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The human cytidine deaminase APOBEC3G (A3G) is a part of a cellular defense system against human
immunodeficiency virus type 1 (HIV-1) and other retroviruses. Antiretroviral activity of A3G can be severely
blunted in the presence of the HIV-1 protein Vif. However, in some cells expressing the enzymatically active
low-molecular-mass form of A3G, HIV-1 replication is restricted at preintegration steps, before accumulation
of Vif. Here, we show that A3G can be secreted by cells in exosomes that confer resistance to both vif-defective
and wild-type HIV-1 in exosome recipient cells. Our results also suggest that A3G is the major exosomal
component responsible for the anti-HIV-1 activity of exosomes. However, enzymatic activity of encapsidated
A3G does not correlate with the observed limited cytidine deamination in HIV-1 DNA, suggesting that
A3G-laden exosomes restrict HIV-1 through a nonenzymatic mechanism. Real-time PCR quantitation dem-
onstrated that A3G exosomes reduce accumulation of HIV-1 reverse transcription products and steady-state
levels of HIV-1 Gag and Vif proteins. Our findings suggest that A3G exosomes could be developed into a novel

class of anti-HIV-1 therapeutics.

APOBEC3 (A3) proteins belong to a family of cellular cyti-
dine deaminases that restrict replication of a variety of exog-
enous retroviruses and endogenous retroelements (10, 12, 17,
24, 30, 45, 57, 60). The most prominent member of this family,
APOBEC3G (A3G), has a potent activity against vif-deficient
human immunodeficiency virus type 1 (HIV-1) (63) but can
also function as a postentry restriction factor against wild-type
viruses (11, 48, 77). An antiretroviral function of A3G has been
linked with its DNA-editing activity (40, 59); however, recent
studies point to the existence of additional, editing-indepen-
dent activities of A3G that may contribute to its antiviral func-
tion (21, 43, 71). Anti-HIV-1 activity of A3G usually requires
its encapsidation into budding virions, a process mediated by
the viral nucleocapsid protein (1, 6, 16, 35, 58) and/or cellular
or viral RNAs (28, 72, 78, 83). However, encapsidation of A3G
into wild-type HIV-1 virions is severely impaired, reflecting, at
least partly, the action of the viral protein Vif, which targets
A3G for polyubiquitination and degradation by the 26S pro-
teasome (13, 27, 38, 64, 70, 82).

Identification of numerous cellular proteins commonly
found in HIV-1 virions and exosomes (9) and the evidence that
HIV-1 budding may occur, at least in some cells, through the
exosome release pathway (44) prompted us to investigate
whether A3G could be secreted by cells in association with
exosomes. In line with this supposition, we have observed that
a fraction of cellular A3G associates with multivesicular bod-
ies/late endosomes (1), organelles that release intraluminal
vesicles as exosomes after fusion with the plasma membrane
(14, 69, 74).

The biological role of exosomes is poorly understood. Exo-
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somes were originally described as vesicles removing unneces-
sary proteins from maturating reticulocytes (26). However, se-
cretion of morphogenic proteins (33) or adhesion and antigen
presentation molecules in association with exosomes (42, 52,
61, 62) suggested that these vesicles may play a role during
embryogenesis and in modulation of immune responses (39,
46, 65, 66, 68). In addition, exosomes concentrate several cel-
lular mRNAs and microRNAs (75) that may epigenetically
reprogram the recipient cells (15, 53, 54). Exosomes’ role in
pathogenesis may include tumor metastasis (20) and transmis-
sion of infectious agents including prions (19, 51, 76) and
HIV-1 (18, 79).

In the present study, we tested the hypothesis that A3G
secreted in exosomes can confer an antiviral phenotype to
target cells. We demonstrate that both endogenous and exog-
enous A3G can be secreted by cells in exosomes. Furthermore,
A3G-laden exosomes potently restrict replication of vif-defi-
cient and wild-type HIV-1 in recipient cells, which leads us to
speculate that exosomes may contribute to antiretroviral de-
fenses in vivo by exchanging A3G between cells.

MATERIALS AND METHODS

Cells. Jurkat, SupT1, and H9 cells and peripheral blood mononuclear cells
(PBMCs) were propagated in RPMI supplemented with 10% fetal calf serum
(FCS; Gemini Bio-Products) and gentamicin (50 pg/ml). HeLa and 293T cells
were cultivated in Dulbecco modified Eagle medium with 10% FCS and genta-
micin. PBMCs were obtained by Ficoll-Paque (Amersham) density centrifuga-
tion from several healthy blood donors (New York Blood Center). PBMCs were
depleted of monocytes by plastic adherence and stimulated for 3 days with
phytohemagglutinin (PHA) L (2 pg/ml; Roche Applied Science) in RPMI sup-
plemented with 10% FCS and gentamicin. Activated PBMCs were washed and
resuspended in fresh medium with interleukin-2 (IL-2; 20 U/ml; Roche Applied
Science). After 48 h, the cells were used in experiments.

Virus preparation. Virus stocks were prepared by transfecting 293T cells with
HIV-1 plasmid DNA by using PolyFect reagent (Qiagen). Culture supernatants
were collected after 48 h, centrifuged to remove cell debris, filtered through an
0.45-pm filter, and concentrated by ultracentrifugation through a cushion of 20%
sucrose in phosphate-buffered saline (PBS). The pelleted virus was resuspended
in RPMI with 10% FCS, aliquoted, and stored at —80°C. Virus titer was deter-
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mined by the reverse transcriptase (RT) activity assay (50). For PCR analysis,
virus preparations were treated with DNase I (200 U/ml) for 1 h at room
temperature.

Virus entry assay. The virus entry assay was performed as described previously
(31, 56). SupT1 cells (1 x 10°) were incubated at 37°C for 90 min with HIV-1
NL4-3 (5 RT cpm/cell) with encapsidated Nef-luciferase fusion protein. After
being washed three times with ice-cold PBS, the cells were resuspended in 0.1 ml
of luciferase substrate (Promega), and luciferase activity was measured in live
cells after 1 min using a Fluostar Optima plate reader. The effect of fusion
inhibitor was tested in cells pretreated for 1 h with T20 (1 wg/ml; NIH AIDS
Research and Reference Reagent Program).

