vectors at 106

vp/cell. Seventy-two hours
after transduction, cells were
infected with the pNL4.3-GFP
HIV virus (multiplicity of in-
fection of 1). Seven days after
infection, viruses were pel-
leted from the supernatant,
lysed, and loaded onto a 10%
SDS-PAGE gel and analyzed
by Western blotting using an
anti-A3G polyclonal antibody
(upper panel). Total RNA
was isolated from AAV2/
5CMV-lacZ or AAV2/5CMV-
R88-A3GP129A–transduced
human PBMCs and macrophages 72 hr after transduction. The samples were analyzed by reverse-transcription polymerase
chain reaction (RT-PCR) for the presence of R88/A3GP129A mRNA. As a positive control (PC), the AAV2/5CMV-R88/
A3GP129A plasmid was used as a template. (C) Quantitative real-time PCR analysis to determine R88-A3GP129A mRNA
expression level. Cellular mRNA was extracted from PBMCs and macrophages, and subjected to reverse transcription. The
reverse-transcribed DNA from each sample was then amplified by real-time PCR to quantify R88-A3GP129A (R-A3G) and
the total A3G (A3G) mRNA levels. The total A3G mRNA level was arbitrarily set at 100%. The result is a representative of
two independent experiments.
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exclude the possibility that E259Q could impair the virus-
packaging ability of A3G, we introduced E259Q into R88-A3G
and tested its virus incorporation and antiviral activity. Our
results indicate that although this fusion protein was effec-
tively incorporated into viruses (Fig. 3), it did not exhibit any
antiviral effect (Fig. 2). These data suggest that the anti-HIV
activity of R88-A3G is deaminase dependent.

A previous study identified a 4-aa region (residues

124YYFW127) immediately adjacent to the Vif-binding site
(128DPD130) as being a critical region for A3G virion
incorporation (Huthoff and Malim, 2007). Moreover, the
authors showed that the mutant Y124A located in this region
lost its anti-HIV activity, presumably due to its inability to be
targeted into the virus. In the present study, we fused this
A3G Y124A to the R88 peptide and found that the anti-HIV
activity of this fusion protein was rescued to a similar level as
the wild-type R88-A3G (Fig. 2). These data indicate that R88
is sufficient to compensate for the virus-packaging defect of
A3G (Fig. 2B), and that the Y124A mutation does not affect
the antiviral property of R88-A3G. Of note, approximately
275 Vpr molecules were estimated to be incorporated into
each HIV-1 particle (Muller et al., 2000), but only 0.3 to 0.8
active A3G molecules were present in each Vifþ particle and
four to nine A3G molecules were present in Vif– particles (Xu
et al., 2007; Nowarski et al., 2008; Browne et al., 2009). Thus, it
is expected that R88 is capable of delivering R88-A3GY124A
into HIV particles and fully rescuing its antiviral effect. An-
other interesting observation in this study was that, while the
R88-mediated virion incorporation pathway of R88-A3Gwt
could overcome the blocking effect by Vif, the encapsidation
of R88-A3Gwt was still significantly affected by the presence

of Vif (Fig. 3B). This is due to R88-A3Gwt remaining sensi-
tive to Vif-mediated degradation, which results in a rela-
tively low level of intracellular R88-A3G that is available for
viral encapsidation. Fortunately, this defect in R-A3Gwt can
be compensated for by introducing the Vif-binding muta-
tions D128K or P129A into this fusion protein. Our results
demonstrate that the virion incorporation levels of R88-
A3GD128K and R88-A3GP129A were significantly higher
than that of R88-A3Gwt (Fig. 3B). In the present study, we
also compared the antiviral activities of wild-type R88-
A3Gwt and the different mutants and found that fusing R88
to A3Gwt could not completely inhibit viral replication, and
R88-A3GD128K and R88-A3GP129A exhibited a much
stronger anti-HIV effect compared with R88-A3Gwt (Figs. 2
and 4). Although these two Vif-binding–defective mutants
were efficiently incorporated into the virus, we still could not
conclude that their remarkable anti-HIV activity could be
attributed to higher levels of virion incorporation. If HIV Vif
located within the virus could directly interfere with A3G’s
biological activity, then one would expect that the action of
R88-A3GD128K and R88-A3GP129A would not be affected
by Vif. Indeed, a previous study provided evidence that the
production of infectious Vifþ virus does not depend on the
reduced level of A3G from virus-producing cells (Kao et al.,
2004), suggesting that the Vif present in the virus may di-
rectly interfere with A3G’s biological activity. Interestingly,
Santa-Marta et al. (2005) also showed that HIV Vif can di-
rectly inhibit A3G-mediated hypermutation in bacteria. Be-
cause no ubiquitin-proteasome system is present in bacteria,
these observations argue in favor of a direct effect of Vif on
the enzymatic activity of A3G.

