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HIV-1 infection results in a chronic illness because long-
term highly active antiretroviral therapy can lower viral titers
to an undetectable level. However, discontinuation of therapy
rapidly increases virus burden. Moreover, patients under
highly active antiretroviral therapy frequently develop vari-
ous metabolic disorders, neurocognitive abnormalities, and
cardiovascular diseases. We have previously shown that exo-
somes containing trans-activating response (TAR) element
RNA enhance susceptibility of undifferentiated naive cells to
HIV-1 infection. This study indicates that exosomes from
HIV-1-infected primary cells are highly abundant with TAR
RNA as detected by RT-real time PCR. Interestingly, up to a
million copies of TAR RNA/�l were also detected in the
serum from HIV-1-infected humanized mice suggesting that
TAR RNA may be stable in vivo. Incubation of exosomes from
HIV-1-infected cells with primary macrophages resulted in a
dramatic increase of proinflammatory cytokines, IL-6 and
TNF-�, indicating that exosomes containing TAR RNA could
play a direct role in control of cytokine gene expression. The
intact TAR molecule was able to bind to PKR and TLR3 effec-
tively, whereas the 5� and 3� stems (TAR microRNAs) bound
best to TLR7 and -8 and none to PKR. Binding of TAR to PKR
did not result in its phosphorylation, and therefore, TAR may
be a dominant negative decoy molecule in cells. The TLR
binding through either TAR RNA or TAR microRNA poten-
tially can activate the NF-�B pathway and regulate cytokine

expression. Collectively, these results imply that exosomes
containing TAR RNA could directly affect the proinflamma-
tory cytokine gene expression and may explain a possible
mechanism of inflammation observed in HIV-1-infected
patients under cART.

Since its discovery in 1981, human immunodeficiency virus
type-1 (HIV-1) has caused substantial deaths in both developed
and emerging countries (1). As of 2011, an estimated 25 million
people have died of acquired immunodeficiency syndrome
(AIDS) caused by HIV-1 infection; 34 million are currently liv-
ing with HIV-1 infection worldwide, and there is not yet an
effective vaccine (1). Moreover, 2.5 million new infections
worldwide and �50,000 in the United States alone have been
reported each year (2). Long-term highly active antiretroviral
therapy can halt the virus replication in blood to an undetect-
able level. However, discontinuation of therapy rapidly
increases the virus burden (3, 4). For reasons not well under-
stood, patients under highly active antiretroviral therapy fre-
quently develop various metabolic disorders and also HIV-as-
sociated neurocognitive disorders (5–9).

HIV-1 virions contain a 9.7-kb dimeric positive-sense single-
stranded RNA genome, comprising a total of the following nine
genes: structural (env, gag, and pol), regulatory (tat and rev), and
accessory (nef, vif, vpr, and vpu) (10). In addition, the HIV-1
genome also encodes several small, regulatory non-coding
RNAs (ncRNAs)4 and probably microRNAs (miRNAs) that can
regulate host gene expression (11–17). Tat is an essential regu-
latory protein that directs efficient elongation of the HIV-1
genome. It binds to an RNA stem-loop structure, the trans-
activating response element (TAR) at the 5� ends of HIV-1 tran-
scripts, and recruits a positive transcription elongation factor b
(P-TEFb) to increase the production of full-length viral RNA
(18, 19). The minimum TAR-binding sequence of Tat has been
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mapped to a basic domain of 10 amino acids, comprising mostly
Arg and Lys residues. The regulatory activity requires the 47
N-terminal residues, which interact with components of the
transcription complex to function together as a transcriptional
activation domain (18 –20).

Exosomes are membrane-bound vesicles produced by many
types of cells (21, 22). Exosomes contain classical membrane
marker proteins such as tetraspanins, adhesion proteins, and
metalloproteinases that distinguish them from other vesicular
structures such as apoptotic vesicles (23). Exosomes are consid-
ered to play an important role in intercellular communication
either by target cell uptake or by inducing cell signaling via
membrane receptors (24, 25). In addition to membrane pro-
teins, exosomes also carry mRNA, as well as ncRNA (i.e.
miRNA), and are thought to affect gene regulation in the target
cells (24, 26). Viruses such as Epstein-Barr virus and Kaposi
sarcoma-associated herpesvirus encode miRNAs that are
exported out of the infected cell via exosomes (27–30), and
exosomally transported miRNAs are functional in recipient
cells and alter their cellular fate (27, 30, 31). We have the first set
of evidence to show that HIV-1-infected cells produce exo-
somes that alter naive target cells to make the latter more sus-
ceptible to HIV-1 infection. Numerous reports have demon-
strated unique compositions of exosomes, including viral
proteins and miRNAs (14, 22, 30 –32). HIV-1-derived ncRNAs
are considered as potential candidate regulators of expression
for many cellular genes (15, 16, 33, 34). One example is the
HIV-1 TAR element (stem-loop structure, 57 bases) produced
in appreciable quantities in vitro and in vivo (35). Although the
presence of HIV-1 viral miRNA in cells is controversial (36, 37),
our data suggest that part of TAR RNA is processed into the
typical double strand pre-miRNA structure as well as processed
miRNA, which can be successfully isolated from infected cells
(15). In 2008, the Provost and co-workers (17) also acquired
evidence of the TAR miRNA in HIV-1-infected cells. Later,
Jeang and co-workers found TAR-specific sequences and 125
other HIV-1 ncRNAs in the total RNA pools from HIV-1-in-
fected cells and reported that the TAR RNA was the most abun-
dant ncRNA (12). Recently, Schopman et al. (11) detected
numerous small RNAs that correspond to the HIV-1 RNA
genome. Finally, multiple experimental data indicate that the
exosomes play key roles in the miRNA transfer to recipient cells
(26, 38, 39).

Our recent finding that patient samples contain viral and
host miRNAs in circulation has increased our interest in exo-
somes functioning as potential modulators of viral spread. This
phenomenon could have important implications in explaining
the systemic manifestation of AIDS and the large scale destruc-
tion of multiple cells in the body. For example, HIV-1 could
exert effects on the central nervous system (CNS) without
crossing the blood-brain barrier through several mechanisms
(40, 41). This study looks into the various components of HIV-
1-derived exosomes and how they may be putative factors for
increased virulence. Thus, the study has the potential to greatly
contribute to our understanding of HIV-1 pathogenesis in cells,
including macrophages and those of the CNS. In this study, we
have demonstrated that an abundance of extracellular TAR
RNA is present in exosomes both in the infected primary cell

culture supernatants and in the blood during an in vivo infec-
tion. Furthermore, incubation with TAR RNA-containing ves-
icles resulted in a significant secretion of proinflammatory
cytokines suggesting a possible mechanism of inflammation
and neuropathogenesis in HIV-1 infection. The putative mech-
anism by which TAR RNA is likely involved in activation of the
recipient cells will be discussed.

Experimental Procedures

Cells and Viruses—The parental uninfected Jurkat, CEM, and
U937 cells were obtained from ATCC (Manassas, VA). HIV-1-
infected J1.1, ACH2, and U1 cells were from the AIDS Reagent
Program (National Institutes of Health). The cells were cul-
tured in RPMI 1640 medium containing 10% filtered fetal
bovine serum (FBS), 1% L-glutamine, and 1% streptomycin/
penicillin (Quality Biological, Gaithersburg, MD). The periph-
eral blood mononuclear cells (PBMCs) and purified macro-
phages were either purchased from Lonza or obtained as a buffy
coat from the National Institutes of Health and grown in RPMI
1640 medium. PBMCs were isolated from peripheral blood
from healthy anonymous donors using Ficoll gradient centrif-
ugation and then expanded in medium containing 1 �g/ml
PHA-L and 30 IU/ml recombinant human IL-2. After 2 days of
cultivation the cells were washed and then cultured in the
medium containing 30 IU/ml rhIL-2 without PHA-L. All cells
were incubated at 37 °C in the presence of 5% CO2. The
HEK293-derived HEK-Blue hTLR3 cells containing a secreted
embryonic alkaline phosphatase (SEAP) reporter gene, used for
measuring TLR3 activation, were obtained from InvivoGen
(San Diego) and cultured in HEK-Blue Detection medium fol-
lowing the manufacturer’s protocol.