Viral infectivity assay. Viral supernatants were harvested on day 3 posttrans-
fection, centrifuged to remove any cellular debris, and kept at —80°C. The assay
was performed using HeLa-CD4-long terminal repeat (LTR)-B-galactosidase
(B-Gal) cells (29) according to the protocol (NIH AIDS Research and Reference
Reagent Program; catalog no. 1470). Viral inoculum was standardized by RT
assay.

Apoptosis assay. Early apoptotic events in cells exposed to exosomes were
investigated using the Image-iT live green polycaspases detection kit (Invitro-
gen). An assay was performed according to the manufacturer’s specifications
(Invitrogen).

Exosome isolation protocol. Cells were grown in culture medium supple-
mented with 10% FCS and depleted of endogenous exosomes. All procedures
were performed at 4°C. Exosome-depleted media were prepared by 16 h of
ultracentrifugation of culture medium supplemented with 50% FCS at 100,000 X
g and filtration through a 0.2-pm filter. Culture supernatants were collected every
24 h and were first centrifuged at 300 X g for 10 min to pellet cells. Cell debris
was removed by centrifugation at 2,000 X g for 15 min followed by 30 min of
centrifugation at 10,000 X g. The clarified supernatant was filtered through an
0.2-pm filter and ultracentrifuged at 100,000 X g using an SW32 rotor to pellet
exosomes. Exosomes were washed by resuspension in 10 ml of PBS and pelleting
for 1 h at 100,000 X g using a SW41 rotor. The final pellet was resuspended in
30 to 50 wl of PBS and frozen at —80°C. For further purification, exosomes were
mixed with 2 ml of 2.5 M sucrose in PBS and placed on the bottom of a SW41
centrifuge tube, overlaid with 6 ml 2 M sucrose and 3 ml 0.25 M sucrose, and
ultracentrifuged for 16 h at 100,000 X g. The purified exosomes accumulating at
the 2 M/0.25 M interface were collected, diluted in PBS, and pelleted by ultra-
centrifugation at 100,000 X g for 30 min. Pelleted exosomes were resuspended in
PBS and used immediately or kept at —80°C. Protein concentrations of exosome
preparations were determined using the micro-bicinchoninic acid protein assay
(Thermo Scientific). On average, we have recovered about 0.32 pg of total
proteins in exosomes secreted by 10° cells during a 24-h period.

Exosome treatment and cell infections. A total of 1 X 10° cells were treated
with exosomes (10 pg/ml unless otherwise stated) for 16 h, washed, and infected
for 3 h with an RT-standardized amount of HIV-1 (5 RT cpm/cell) in 1 ml of
RPMI medium supplemented with 10% FCS. After two washes to remove
unbound virus, exosomes (10 pg/ml) were added and cells were cultured for the
indicated period of time. Virus replication was monitored by virion-associated
RT activity released to the medium (50). Fifty microliters of culture medium was
collected daily for RT assay and replaced with fresh culture medium.

Exosome deaminase activity assay. Exosomes (20 pg protein) were suspended
in 25 pl of deaminase buffer (40 mM Tris, pH 8.0, 40 mM KCI, 50 mM NacCl, 5
mM EDTA, 1 mM dithiothreitol, 2% glycerol, 0.1% Triton X-100) with a 5'-
biotin-labeled oligonucleotide substrate (50 ng) and incubated at 37°C for 5 h.
The reactions were terminated by heating the reaction mixtures to 90°C for 5 min
followed by adding 25 ul of 60 mM Tris, pH 8.0, with 1 mM dithiothreitol and
then incubating them with uracil DNA glycosylase (0.5 U; Roche Applied Sci-
ence) for 30 min at 37°C. Subsequently, the samples were treated with 0.15 M
NaOH (by adding 0.75 pl of 10 M NaOH) at 37°C for 30 min. Products were
neutralized with 0.15 M HCI (by adding 0.7 wl concentrated HCI) and mixed with
2X gel loading buffer, and 40 pl of the mixture was separated on a 15% Tris-
buffered EDTA-urea polyacrylamide gel, transferred to a zeta-probe membrane
(Bio-Rad), and detected by chemiluminescence with streptavidin-horseradish
peroxidase (1:50,000 dilution; Sigma). 5'-Biotin-labeled oligonucleotides (In-
vitrogen) used in this assay were as described previously (7): 60-nucleotide (nt)
CCC, GAG GAA GGG AAG AAA GAG AAA GGG AGA CCC AAA GAG
GAA AGG TGA GGA GGT TAA TTT GTG (A3G target site is underlined),
and 60-nt TAA (negative control); in this oligonucleotide, the A3G target se-
quence CCC is changed into TAA.

Exosome labeling, internalization, and confocal microscopy. Exosomes were
labeled at room temperature in a SW41 centrifuge tube using the PKH67 kit
(Sigma-Aldrich) according to the manufacturer’s instructions. Briefly, 10 pg of
exosomes in PBS was resuspended in 1 ml of diluent C, mixed with freshly
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prepared PKH67 in diluent C at a final concentration of 5 X 107¢ M, and
incubated for 3 min. Labeling was stopped by addition of an equal volume of
exosome-free FCS for 1 min, followed by the addition of exosome-free RPMI-
10% FCS to fill up the centrifuge tube and ultracentrifugation for 30 min at
100,000 X g. After two additional washes in exosome-free RPMI-10% FCS by
ultracentrifugation, the exosomes were resuspended in 100 wl of RPMI with 10%
FCS. Alternatively, exosomes containing green fluorescent protein (GFP)-A3G
were purified from culture supernatants of 293T cells transiently transfected with
GFP-A3G expression vector. Exosomes labeled with fluorescent PKH67 or GFP-
A3G (10 pg/ml) were added to HeLa cells growing on two-well Lab-Tek II
chamber microscope slides (Nalgene Nunc International) and incubated at 37°C
for 2 h. The medium with exosomes was replaced with medium supplemented
with transferrin-Alexa 594 (5 wg/ml) or LysoTracker (50 nM) (Invitrogen) for 30
min. The cells were washed three times with PBS, fixed in 4% paraformaldehyde
for 15 min at room temperature, washed three times with PBS, mounted with
ProLong antifade reagent (Invitrogen), and observed under a laser scanning
confocal microscope (Nikon TE2000).

