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ABSTRACT

Resting CD4* T lymphocytes resist human immunodeficiency virus (HIV) infection. Here, we provide evidence that exosomes
from HIV-1-infected cells render resting human primary CD4* T lymphocytes permissive to HIV-1 replication. These results
were obtained with transwell cocultures of HIV-1-infected cells with quiescent CD4* T lymphocytes in the presence of inhibi-
tors of exosome release and were confirmed using exosomes purified from supernatants of HIV-1-infected primary CD4" T lym-
phocytes. We found that the expression of HIV-1 Nef in exosome-producing cells is both necessary and sufficient for cell activa-
tion as well as HIV-1 replication in target CD4™ T lymphocytes. We also identified a Nef domain important for the effects we
observed, i.e., the *EEEE® acidic cluster domain. In addition, we observed that ADAM17, i.e., a disintegrin and metalloprotease
converting pro-tumor necrosis factor alpha (TNF-a) in its mature form, associates with exosomes from HIV-1-infected cells,
and plays a key role in the HIV-1 replication in quiescent CD4™ T lymphocytes. Treatment with an inhibitor of ADAM17 abol-
ished both activation and HIV-1 replication in resting CD4" T lymphocytes. TNF-« is the downstream effector of ADAM17
since the treatment of resting lymphocytes with anti-TNF-a antibodies blocked the HIV-1 replication. The data presented here
are consistent with a model where Nef induces intercellular communication through exosomes to activate bystander quiescent

CD4* T lymphocytes, thus stimulating viral spread.

IMPORTANCE

Overall, our findings support the idea that HIV evolved to usurp the exosome-based intercellular communication network to

favor its spread in infected hosts.

ells infected by human immunodeficiency virus type 1

(HIV-1) release nanovesicles in the forms of viral particles and
nonviral particles termed exosomes. The latter are lipid bilayer
vesicles of 50 to 100 nm which form intracellularly upon inward
invagination of endosome membranes (1). These intraluminal
vesicles become part of multivesicular bodies and either undergo
lysosomal degradation or are released into extracellular space
upon fusion of multivesicular bodies with plasma membrane.
Nanovesicles similar to exosomes can be released also through
direct extrusion of plasma membrane (2). Current protocols of
purification and marker analysis cannot distinguish between en-
dosome-produced nanovesicles and vesicles with similar size but
extruding from cell membranes. For the sake of clarity, these
nanovesicles are here defined as exosomes regardless of their bio-
genesis.

Exosomes are part of the intercellular communication network
(3). They incorporate messenger RNAs, microRNAs, and proteins
which can be functional in target cells (4). Exosomes from HIV-
1-infected cells incorporate Gag (5) and Nef HIV-1 proteins (6, 7).
The latter is incorporated in exosomes upon anchoring into lipid
raft microdomains through its N-terminal myristoylation and a
stretch of basic amino acids residing in its alpha-helix 1.

The treatment with exosomes from Nef-expressing cells increases
the expression of the activation marker CD69 in quiescent CD4" T
lymphocytes (6) and the release of tumor necrosis factor alpha
(TNF-a) from peripheral blood mononuclear cells (PBMCs) (8).
TNF-a release requires the activity of ADAM17. This protease
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needs to be activated at the plasma membrane in juxtaposition to
TNF-a but can also be transferred/provided by exosomes (8).
ADAM17 belongs to the family of ADAM (a disintegrin and met-
alloprotease) enzymes (9). It is a multidomain, transmembrane,
Zn**-dependent proteinase whose inactive form is cleaved by fu-
rin in the trans-Golgi network. The most studied function of
ADAM17 is the processing of pro-TNF-a to its active form. For
this reason, ADAM17 is also known as TNF-a-converting enzyme
(TACE). In Nef-expressing cells, activated ADAM17 is shuttled
into exosomes upon activation by a complex formed by the integ-
rin effector paxillin, the polycomb protein Eed, and Nef. PBMCs
ingesting these exosomes release TNF-a (8). However, whether
similar mechanisms apply to exosomes from HIV-1-infected cells,
and whether quiescent CD4" T lymphocytes targeted by these
exosomes become competent for HIV-1 replication, is still un-
known. Here, we provide evidence that HIV-1-infected primary
CD4™" T lymphocytes release exosomes able to activate quiescent
human primary CD4" T lymphocytes which thereby replicate
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HIV-1. Nef, ADAM17, and TNF-«a are part of the underlying
mechanism.

MATERIALS AND METHODS

Cell culture, isolation, transfections, and HIV-1 infections. CD4" T
lymphocytes were isolated from PBMCs of healthy donors by negative
selection using an immunomagnetic-based kit (Miltenyi) and cultivated
in RPMI medium plus 10% heat-inactivated fetal calf serum (FCS). The
cell cultures were checked for their purity through fluorescence-activated
cell sorting (FACS) analysis for CD4, CD8, and CD14 markers. Prepara-
tions having >2% of CD8™ cells and/or detectable CD14™ cells were
discarded. For activation, 2 wg/ml of phytohemagglutinin (PHA) was
added to CD4 " T lymphocyte cultures. Rev-CEM cells (10) were grown in
RPMI medium plus 10% FCS. Human embryonic kidney 293T cells were
grown in Dulbecco’s modified Eagle’s medium plus 10% FCS.

HIV-1 preparations were obtained from the supernatants of 293T cells
48 h after transfection with the pNL4-3 HIV-1 molecular clone. To pro-
duce HIV-1 pseudotyped with the G protein from vesicular stomatitis
virus (VSV-G), a cytomegalovirus (CMV) immediate early-promoted
VSV-G-expressing vector was cotransfected in a molar ratio of 1:5 with
vectors expressing either wild-type (wt), Anef (11), or Nef, ., HIV-1. The
latter molecular clone was obtained by amplifying the pcDNA3/Nef,;
vector (12) with primers carrying the Mlul (forward) and Clal (reverse)
restriction sites. The amplification product was then inserted in the re-
spective restriction sites of a pNL4-3 clone where Mlul and Clal sites were
created at the 5" and 3’ ends of the nef gene (13). The nef sequence of the
resulting HIV-1 molecular clones was finally checked for the presence of
nucleotide substitutions.