The stocks of T cell-tropic NL4-3 and dual-tropic 89.6 HIV-1
were used for infection of activated PBLs or macrophages,
respectively (800 ng of p24 for 40 � 106 cells/ml). PBLs were
separated from human PBMCs using incubation with PHA (1
�g/ml) for 24 h. After 48 h of incubation with 25 units/ml IL-2,
the PBLs were infected with HIV-1 and then cultured for 2
weeks with IL-7 to transfer T cells to the quiescent phase. The
human monocytes obtained from PBMC samples were cul-
tured for 1 week with M-CSF (10 ng/ml) for differentiation to
monocyte-derived macrophages (MDM). The MDM were
infected with HIV-1 dual-tropic strain 89.6 and then cultured
for 2 weeks.

Human Cytokine Assay—CEM cells were maintained in com-
plete RPMI 1640 medium (consisting of 10% FBS, 1% L-gluta-
mine, and 1% streptomycin/penicillin) at 37 °C and 5% CO2.
Three ml of cell culture (containing 5 � 105 cells per ml of
media) were placed in each of 8 wells in a 12-well plate. The
samples were then treated with either DOTAP TAR wild type
(WT) RNA, DOTAP TAR-D mutant RNA, or exosomes from
CEM or ACH2 cells with concentrations of 1, 5, and 10 �g/ml,
respectively, for 24 h. Similarly, primary human macrophages
were differentiated by incubating with 10 ng/ml M-CSF and
phorbol 12-myristate 13-acetate for 1 week before incubating
106 cells with 104 copies of either exosomal RNA, TAR (WT), or
mutated TAR D RNA packaged into DOTAP. After 48 h, super-
natants were analyzed for the presence of 23 cytokine proteins
using human cytokine antibody array. Cytoplasmic and nuclear
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extractions were obtained using low salt buffer and detergent
for cytoplasmic extracts followed by high salt for nuclear
extracts. Antibodies used for Western blots were obtained from
Abcam (p-eIF2�, ab4837 (1:2500)) and Santa Cruz Biotechnol-
ogy (PKR, sc707 (1:200), p-PKR, sc16565 (1:200), and eIF2�,
sc133132 (1:200).

Preparation of Whole Cell Extract and Size-exclusion
Chromatography—The pellets of uninfected Jurkat and HIV-1-
infected J1.1 cells were washed with PBS without Ca2� and
Mg2�, resuspended in lysis buffer containing 50 mM Tris-HCl
(pH 7.5), 120 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM

NaF, 0.2 mM Na3VO4, 1 mM DTT, and one Complete protease
inhibitor mixture tablet/50 ml (Roche Applied Science, Mann-
heim, Germany), and incubated on ice for 20 min with gentle
vortexing. Lysates were centrifuged at 4 °C at 10,000 rpm for 10
min, and protein concentrations in the supernatants were
determined using the Bradford protein assay (Bio-Rad). For
each cell line, 2.5 mg of protein was equilibrated in chromatog-
raphy running buffer (0.2 M Tris-HCl (pH 7.5), 0.5 M NaCl, and
5% glycerol) and run on a Superose 6 10/300 size-exclusion
chromatography column (GE Healthcare, Uppsala, Sweden)
using the ÄKTA purifier system (GE Healthcare). After sample
injection, running buffer was set at a flow rate of 0.3 ml/min,
and 0.5-ml fractions of the flow-through were collected at 4 °C
for a total of 70 fractions. Fractions (10 –55) from the infected
J1.1 cell lysate were analyzed for HIV-1 using qRT-PCR, and the
high molecular weight fraction number 15 from both unin-
fected and infected cell lysates was tested for the presence of
CD63 (an exosome marker) by Western blot following concen-
tration and capture by a mixture of NT080 and NT082 Nano-
trap particles.

Capture of CD63-positive Vesicles with Nanotrap Particles—
A 15-�l slurry (30%) mixture of NT080 and NT082 Nanotrap
particles (equal parts) was incubated with either 500 �l of cell
culture supernatants or the same volume of size-exclusion
chromatography fraction number 15 from either Jurkat or J1.1
cell lysates or corresponding cell culture supernatants for 1 h at
4 °C. The Nanotrap particle-bound materials were then washed
with 500 �l of cold PBS or chromatography running buffer and
then resuspended with 20 �l of Laemmli buffer (for SDS-
PAGE) or 50 �l of PBS and 150 �l of TRIzol (Invitrogen) for
RNA isolation.

Staining and Western Blot—Whole cell extracts or Nanotrap
particle-bound materials were resuspended in Laemmli buffer
(15 �l), heated at 95 °C for 5 min, and spun (15,000 rpm) for 5
min. The entire or partial volumes were loaded onto a 4 –20%
Tris-glycine SDS gel, run at 200 V, and transferred onto PVDF
membranes. Gels were Coomassie-stained with 40% methanol,
7% glacial acetic acid, and Coomassie Brilliant Blue (Bio-Rad,
R-250). Membranes were blocked with D-PBS containing 0.1%
Tween 20 and 3% BSA and incubated overnight at 4 °C with the
appropriate primary antibody (�-Nef, �-p24, �-gp41 (AIDS
Reagent Program, National Institutes of Health) or anti-CD63
(Abcam)). Membranes were then incubated with the appropri-
ate HRP-conjugated secondary antibodies and developed the
next day using enhanced chemiluminescence.

Kinase Assay—Immunoprecipitation and in vitro kinase
assays were carried out using either whole cell extract or col-

umn fraction from infected or transfected cells. Briefly, for
immunoprecipitation, low and molecular weight complex frac-
tions were immunoprecipitated at 4 °C overnight with IKK-�
antibody. The next day, complexes were precipitated with A/G
beads (Calbiochem) for 4 h at 4 °C. Immunoprecipitated sam-
ples were washed three times with appropriate TNE buffer (10
mM Tris, 100 mM NaCl, 1 mM EDTA) and kinase buffer. The
reaction mixtures (30 �l) contained the following final concen-
trations: 40 mM �-glycerophosphate (pH 7.4), 7.5 mM MgCl2,
7.5 mM EGTA, 5% glycerol, [�-32P]ATP (0.4 mM, 1 �Ci), 50 mM

NaF, 1 mM orthovanadate, and 0.1% (v/v) �-mercaptoethanol.
Phosphorylation reactions were performed with immunopre-
cipitated material and �-32P-labeled GST-I�B� (0.5 �g) or his-
tone H1 (0.5 �g) as a substrate in threonine tyrosine kinase
buffer containing 50 mM HEPES (pH 7.9), 10 mM MgCl2, 6 mM

EGTA, and 2.5 mM dithiothreitol. Reactions were incubated at
30 °C for 1 h, stopped by the addition of 1 volume of Laemmli
sample buffer containing 5% �-mercaptoethanol, and run on
4 –20% SDS-polyacrylamide gel. Gels were subjected to autora-
diography and quantification using PhosphorImager software
(Amersham Biosciences).