Electron microscopy. Exosomes purified on a sucrose gradient (10 wl in PBS)
were dropped onto a sheet of Parafilm, and Formvar-carbon coated grids were
floated for 1 min at room temperature to adsorb exosomes, washed in PBS, fixed
with 2% paraformaldehyde, washed with PBS, negatively stained with 1% phos-
photungstic acid for 30 s, and viewed using a JEOL transmission electron mi-
croscope at 80 kV. For immunogold labeling, grids with adsorbed fixed exosomes
were blocked with 4% bovine serum albumin or 1% cold-water fish skin gelatin
in PBS for 10 min, permeabilized with 0.02% Triton for 5 min, washed, and
incubated with primary antibody (1:50) in blocking solution for 30 min. After
extensive washing with blocking solution, the grids were incubated for 10 min
with protein A-gold conjugates (1:20), washed with PBS, fixed with 2.5% glutar-
aldehyde for 30 s, washed with PBS and water, stained for 30 s with 1% phos-
photungstic acid for 30 s, and observed under an electron microscope as de-
scribed above.

Detection of hypermutation in viral DNA. SupT1 cells (1 X 10° cells/ml) were
pretreated for 16 h with H9 exosomes (10 pg/ml) or were left untreated. The cells
were infected with DNase I-treated vif-negative HIV-1 (5 RT cpm/cell) for 4 h,
washed, and incubated with or without exosomes for 72 h. The cells were washed
with PBS and treated with DNase I (100 U/ml) at room temperature for 1 h, and
total DNA was isolated using the DNeasy kit (Qiagen). A 650-bp DNA fragment
encompassing part of the nef/3’-LTR region of HIV-1 was amplified with Plat-
inum Taq DNA polymerase (Invitrogen) using the primers HIV-1 F (5'-AGGC
AGCTGTAGATATTAGCCAC) and HIV-1 R (5'-GTATGAGGGATCTCTA
GCTACCA) (36). The PCR products were cloned into the TOPO TA cloning
vector pCR4 (Invitrogen). Plasmid DNA isolated from transformed bacteria was
sequenced and analyzed for mutations.

Quantitative analysis of HIV-1 reverse transcription products. SupT1 cells
(untreated or pretreated with H9 or SupT1 exosomes for 16 h) were washed and
infected for 3 h with 5 RT cpm/cell of DNase-treated NL4-3 AE-EGFP
pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) (84) or with
wild-type NL4-3 in the presence of protease inhibitors amprenavir and nelfinavir
(each 5 wM) to limit infection to a single cycle (5). After incubation, the cells
were washed and resuspended in RPMI-10% FCS at 1 X 10° cells/ml in 12-well
plates. At 0, 8, 24, and 48 h postinfection, equal aliquots of cells were collected
and washed with PBS, and total cellular DNA was isolated from the cells using
a DNeasy DNA isolation kit (Qiagen). The primers for the detection of early
reverse transcription (ERT), late reverse transcription (LRT), two-LTR circle
DNA, and glyceraldehyde-3-phosphate dehydrogenase have been described else-
where (4, 32, 55). Real-time PCR assays were performed on iCycler using iQ
Sybr Green Supermix (Bio-Rad). Reaction mixtures contained 250 nM (each)
forward and reverse primers with 60 to 100 ng template DNA in a final volume
of 25 pl. After initial incubation at 50°C for 2 min and 95°C for 10 min,
amplifications (40 cycles) were performed at 95°C for 15 s and 60°C for 1 min. All
analyses were performed at least three times with triplicate samples in each
experiment.

Construction of vector expressing Nef-luciferase fusion protein. Nef coding
sequences were amplified from p96ZM651nef-opt by using primers Kpnl-nef
(5'-AGC TCG GTA CCA TGG GCG GCA AGT GGA GCA AG-3') and
HindIII-nef (5'-TGT CAA AGC TTG CAG TCC TTG TAG TAC TCG GG-3').
The amplicon was cloned in frame in the N terminus of the firefly luciferase gene
in pSP luc™ NF fusion vector (Promega) in its Kpnl and HindIII restriction sites.
The Nef-Luc insert was cut out from the vector by Kpnl and EcoRI restriction
enzymes and subsequently recloned into pcDNA 3.1(+) expression vector (In-
vitrogen).

Western blot analysis, antibodies, and expression vectors. Proteins were sep-
arated on sodium dodecyl sulfate (SDS)-10% polyacrylamide gels and analyzed
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FIG. 1. A3G is released by H9 cells in association with exosomes.
(A) Discontinuous (0.25 M/2 M/2.5 M) sucrose gradient analysis of
exosomes secreted by CD4™ H9 cells. Cell lysates (30 pg) and fractions
collected from the top of sucrose gradient (50 wl) were separated by
SDS-polyacrylamide gel electrophoresis and analyzed by Western blot-
ting for the presence of A3G and exosome markers Alix, Tsgl01,
CD71, HSP90, and Rab proteins. Nonexosomal proteins calnexin (en-
doplasmic reticulum) and VDACI (mitochondrion) are detected in
cell lysates. (B) Analysis of exosome density in a sucrose gradient.
Fractions 3 to 5 from panel A were combined and subjected to an
equilibrium ultracentrifugation in a continuous sucrose gradient.
Equal fraction volumes (50 pl) were analyzed by Western blotting for
the presence of A3G and Alix. Fraction numbers and densities (g/ml)
are indicated.

as described previously (49). Antibodies for Western blotting were obtained as
follows: rabbit anti-Alix from H. Stenmark (Oslo, Norway) and rabbit anti-A3G
from K. Strebel (NIH). Antibodies against Tsgl01, CD71, CXCR4, HSP90,
calnexin, VDACI, and B-actin were from Santa Cruz Biotechnology. Monoclo-
nal antibodies against HIV-1 p24, Vif, and Nef and Nef expression vector
p96ZM651nef-opt were obtained through the NIH AIDS Research and Refer-
ence Reagent Program, Division of AIDS, NIAID, NIH.