Transfections were performed using Lipofectamine 2000 (Invitro-
gen). Supernatants were clarified and concentrated by ultracentrifugation
as previously described (14). Virus preparations were titrated in terms of
HIV-1 CAp24 content using quantitative enzyme-linked immunosorbent
assay (ELISA; Innogenetic). Infections with HIV-1 were carried out by
spinoculation at 400 X g for 30 min at room temperature (RT). For 10°
cells, 500 CAp24 equivalents of HIV-1 or 50 ng of VSV-G HIV-1 was used.
The infectivity of HIV-1 in supernatants of activated CD4™ T lympho-
cytes was evaluated by infecting the indicator Rev-CEM cells. A total of 10°
cells were spinoculated in microwells with scaled dilutions of the super-
natants, and 48 h later the HIV-1 infectious units were calculated in terms
of the percentages of green fluorescent protein (GFP)-positive cells as
evaluated by FACS analysis.

For the production of exosomes from 293 T-transfected cells, IE-CM V-
promoted expression vectors expressing either ADAM17 (8), wt Nef (15),
or Nef, ., (12) were used.

Azidothymidine (AZT) was obtained from the NIH AIDS Research
and Reference Reagent Program. TAPI-2 was purchased from Santa Cruz
Biotechnology. For anti-TNF-a neutralization experiments, either anti-
TNF-a neutralizing antibodies (polyclonal rabbit antibodies; Fitzgerald
Industries) or normal rabbit IgGs were added to CD4™ T lymphocyte
cultures immediately after exosome challenge. The antibodies were then
readded after HIV-1 challenge and every 24 h of culture.

Transwell cocultures. Transwell cocultures were carried out in 12-
well plates using a Falcon cell culture insert membrane (25-mm diameter,
0.4-pum pore size; Becton Dickinson). CD4™ T lymphocytes were acti-
vated with 2 wg/ml of PHA for 48 h and then infected with VSV-G HIV-1.
After an additional 48 h, transwell cocultures were set up by putting 10°
infected CD4" T lymphocytes in the upper chamber, while 2 X 10° qui-
escent, isogenic CD4™ T lymphocytes were seeded in the bottom cham-
ber. The cocultures were then run for 3 days in complete medium without
cell growth/activator factors and in the presence or not of either 10 uM
AZT, 1 uM the inhibitors of exosome release GW4869 (Sigma) and spi-
roepoxide (Santa Cruz), or 1 uM TAPI-2. Finally, HIV-1 contents in
supernatants were measured by CAp24 ELISA, and cells from both cham-
bers were analyzed by FACS for the HIV-1 expression through the detec-
tion of intracytoplasmic HIV-1 CAp24.
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Nanovesicle purification and challenge. Cell culture supernatants
were processed following already described methods for exosome purifi-
cation. In detail, supernatants were centrifuged at 500 X g for 10 min and
filtered with a 0.22-pM-pore-size filter. Then, the supernatants under-
went differential centrifugations consisting of a first ultracentrifugation at
10,000 X g for 30 min. Supernatants were then harvested and ultracentri-
fuged at 70,000 X g for | h. The pelleted vesicles were resuspended in 1X
phosphate-buffered saline (PBS) and ultracentrifuged again at 70,000 X g
for 1 h. Afterward, the pellet was resuspended in 200 to 400 .l of 1 X PBS
and, in some cases, subjected to discontinuous iodixanol (Axis-Shield)
gradient. It was performed essentially as described previously (16). Briefly,
concentrated vesicles were ultracentrifuged at 200,000 X gfor 1.5 hat 4°C
in an SW41 Ti rotor (Beckman) through a 6 to 18% iodixanol density
gradient formed by layering iodixanol in 1.2% increments. Then, 0.7-ml
fractions were collected starting from the top. In some instances, half of
each fraction was diluted with 2 volumes of 0.9% sodium chloride and
ultracentrifuged for 30 min at 95,000 rpm in a TL-100 tabletop ultracen-
trifuge. Finally, the pellet was resuspended in 50 pl of 10 mM Tris-HCl
(pH 7.4),100 mM NaCl, 1 mM EDTA, and 0.1% Triton X-100. Challenges
of cells with exosomes were performed by spinoculation as described for
HIV-1 infection.

FACS analysis of cells and nanovesicles. For the detection of intracy-
toplasmic HIV-1 CAp24, cells were treated with trypsin for 15 min at
37°C. Then, they were labeled using the KC57-RD anti-CAp24 monoclo-
nal antibody (Coulter) upon permeabilization with Cytofix/Cytoperm
solutions (BD Pharmingen) as previously described (17).

CD63 staining of nanovesicles was performed by incubating them
with 0.5 pl of surfactant-free white aldehyde/sulfate latex beads (Invitro-
gen Molecular Probes) for 2 h at RT on a rotating plate. Afterwards,
nanovesicle-bead complexes were washed and incubated at 4°C for 2 h
with fluorescein isothiocyanate (FITC)-conjugated anti-CD63 monoclo-
nal antibody (BD Pharmingen). Finally, the beads were washed, resus-
pended in 1X PBS-2% (vol/vol) formaldehyde, and FACS analyzed.

Acetylcholinesterase and ADAM17 activity assays. The nanovesicle-
associated acetylcholinesterase (AchE) activity was evaluated through
the Amplex Red kit (Molecular Probes) by following the manufactur-
er’s recommendations. The AchE activity was measured as mU/ml,
where 1 mU is defined as the amount of enzyme which hydrolyzes 1
pmol of acetylcholine to choline and acetate per minute at pH 8.0 at
37°C. The exosome preparations were quantified throughout in terms
of units of AchE activity.

The amounts of active ADAM17 associated with exosomes were as-
sayed through the Innozyme TACE activity kit (Calbiochem). The assay
was carried out on 1 mU equivalent of AchE activity of each exosome
preparation by following the manufacturer’s reccommendations.

Western blot assay. Western blot analysis on cell lysates was per-
formed by washing cells twice with 1X PBS (pH 7.4) and lysing them for
20 min on ice with lysis buffer (20 mM HEPES [pH 7.9], 50 mM NaCl, 10
mM EDTA, 2 mM EGTA, 0.5% nonionic detergent IGEPAL CA-630, 0.5
mM dithiothreitol, 20 mM sodium molybdate, 10 mM sodium or-
thovanadate, 100 mM sodium fluoride, 10 wg/ml leupeptin, 0.5 mM
phenylmethylsulfonyl fluoride). Whole-cell lysates were centrifuged at
6,000 X gfor 10 min at 4°C. The protein concentration of cell extracts was
determined by the Lowry protein quantitation assay. Aliquots of cell ex-
tracts containing 30 to 50 g of total proteins were resolved by 8 to 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred by electroblotting on a 0.45-uM-pore-size nitrocellulose
membrane (Amersham) overnight using a Bio-Rad Trans-Blot. For West-
ern blot analysis of exosomes, they were lysed and analyzed as described
for cell lysates. For immunoassays, membranes were blocked with 5%
nonfat dry milk in PBS containing 0.1% Triton X-100 for 1 h at room
temperature and then incubated overnight at 4°C with specific antibodies
diluted in PBS containing 0.1% Triton X-100. The antibodies used in
immunoblots were sheep polyclonal anti-Nef ARP444 (a generous gift
from Mark Harris), rabbit polyclonal anti-ADAM17 from Cell Signaling,
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anti-ICAM-1 monoclonal antibody 15.2 from Santa Cruz Biotech, and
anti-B-actin monoclonal antibody AC-74 (Sigma). Immune complexes
were detected with horseradish peroxidase-conjugated goat anti-rabbit or
goat anti-mouse antibodies (GE Healthcare) and enhanced chemilumi-
nescence reaction (Euroclone).