Detection and Quantitation of HIV-1 RNA in Nanotrap Par-
ticle-bound Exosomes by Quantitative RT-PCR—We have pre-
viously shown that exosomes prepared using Optiprep density
gradient centrifugation of HIV-1-infected J1.1 cell supernatant
contain TAR RNA (42). To determine whether the specific
Nanotrap particles could capture exosomes that are also
derived from the J1.1 cell supernatants, the exosome prepara-
tions were similarly incubated with the 30% slurry of five differ-
ent Nanotrap particles for 1 h at 4 °C on a shaker. After washing,
total RNA was extracted via the addition of 3 volumes of TRIzol
reagent (Invitrogen) to the pelleted particle-bound exosome
materials resuspended in PBS. Total RNA was then isolated
according to the manufacturer’s protocol. RNA was precipi-
tated with isopropyl alcohol and 1 �l of glycogen for molecular
biology (Roche Applied Science, Mannheim, Germany). The
RNA pellets were reconstituted in 1� TE buffer. A total of 0.5
�g of RNA from the RNA fraction was treated with 0.25 mg/ml
DNase I RNase-free (Roche Applied Science, Mannheim, Ger-
many) for 60 min in the presence of 5 mM MgCl2, followed by
heat inactivation at 65 °C for 15 min. A 200 –250-ng aliquot of
total RNA was used to generate cDNA with the GoScript
Reverse Transcription System (Promega, Madison, WI) using
TAR-specific reverse primer TAR Reverse (�42 to �62):
5�-AGC AGT GGG TTC CCT AGT TAG-3� or oligo(dT)
reverse primer. Quantitative real time PCR analysis was per-
formed with 2 �l of undiluted RT reaction mixtures. The iQ
SYBR Green Supermix (Bio-Rad) was used with the primers
specific for 1) HIV-1 TAR (42): TARfll-F, 5�-GGTCTCTCTG-
GTTAGACC-3�, and TARfll-R as above amplified 60 nucleo-
tides; TAR sequence or 2) HIV-1 env gene, Gag1483-F,
5�-AAGGGGAAGTGACATAGCAG-3�, and Gag1625-R,
5�-GCTGGTAGGGCTATACATTCTTAC-3� amplified 143
nucleotide fragments of the HIV-1 gag gene. Serial dilutions of
DNA from 8E5 cells (CEM cell line containing a single copy of
HIV-1 LAV provirus per cell) were used as the quantitative
standards. Real time PCRs were carried out at least in triplicate
as described above. Primers for cytokine expression were as
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follows: IL-6-F, 5�-GGT ACA TCC TCG ACG GCA CT3�;
IL-6-R, 5� GTG CCT CTT TGC TTT CAC3�; TNF-B-F,
5�-CCC ATG GCA TCC TGA AAC-3�, and TNF-B-R, 5�-GGA
GGC CTG GAA TCC AAT-�.

TLR3 Reporter Assay—The HEK293-based reporter cell line,
HEK-Blue hTLR3 (InvivoGen), was used to detect activation of
TLR3 either by HIV-1 or exosomes containing TAR RNA from
HIV-1-infected J1.1 cells. HEK-Blue hTLR3 cells (5 � 104 cells/
well) containing a SEAP reporter gene were cultured at 37 °C in
5% CO2 in 96-well plates in SEAP detection medium in the
presence of HIV-1 89.6 (1, 10, and 100 ng of p24/well), exo-
somes from either HIV-1-infected J1.1 cells or uninfected Jur-
kat cells (0.1, 1, and 10 �g/well, each), or poly(I-C) (10, 50, and
250 ng/ml). At 18 h of post-culture, cells were analyzed for the
level of absorbance at 600 nm using the GloMax Multi Detec-
tion System (Promega). Readings were normalized to PBS-neg-
ative controls.

Animal Studies—All mice used in this study were maintained
within the National Center for Biodefense and Infectious Dis-
ease’s breeding colony (George Mason University, Manassas,
VA). All experiments were carried out in bio-safety level 3
(BSL-3) facilities and in accordance with the Guide for the Care
and Use of Laboratory Animals (Committee on Care and Use of
Laboratory Animals of The Institute of Laboratory Animal
Resources, National Research Council, National Institutes of
Health Publication 86-23, revised 1996). NOD.Cg-Rag1tm1Mom

Il2rgtm1Wjl/SzJ mice were obtained from The Jackson Labora-
tory (007799, Bar Harbor, ME) and were humanized as
described previously (43). Briefly, three groups of three neona-
tal animals were sub-lethally irradiated. The next day, mice
were intraperitoneally injected (100 �l) with �1 � 105 human
cord blood-derived CD34� hematopoietic stem cells (2C-101B,
Lonza, Walkersville, MD). At 3 months post-engraftment, ani-
mals were subcutaneously infected with the dual-tropic HIV-1
89.6 (100 �l, 5 ng of p24/�l).

ELISA—Concentrations of the chemokines in culture super-
natants of cells treated with or without DOTAP packaged WT
TAR, TAR D mutant, or exosomal RNA were measured at 48 h
post-treatment by a cytokine array ELISA (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s protocol.

Statistical Analysis—Quantitative data were analyzed by
two-way analysis of variance (OriginPro version 8.0) and
Student’s t test (Microsoft Excel). Standard deviation was cal-
culated in all quantitative experiments for at least three inde-
pendent preparations. The difference was considered to be sta-
tistically significant at p � 0.05. The results are shown as the
mean � S.D. for each group.

Results

TAR RNA Is Detected in Culture Supernatants of HIV-1-in-
fected Primary Human Cells and in Blood from HIV-1-infected
Humanized Mice—Earlier studies have demonstrated that
HIV-1 produces a large pool of its own non-coding RNAs with
the TAR region representing the predominant species (44). In
fact, only a small fraction of TAR RNA is utilized by the virus to
regulate its own and the host gene transcription. Therefore, we
speculated that the vast excess of TAR RNA exerts its regula-
tory influence on bystander cells via the extracellular milieu. To

test this hypothesis, we first analyzed the ratio of coding HIV-1
RNA and TAR within infected primary human T cells and in
extracellular media. The purified human T cells were infected
with HIV-1 NL4-3 and cultured for 16 days. The cells and cul-
ture supernatants were harvested every 2–3 days and subjected
to quantitative RT-PCR analysis. As shown in Fig. 1A, up to 5 �
105 copies of unprocessed stem loop TAR RNA and �5-fold
lower number of unspliced gag RNA were detected in a million
infected T cells. The levels of intracellular TAR RNA increased
as a function of time, whereas levels of the coding HIV-1 RNA
gradually decreased over time, suggesting that TAR RNA accu-
mulation may be an indicator of infection toward latency.
Quantitation of extracellularly released TAR RNA revealed up
to 90,000 RNA copies in a microliter of culture supernatant
from infected cells (Fig. 1B). Again, a much lower number of
unspliced RNA copies was present in the supernatants.

Along these lines, we recently asked whether TAR could
potentially be free outside of the cells and not associated with
exosomes. We previously had shown that TAR is exclusively
present in exosomes using either unpurified supernatants from
infected cells or purified exosomes (42). Here, we further asked
whether the NT080 � 82 used in our assay could potentially
bind to the free RNA or RNP complex. Therefore, we designed
an experiment where supernatants from infected cells
(�RNase A/T1) were incubated with supernatants prior to
binding nanoparticles. The beads were incubated overnight
and washed the next day, and RNA was isolated for RT-qPCR.
We also utilized purified the Tat-TAR complex as a positive
control, as we have previously shown that free Tat is able to
bind to NT080 � 82 (45). Tat is the most specific TAR-binding
protein. Results in Fig. 1C show that TAR RNA was not present
outside of the exosomes, as RNase A/T1 mix did not reduce the
presence of TAR from the media. We also found that free TAR
is not able to bind to NT080 � 82 at similar concentrations; this
further implies that the nanoparticles used here are able to bind
to either exosomes or RNP complex (i.e. Tat-TAR). Therefore,
if TAR RNP complexes exist in vivo, they would be trapped by
these nanoparticles through Tat but not TAR RNA.

To further test the presence of TAR RNA in the extracellular
environment of naturally HIV-1 target cells, we utilized an 89.6
dual-tropic HIV-1 virus. We separated both PBL and MDM
from four PBMC samples of four healthy donors and then
infected the cells. After infection, PBLs were cultured for 2
weeks with 1 ng/ml IL-7 to transfer T cells to the quiescent
phase to reduce the level of production of HIV-1 virions. We
observed from 2 � 105 to 5 � 105 copies of TAR RNA in the
250-�l sample of culture medium of infected PBLs from all
tested donors (Fig. 1D).