Plasmids expressing vif-negative NL4-3 and A3G-HA were obtained from K.
Strebel (NIH), and vectors pPDON/EGFP (coding for GFP) and pDON/EGFP-
CEMI15 (coding for GFP-A3G) were obtained from A. Takaori-Kondo (Kyoto,
Japan).

Statistical analysis. All experiments were repeated at least three times with
similar results. The variation in one experiment was expressed by calculating
standard deviation (SD) from the triplicates and presented as the mean
value + SD.

RESULTS

A3G is released by cells in association with exosomes. Exo-
somes prepared from culture supernatants of A3G-expressing
H9 CD4™" T cells were subjected to sucrose gradient ultracen-
trifugation, and the protein composition of collected fractions
was analyzed by Western blotting (Fig. 1A). Most of A3G
floated in a sucrose gradient and accumulated at the 2.0 M/0.25
M sucrose interface together with markers specific for exo-
somes including Alix, Tsgl101, CD71, HSP90, and Rab pro-
teins. Markers for endoplasmic reticulum (calnexin) or mito-
chondria (VDACT) were undetectable in exosomes but evident
in cell lysates, suggesting that exosome preparations were not
significantly contaminated with membranes from apoptotic or
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FIG. 2. A3G is localized inside exosomes. (A) Exosomes purified
on a sucrose gradient were negatively stained with 1% phosphotungstic
acid and observed under an electron microscope. (B) Immunogold
labeling: grids with adsorbed fixed exosomes were permeabilized with
0.02% Triton and labeled with rabbit anti-Alix, anti-A3G, or control
(Co) rabbit serum. Bound antibodies were detected with protein A-
gold conjugates. Permeabilized exosomes were stained with 1% phos-
photungstic acid. Bars, 100 nm. (C) Sucrose gradient-purified exo-
somes (10 pg) were left untreated (exo), incubated with trypsin (50
pg/ml) for 30 min at room temperature (exo + trypsin), or incubated
with 0.1% Triton X-100 (TX) for 5 min followed by trypsin treatment
for 30 min (exo + TX + trypsin). A3G and Tsgl01 expression was
analyzed by Western blotting. “Cells” indicates lysates prepared from
untreated cells (10 pg). (D) HMM forms of A3G and Alix in H9
exosomes. Cellular and exosomal lysates were analyzed by Western
blotting for the presence of A3G and Alix. The arrow shows a slower-
migrating form of A3G in exosomes. In addition to the 70- to 75-kDa
form of Alix detected in cells and exosomes, a 95-kDa form of Alix
predominantly accumulates in exosomes. (E) A3G-negative 293T and
SupT1 cells transfected with A3G expression vectors secrete exosomes
with A3G. Exosomes were isolated from culture medium of transiently
transfected 293T cells or from G418-resistant SupT1/GFP-A3G cells.
Western blot analysis (5 pg protein) shows 95-kDa Alix predominantly
concentrated in exosomes. The 75-kDa Alix is detected in SupT1 cells
and, after a longer film exposure (not shown), in 293T cells.

dead cells. An equilibrium sucrose gradient ultracentrifugation
of combined fractions 3 to 5 showed that A3G colocalized with
Alix (Fig. 1B) at a density of 1.183 to 1.193 g/ml characteristic
for exosomes (19). The electron micrographs of exosomes
showed vesicles ranging in size from 80 to 150 nm (Fig. 2A)
with A3G and Alix localized inside exosomes (Fig. 2B). The
intraexosomal localization of A3G and Tsgl01 (73) was con-
firmed by their resistance to trypsin in the absence but not in
the presence of detergent (Fig. 2C). Interestingly, the major
form of A3G detected in H9 exosomes migrated in an SDS-
polyacrylamide gel as a protein with an apparent molecular
mass higher by about 2 kDa than that of cellular A3G (Fig.
2D). This result cannot be explained by monoubiquitination,
which would result in an increase of molecular mass of A3G of
about 8.5 kDa. In addition, distinct-molecular-mass forms of
Alix were differentially expressed in exosomes and cells; a
lower-molecular-mass form of Alix (70 to 75 kDa) was de-
tected in H9 cells and exosomes and a higher-molecular-mass
form of Alix (95 kDa) was detected only in H9 exosomes (Fig.
2D). The reason for the preferential localization of 95-kDa
Alix in exosomes is presently unknown. In contrast, gel migra-
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FIG. 3. A3G in exosomes is catalytically active. (A) Cytidine
deaminase activity in exosomes from A3G-expressing H9 and A3G-
negative SupT1 cells (B) was measured with 5’ biotin-labeled deoxyo-
ligonucleotides containing the A3G-targeted sequence CCC and a
mutant sequence in which CCC was replaced with TAA. 5'-biotinyl-
ated 60-nt substrate and deaminated 29-nt product were separated on
a 15% Tris-buffered EDTA-urea polyacrylamide gel and detected with
streptavidin-horseradish peroxidase. (B) SupT1 cells release exosomes
without A3G. Cell lysates (10 wg) and sucrose gradient-purified exo-
somes (5 pg) released by H9 and SupT1 cells were analyzed by West-
ern blotting for the expression of A3G and Alix. Faster-migrating
protein reacting with anti-Alix is detected in cell lysates. (C) Enzymatic
activity of exosomal A3G is not inhibited by RNA. Cytidine deaminase
activity of H9 exosomes was measured in the absence or presence of
RNase A (1 pg) in the enzymatic reaction. Biotinylated deoxyoligo-
nucleotide substrates and deaminated products were detected as de-
scribed for panel A.

tion of exosomal Tsgl01 was unchanged in comparison with
that of cellular Tsgl01.