TNF-a and interleukin 2 (IL-2) detection. The measurement of
TNF-a in the cell supernatants was performed by using an ELISA kit from
Immunological Sciences, by following the manufacturer’s recommenda-
tions.

The release of IL-2 was detected by enzyme-linked immunosorbent
spot (ELISPOT) assay. In detail, cells were treated with exosomes and then
cultivated for 48 to 72 h in ELISPOT microwells (Millipore) previously
coated with a monoclonal antibody against human IL-2 (Mabtech). Af-
terwards, the cells were removed, and a biotinylated antibody against
human IL-2 was added, followed by the addition of a streptavidin-alkaline
phosphatase. The plate was finally developed using 5-bromo-4-chloro-3-
indolylphosphate (BCIP)/nitroblue tetrazolium (NBT) substrate (Sigma).
Spot-forming cells were analyzed and counted using an ELISPOT reader
(Amplimedical Bioline A-EL-VIS GmbH).

Statistical analysis. When appropriate, data are presented as means +
standard deviations (SD). In some instances, the paired Student ¢ test was
used and confirmed using the nonparametric Wilcoxon rank sum test. P
values of <0.05 were considered significant.

RESULTS

Release of exosomes from HIV-1-infected lymphocytes associ-
ates with HIV-1 replication in cocultured quiescent CD4" T
lymphocytes. We asked whether exosomes released by HIV-1-
infected cells would impact the susceptibility to HIV-1 infection of
quiescent CD4 " T lymphocytes. To this aim, we set up cocultures
of activated lymphocytes infected by wt HIV-1 with resting CD4 ™"
T lymphocytes. The cultures of resting CD4* T lymphocytes con-
sisted of cells isolated from healthy donors and cultivated in com-
plete medium in the absence of activation/growth factors. The
contribution of exosomes was assessed using the specific inhibi-
tors of exosome release, GW4869 and spiroepoxide, i.e., two
structurally unrelated inhibitors of neutral sphingomyelinase
(18-23). The effectiveness of these compounds was proven in ad-
vance in cultures of HIV-1-infected lymphocytes, whose superna-
tants were assayed for the exosome contents by measuring the
AchE activity, i.e., a classical exosome marker (Fig. 1A). To set up
the cocultures, CD4" T lymphocytes were activated by PHA and,
2 days later, infected with VSV-G-pseudotyped wt HIV-1. After 2
additional days, the cells were put in the upper chamber of a 0.4
UM transwell plate, where quiescent CD4™ T lymphocytes from
the same donor were seeded in the bottom chamber. The cocul-
tures were run in the presence or not of either 10 uM AZT or 1 pM
of both GW4869 and spiroepoxide. After 3 days, HIV-1 replica-
tion in quiescent cells was evaluated by FACS analysis for the pres-
ence of intracytoplasmic HIV-1 Gag-related products. At this
time, the majority of donor CD4" T lymphocytes expressed
HIV-1 (Fig. 1B), and the treatment with the exosome inhibitors
affected neither the number of HIV-1 expressing cells (Fig. 1B)
nor the amounts (Fig. 1C) and infectivity (Fig. 1D) of HIV-1 in
supernatants. We observed that quiescent CD4™ T lymphocytes
replicated HIV-1 when cocultured with cells infected by wt HIV-1.
The viral replication was significantly reduced in the presence of
the exosome inhibitors. As expected, AZT blocked the HIV-1 rep-
lication (Fig. 1E).

These results suggested that the release of exosomes from HIV-
l-infected CD4™" T lymphocytes renders quiescent CD4™ T lym-
phocytes susceptible to HIV-1 infection.
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Characterization of exosomes from primary human CD4* T
lymphocytes infected by HIV-1. To strengthen our data, next we
looked at the effects of exosomes purified from the supernatants of
HIV-1-infected CD4™ T lymphocytes. Exosomes from HIV-1-in-
fected cultures were isolated through iodixanol gradients of nano-
vesicles concentrated from culture supernatants (24). In detail,
CD4™ T lymphocytes were activated for 2 days with PHA and then
infected with 200 ng of CAp24 equivalent/10° cells of a VSV-G-
pseudotyped HIV-1 T-tropic strain. At the time of peak replica-
tion, as evaluated by the percentage of infected cells, the superna-
tants were harvested, and nanovesicles were isolated through
differential centrifugations. Finally, nanovesicles were loaded on a
6 to 18% discontinuous gradient. The fractions recovered after
ultracentrifugation were analyzed in terms of both AchE activity
and HIV-1 CAp24 contents. As a control, the same procedure was
applied on supernatants of uninfected, activated CD4 " T lympho-
cytes. As previously described (24), iodixanol gradients efficiently
separated exosomes, floating in fractions 5 to 8, from viral parti-
cles, which accumulated in denser fractions (Fig. 2A).

Nanovesicles from iodixanol gradients were formally identified as
exosomes by FACS analysis by the presence of CD63 (Fig. 2B).

The treatment with exosomes from HIV-1-infected cells ren-
ders quiescent CD4™ T lymphocytes susceptible to HIV-1 repli-
cation. We were interested in assessing whether the treatment of
resting CD4™ T lymphocytes with exosomes from HIV-1-infected
cells associates with HIV-1 replication. To this aim, purified exo-
somes were used to challenge quiescent CD4™ T lymphocytes. As
a control, cells were treated with exosomes derived from unin-
fected cells. In view of the previously published evidence that rest-
ing CD4" T lymphocytes replicate HIV-1 more efficiently when
the stimulus preceded the viral challenge (25), we treated the cells
with exosomes 6 h before infection with a T-tropic NL4-3 HIV-1
strain. The amount of exosomes challenging 10> cells was equal-
ized at 120 U of AchE activity, i.e., the quantity of exosomes
which we recovered from the supernatant of approximately
60,000 HIV-1-infected CD4* T lymphocytes. The HIV-1 replica-
tion in cell cultures was monitored by anti-HIV-1 Gag intracyto-
plasmic FACS analysis starting from 48 h postinfection. In cell
cultures not treated with exosomes, we measured 0.2 to 0.8% of
HIV-1 CAp24-positive cells. The strongest increase in the number
of HIV-1 Gag-expressing cells within the cultures treated with exo-
somes from HIV-1-infected cells was observed 3 days postchallenge.
Conversely, no increase was detectable in cells either treated with
exosomes from uninfected cells or left untreated (Fig. 3A). The ex-
tents of HIV-1 replication in CD4™ T lymphocytes correlated with
the exosome input (Fig. 3B). Notably, the treatment of cultures with
10 wM AZT led to a strong reduction of HIV-1 CAp24-expressing
CD4™ T lymphocytes (Fig. 3C). This result formally excluded that
what we detected in FACS analysis derived from carryover of exo-
some- and/or virus-associated CAp24.