To test whether the HIV-1-infected macrophages also
secrete exosome-packaged TAR RNA as compared with T cells,
we cultured MDM for 2 weeks in the media containing 10
ng/ml of M-CSF. Quantitative analysis of TAR RNA in the frac-
tion of Nanotrap-captured exosomes revealed from 2.0 � 104

to 3.5 � 104 RNA copies per sample (Fig. 1E). These data indi-
cate that both HIV-1-infected T lymphocytes and macrophages
constitutively produce exosomes that contain TAR RNA.

Our earlier analysis employing primers that would amplify
other HIV-1 mRNAs, including vif, vpr, tat, rev, vpu, and nef,

Significance of HIV-1 Exosomal TAR RNA in Cytokine Regulation

1254 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 3 • JANUARY 15, 2016



also revealed that in chronically HIV-1-infected cell lines TAR
RNA was in vast excess over all viral mRNAs (�5% of TAR), and
the results were not due to virus contamination (42). Our data
are also consistent with a recent publication describing the
presence of TAR miRNA in HIV-1-infected cells (37). Although
this study reports that the percentage of the desired 22 � 2-nu-
cleotide size viral miRNA is low, the smaller sized viral miRNAs
were more commonly found in the HIV-1-infected long term
cultures (see Figs. 2 and 3 and also supplemental Fig. 3 in Ref.
37). We asked next whether TAR RNA can be detected in the
exosomes from the serum of aviremic HIV-1-infected patients.
To perform this test, we isolated exosomes from 1.0-ml serum
specimens from four patients with undetectable viral load, who
were treated with combinational antiretroviral therapy (cART)
and were virally suppressed for at least 2 years. Samples were
obtained from the Metropolitan Consortium of the Women’s
Interagency HIV Study Collaborative Study Group, Washing-
ton, D. C. Quantitative RT-PCR analysis of the RNA from con-

centrated exosomes revealed from 3000 to 8000 copies of TAR
RNA (Fig. 1F). Interestingly, despite the undetectable viral load
in all tested patients, we found 0.5– 4.0 thousand copies of
unspliced HIV-1 RNA in exosomes, implying that the viral
genomic RNA can be secreted from the cells via exosomes,
although virion levels are virtually undetectable.

To test potential cellular mechanisms involved in the high
level of TAR containing exosomes produced from HIV-1-in-
fected cells, we analyzed effects of the inhibition of transcrip-
tion of TAR RNA and down-regulation of endosomal pathway
on the release of TAR-comprising exosomes from both myeloid
cells and T lymphocytes. We used U1 cells treated with cART
for 5 days and subsequently treated with two different tran-
scription inhibitors. We have previously shown that a mimetic
of Tat (F07 number 13) and an ATP analog blocking CDK9
(CR8 number 13) can inhibit viral transcription (46). Both F07
number 13 and CR8 number 13 was used to treat U1 cells, and
exosomes were isolated after 24 and 72 h using nanoparticles.

FIGURE 1. TAR RNA is abundant in the exosomes from HIV-1-infected primary cells. A, purified T cells from healthy donors were stimulated with PHA/IL-2 and then
infected with HIV-1 NL4-3. Cells were lysed on 4, 6, 10, 12, 14, and 16 days post-infection; total RNA was isolated and subjected to RT reaction and then to SYBR Green
real time PCR with the primers specific for HIV-1 TAR and gag to quantitate numbers of copies of TAR and unspliced HIV-1 RNA. Error bars indicate � S.D. of three
independent measurements. B, cell supernatants from the HIV-1-infected T cells used in A were harvested at 4, 6, 10, 12, 14, and 16 days post-infection and then
incubated with a mixture of Nanotrap particles NT080 and NT082 (to trap exosomes) for 1 h at 4 °C. The exosomes bound by the Nanotrap particles were lysed; total
RNA was isolated and subjected to qRT-PCR using specific primers as in A. Error bars indicate �S.D. of three independent measurements. C, trapping of exosomes and
RNP complex by nanoparticles. One milliliter of infected ACH2 supernatants was incubated with/without RNase A/T1 mix (RNase A 800 ng/ml and RNase T1 2500
units/ml; Pharmingen) for 1 h at 37 °C. Samples were then treated with 25 �l of 30% slurry of NT080 � 82 overnight at 4 °C. Ten nanograms of purified Tat (76, 77) and
purified TAR were incubated with beads overnight (total of 100 �l) at 4 °C. Also, purified TAR RNA (1 and 10 ng) was incubated with beads overnight at 4 °C. All samples
were washed the next day with PBS (two times), and RNA was isolated for TAR RT-qPCR. Error bars indicate �S.D. of three independent measurements. Asterisks
indicate p � 0.01 between indicated samples and exosomal samples. D, PBLs were separated from human PBMCs from four donors using incubation with PHA (1
�g/ml) for 24 h. After 48 h of incubation with 25 units/ml IL-2, the PBLs were infected with HIV-1 strain 89.6 and then cultured for 1 week with ART mixture
(lamivudine/emitricitabine, indinavir, and tenofovir; 10 �M of each). Then the cells were cultivated with IL-7 (1 ng/ml) to transfer T cells to the quiescent phase. Culture
supernatants were then harvested, and exosomes were separated with NT080/NT082 Nanotrap particle mixture as described in B. Total RNA was extracted, and TAR
and unspliced viral RNA were quantitated as described in A. Error bars indicate �S.D. of three independent measurements. E, human monocytes obtained from four
donors were cultured for 1 week with 10 ng/ml M-CSF for differentiation of MDM. The MDM were infected with HIV-1 dual-tropic strain 89.6 and then cultured for 2
weeks (for the 1st week with ART mixture as described in D). The exosomes were then captured from culture media as described in D; RNA was extracted and HIV-1 TAR
and unspliced RNA were quantitated using qRT-PCR. Error bars indicate �S.D. of three independent measurements. F, serum specimens from four HIV-1-infected
patients who had undetectable plasma HIV-1 RNA on cART were obtained from The Washington D. C. Metropolitan Site of Women’s Interagency HIV Study. The
exosomes were captured from 1.0 ml of serum as described in C; RNA was extracted and HIV-1 TAR, and unspliced RNA were quantitated using RT-qPCR. Error bars
indicate �S.D. of three independent measurements.
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We also isolated RNA from both treated cells (donor) along
with the exosomal RNAs. Results in Fig. 2A show a 2–3-fold
decrease of TAR RNA levels from intracellular as well as exo-
somal RNA.

Because phosphatidylinositol 3-kinase (PI3K) has been
shown to be involved in Nef-mediated release of multivesicular
bodies (MVB) from cells (47), we then tested whether the inhi-
bition of PI3K could reverse the HIV-mediated enhanced
release of exosomes from the infected cells. We treated HIV-1-
infected J1.1 cells with different concentrations of PI3K inhib-
itor LY294002, and we tested the release of exosomal TAR RNA
in the supernatant by RT-qPCR. Interestingly, we observed that
the release of exosomal TAR RNA was inhibited by LY294002
in a dose-dependent manner (Fig. 2B), and this is consistent
with the published data that this drug has been shown to
decrease the release of MVB containing immature MHC
invariant chain (47), suggesting that HIV-1 Nef plays an impor-
tant role in the release of exosomes from infected cells.

Finally, we asked whether TAR could be detected in an in vivo
infection using a humanized mouse model. We infected three
groups of humanized NSG mice with HIV-1 89.6 and tested the
presence of TAR RNA and gag-specific unspliced RNA in blood
14 days post-infection. As shown in Fig. 2C, up to a million
copies of TAR RNA were present in a microliter of infected
mouse blood, although the gag-specific unspliced RNA was
from 10- to 100-fold lower than TAR, indicating that TAR RNA
was also produced in vivo, and potentially incorporated within
exosomes, following HIV-1 infection. Collectively, these data
demonstrate that HIV-1-derived TAR RNA can be detected as
an extracellular species in a time-dependent manner in cell cul-
ture supernatants, as well as animals infected with HIV-1, and
that may be carried within exosomes released from the infected
cells.