Secretion of A3G in exosomes is not limited to H9 cells
expressing endogenous A3G and can be detected in exosomes
secreted by 293T cells transiently transfected with A3G expres-
sion vectors or in exosomes released by CD4" SupTl1 cells
stably expressing GFP-A3G (Fig. 2E). In contrast to exosomal
A3G secreted by HO cells, the gel mobility of A3G released by
transfected cells does not noticeably differ from that of cellular
A3G. The A3G-HA band detected in 293T cell-derived exo-
somes corresponded to the upper band of A3G in H9 exo-
somes (Fig. 2E).

A3G in exosomes is catalytically active. To investigate
whether exosomal A3G retains its enzymatic activity, H9 exo-
some lysates were incubated with a substrate DNA containing
a CCC motif specifically targeted by A3G (7). Formation of a
biotinylated 29-nt product indicates the presence of cytidine
deaminase activity in H9 exosomes (Fig. 3A). In contrast,
deaminase activity was not detected in exosomes released by
SupT1 cells (Fig. 3A) that do not express A3G (Fig. 3B).
Incubation of the SupTl and H9 exosome lysates with an
oligonucleotide mutant TAA did not result in detectable
deamination, suggesting that formation of the 29-nt product
was specific for A3G present in H9 exosomes. Thus, despite
the fact that A3G exists in H9 cells mainly in high-molecular-
mass (HMM) ribonucleoprotein complexes with no detectable
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FIG. 4. A3G exosomes are internalized by HeLa cells. (A) PKH67-
labeled H9 exosomes (Exo) were incubated with HeLa cells for 2 h
followed by incubation for 30 min with transferrin-Alexa Fluor 594
(Trf) or LysoTracker Red (LT). Separate and merged confocal mi-
croscopy images are shown. (B) Confocal images of GFP-A3G exo-
somes internalized by HeLa cells. GFP-A3G exosomes were produced
by 293T cells transfected with GFP-A3G expression vector. Exosome
incubation with HeLa cells was performed as described for panel A.

deaminase activity (11), A3G in exosomes secreted by the cells
is enzymatically active. In addition, the presence of RNase A in
a deamination reaction slightly decreased rather than in-
creased the enzymatic activity of A3G (Fig. 3C), suggesting
that cellular RNA, if present in H9 exosomes (75), does not
block the enzymatic activity of A3G.

A3G-laden exosomes are internalized by cells and inhibit
HIV-1 replication. To investigate exosome internalization, H9
exosomal membranes were labeled with green fluorescent
PKH67 (34, 41). PKH67-labeled exosomes were rapidly endo-
cytosed by HeLa cells and substantially colocalized with mark-
ers specific for early endosomes (transferrin) and late endosomes/
lysosomes (LysoTracker) (Fig. 4A). Exosomes fluorescently
labeled with encapsidated GFP-A3G showed less-extensive colo-
calization with late endosomes/lysosomes (Fig. 4B). Although the
mechanism of A3G release from internalized exosomes into the
cytoplasm is unknown, one possibility is that exosomal A3G es-
capes degradation by fusion of the endocytosed exosome mem-
brane with the limiting membrane of endosomes and release of
A3G into the cytoplasm. Consequently, A3G delivery into the
cytoplasm could confer resistance to HIV-1 infection. To inves-
tigate this possibility, we analyzed replication of vif-negative
HIV-1 in Jurkat T cells preexposed to exosomes. Virus replica-
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FIG. 5. A3G exosomes inhibit replication of vif-negative HIV-1 in
Jurkat T cells. Cells (1 X 10%ml) were preincubated for 16 h with
indicated doses of H9 exosomes (A) or SupT1 exosomes (B), followed
by 3 h of infection with vif-negative HIV-1 (5 RT cpm/ml). After cell
washing, additional indicated doses of exosomes were added to the cell
culture. Virus replication was monitored by RT activity released into
the culture supernatants. Error bars, mean values = SDs of triplicate
samples.

tion was potently blocked by H9 exosomes in a manner depending
on exosome protein concentration (Fig. 5A). In contrast, exo-
somes secreted by A3G-negative SupT1 cells inhibited virus rep-
lication only moderately at the highest dose used (Fig. 5B). The
inhibitory effect of H9 exosomes on vif-negative HIV-1 replica-
tion was not limited to CD4" T-cell lines but was evident in
PHA/IL-2-activated PBMCs obtained from four different blood
donors (Fig. 6). Strikingly, replication of wild-type virus was also
potently restricted by H9 exosomes in activated PBMCs, suggest-
ing that inhibition could take place early in the virus replication
cycle, likely before Vif accumulation. Accordingly, low levels of
Vif were detected in H9 exosome-pretreated SupT1 cells infected
with wild-type HIV-1 (Fig. 7A). Inhibition of virus replication was
confirmed by reduced accumulation of cellular HIV-1 Gag p24
and low levels of released RT (Fig. 7B). In contrast, virus repli-
cation in cells pretreated with A3G-negative SupT1 exosomes was
slightly enhanced in comparison with that in untreated control
cells (Fig. 7B).