These data enforce the conclusions drawn through coculture
experiments, hence supporting the idea that exosomes from HIV-
1-infected cells render resting CD4 ™ T lymphocytes susceptible to
HIV-1 infection.

Quiescent CD4* T lymphocytes replicate HIV-1 when tar-
geted by exosomes released by Nef-expressing cells. In order to
explore the mechanism underlying the exosome-dependent in-
duction of HIV-1 susceptibility in quiescent CD4" T lympho-
cytes, we next investigated the role of Nef. We focused on Nef
since it was already demonstrated that resting CD4™ T lympho-
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FIG 1 HIV-1 replicates in quiescent CD4" T lymphocytes cocultured in transwell plates with activated CD4" T lymphocytes infected by HIV-1. (A) Inhibition of
exosome release from HIV-1-infected cells treated with GW4869 and spiroepoxide. A total of 3 X 10° CD4 ™" T lymphocytes were activated with 2 pg/ml of PHA and, 2
days later, infected with VSV-G wt HIV-1. After an additional 2 days, the cells were treated with GW4869 and spiroepoxide for 16 h. Finally, exosomes in the supernatants
were isolated and quantified in terms of mU of AchE. Values are the means + SD of results for duplicates from three independent experiments. *, P < 0.05. (B) FACS
analysis for the HIV-1 CAp24 expression in activated CD4 " T lymphocytes from cocultures with resting lymphocytes. CD4 " T lymphocytes were activated and infected
as described for panel A. Two days after infection, the cells were put in the upper chambers of transwell plates, and quiescent CD4 " T lymphocytes were seeded in the
bottom chambers. The cocultures were run in the presence or not of either AZT or inhibitors of exosome release. Three days later, supernatants and cells from both the
upper and bottom chambers were analyzed. The FACS analysis has been carried out in activated CD4 " T lymphocytes uninfected or infected with VSV-G wt HIV-1 in
the presence or not of either AZT or the inhibitors of exosome release, GW4869 and spiroepoxide. The results are representative of data from three independent
experiments. (C) HIV-1 CAp24 levels in supernatants of cocultures. nd, not detectable. Values are the means + SD of results for triplicates from one experiment
representative of three independent experiments. (D) Infectivity of HIV-1 released by activated CD4 " T lymphocytes in the presence of GW4869 and spiroepoxide as
measured on Rev-CEM indicator cells. Values are the means + SD of results for triplicates from one experiment representative of two independent experiments. (E)
HIV-1 replication in resting CD4" T lymphocytes. The cells were washed, treated with trypsin, and then scored for the expression of HIV-1 by means of intracellular
FACS analysis. Shown are the mean percentages of HIV-1-positive cells as calculated from duplicate conditions using resting CD4* T lymphocytes from three healthy

donors. The interdonor mean percentages + SD are also shown. *, P < 0.05.

cytes can be activated upon ingestion of exosomes from Nef-ex-
pressing cells (6). 293T cells were transiently transfected with vec-
tors expressing wt Nef or a number of Nef mutants. Exosomes
were purified, and 120 pU of them was used to challenge 10
quiescent CD4™ T lymphocytes, which were then infected by a
T-tropic HIV-1 strain. For a control, cells were treated with exo-
somes derived from cells transfected with empty vector. After 3
days, the lymphocytes were analyzed for HIV-1 expression. We
observed a significant increase of HIV-1 replication in cells treated
with exosomes from wt Nef-expressing cells compared to that in
untreated cells and cells challenged with control exosomes (Fig.
4A). When the cells were treated with exosomes derived from cells
expressing the Nef,;, mutant, where the acidic cluster domain at
amino acids (aa) 62 to 65 was inactivated by the substitution with
four alanines, the percentage of HIV-1-expressing cells was signif-
icantly reduced compared to that in cells challenged with wt Nef
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exosomes. We analyzed by Western blotting the presence of
Nef,p4 in both transfected cells and exosomes released by them
(Fig. 4B). The results we obtained allowed us to exclude the pos-
sibility that the lack of effects on resting lymphocytes of exosomes
from Nef,; ,-expressing cells depended on the intrinsic instability
of the Nef mutant or a defect in its incorporation in exosomes. Of
note, and as previously reported (12), in SDS-PAGE analysis,
Nef, g, migrates faster than the wt counterpart.

These results indicate that the expression of Nef in exosome-
producing cells is sufficient to render quiescent CD4* T lympho-
cytes susceptible to HIV-1 infection. In addition, we newly iden-
tified a Nef domain important for the HIV-1 replication in resting
lymphocytes.

Treatment with exosomes from cells infected by the Anef
HIV-1 strain or the Nef,, HIV-1 strain does not affect the sus-
ceptibility of resting CD4™ T lymphocytes to HIV-1. To verify
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FIG 2 Characterization of exosomes from supernatants of activated CD4 " T lymphocytes either uninfected or HIV-1 infected. (A) AchE activity and, for HIV-1-
infected cells only, HIV-1 Gag CAp24 contents were measured in fractions from 6 to 18% iodixanol gradients loaded with vesicles obtained by differential centrifugations
of supernatants from activated CD4™ T lymphocytes either uninfected or infected with wt HIV-1. The results are the mean values from duplicate conditions and are
representative of results from two independent experiments. (B) Detection by FACS of CD63 on pools of AchE-positive fractions from iodixanol gradients loaded with
vesicles from uninfected or HIV-1-infected cells. Vesicles were bound to aldehyde/sulfate latex beads and then labeled with FITC-conjugated anti-CD63 monoclonal
antibody or, as a control, FITC-conjugated isotype IgGs. On the left, a representative forward and side scatter dot plot of the exosome-bead complexes is shown. The
results are representative of results from three independent experiments carried out on vesicles from two iodixanol gradient preparations.