TAR-RNA Present in the Infected Cells Can Be Separated from
Viral Genomic RNA Using Size-exclusion Chromatography—
Data presented above support the detection of an abundance of

FIGURE 2. Exosome packaging of TAR RNA is dependent on its expression level in HIV-1-infected cells. A, promonocytic chronically HIV-1-infected U1 cells
were treated with cART mixture (described in Fig. 1) for 5 days and subsequently treated with two different transcription inhibitors, F07 number 13 and CR8
number 13 (1 �M each), for 24 h. Exosomes were then isolated using NT080 and NT082 nanoparticles overnight at 4 °C and then tested for quantity of TAR RNA
by qRT-PCR. Total RNA was also isolated from treated cells for TAR RNA analysis. Error bars indicate �S.D. of three independent measurements. Asterisk indicates
p � 0.05. B, chronically HIV-1-infected T cells J1.1 were treated with three different concentrations (1, 5, and 10 �M) of PI3K inhibitor LY294002, and the
supernatants (500 �l) were tested for TAR RNA by qRT-PCR following pulldown with a mixture of Nanotrap particles NT080 and NT082 as described in Fig. 1A.
Error bars indicate �S.D. of three independent measurements. Asterisk indicates p � 0.05. C, three groups (2– 4) of three humanized mice were subcutaneously
infected with the dual tropic HIV-1 89.6 (100 �l). Total RNA was isolated from the blood plasma of infected mice (25–50 �l) after 14 days of infection. The
exosomes were captured using Nanotrap particle mixture NT080/NT082. Copy numbers of both TAR RNA and unspliced HIV-1 RNA were measured using
qRT-PCR as described in Fig. 1A. Results are presented as mean � S.D. of at least three independent measurements.
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HIV-1 TAR RNA released from infected cells both in vitro and
in vivo. We further attempted to verify whether TAR RNA was
part of the endogenous exosomal fractions (pre-release), and
we determined any possible modifications associated with
these exosomes. To characterize exosomal and viral fractions,
we utilized chromatography fractionation of intracellular com-
plexes from infected cell extracts. We have previously success-
fully used this method to identify novel P-TEFb complexes
from HIV-1-infected cells (48). The total cell extracts from
chronically HIV-1-infected J1.1 cells were separated on a size-
exclusion column (over 55 fractions) in the presence of 500 mM

salt buffer, and each 5th fraction (from 10 to 55) was tested for
the presence of HIV-1 RNA copies by qRT-PCR using primers
specific for either TAR RNA or unspliced HIV-1 RNA. As
shown in Fig. 3A (upper panel), the peak TAR RNA was
detected in fraction 15 (large molecular weight complexes), and
the peak unspliced viral RNA was detected in fraction 25 (lower
panel). This is consistent with our previous report where p24
protein (or potentially viral particles) was also detected in frac-
tions 25–30 (48). We then asked whether the exosomes purified
from the extracellular environment had any similarities to
intracellular exosomes by staining for CD63 expression. We
have previously shown that exosomes from HIV-1-infected
cells contain increased levels of CD63 (42). The results in Fig.
3B indicate that the level of both glycosylated and the unpro-
cessed forms of CD63 proteins were highly enriched in exo-
somes isolated from HIV-1-infected supernatant (lane 5) com-
pared with uninfected exosomes (lane 4). Similarly, more
visible CD63 protein bands, especially the unprocessed form,
were also observed from chromatography fraction 15 from the

infected cell extract (Fig. 3B, lane 7) compared with the control
extract (lane 6) following concentration by Nanotrap particles.
Nanotrap particles are routinely used by us to either concen-
trate exosomes or viral particles from complex environments
(45). As expected, the major CD63 bands were not highly visible
in either infected or uninfected whole cell extract without the
use of Nanotrap particles (Fig. 3B, lanes 2 and 3). Collectively,
these results indicate that TAR RNA can be efficiently sepa-
rated from genomic RNA or virus using a combination of chro-
matography and concentration with nanoparticles and that the
unmodified CD63 levels are higher in the infected cells. This
may further assist in better purification of exosomes from HIV-
1-infected cells.

Effect of TAR RNA on Cytokine Production—We have previ-
ously shown that TAR is present in exosomes where it contrib-
utes to survival of recipient cells (42). Here we asked whether
TAR RNA alone was capable of activating cytokines in the
recipient cells. To avoid any possible other cellular or viral
miRNA that could activate cytokines, we packaged either wild
type T7-TAR RNA (52 bases) or a mutated TAR D, which is
missing most of the stem-loop structure, into DOTAP lipo-
somal transfection reagent (Roche Applied Science). Primary
macrophages were then treated with either DOTAP alone (con-
trol) or 104 copies of WT TAR or TAR mutant D. Supernatants
were recovered after 48 h and analyzed for the presence of cyto-
kine proteins. Although a number of cytokines, including
IL-1�, INF-�, INF-�, and MCP-1 were all increased more than
1–3-fold, two cytokines showed dramatic changes in expres-
sion pattern. Results in Fig. 4A show that two cytokines, IL-6
and TNF-�, were highly up-regulated in the treated cells. IL-6 is

FIGURE 3. TAR RNA is a part of the endogenous fractions of pre-released exosomes. A, whole cell extracts from uninfected Jurkat and HIV-1-infected J1.1
cells were prepared and then separated at 2.5 mg of total protein run on a Superose 6 size-exclusion chromatography column in the presence of 500 mM salt
buffer. No detergent was used during fractionation. A total of 55 fractions (500 �l each) from each cell extract was collected. Every 5th fraction (from fraction
10 to 55) from the J1.1 extract was subjected to isolation of total RNA followed RT reaction and real time PCR of cDNA with the primers specific for either TAR
RNA (upper panel) or for unspliced HIV-1 RNA (gag-specific primers; lower panel). B, 500 �l of the chromatography fraction 15 from Jurkat (lane 6) and J1.1 (lane
7) cell extracts were incubated for 30 min with a mixture of Nanotrap particles NT080 and NT082. Exosomes were separated by centrifugation and then tested
for the presence of CD63 (an exosome marker) by Western blot. Exosomes were similarly isolated from the Jurkat (lane 4) and J1.1 (lane 5) supernatants using
the Nanotrap particles and tested for the CD63 marker protein by Western blot. The whole cell extracts from Jurkat (lane 2) and J1.1 (lane 3) were also separated
onto a 4 –20% Tris-glycine SDS-polyacrylamide gel and immunoblotted with anti-CD63 antibody.
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a pleiotropic cytokine that belongs to the four helical cytokine
family, and macrophages from HIV-infected patients are capa-
ble of producing IL-6 (49, 50). IL-6 has been shown to stimulate
T cell proliferation in vitro (51). TNF-� (LTA) is a member of
the tumor necrosis factor family, shares its receptor with both
TNF receptor-1 and -2, and induces its own expression in BV-2
microglial cells and macrophages to coordinate lymphocyte
migration (52–55).

We next tested whether RNA from purified exosomes from
CEM (uninfected), promyeloid OM10.1 (infected; contain
TAR), or J1.1 (infected; contain TAR) cells could activate these
two cytokines. Total RNA was purified from these exosomes,
precipitated, and re-packaged with DOTAP reagent and then
incubated with primary macrophages for 48 h. Data in Fig. 4B
indicate that these two cytokines were also up-regulated with
exosomal RNA obtained from HIV-1-infected OM10.1 and J1.1
cells. The level of induction was slightly different where TAR

(WT) could activate up to 10-fold for the IL-6 and 6.5-fold for
TNF-�. RNA from exosomes obtained from OM10.1 induced
22-fold for IL-6 and 7.5-fold for TNF-�. Similar trends of up-
regulation of these cytokines were also observed for RNA
obtained from J1.1 exosomes. Finally, we performed a similar
experiment with exosomes containing TAR and scored for
dynamic changes in cytokine secretion over time. Primary
macrophages were treated with either DOTAP alone or
DOTAP/TAR wild type, and supernatants were assayed for the
presence of cytokines after 0, 3, 6, and 24 h. Data in Fig. 4C
indicate that the number of cytokines, including IL-1�, IL-6,
IL-8, TNF-�, TNF-�, and IFN, were up-regulated following
TAR treatment.