FIG. 7. AAV2/5CMV-R88-
A3GP129A–transduced CD4þ

C8166 T cells, human PBMCs
(hPBMCs), and macrophages
were significantly resistant to
HIV-1 replication. (A) C8166
cells, (B) phytohemaglutinin
(PHA)-stimulated human
PBMCs, and (C) macrophage
colony-stimulating factor (M-
CSF)-stimulated human mac-
rophages (donor 1 and 2) were
transduced with AAV2/
5CMV-lacZ or AAV2/5CMV-
R88-A3GP129A vectors for
72 hr and infected with
pNL4.3-GFPþ, nevirapine-
resistant HIV-1, or the pNL4.3-
Bal virus strain. At different
time points after infection, the
supernatants from the infected
cell cultures were collected,
and viral replication was
monitored by measuring the
level of the HIV-1 Gag-p24
antigen. The result shown is
representative of two inde-
pendent experiments. Means
with standard errors were
calculated from the results of
duplicated samples from one
experiment.
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To further explore the feasibility of using this approach as
a gene therapy strategy, we first introduced R88-A3Gwt and
R88-A3GP129A into CD4þ C8166 T cells using a lentiviral
vector followed by puromycin selection. The selected cell
lines were subsequently used to test the effect of these fu-
sions on HIV-1 replication and spread. Our results show that
the presence of R88-A3Gwt was sufficient to attenuate virus
replication; however, after 12 days, the virus started to repli-
cate again (Fig. 4). Intriguingly, in R88-A3GP129A–expressing
CD4þ T cells, HIV-1 infection was completely blocked, and
no sign of viral infection during the 24-day period could be
detected. These results clearly demonstrate that introducing
R88-A3GP129A in CD4þ T cells efficiently inhibits HIV
replication, although the long-term effect of the expression
of this mutant requires further investigation. We still cannot
exclude the possibility that HIV-1 could develop resistance
against the antiviral effect of R88-A3GP129A because pre-
vious work has shown that changes in aa 14 to 17 of Vif
could modify its interaction with A3GD128K and inhibit the
activity of the mutant (Schrofelbauer et al., 2006). However,
it would be very difficult for the HIV to develop simulta-
neous resistance against the actions of both R88 and
A3GP129A. This is a very interesting question and is cur-
rently under further investigation.

Another important question is how to introduce the R88-
A3G fusion protein into human PBMCs and macrophages to
investigate its impact on HIV replication. Lentiviral vectors
cannot be used for this purpose because vector transduction
efficiency is extremely low in the presence of R88-A3G.
Therefore, we used an AAV vector system, which is cur-
rently the only nonpathogenic viral vector that can transduce
genes into a number of tissues and cells, including dendritic
cells, PBMCs, and macrophages, without causing toxicity. In
addition, the AAV vector system may direct long-term ex-
pression (Flotte et al., 1993; Herzog et al., 1997; During et al.,
1998; Fan et al., 1998; Lewin et al., 1998; Ponnazhagan et al.,
2001; Xin et al., 2002). Importantly, two previous studies have
shown that the production and transduction of AAV are not
affected by the presence of A3G (Chen et al., 2006; Narvaiza
et al., 2009), which makes it an ideal vector to deliver R88-
A3G into primary cells. Indeed, our results show that
AAV2/5 was able to quite efficiently introduce R88-
A3GP129A into human PBMCs and macrophages. The
quantitative real-time PCR analysis revealed that the R88-
A3GP129A mRNA level was approximately 23% of total
A3G mRNA level in PBMCs and reached nearly 40% of the
total A3G mRNA level in macrophages (Fig. 6B and C).
Therefore, it is conceivable that an AAV2/5-R88-A3GP129A
vector system can provide protection against HIV-1 infec-
tion. Interestingly, a recent study has shown that AAV5,
rather than AAV2, can more effectively transduce human
primary CD4þ T cells, macrophages, and dendritic cells (Xin
et al., 2006). Thus, it will be interesting to test whether AAV5
could also be more efficient than AAV2/5 in transducing
R88-A3G into primary PBMCs and macrophages and pro-
viding effective protection against HIV infection. Overall,
this study has provided evidence for the feasibility of using
an AAV-R88-A3G vector system as a gene therapy approach
to inhibit HIV infection and spread, particularly against HIV-
1 mucosal infection during sexual transmission. More studies
are required to characterize and optimize this anti-HIV gene
therapy approach.
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