the results we obtained with exosomes from transfected cells in a
more physiological context, i.e., using exosomes purified from
primary lymphocytes, activated CD4* T lymphocytes were in-
fected with the VSV-G Anef HIV-1 strain or the VSV-G Nef,p,
HIV-1 strain. By reproducing the above-described procedures,
purified exosomes were recovered and analyzed in terms of both
AchE activity and HIV-1 Gag CAp24 contents (Fig. 5A), as well as
for CD63 expression (Fig. 5B). A total of 120 U of these purified
exosomes was used to challenge 10° quiescent CD4™ T lympho-
cytes. As a control, cells were challenged with the same amount of
exosomes from uninfected cells or cells infected with wt HIV-1.
After 6 h, the lymphocytes were infected by HIV-1 and 3 days later
analyzed for HIV-1 expression. We observed that the challenge
with exosomes from cells infected with either Anef HIV-1 or
Nef,, HIV-1 appeared ineffective. Conversely, and as expected,
the percentage of infected lymphocytes increased compared to
results under control conditions when exosomes from wt HIV-1-
infected cells were used (Fig. 5C). These data were consistent with
those we obtained using exosomes from Nef-transfected cells,
meanwhile strengthening the importance of the expression of Nef
in HIV-1-infected cells for the exosome-mediated induction of
HIV-1 susceptibility in resting CD4 " T lymphocytes.

Primary quiescent CD4* T lymphocytes release both TNF-«
and IL-2 in response to the treatment with exosomes from HIV-
1-infected cells. CD4" T lymphocytes replicate HIV upon cell
activation. Thus, it was expected that the HIV-1 replication we
observed in resting CD4™ T lymphocytes treated with exosomes
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was a consequence of the induction of cell activation. To support
this hypothesis, we investigated the release of TNF-a and IL-2
from exosome-treated quiescent CD4* T lymphocytes. For
TNF-a, 10° cells were challenged with 120 wU of exosomes from
uninfected or HIV-1-infected lymphocytes. The release of TNF-a
was monitored over time within a 48-h interval. We noticed that
the TNF-a release peaked at 6 h, afterwards remaining sustained
through the observation time (Fig. 6A). The exosome-dependent
TNF-a release appeared dose dependent (Fig. 6B), and resting
lymphocytes challenged with exosomes from cells infected by ei-
ther the Anef HIV-1 strain or the Nef,;, HIV-1 strain did not
increase the TNF-a release (Fig. 6C). No TNF-a was detected in
the exosome preparations we used for the challenges (not shown).

We evaluated the exosome-dependent activation in resting
CD4™ T lymphocytes also in terms of IL-2 release by ELISPOT
assay from 24 to 72 h after exosome challenge. A total of 10° cells
were challenged with 120 wU of exosomes from uninfected cells as
well as from cells infected by the wt, Anef, or Nef,;, HIV-1 strain.
Whereas no IL-2 production was detectable at the 24-h time point
(not shown), starting from 48 h postchallenge we observed a well-
detectable number of cells producing IL-2 under the conditions
treated with exosomes from cells infected with wt HIV-1 but not
from those infected with HIV-1 mutants (Fig. 6D).

Together, these data imply that the treatment of resting CD4 *
T lymphocytes with exosomes from HIV-1-infected cells leads to
cell activation which relies on the expression of a functional Nefin
exosome-producing cells.
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FIG 3 HIV-1 replication in quiescent CD4* T lymphocytes treated with exo-
somes from HIV-1-infected CD4™* T lymphocytes. (A) Kinetic of HIV-1 in-
fection in resting CD4" T lymphocytes. A total of 10° quiescent CD4" T
lymphocytes were challenged with 120 wU of exosomes from either uninfected
(Ctrl) or HIV-1-infected CD4™ T lymphocytes and then infected with 50 ng of
a T-tropic HIV-1 strain. As a control, quiescent cells were challenged with
HIV-1 alone (Nil). From 2 to 4 days later, the cells were analyzed for HIV-1
expression by FACS analysis. Shown are the mean percentages of infected cells
from duplicate conditions representative of results from two independent ex-
periments carried out with cells from two healthy donors. On the bottom,
shown are the dot plots of the FACS analysis from a representative experiment
at day 3 postchallenge. (B) Dose-response effect of exosomes from HIV-1-
infected cells on HIV-1 susceptibility of resting CD4 " T lymphocytes. A total
of 10° quiescent CD4* T lymphocytes were challenged with 60 or 120 pU of
exosomes from either uninfected (Ctrl) or HIV-1-infected cells and then in-
fected with 50 ng of a T-tropic HIV-1 strain. As a control, quiescent cells were
challenged with HIV-1 alone (Nil). Three days later, the cells were analyzed for
HIV-1 expression. Shown are the mean percentages of HIV-1-positive cells as
calculated from duplicate conditions using resting CD4 " T lymphocytes from
three healthy donors. The interdonor mean percentages + SD are also shown.
*, P < 0.05. (C) Effects of AZT on HIV-1 replication in resting CD4 ™ T cells. A
total of 10° quiescent CD4 " T lymphocytes were challenged with 120 pU of
exosomes from either uninfected (Ctrl) or HIV-1-infected cells and then in-
fected with 50 ng of a T-tropic HIV-1 strain. Cell cultures were run in the
absence (Nil) or in the presence of 10 wuM AZT. Three days later, the cells were
analyzed for HIV-1 expression. Shown are the mean percentages of HIV-1-
positive cells as calculated from duplicate conditions using resting CD4* T
lymphocytes from two (I, II) healthy donors.

ADAM17 is involved in both activation and HIV-1 replica-
tion in quiescent CD4"* T lymphocytes treated with exosomes
from HIV-1-infected cells. The expression of HIV-1 Nef leads to
incorporation of activated ADAM17 into exosomes (8). Upon
exosome ingestion, PBMCs release TNF-a as a consequence of the
cleavage of pro-TNF-a driven by exosome-associated ADAM17
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FIG 4 HIV-1 replicates in quiescent CD4™ T lymphocytes treated with exo-
somes from Nef-expressing cells. (A) HIV-1 replication in resting CD4* T
lymphocytes treated with exosomes from cells expressing either wt Nef or
Nef, 4. A total of 10° quiescent CD4™ T lymphocytes were challenged with 120
U of exosomes from 293T cells transfected with wt Nef- or Nef, ;. ,-expressing
vector, or the empty vector (Ctrl), and then infected with 50 ng of a T-tropic
HIV-1 strain. As a control, quiescent cells were challenged with HIV-1 alone
(Nil). Three days later, the cells were analyzed for HIV-1 expression. Shown
are the mean percentages of HIV-1 positive cells as calculated from duplicate
conditions using resting CD4™ T lymphocytes from seven healthy donors. The
interdonor mean percentages + SD are also shown. *, P < 0.05. (B) Detection
of Nef in cells transfected with either wt Nef or Nef, ., and in exosomes puri-
fied from the respective supernatants. Shown is the anti-Nef Western blot
analysis of both cells and exosomes from 293T cells transiently transfected with
vectors expressing wt Nef, Nef,.,, or the empty vector (Ctrl). Signals from
cellular Nef were normalized with B-actin detection, while anti-ICAM-1 anal-
ysis served to normalize exosome signals. The molecular markers are given in
kDa. Results are representative of results from two independent experiments.