Effect of TAR on Nuclear Accumulation of NF-�B—We next
asked whether components of NF-�B members were altered
and/or moved to the nucleus after TAR treatment. This could
potentially explain the increase in cytokine levels of treated

FIGURE 4. Exposure to TAR RNA alters cytokine profiles in primary monocyte-derived macrophages. A, primary human MDMs were differentiated by incubating
in 10 ng/ml M-CSF and phorbol 12-myristate 13-acetate for 1 week before incubating 106 cells with 104 copies of either TAR WT or mutated TAR D RNA packaged into
DOTAP liposomal transfection reagent or with DOTAP only (control). After 48 h, supernatants were analyzed for the presence of 23 cytokine proteins using human
cytokine antibody array I. Cytokines that are highly up-regulated after treatment with TAR are indicated by enclosed rectangles. B, exosomes were first isolated from
CEM, OM10.1, and J1.1 cell supernatants using Nanotrap particles as described in Fig. 1B; total RNA was purified and then packaged into DOTAP reagent as in A. The
DOTAP (liposomes) containing extracellular RNA, as well as TAR (WT) and mutated TAR (D) RNA, were incubated with MDM for 48 h, and then supernatants were
analyzed for 23 cytokines (data not shown) as in A. Only IL-6 and TNF data are shown as bar graphs. MDMs were incubated with DOTAP alone as a control. C, primary
macrophages were treated with either DOTAP alone (control) or DOTAP/TAR wild type (104 copies/10 �l/experimental), and supernatants were assayed for the
presence of cytokines after 0, 3, 6, and 24 h. Results are presented as mean � S.D. of at least three independent measurements.
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cells. As above, we analyzed the effect of either purified TAR or
TAR-containing RNA pool from exosomes on macrophages and
obtained both cytoplasmic and nuclear extracts after 24 h of treat-
ment. Results in Fig. 5A indicate that WT TAR, but not the mutant
TAR, was able to initiate translocation of both p65 and p50 into the
nucleus of recipient macrophages. A similar experiment per-
formed with total RNA from exosomes that contained TAR
(OM10.1 and J1.1 cells) revealed the presence of increased p65 and
p50 in the nucleus of macrophages. As expected, exosomal RNA
from uninfected CEM cells did not result in dramatic translocation
of NF-�B subunits p65 or p50 (Fig. 5A).

The TLRs that recognize viral pathogen-associated molecu-
lar patterns are TLR3 (recognizes double-stranded RNA
(dsRNA)), TLR7/8 (recognizes single-stranded RNA), and
TLR9 (recognizes viral DNA) (56). TLR3 can also be activated
by a viral mimic, a synthetic dsRNA called polyriboinosinic-
ribocytidylic acid (poly(I-C)). A number of cells express all
known TLRs and respond robustly to both poly(I-C) (TLR3
ligand) and LPS (TLR4 ligand) (57). It has previously been
shown that miRNAs in addition to their role as gene expression
regulators can also interact with TLRs (58). Here, we asked
whether TAR RNA or TAR miRNA (processed 5� stem or 3�
stem miRNAs) could also bind to TLRs and modulate gene

expression of cytokines. We used PKR binding as a positive
control, because it has been shown that TAR binds tightly to
PKR in vitro (59, 60). Results in Fig. 5B indicate that biotin-
labeled WT TAR, but not mutant TAR D, was capable of bind-
ing to TLR3 when incubated with primary human macrophage
extracts. Also, the TAR miRNAs (5� and 3� TAR stems) were
capable of binding to TLR7 and -8. It is important to note that
we have previously shown a 10:1 ratio of intact TAR to TAR
miRNA in exosomes (42). Furthermore, these findings suggest
that TAR miRNA may be capable of binding to TLRs and con-
tribute to activation of NF-�B and cytokine production in
recipient cells. This is also consistent with a previous report
where cellular miRNA is able to directly bind to TLR through
access in endosomes (61).

We next asked whether binding to TLR could potentially
activate gene transcription. Here a TLR3 reporter cell line,
HEK-Blue hTLR3, was incubated with either exosomes from
infected cells, uninfected cells, or virus (positive control). As
shown in Fig. 5C, the exosomes from infected cells dose-depen-
dently enhanced TLR3 activation in the target cells suggesting that
exosomes containing TAR may contribute to TLR activation, as
well as downstream cytokine production. Conversely, exosomes
from uninfected cells did not readily activate TLR3 at any of the

FIGURE 5. Effects of exosomal TAR RNA on NF-�B and TLR pathways. A, exosomes were prepared from CEM (uninfected), OM10.1 (HIV-1-infected), and J1.1
(HIV-1-infected) cell culture supernatants using Nanotrap particles. The total exosomal RNAs were purified and then mixed with DOTAP transfection reagent before
incubating with MDM (7-day cultures). DOTAP liposome-packaged TAR WT or mutant TAR D RNAs were also incubated with macrophages; poly(I-C) was used as
positive control. Nuclear and cytoplasmic extracts were prepared 24 h post-treatment, run on a 4–20% SDS-polyacrylamide gel, and then Western blotted for NF-�B
components p65 and p50 both from cytoplasm and nuclear extracts. Actin antibody served as a control. B, biotin-labeled WT TAR, TAR D mutant, and TAR miRNAs (5�
stem or 3� stem) were incubated with total MDM (5 � 105) extracts. Three hundred micrograms of extracts were incubated with labeled RNA (1 �g) overnight at 4 °C,
and the next day 30% slurry of streptavidin-Sepharose beads were added. Samples were washed once with TNE 50 � 0.1% Nonidet P-40, then once with RIPA buffer,
and then one final time with TNE50 � 0.1% Nonidet P-40 buffer. Bound samples were separated on 4–20% SDS-polyacrylamide gel and then Western-blotted for PKR,
TLR3, TLR7, and TLR8. C, HEK-Blue hTLR3 cells containing a TLR3 activation-inducible SEAP reporter gene were incubated in a SEAP detection medium with HIV-1 89.6
virus (1, 10, and 100 ng of p24/well), exosomes from HIV-1-infected J1.1 cells (0.1, 1, and 10 �g/well), or exosomes from uninfected Jurkat cells (0.1, 1, and 10 �g/well).
Similarly, cells were incubated with poly(I-C) (10, 50, and 250 ng/ml) as a positive control. After 18 h of incubation, absorbance (600 nm) of each sample was measured
and normalized to PBS controls. Error bars indicate �S.D. of three independent measurements. Asterisk indicates p � 0.01.
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three concentrations tested. Moreover, SEAP activation by exo-
somes from the HIV-1-infected T cell J1.1 plateaued at the highest
two concentrations. This observation was repeated in additional
experiments (data not shown) and may indicate a saturation of the
exosome receptors on the recipient cells. Lower level of TLR3
activation was observed with HIV-1, and as expected a higher level
of activation was observed with poly(I-C).