A3G-containing exosomes do not block virus entry or induce
apoptosis. Virus entry was monitored by luciferase activity of a
Nef-luciferase fusion protein encapsidated into HIV-1 virions
(HIV-Nef-Luc) and released into cytoplasm after virus-cell
fusion occurred (31, 56). Infected cells were subsequently ex-
posed to a plasma membrane-permeable luciferase substrate,
and luciferase activity was measured in live cells. Exosome
pretreatment did not affect virus entry into SupT1 cells; how-
ever, in the presence of a fusion inhibitor, T20, HIV-1 entry
was almost completely blocked (Fig. 8A). To investigate
whether exosomes stimulate apoptosis and cell death, we an-
alyzed activation of caspases and plasma membrane integrity in
SupT1 cells cultivated for 72 h with different doses of H9
exosomes (Fig. 8B). Using a fluorescently labeled inhibitor of
caspases that binds covalently to activated caspases 1 and 3 to
9, we detected activation of caspases in 3.6% of cells incubated
with 10 pg/ml exosomes and in 1% of control cells. Cell death
was observed at the levels of 2.6% and 2.1% in exosome-
treated and untreated cells, respectively. Thus, H9 exosome
treatment did not significantly affect cell viability and thus
cannot account for the observed severe inhibition of HIV-1
replication.
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FIG. 6. H9 exosomes inhibit HIV-1 replication in PBMCs. PHA/
IL-2-activated PBMCs from four different donors were preincubated
for 16 h with H9 or SupT1 exosomes, washed, and infected for 3 h with
vif-negative (AVif HIV-1) or wild-type NL4-3 (HIV-1 wt). Additional
exosome doses (10 wg/ml) were added to cell culture on day 2 and day
3 postinfection. Virus replication was monitored by RT activity in the
culture supernatants. Control, no exosomes were added.

A3G exosomes reduce HIV-1 infectivity without extensive
deamination of cytidine in viral DNA. Using HeLa-CD4-
LTR-B-Gal reporter cells, we demonstrated that virus released
from SupT1 cells treated with H9 exosomes was approximately
10- and 8-fold less infectious than virus produced by untreated
cells or cells exposed to SupT1 exosomes, respectively (Fig. 9A
and B). To determine whether the reduced HIV-1 infectivity
correlates with deoxycytidine deaminase activity of A3G exo-
somes, we sequenced DNA fragments spanning a 650-bp nef/
3’-LTR region in HIV-1 DNA produced after infection of
untreated SupT1 cells or cells pretreated with H9 exosomes.
No G-to-A mutations were detected in an HIV-1 DNA frag-
ment from control cells infected with vif-negative HIV-1 (Fig.
9C). In cells exposed to H9 exosomes, only six clones out of 37
tested were carrying a total of 11 G-to-A mutations in the
analyzed fragment, which gives an average mutational rate of
0.05%. However, the infectivity of the virus released from
SupT1 cells exposed to A3G exosomes was reduced about
10-fold, suggesting that deaminase activity of the encapsidated
A3G cannot be the major factor responsible for the reduced
infectivity of the progeny virus.
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SupT1 cells were pretreated with A3G-positive (H9 exo) or A3G-
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fected with vif-negative (AVif HIV-1) or wild-type NL4-3 (HIV-1 wt).
On day 2 and day 3 postinfection, two additional doses of exosomes
were added. (A) Cell lysates were prepared on day 5 postinfection and
analyzed by Western blotting for the expression of HIV-1 Gag p24,
Vif, and B-actin. (B) Replication of wild-type HIV-1 in untreated or
exosome-treated cells was monitored by RT activity released into the
culture supernatants.

RT activity (cpm/10 pl)

H9 exosomes reduce the levels of HIV-1 reverse transcripts
and inhibit accumulation of two-LTR circles. To explore the
mechanism of exosome-mediated HIV-1 inhibition, we inves-
tigated accumulation of reverse transcription products in cells
treated with exosomes. To limit infection to a single round,
SupT1 cells were infected with VSV-G-pseudotyped NL4-3-
AE-EGFP (84) or with a wild-type NL4-3 virus in the presence
of protease inhibitors amprenavir and nelfinavir (5). Accumu-
lation of viral reverse transcription products was monitored by
quantitative real-time PCR. In cells infected with VSV-G-
pseudotyped virus and treated with H9 exosomes, ERT and
LRT decreased by 38% and 57%, respectively, at their peak
accumulation (Fig. 10A and B). Even more pronounced inhi-
bition by H9 exosomes was observed in cells infected with
wild-type NL4-3 virus. Accumulation of ERT and LRT was
decreased by about 70% and 63%, respectively (Fig. 10D and
E). In contrast, treatment with SupT1 exosomes did not con-
siderably affect relative levels of ERT and LRT. The highest
inhibition was observed in the accumulation of two-LTR cir-
cles; their levels were reduced by about 80% at 24 h postin-
fection (Fig. 10C and F). Since two-LTR circles are formed
exclusively in the nucleus, these results suggest that H9 exo-
somes may inhibit nuclear transport of HIV-1 DNA or forma-
tion/stability of two-LTR circles in the nucleus.

A3G contributes to the antiretroviral activity of exosomes.
A3G short interfering RNA approaches to considerably re-
duce A3G levels in H9 cells were unsuccessful (data not shown).
Thus, to investigate the contribution of A3G to anti-HIV-1
activity of exosomes, we transfected A3G-negative SupT1 cells
with GFP-A3G or GFP expression vectors. Exosomes pro-
duced by transfected SupT1/GFP cells did not inhibit replica-
tion of vif-negative HIV-1; however, exosomes secreted by
SupT1/GFP-A3G cells significantly reduced virus replication,
although less effectively than did H9 exosomes (Fig. 11A).
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FIG. 8. H9Y exosomes do not inhibit HIV-1 entry or induce apop-
tosis. (A) Entry of HIV-1 into SupT1 cells was measured after 90 min
of incubation of Nef-luciferase virus (HIV-Nef-Luc) with 1 X 10°
SupT1 cells preincubated for 16 h with exosomes or pretreated for 1 h
with HIV-1 entry inhibitor T20 (1 pg/ml). Following incubation, cells
were washed and incubated with cell-permeable luciferase substrate,
and luciferase activity was measured in live cells. Luciferase activity in
treated cells was normalized to luciferase activity of untreated cells
(control) exposed to HIV-Nef-Luc (100%). RLU, relative light units;
“cells” indicates untreated and uninfected cells. Error bars, mean
values + SDs of triplicate samples. (B) Activation of caspases and cell
death in SupT1 cells exposed to H9 exosomes. Cells were left un-
treated (negative control) or were treated for 24 h with 10 uM camp-
tothecin (CMPT) to induce apoptosis and cell death (positive control).
Cells were treated with different doses of exosomes for 72 h followed
by staining with FLICA (fluorescently labeled inhibitor of caspases)
reagent (caspases) and subsequent staining with 1 uM Hoechst 33342
(nuclei) and 5 pM propidium iodide (dead cells). Fixed cells were
observed under a fluorescence microscope using standard filter sets.
Percentages of positively stained cells are shown.