(8). We investigated whether this mechanism was on the basis of
CD4™ Tlymphocyte activation and HIV-1 replication we describe
here. To this aim, we first assayed the presence of activated
ADAM]17 in exosomes from HIV-1-infected cells. The ADAM17-
specific Western blot analysis revealed an increase of active
ADAM17 associating with a decrease of the inactive form in cells
infected by wt HIV-1 compared to cells either uninfected or in-
fected with the Anef HIV-1 strain or the Nef,;, HIV-1 strain (Fig.
7A). Consistently, we found a strong ADAM17 activity associ-
ated with exosomes from lymphocytes expressing wt HIV-1,
which was significantly reduced in exosomes from cells either
uninfected or infected by the Anef HIV-1 strain or the Nef,p,
HIV-1 strain (Fig. 7B).

To test the role of ADAM17 shuttled by exosomes, we treated
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FIG5 HIV-1 does not replicate in resting CD4™ T lymphocytes challenged with exosomes from cells infected by either the Anef HIV-1 strain or the Nef,, HIV-1
strain. (A) Characterization of exosomes from supernatants of activated CD4™ T lymphocytes infected by either the AnefHIV-1 strain or the Nef,; , HIV-1 strain.
AchE activity and HIV-1 Gag CAp24 contents were measured in fractions from 6 to 18% iodixanol gradients loaded with vesicles obtained by differential
centrifugations of supernatants from activated CD4™* T lymphocytes infected by the AnefHIV-1 strain or the Nef,;;, HIV-1 strain. The results are the mean values
for duplicate conditions and are representative of results from two independent experiments. (B) Detection by FACS of CD63 on pools of AchE-positive fractions
from the iodixanol gradients described for panel A. (C) HIV-1 replication in resting CD4™ T lymphocytes treated with exosomes from cells infected by the wt,
Anef, or Nef,p, HIV-1 strain. A total of 10°> quiescent CD4" T lymphocytes were challenged with 120 WU of exosomes from the indicated infected cell
populations, as well as from uninfected cells (Ctrl). As a control, cells were challenged with HIV-1 alone (Nil). Three days later, the cells were analyzed for HIV-1
expression. Shown are the mean percentages of HIV-1-positive cells as calculated from duplicate conditions using resting CD4™ T lymphocytes from two (I, I1)

healthy donors.

CD4" T lymphocytes with TAPI-2, i.e., a potent ADAM17 inhib-
itor (26), at the time of exosome challenge. We observed that
TAPI-2 inhibited the release of TNF-a from CD4™ T lymphocytes
challenged with exosomes from HIV-1-infected cells in a dose-
dependent manner (Fig. 7C). Consistently, TAPI-2 also inhibited
the viral replication in quiescent CD4 ™" T lymphocytes challenged
with exosomes either from HIV-1-infected cells or from wt Nef-
expressing 293T cells and then infected with HIV-1 (Fig. 7D).Ina
similar fashion, TAPI-2 abrogated the HIV-1 replication in resting
CD4™ T lymphocytes cocultivated in transwell plates with HIV-
1-infected lymphocytes (Fig. 7E), in the apparent absence of rele-
vant effects on HIV-1 infectivity (Fig. 7E, inset).

Next, we sought to further enforce the concept that the associ-
ation of ADAM17 to exosomes is critical for the induction of
HIV-1 susceptibility in resting lymphocytes regardless of the cell
source of exosomes and the mechanism of ADAM17 uploading.
To this end, we tested exosomes associating active ADAM17 as a
consequence of its overexpression in exosome producer cells as
previously described (8). In detail, 293T cells were cotransfected
with wt Nef- and ADAM17-expressing vectors, and exosomes

October 2014 Volume 88 Number 19

were recovered from supernatants harvested 2 days later. The co-
expression of Nef ensured the optimal uploading of active
ADAMI17 in exosomes (8). Afterwards, 10° resting CD4™ T lym-
phocytes were challenged with 120 U of the exosomes and then
with HIV-1. As a control, equal amounts of exosomes from cells
transfected with empty or wt Nef-expressing vectors were used.
Three days later, we observed that the levels of HIV-1 replication
in resting lymphocytes treated with ADAM17 exosomes were
larger than those in cells treated with exosomes from Nef-express-
ing cells (Fig. 7F).

Taken together, these data highlight the key role of exosome-
associated ADAM17 in the activation and HIV-1 replication ob-
served in CD4 " T lymphocytes treated with exosomes from HIV-
1-infected cells.