Presence of a Small IKK-� Complex in TAR-containing
Cells—The IKK complex is the upstream component in the
NF�B cascade that leads to the phosphorylation of I�B� and
p65. The IKK complex that functions as the I�B� and p65
kinase is typically a heterotrimer that consists of IKK-�, IKK-�,
and IKK-� (NEMO) proteins. IKK-� and IKK-� possess kinase
activity, whereas IKK-� (NEMO) is required to stabilize the
heterotrimeric complex. Results in Fig. 5A indicated that TAR
wild type, and not the mutant TAR, was able to translocate both
p65 and p50 into the nucleus of recipient cells. Here, we first
asked whether HIV-infected cells could contain altered IKK
complexes when using chromatography. We have previously
observed a smaller IKK-� that is kinase activity from Rift Valley
fever virus- and Venezuelan equine encephalitis virus-infected
cells (62). Using Superose 6-fractionated uninfected Jurkat and
infected J1 cells followed by Western blots, we observed the
presence of a smaller IKK-� from HIV-1-infected cells (Fig.
6A), which may explain the translocation of both p50 and p65
into the nucleus of cells. We next asked whether TAR alone

could be responsible for the presence of the smaller IKK-�
form. We therefore transfected cells with either LTR-Luc plas-
mid (expressing TAR) or CMV-Luc (control). Extracts were
isolated 48 h later and passed through chromatography. Data in
Fig. 6B indicate the presence of the similar smaller form of the
IKK-� in these transfected cells. We have observed similar data
from latent PBMC samples under cART in collaboration with
Dr. Fabio Romerio at Institute of Human Virology/Baltimore,
MD (data not shown). Finally, we asked whether the IKK-� was
functional in these fractions in an in vitro kinase assay using
GST-IKB� as substrate. We also included histone H1 (a general
signature of chromatin decompaction) in the reaction mix for
any potential changes in substrate specificity. Results in Fig. 6C
indicate that IKK-� was fully functional from Jurkat control
transfected cells (large complex; fraction 19); however, the
smaller complex (fraction 34) showed no specific phosphoryla-
tion (lanes 4 and 5). In contrast, IKK-� from LTR-transfected
cells showed phosphorylation from both large and smaller
complexes on IKB� substrate (fractions 19 and 34). Interest-
ingly, histone H1 was phosphorylated only from cells contain-
ing TAR, indicating that there might be altered substrate spec-
ificity with the smaller IKK-� complex from infected cells.
Collectively, these results suggest that TAR may be capable of
binding to TLRs and contribute to activation of NF�B (through
a novel smaller IKK-� complex) and cytokine production in
cells.

FIGURE 6. Effect of TAR on NF�B pathway. A, IKK-� complex components are altered in HIV-1-infected cells. Extracts from uninfected Jurkat and infected J1.1
cells were fractionated in a Superose 6 size-exclusion column (AKTA). A total of 70 fractions were obtained, and every fifth fraction was analyzed for IKK-�, -�,
and -� complexes and for �-actin. B, Jurkat cells were transfected with either an HIV-Luc (TAR�; 20 �g) or CMV-Luc (TAR�; 20 �g), and cell lysates were
prepared for chromatography and Western blots. C, fractions 19 (large complex) and 34 (small complex) were used (500 �l) for immunoprecipitation with
�-IKK-� antibody (10 �g), bound to A � G beads, washed, and used for kinase reaction, which included GST-IKB� (0.5 �g) or histone H1 (0.5 �g) as substrates
and [�-32P]ATP. Samples were run on SDS-polyacrylamide gel, dried, and exposed to a cassette.
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Effect of Exosomal TAR on PKR Pathway—PKR is regulated
by a variety of cellular and viral RNAs that contain duplex
regions. The most well characterized activators of PKR are simple
dsRNAs. Dimerization of PKR molecules following the binding
with dsRNA plays a crucial role in the mechanism of activation of
PKR (60–64). In the context of regular duplex RNA, a minimum
of 30–33 bp of dsRNA is required to activate PKR autophosphor-
ylation, and the maximal level of activation increases with duplex
length (60, 63, 65). Here, we asked whether exosomal TAR was
able to activate PKR in recipient cells.

We packaged TAR with DOTAP and treated cells with
increasing concentrations of either WT TAR or TAR mutant D.
Following treatment, extracts were isolated for Western blots
against PKR, phospho-PKR, eukaryotic translational initiation
factor 2� (eIF2�), and phospho-elF2�. The purpose of these
experiments was to ask whether TAR, which contains only
23-bp at its stem, could potentially activate PKR phosphoryla-
tion, phosphorylate eIF2� and inhibit translation. Results in
Fig. 7A indicate that increasing concentrations of WT TAR, but
not mutant TAR D, slightly increased PKR phosphorylation.
We then asked whether exosomes from either infected or unin-
fected cells could potentially activate PKR phosphorylation in
recipient cells. We treated cells with various concentrations of
exosomes (from infected or uninfected cells) and Western-
blotted for PKR and other factors. Results in Fig. 7B show that
PKR was not activated after the treatment with TAR-contain-
ing exosomes, as compared with control uninfected exosomes.
Collectively, these data imply that TAR binding to PKR may
mainly act as a dominant negative molecule in cells.

Inhibition of Exosome Formation in Infected Cells Affects
HIV-1 Replication in Bystander Cells in Vitro and in Vivo—

Next, we tested whether inhibition of exosome production
from infected cells could affect viral replication in recipient
cells to further validate the bystander effect of exosomes. We
used two drugs, namely manumycin A and brefeldin A, that
have been demonstrated to down-regulate release of proteins
such as TNFR1, CD63, and CD81 in exosomes (66, 67).
Although both drugs may have inhibitory effects on exosome
release, brefeldin A is also known to specifically inhibit extra-
cellular release of viruses (68, 69). Infected cells were treated
with either inhibitor, and exosomes were purified. Results in
Fig. 8A show that manumycin A, but not brefeldin A treatment,
inhibited exosome production in HIV-1-infected cells. This is
apparent by the loss of exosome markers, including HSP70 and
actin in manumycin A-treated cells (Fig. 8A, lane 2). To test
whether these drugs inhibit HIV-1 production in cells, we ana-
lyzed RT activity of culture supernatants from the treated cells
and found that brefeldin A greatly inhibited virus production in
infected cells compared with manumycin A treatment (Fig. 8B).
This is in contrast to the effect of the inhibitors on exosome
production (compare Fig. 8, A and B) suggesting that there are
distinct pathways by which the host cell releases virus versus
exosomes. We also asked whether prior exposure of naive cells
to exosomes from manumycin A-treated cells could make the
naive cells less susceptible to infection. We treated recipient
CEM cells with exosomes isolated from the culture medium of
manumycin A-treated J1.1 cells and then infected with HIV-1
89.6 strain. As shown in Fig. 8C, p24 ELISA was not detected in
CEM cells and was markedly reduced in the cells treated with
manumycin as compared with the cells pretreated with exo-
somes from untreated J1.1 without manumycin.

FIGURE 7. Effect of exosomal TAR RNA on PKR. A, uninfected CEM T cells (7.5 � 105) were treated with DOTAP TAR or DOTAP TAR mutant at varying
concentrations (5 � 104/1 �g and 10 � 104/10 �g) for 24 h. Total cell extracts were isolated and used for Western blot using antibodies against PKR, p-PKR,
eIF2�, p-eIF2�, and actin as a reference protein. Grayscale values of each Western blot band were quantified using ImageJ software, and results are presented
as a ratio of analyzed protein to actin in the same sample. B, similar to A, CEM cells were treated with the exosomes (1, 5, or 10 �g) from either CEM (uninfected)
or ACH2 (HIV-1-infected) cells for 24 h. Total cell extracts were isolated for Western blot with PKR, p-PKR, eIF2�, p-eIF2�, and actin antibodies. The grayscale
values of each Western blot band were measured as described in A.
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We next asked whether manumycin A treatment could
potentially contribute to lower viral spread in vivo. The NSG
humanized mice (43, 70) were infected with HIV-1 89.6 either
with or without manumycin A treatment, and we focused on
detecting infected human monocytes/macrophages. Thus, the
brain tissues of the animals were tested. We expect that the
human cells in the brain most likely originated from the periph-
ery, because transplantation of CD34 human cells occurred
post-brain and blood-brain barrier development. For the exo-
some experiment, we first injected animals with human stem
cells and allowed the cells to differentiate for 3 months. Animals
were divided into three experimental groups as follows: animals
received no treatment; DMSO; or manumycin (day 0). On day
1, animals were infected with 89.6 virus, and further treatment
was continued every 3 days for a period of 2 weeks. Samples
were processed for the presence of viral RNA in various tissues
(data not shown) and blood samples. Results in Fig. 8D indicate
that the levels of both LTR and Nef RNA were down-regulated
in manumycin-treated animals. Finally, we obtained brain tis-
sue from another set of animals (white matter, 1 mm) and tryp-
sin-digested and co-cultured the remaining cells with CEM

uninfected cells to rescue the functional virus. Results in Fig. 8E
indicate that manumycin-treated animals showed considerably
less virus in co-culture experiments. Collectively, these results
imply that exosomes may increase the susceptibility of recipient
uninfected cells to infection.