CMPT

Both GFP-A3G and A3G-HA were fully functional when en-
capsidated into vif-negative virions and severely inhibited virus
replication (Fig. 11B). We also tested the effect of exosomes
secreted by 293T cells transfected transiently with A3G expres-
sion vectors on the accumulation of ERT and LRT upon in-
fection with wild-type NL4-3. Results show that 293T exo-
somes inhibited accumulation of ERT and LRT in SupT1 cells,
although not as effectively as H9 exosomes (Fig. 11C and D).

Together, these data suggest that exosomal A3G signifi-
cantly contributes to anti-HIV-1 activity of exosomes secreted
by various cell types. We cannot, however, exclude the possi-
bility that factors other than A3G may also contribute to H9
exosome-mediated restriction of HIV-1.

DISCUSSION

In this study, we tested the hypothesis that A3G is secreted
in exosomes and that A3G-laden exosomes can confer an an-
tiviral phenotype to target cells. We have shown that H9 CD4™
T cells expressing endogenous A3G incorporate this protein
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FIG. 9. H9 exosomes reduce HIV-1 infectivity without extensive cytidine deamination in viral DNA. (A) SupT1 cells pretreated with H9 or
SupT1 exosomes or not treated (control) were infected with vif-negative HIV-1, and viral supernatants were harvested on day 3 posttransfection.
The same amount of viral inoculum (RT assay standardized) was added in triplicate to HeLa—CD4-LTR—-B-Gal indicator cells in a 12-well plate.
Three dilutions of viral inoculum were applied: 2 X 10°, 2 X 10% and 2 X 10° RT cpm. After 2 days, cells were fixed and stained for B-Gal and
positive syncytia (blue) were counted (B). The highest viral inoculum (2 X 10° RT cpm) applied to indicator cells is shown. Percent infectivity is
presented relative to infectivity of virus produced by SupT1 cells in the absence of exosomes (100%; control). Results representative of three
experiments are shown. Error bars, means = SDs of triplicate samples. (C) Mutations induced by H9 exosomes in a 650-bp nef/3'-LTR HIV-1 DNA

fragment were analyzed as described in Materials and Methods.

into vesicles that are released into the culture medium. Vesi-
cles released by H9 cells meet the criteria for exosome identity;
their size, density, and protein composition are similar to those
described for exosomes released by other cells (73, 74, 80). We
have also demonstrated that exosomal A3G is localized inside
vesicles and thus can be protected from degradation by extra-
cellular proteases. Interestingly, the major form of exosomal
A3G migrates slower in a polyacrylamide gel than does its
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FIG. 10. H9 exosomes reduce accumulation of HIV-1 reverse tran-
scripts and two-LTR circles. SupT1 cells were preincubated for 16 h
with H9 or SupT1 exosomes or left untreated (control). Cells were
infected for 3 h either with VSV-G-pseudotyped NL4-3-AE-EGFP (A
to C) or with wild-type NL4-3 in the presence of protease inhibitors
amprenavir and nelfinavir, each at 5 pM (D to F), washed, and cul-
tured without (control) or with an additional dose of exosomes. Total
DNA was isolated at indicated times postinfection. Relative levels of
HIV-1 ERT (A and D), LRT (B and E), and two-LTR circles (C and
F) were quantified by real-time PCR. Error bars, means = SDs of
triplicate samples from a representative experiment.

cytoplasmic counterpart. The significance of the observation is
currently unknown, since A3G in exosomes secreted by 293T
or SupT1 cells transfected with A3G constructs does not show
aberrant migration in a gel.

Previous results show that the enzymatic activity of A3G in
H9 cells is suppressed by its recruitment into HMM ribonu-
cleoprotein complexes from which A3G activity can be rescued
by RNase A treatment (11). Similarly, activity of intravirion
A3G, blocked by HIV-1 or cellular RNAs, is rescued during
reverse transcription by viral RNase H (67). In contrast, exo-
somal A3G remains enzymatically active. Since exosomes may
incorporate cellular RNAs (75), our experiments with RNase
A suggest that cellular RNAs, if present in H9 exosomes, do
not suppress enzymatic activity of A3G.

Exosome internalization is required to affect at least some
target cell functions (34, 41, 81). Although we cannot exclude
the possibility that a fraction of exosomes fuse with the plasma
membrane and deliver their cargo into the cytosol, we have
shown that H9 exosomes labeled with fluorescent lipid PKH67
are efficiently internalized by the cells and colocalize with
markers specific for early and late endosomes or lysosomes.
Since PKH67 labels only exosomal membrane, a fluorescent
signal found in endosomal compartments may not accurately
trace localization of intraexosomal proteins. For instance, in-
traexosomal proteins may escape degradation in lysosomes
when endocytosed exosomes fuse with a limiting membrane of
endocytic vesicles and release them into the cytosol, before
endocytic vesicles reach a degradation compartment. This pos-
sibility, although not directly proved, seems to be supported by
reduced colocalization of exosomal GFP-A3G with late endo-
somes or lysosomes compared with exosomal membranes. In
support of the notion that molecules delivered by exosomes
may escape degradation is the observation that some cellular
receptors (37), transcription factors (53), or mRNAs (15, 53,
75) transferred by microvesicles or exosomes remain func-
tional in recipient cells. Indeed, supporting this idea, our re-
sults show that A3G-positive H9 exosomes, but not exosomes



VoL. 83, 2009

2 4 6 8
days post-infection

@)