The neutralization of TNF-« inhibits the HIV-1 replication
in primary quiescent CD4* T lymphocytes treated with exo-
somes from HIV-1-infected cells. TAPI-2 can inhibit different
ADAMs and metalloproteinases. To verify that the TAPI-2-de-
pendent inhibition we observed was a result of the specific block of
ADAMI17 activity, we next investigated the role of the major
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FIG 6 Resting CD4™ T lymphocytes release TNF-a and IL-2 when treated with exosomes from HIV-1-infected cells. (A) Kinetic of TNF-a release. A total of 10°
quiescent CD4* T lymphocytes were challenged with 120 pU of exosomes from HIV-1-infected or uninfected (Ctrl) cells. After extensive washes, the cells were
seeded in complete medium, and supernatants were harvested at the indicated time points. Shown are the mean concentrations of TNF-« as calculated from
duplicate conditions using resting CD4™ T lymphocytes from a representative of two healthy donors. (B) Detection of TNF-a on supernatants of 10° quiescent
CD4" T lymphocytes challenged with either increasing amounts (i.e., from 30 to 120 pU) of exosomes from HIV-1-infected cells or 120 .U of exosomes from
uninfected cells (Ctrl). As a control, cells were treated with 2 ug/ml of PHA or left untreated (Nil). After extensive washes, the cells were seeded in complete
medium, and supernatants were harvested 6 h later. Shown are the mean concentrations of TNF-« as calculated from duplicate conditions using resting CD4™
T lymphocytes from two (I, II) healthy donors. (C) TNF-a detection in supernatants from resting CD4" T lymphocytes challenged with exosomes from cells
infected by the Anef HIV-1 strain or the Nef,;, HIV-1 strain. A total of 10° quiescent CD4™ T lymphocytes were challenged with 120 .U of exosomes from cells
infected with the wt, AnefHIV-1, or Nef, ., HIV-1 strain. As a control, cells were challenged with equal amounts of exosomes from uninfected cells (Ctrl), treated
with 2 pg/ml of PHA, or left untreated (Nil). Supernatants were harvested 6 h later, and TNF-« contents were determined by ELISA. Shown are the mean
concentrations of TNF-a as calculated from duplicate conditions using resting CD4" T lymphocytes from two (I, II) healthy donors. (D) Detection of
IL-2-producing cells. A total of 10° resting CD4* T lymphocytes were challenged with 120 pU of exosomes from cells infected with the wt, Anef, or Nef,, HIV-1
strain. As a control, cells were challenged with equal amounts of exosomes from uninfected cells (Ctrl), treated with 2 pg/ml of PHA, or left untreated (Nil).
Afterwards, the cells were washed and seeded in ELISPOT microwells previously coated with an anti-IL-2 monoclonal antibody. The spots were counted after
both 48 and 72 h. Shown are the mean number of spots + SD as calculated from duplicate conditions evaluated in triplicate wells using resting CD4" T
lymphocytes from two (I, II) healthy donors. nd, no spots found.

ADAM17 substrate, i.e., TNF-a, in our experimental setting. Qui-
escent CD4" T lymphocytes were challenged with exosomes and
HIV-1 and then cultured for 3 days in the presence of either in-
creasing amounts of anti-TNF-a neutralizing antibodies or, as a
control, isotype-matched IgGs. We observed that anti-TNF-o an-
tibodies abolished HIV-1 replication in CD4" T lymphocytes
treated with exosomes from HIV-1-infected cells in a dose-depen-
dent way (Fig. 8). Consistent results were obtained when cells were
challenged with exosomes from wt Nef-expressing 293T cells
(Fig. 8).

These results are consistent with the idea that TNF-« is the
main activation stimulus in exosome-treated resting CD4™ T lym-
phocytes and a downstream effector of exosome-associated
ADAM17.

DISCUSSION

HIV-1-infected cells release exosomes associating with viral pro-
teins (5-7) and RNA (27, 28). Recently, it has been reported that
exosomes from cells expressing Nef upload activated ADAM17
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and induce release of TNF-« from unstimulated PBMCs (8). We
investigated whether a similar mechanism occurs in resting CD4 *
T lymphocytes challenged with exosomes from primary CD4* T
lymphocytes and the possible consequences in terms of HIV-1
replication.

We found that resting CD4 " T lymphocytes challenged by exo-
somes from HIV-1-infected cells release both TNF-a and IL-2.
The release of TNF-a peaked at 6 h after exosome challenge,
thereby remaining sustained within the 48 h of observation,
whereas we noticed the highest number of IL-2-producing cells at
the 48-h time point. These data suggested that the IL-2 release was
a consequence of cellular activation induced by the autocrine/
paracrine stimulus of TNF-a.

Treatment with TNF-a has been found to activate 5 to 7% of
resting lymphocytes (29). In addition, the activation of down-
stream effectors of TNF-a supports HIV-1 transcription by tar-
geting long terminal repeats (LTRs) and activating TAK, i.e., a
kinase required for Tat-dependent trans-activation (29). On the
other hand, activation of resting lymphocytes is required for HIV
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FIG 7 Active ADAM17 associates with exosomes from wt HIV-1-infected cells and is important for both TNF-« release and induction of HIV-1 susceptibility
in resting CD4" T lymphocytes. (A) Western blot analysis for the expression of ADAM17 in cells infected with the wt, Anef; or Nef,, HIV-1 strain or mock
infected (Ctrl). On the left of blots for ADAM17, arrows identify both inactive and active ADAM17 forms. Signals from cellular ADAM17 were normalized with
both B-actin and Nef signals. On the right of each panel, molecular mass markers are given in kDa. The results are representative of results from two independent
experiments. (B) ADAM17 activity detected in 1 mU of exosomes purified from the supernatants of lymphocytes either uninfected (Ctrl) or infected with the wt,
Anef, or Nef, , HIV-1 strain. Mean values + SD of ng of active ADAM17 detected in duplicate samples from three exosome preparations are shown. ¥, P < 0.05.
(C) Effect of TAPI-2 on TNF-a release. A total of 10° quiescent CD4 ™ T lymphocytes were challenged with 120 U of exosomes from HIV-1-infected cells in the
presence of increasing concentrations of TAPI-2. As a control, quiescent cells were challenged with HIV-1 alone (Nil) or in the presence of 2 pg/ml of PHA. The
cells were left in culture for 6 h, and then TNF-a contents in supernatants were determined. Shown are the mean concentrations of TNF-« as calculated from
duplicate conditions using resting CD4 " T lymphocytes from two (I, IT) healthy donors. (D) Effects of TAPI-2 on HIV-1 replication. A total of 10° quiescent
CD4" T lymphocytes were challenged with 120 wU of exosomes from HIV-1-infected cells in the presence of increasing concentrations of TAPI-2. Alternatively,
the cells were challenged with the same amounts of exosomes from wt Nef-expressing 293T cells in the presence of the highest TAPI-2 concentration. As a control,
quiescent cells were challenged with HIV-1 alone (Nil). Cells were then infected with HIV-1 and 3 days later were analyzed for HIV-1 expression. Shown are the
mean percentages of HIV-1-positive cells as calculated from duplicate conditions using resting CD4" T lymphocytes from a representative of two healthy donors
analyzed. (E) Transwell cocultures of resting CD4" T lymphocytes with HIV-1-infected cells in the presence of AZT or TAPI-2. CD4" T lymphocytes were
activated with 2 pg/ml of PHA and 2 days later infected with VSV-G wt HIV-1. After an additional 2 days, the cells were put in the upper chamber of transwell
plates, and quiescent CD4* T lymphocytes were seeded in the bottom chamber. The cocultures were run in the presence or not of either AZT or 1 uM TAPI-2.
Three days later, resting cells were harvested and analyzed for the percentage of HIV-1-infected cells by FACS. Shown are the mean percentages of HIV-1-positive
cells as calculated from duplicate conditions using cells from a representative of two healthy donors analyzed. In the inset, shown is the infectivity of HIV-1
released by activated CD4™* T lymphocytes in the presence or not of TAPI-2 as measured in Rev-CEM cells. Shown are the mean values + SD of the infectious
units as calculated from triplicate conditions using the supernatants from a representative of two independent experiments. (F) Effects of exosomes from
ADAMI17-transfected cells. A total of 120 wU of exosomes from 293T cells cotransfected with vectors expressing wt Nef and ADAM17 was used to challenge
quiescent CD4" T lymphocytes, which were then infected by HIV-1. As a control, cells were left untreated (Nil), activated with 2 pug/ml of PHA, or treated with
exosomes from cells transfected with either an empty vector (Ctrl) or a wt Nef-expressing vector. Three days later, resting cells were analyzed for the percentage
of HIV-1-infected cells by FACS. Shown are the mean percentages of HIV-1-positive cells as calculated from duplicate conditions using cells from a representative
of two healthy donors analyzed.