Discussion

Exosomally transported miRNAs are known to affect the
functional fate of recipient cells (31). Earlier, we have shown
that the HIV-1 TAR RNA is incorporated into exosomes from
different HIV-1-infected cells and patient sera along with the
host miRNA machinery proteins Dicer and Drosha (42). We
also found that the exosomes from infected cells delivered TAR
RNA to the naive undifferentiated target cells, down-regulated
apoptosis by lowering Bim and CDK9 proteins in recipient
cells, and increased their susceptibility to HIV-1 infection (42).
Our new data indicate that the TAR element in exosomes
entering recipient uninfected cells can alter the PKR (as a
decoy) and increase cytokine expression through the NF-�B
pathway. This phenomenon may partly explain the observed

FIGURE 8. Inhibition of exosome release from HIV-1-infected cells make naive recipient cells less susceptible to HIV-1 infection. A, chronically HIV-1-infected
J1.1 cells were treated with 1 �M MVB pathway inhibitors manumycin A or brefeldin A and tested for exosome production by Western blot using antibodies specific
for exosomal proteins, CD63 and HSP70. Antibody for actin and cytochrome c were used as control. B, supernatants from inhibitor-treated or untreated J1.1 cells used
in A were utilized in RT assay for quantification of virus. Results are presented as mean � S.D. of at least three independent measurements. C, naive CEM cells were
pre-treated with exosomes (10 �g) from either manumycin-treated, GW4869-treated (100 nM), or untreated infected J1.1 cells prior to addition of HIV-1 89.6 and
scored for p24 activity. D, humanized NSG mice were divided into two groups and treated with either DMSO or manumycin A (5 mg/kg) and then infected with 100 �l
(5 ng/�l of p24) of HIV-1 89.6. Animals were then euthanized, and blood, brain, and other tissues were collected. Brains were harvested, and white matter (midbrain)
from each animal (1 mm) were diced and digested with trypsin. Half of the samples were processed for qRT-PCR using LTR-specific (upper panel) and Nef-specific (lower
panel) primers. E, other half-samples of midbrain were co-cultured with CEM cells (5 � 105) for 9 days and processed for the quantitation of virus using RT assay from
the supernatants. Results are presented as mean � S.D. of three independent measurements.
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inflammatory signals that are present in patients who are
undergoing cART treatment.

Compared with the uninfected cells, exosomes derived from
HIV-1-infected cells are known to contain many unique host
molecules (42). Although some viral proteins and RNAs have also
been reported to incorporate into exosomes, it is not clear whether
any viral proteins or RNAs directly contribute to the mechanism of
exosomal effects on HIV-mediated diseases. We characterized the
proteome of exosomes from HIV-1-infected and -uninfected cells
via liquid chromatography tandem mass spectrometry (LC-MS/
MS). On average, we identified 225–230 proteins incorporated
into exosomes from both HIV-1-infected and -uninfected cell
types, and 120 proteins were found to be common between both
cell types (supplemental Tables 1 and 2). Functional classification
of common proteins revealed an abundance of cellular metabo-
lism-related proteins (enzymes), followed by signaling, translation,
and nucleic acid-binding components and also other proteins such
as cytoskeleton, ion transport, small molecule binding, membrane
proteins, and nuclear cytoplasmic transport and migration pro-
teins. Interestingly, after subtracting the common proteins, 105
proteins were found to be unique in exosomes from infected cells.
Close examination of the unique protein products from infected
exosomes shows the presence of various “helper proteins,” includ-
ing RAB8B, NDRG1, and PARP1, that are known to aid in different
pathological consequences (supplemental Table 3). For example,
the RAB8B protein may aid in recipient cell uptake of exosomal
content as this protein is known to function in intracellular vesicle
transport by aiding in the docking and/or fusion of vesicles with
their target membranes (71). The NDRG1 protein is a signaling
protein that shuttles between the cytoplasm and the nucleus nec-
essary for axonal survival (72). It has been shown to act as a novel
Rab4a effector protein that alters the kinetics of transferrin recy-
cling in cells (73). Finally, the PARP1 protein when unloaded into
recipient cells may potentiate the apoptotic pathway after being
activated in the recipient nucleus. It is well established that PARP1
activation is required for translocation of apoptosis-inducing fac-
tor from the mitochondria to the nucleus and that apopto-
sis-inducing factor is necessary for PARP1-dependent cell death
(74). Also, recently, we obtained some preliminary data indicating
that exosomes from infected cells of non-T-cell origin (microglia)
contain most of these cellular proteins, as well as viral proteins
including Tat, Vpr, and Nef.5 Of note, we have also observed the
presence of Tat and Vpr protein in the exosomes from HIV-1-
infected promyeloid OM10.1 cells but not from infected T cell
lines. Our future efforts will focus on the comparison between T
cell-derived and myeloid exosomes with regards to the protein
contents (cellular and viral) and their functions in recipient cells.

The main focus of this study was to elucidate the role of
HIV-1 TAR-RNA incorporated into the exosomes. Several sets
of data indicated that an abundance of extracellular RNA is
present in the exosomes under both in vitro and in vivo condi-
tions, and more importantly, they may directly affect the func-
tionality of the uninfected cells. For example, we have observed
that TAR-RNA in exosomes from HIV-1-infected cells mark-
edly enhanced proinflammatory cytokines such as IL-6 and

TNF-� in both human primary macrophages and mouse neu-
ronal cells. These results strongly suggest that a similar phe-
nomenon could also occur in vivo where exosomes containing
TAR RNA cross the blood-brain barrier and stimulate micro-
glia and other cells to secrete proinflammatory cytokines.
Although the mechanism of exosomal TAR effects on HIV-
mediated CNS disease is not clear, some of our results indicate
that TAR may likely bind to PKR and/or potentially to TLRs
to stimulate cytokine secretion through activating NF-�B
components.

In this study, we also asked whether TAR RNA levels
increased over time in primary cell infections. Interestingly, we
found that TAR, at both intracellular and extracellular levels,
increases over time. This is consistent with our previous obser-
vations that TAR may directly contribute to HIV-1 latency
through transcriptional gene silencing (15, 16). We and multi-
ple other colleagues have shown that HIV-1-infected cells con-
tain 1–5 copies of viral genome, yet the number of TAR RNA
molecules range from 103 to 105 depending on the infection.
Therefore, a fundamental question for us has been on what
happens to the majority of TAR RNA that may not be used for
establishing latency in cells through transcriptional gene silenc-
ing. Our results show that TAR is present in high copy numbers
in recipient cells. The binding can activate a new form of IKK-�,
which may contribute to the release of free p50 and p65 NF-�B
and ultimately contribute to cytokine activation. Therefore,
TAR in exosomes may modulate activation and cytokine pro-
duction in uninfected cells (Fig. 4). Our data strongly suggest
that exosome-packaged full-size TAR RNA (�90%), as well as
TAR miRNA (�10%), may bind to TLRs in recipient cells and
activate the NF-�B pathway. A similar analogous finding has
been shown for TNF-� release and TLR8 signaling (75). The
final net effect would be to keep the uninfected recipient cells in
an active state to potentially allow the incoming virus to enter
and replicate efficiently in these cells or simply contribute to a
cytokine “storm” phenotype.

Overall, we have demonstrated in this study that an abun-
dance of HIV-1 TAR-RNA (potentially with other viral pro-
teins) carried by the exosomes could play an important role in
pathogenesis in HIV-1-infected individuals. Our future studies
will focus more on better characterization of both 5� and 3�
ends of the TAR and TAR miRNAs (which may contribute dif-
ferentially to RIG-I and TLR pathways), the potential presence
of TAR/Gag RNA in exosomes, and the mechanisms of exo-
some effects using animal experiments and decipher the kinet-
ics of repeated exposure of cells to exosomes both in vitro and in
vivo contributing to potential immune exhaustion and/or
senescence over time.
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