Relative ERT

E‘ E | O control

g 40000 ;? @ SupT1/GFP exo

< j! @ SupT1/GFP-A3G exo
.‘E‘ 20000 1 AH9 exo

B - P 3

@

—

14

O

Relative LRT

EXOSOMES WITH A3G RESTRICT HIV-1 519

80000

2 R —— O HIV-1

S 60000 W HIV-1/GFP-A3G
8 40000 —~ A HIV-1/A3G-HA
2 o

£ 20000 ol

@

& 0

2 4 6 8
days post-infection

% No virus
H NO exo

A3G-HA exo
B GFP-A3G exo
O H9 exo

FIG. 11. Exosomal A3G contributes to inhibition of HIV-1 replication. (A) Exosomes were isolated from culture medium of SupT1 cells
transfected with GFP-A3G or GFP expression vectors. SupT1 cells were incubated without (control) or with indicated exosomes and then infected
with vif-negative HIV-1. Additional doses of exosomes (10 pg/ml) were added 2, 3, and 5 days postinfection. Virus replication was monitored by
RT activity released into the culture supernatants. (B) A3G tagged with HA or GFP retains full anti-HIV-1 activity when encapsidated into
vif-negative virions. HIV-1 virions were produced by 293T cells transfected with vif-negative pNL4-3 plasmid DNA alone or in combination with
expression vectors coding for GFP-A3G or A3G-HA. SupT1 cells were infected with equivalent amounts of viruses, and virus replication was
monitored daily by RT activity released into the culture supernatants. (C and D) Exosomes secreted by 293T cells expressing A3G reduce
accumulation of HIV-1 ERT (C) and LRT (D). SupT1 cells were preincubated for 16 h with 293T-derived exosomes or H9 exosomes or left
untreated (no exo). Cells were infected for 2 h with wild-type NL4-3, washed, and cultured with an additional dose of exosomes for additional 6 h.
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released by A3G-negative SupT1 cells, restrict replication of
HIV-1. The inhibitory effect of H9 exosomes was detected both
in CD4™ T-cell lines and in stimulated PBMCs from different
donors. Using a real-time virus entry assay (31, 56), we have
ruled out the possibility that virus entry is affected by exosome
pretreatment. Similarly, H9 exosomes do not noticeably stim-
ulate apoptosis or cell death in target cells, and thus, these
events are not implicated in exosome-mediated inhibition of
virus replication.

Although our experiments suggest that A3G in exosomes is
responsible for the inhibition of HIV-1 replication, a direct
proof would require obtaining H9 exosomes without A3G.
However, using a typical short interfering RNA approach, we
were unable to downregulate A3G in H9 cells to levels low
enough to observe a sufficient reduction of A3G in exosomes.
Nevertheless, we successfully introduced the A3G gene into
A3G-negative SupT1 cells. Exosomes secreted by these cells
inhibited HIV-1 replication, yet not as potently as H9 exo-
somes did. Similarly, exosomes secreted by 293T cells tran-
siently transfected with A3G have anti-HIV-1 activity, al-
though not as potent as that of H9 exosomes. Thus, we cannot
exclude the possibility that in addition to A3G, other factors
present in exosomes may contribute to HIV-1 restriction. Re-
cent reports showing that microvesicles and exosomes shuttle
functional mRNAs, microRNAs, and bioactive proteins fur-
ther support this possibility (22, 23, 53, 54, 75).

An intriguing observation is that H9 exosomes also inhibit
replication of wild-type HIV-1. This seems to contradict re-
ports showing that HIV-1 Vif mediates A3G degradation (38,
64, 82). Since A3G in exosomes is enzymatically active and thus

most likely present in low-molecular-mass form (11), we spec-
ulate that A3G delivered by exosomes to cytosol does not
convert into HMM form. Consequently, exosomal A3G would
function as a postentry restriction factor as proposed for cel-
lular low-molecular-mass A3G in resting CD4" T cells (8, 11),
monocytes and monocyte-derived dendritic cells (47, 48), or
peripheral plasmacytoid dendritic cells (77). This notion is
consistent with our observations showing reduced accumula-
tion of HIV-1 reverse transcription products and nuclear two-
LTR circles in cells exposed to H9 exosomes. Accordingly, we
observed low cellular levels of viral Gag p24 and Vif. Thus, low
levels of Vif may inefficiently degrade A3G delivered by exo-
somes. Although the infectivity of progeny viruses released
from H9 exosome-treated cells is reduced by about 10-fold, the
low frequency of G-to-A mutations detected in viral cDNA
suggests that an editing-independent mechanism may possibly
play a role in HIV-1 restriction (11, 21, 25, 43).

In conclusion, findings reported here suggest that A3G is
packaged into exosomes that potently restrict replication of
HIV-1 in recipient cells in experimental conditions in vitro.
One of the reasons that exosomes in vivo do not inhibit HIV-1
may be due to the fact that only a small population of exo-
somes, produced by A3G-expressing cells, carry A3G and that
HIV-1 infects cells that are primary producers of A3G exo-
somes (activated T cells), depleting A3G from the cells and
consequently from exosomes.

The functional relevance of exosomes in vivo is still debated;
however, accumulating data suggest that exosomes may play a
role in modulation of the immune system. In this regard, the
presence of A3G in exosomes may be “intended” or may just
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represent a way of disposing of excessive amounts of APOBECs
that might otherwise cause genomic instability (2). It may also
be possible that exosomes carrying A3G are addressed in vivo
to specific cells (e.g., A3G-negative cells) with a task different
than inhibition of HIV-1. For instance, A3G-rich exosomes
could inhibit mobility of retrotransposons and endogenous ret-
roviruses (12, 17, 24, 60) in cells that do not normally express
A3G. Moreover, recent findings show that A3G prevents the
decay of microRNA-targeted mRNA and prevents inhibition
of protein synthesis (22). Together with the finding that A3 is
expressed in mouse germ cells (3), these results suggest that
A3G delivered by exosomes may play a role during embryo-
genesis.

Exosomes, whether natural or engineered, may serve as in-
tercellular vehicles for the exchange of powerful antiretroviral
factors. This could lead to the development of novel treat-
ments for AIDS and other infectious diseases.
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