replication, since both retrotranscription and integration are
heavily compromised in quiescent CD4 " T lymphocytes (30, 31).
On the basis of the literature data, we hypothesize that the HIV-1
replication we observed in quiescent lymphocytes may be a con-
sequence of the TNF-a-dependent transcription of already inte-
grated HIV-1 genomes and/or the result of the increase in retro-
transcription/integration efficiency, as previously reported in
resting lymphocytes stimulated with anti-CD3/anti-CD28 anti-
bodies (25).
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Although the HIV-1 preparations we used to challenge CD4™"
T lymphocytes were obtained by an ultracentrifugation-based
procedure excluding the coprecipitation of exosomes (32), the
presence of residual contaminating exosomes in HIV-1 prepara-
tions cannot be formally ruled out. However, the lack of HIV-1
infection we observed when HIV-1 was given to resting CD4" T
lymphocytes alone indicated that the presence of residual exo-
somes contaminating our HIV-1 preparations was negligible.

HIV-1 replication was observed in quiescent CD4™ T lympho-
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FIG 8 TNF-a neutralization blocks the HIV-1 replication in quiescent CD4 ™
T lymphocytes treated with exosomes from HIV-1-infected cells. A total of 10
quiescent CD4™ T lymphocytes were challenged with 120 pU of exosomes
from HIV-1-infected cells. Then, the cells were incubated for 6 h in the pres-
ence of the indicated amounts of anti-TNF-« neutralizing antibodies or unre-
lated, isotype-specific 1gGs. Alternatively, the cells were treated with equal
amounts of exosomes from 293T cells and then incubated with the highest
dose of antibodies. Afterwards, the cells were infected with HIV-1 and then
washed and reseeded in the presence of the antibodies. As a control, resting
CD4™ T cells were treated with HIV-1 alone (Nil). Three days after challenges,
the cells were analyzed for HIV-1 expression by FACS. Shown are the mean
percentages of HIV-1 positive cells as calculated from duplicate conditions
using cells from a representative of two healthy donors analyzed.

cytes also when they were challenged with exosomes from cells
expressing wt Nef alone. Hence, the expression of wt Nef in exo-
some-producer cells is sufficient to render exosome-treated CD4 ™
T Iymphocytes permissive to HIV-1 replication. In addition, our
data originally identified the Nef acidic cluster as a domain impor-
tant for HIV replication in quiescent CD4" T lymphocytes. This
region was originally characterized for the binding with phospho-
furin acidic cluster sorting protein 1 (PACS-1) (33), i.e., a protein
controlling the trafficking of furin between trans-Golgi and endo-
somes (34). Furin is the protease involved in the processing of
pro-ADAM17 to its active form (9). It is tempting to speculate that
Nef-PACS-1 interaction contributes to the increased ADAM17
activation we observed in HIV-1-infected cells and exosomes re-
leased by them. The Nef,, , mutant could be a great tool to deeply
investigate the interactions among Nef, PACS-1, ADAM17, and
exosomes.

The results from transwell cocultures well recapitulated those
we obtained with purified exosomes; however, in a more physio-
logical context. The transwell coculture setting likely mirrors
events occurring in tissues of infected patients where HIV actively
replicates, e.g., gut mucosa and lymph nodes. Meanwhile, it was
useful to avoid misinterpretations due to possible effects induced
by cell-to-cell contact. The data we obtained with transwell cocul-
tures confirmed that the expression of a functional Nef in HIV-1-
infected donor cells is required for virus replication in bystander,
resting CD4™ T lymphocytes.

We found activated ADAM17 in HIV-1-infected cells and exo-
somes released by them but not in cells either uninfected of ex-
pressing an HIV-1 lacking a functional Nef. The association of
activated ADAM 17 with exosomes from Nef-expressing cells was
recently described (8). Here, we extend this observation to exo-
somes from HIV-1-infected cells, hence adding relevance to the
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previous finding. We observed an impressive increase of HIV-1
replication in resting CD4* T lymphocytes treated with exosomes
from 293T cells overexpressing ADAM17. These data support the
idea that the association of ADAM17 to exosomes is the key event
for the induction of viral replication in quiescent cells, which was
observed regardless of the source of exosomes, i.e., primary cells or
cell lines.

Our results allow us to propose a model where HIV-1-infected
cells release ADAM17-loaded exosomes which, when ingested by
bystander quiescent CD4" T lymphocytes, can induce the cleav-
age of prestored pro-TNF-a. The mature cytokine may act in both
autocrine and paracrine ways by activating intracellular signals
supporting the progression of the life cycle of incoming HIV-1.
The very early production of Nef, as documented in HIV-1-in-
fected resting CD4™ T lymphocytes (35), could induce additional
release of ADAM17-containing exosomes fostering viral spread to
quiescent bystander CD4 " T lymphocytes. Therefore, exosomes,
ADAM17, and TNF-a could be of paramount importance for
HIV replication in the infected host.

On the basis of the results presented here, the role of Nef in
AIDS pathogenesis could be, at least in part, reconsidered. Our
data imply a model where Nef expression is necessary to arm exo-
somes with active ADAM17 in order to render resting bystander
lymphocytes permissive for HIV replication. This mechanism
would be particularly relevant in primary infection and would
explain the rapid spread of viral infection in, for example, the gut.
In HIV reservoirs, the expression of Nef would lead to the release
of exosomes providing a microenvironment highly favorable for
virus replication, in particular for viral mutants escaping the an-
tiretroviral treatments. In these as-yet-theoretical scenarios, Nef,
ADAM17, and TNF-a could represent targets of new therapies
aimed at containing virus spread, hampering primary infection,
and limiting the emergence of drug-resistant HIV-1 quasispecies.
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