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ABSTRACT Exosomes play various roles in host responses to cancer and infec-
tive agents, and semen exosomes (SE) inhibit HIV-1 infection and transmission,
although the mechanism(s) by which this occurs is unclear. Here, we show that
SE block HIV-1 proviral transcription at multiple transcriptional checkpoints, in-
cluding transcription factor recruitment to the long terminal repeat (LTR), tran-
scription initiation, and elongation. Biochemical and functional studies show that
SE inhibit HIV-1 LTR-driven viral gene expression and virus replication. Through
partitioning of the HIV-1 RNA, we found that SE reduced the optimal expression
of various viral RNA species. Chromatin immunoprecipitation–real-time quantita-
tive PCR (ChIP–RT-qPCR) and electrophoretic mobility shift assay (EMSA) analysis
of infected cells identified the human transcription factors NF-�B and Sp1, as
well as RNA polymerase (Pol) II and the viral protein transcriptional activator
(Tat), as targets of SE. Of interest, SE inhibited HIV-1 LTR activation mediated by
HIV-1 or Tat, but not by the mitogen phorbol myristate acetate (PMA) or tumor
necrosis factor alpha (TNF-�). SE inhibited the DNA binding activities of NF-�B
and Sp1 and blocked the recruitment of these transcription factors and Pol II to
the HIV-1 LTR promoter. Importantly, SE directly blocked NF-�B, Sp1, and Pol II
binding to the LTR and inhibited the interactions of Tat/NF-�B and Tat/Sp1, sug-
gesting that SE-mediated inhibition of the functional quadripartite complex NF-
�B–Sp1–Pol II–Tat may be a novel mechanism of proviral transcription repres-
sion. These data provide a novel molecular basis for SE-mediated inhibition of
HIV-1 and identify Tat as a potential target of SE.

IMPORTANCE HIV is most commonly transmitted sexually, and semen is the primary
vector. Despite progress in studies of HIV pathogenesis and the success of combina-
tion antiretroviral therapy in controlling viral replication, current therapy cannot
completely control sexual transmission. Thus, there is a need to identify effective
methods of controlling HIV replication and transmission. Recently, it was shown that
human semen contains exosomes that protect against HIV infection in vitro. In this
study, we identified a mechanism by which semen exosomes inhibited HIV-1 RNA
expression. We found that semen exosomes inhibit recruitment of transcription fac-
tors NF-�B and Sp1, as well as RNA Pol II, to the promoter region in the 5= long ter-
minal repeat (LTR) of HIV-1. The HIV-1 early protein transcriptional activator (Tat) was
a target of semen exosomes, and semen exosomes inhibited the binding and re-
cruitment of Tat to the HIV-1 LTR.
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The HIV-1 long terminal repeat (LTR) is responsible for transcriptional regulation of
proviral DNA. The LTR is divided into four functional regions, namely, the modu-

latory element, enhancer, promoter, and transcriptional activator (Tat)-activating region
(TAR). TAR forms a stable RNA stem-loop that binds and recruits the HIV-encoded
transactivator Tat, which activates HIV-1 transcription by increasing host polymerase
(Pol) II processivity via interactions with the cellular target positive transcription elon-
gation factor b (P-TEFb) (1, 2). Although HIV-1 proviral transcription is initiated by host
Pol II, in the absence of Tat, Pol II is unable to transcribe the complete viral template,
and only short viral transcripts are generated (3, 4). Tat transactivates the HIV-1 LTR
promoter and plays a role in HIV-1 reverse transcription (5, 6).

Tat is located in the nucleus and cytoplasm (7). Nuclear Tat is required for transac-
tivation of the HIV-1 LTR promoter, resulting in transcription of high levels of viral
mRNA by Pol II (8). Nuclear Tat binds the HIV-1 TAR (9), promoting transcriptional
initiation and elongation through interaction with cellular transacting factors and
cofactors, including TFIID (10, 11), C/EBPb (12), cyclin T1/CDK9 (13, 14), E2F-2 (15),
histone acetyltransferases p300/CBP and P/CAF (16), Sp1 (17, 18), and NF-�B (19). The
LTR contains key binding sites for cellular transcription factors, including Sp1 and
NF-�B, that are involved in HIV-1 transcription. Through the induction of IKK activity
and proteasomal degradation of I�B-a, Tat increases NF-�B p65 transcriptional activity
(20). NF-�B is bound to I�B proteins in the cytoplasm. Following release from I�B, NF-�B
translocates to the nucleus, where it associates with the HIV-1 LTR (21). NF-�B interacts
with two NF-�B binding sites that cooperatively interact with three proximal Sp1
binding sites to stimulate LTR transcriptional activity (22, 23). Binding of these factors
results in cooperation with TATA binding protein and associated factors to drive
transcription. Further, these factors recruit P-TEFb and are involved in chromatin
remodeling to regulate transcription (21). Thus, NF-�B is critical for HIV promoter
activity. The p65 subunit is primarily responsible for LTR transactivation, and induction
of NF-�B results in NF-�B-dependent HIV-1 gene expression. However, binding of NF-�B
alone without Sp1 is insufficient to induce HIV-1 gene expression (4, 19, 23–25).

Factors that impair or block Tat-mediated processes reduce provirus transcription
and possibly inhibit viral replication. We previously demonstrated that semen exo-
somes (SE), a subset of extracellular vesicles, inhibit HIV-1 infection of various cell types
and inhibit HIV-1 transmission (26–28). In addition to the protection provided by the
female mucosa, SE may contribute to the low risk of HIV-1 infection per heterosexual
sexual act (0.04 to 0.08%) by interfering with HIV replication (29). SE inhibit HIV-1
infection and transmission in part due to their ability to impair viral reverse transcrip-
tase function and to repress viral RNA gene expression (26–28). Since reverse transcrip-
tion and viral gene expression require Tat activity, we hypothesized that SE interfere
with Tat-dependent transcriptional events. Furthermore, we hypothesized that Tat
protein is targeted by SE.

We examined potential mechanisms by which SE inhibit HIV-1 provirus transcription
and characterized the binding of HIV-1 Tat, cellular transcription factors, and the
recruitment of Pol II to the HIV-1 LTR in the presence and absence of SE. Our results
indicate that, in addition to damping NF-�B activation, SE inhibit NF-�B and Sp1
binding/recruitment and interaction with HIV-1, impair Pol II recruitment to the HIV-1
promoter, and specifically block Tat protein-mediated LTR activation. These findings
provide new insights into how SE control HIV-1 transcription and provirus replication.
The findings also reveal a novel function for exosomes: interaction with host transcrip-
tion factors.

RESULTS
Three classes of HIV-1 transcripts are susceptible to inhibition by SE. The effect

of SE on cell-associated HIV RNA expression was determined by infecting SUPT1 cells in
the presence and absence of SE prior to RNA extraction, DNase treatment, reverse
transcription, and real-time quantitative PCR (RT-qPCR) with HIV gene-specific primers
(Fig. 1A and Table 1). SE inhibited the accumulation of multiply spliced Tat-Rev (Fig. 1B),
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singly spliced Vif and Vpr (Fig. 1C and D), and unspliced U5-Gag and Gag-Pol (Fig. 1E
and F) HIV-1 RNAs. The extent of SE-mediated inhibition observed in SUPT1 cells was
similar to that in a different cell line, TZM-bl cells (Fig. 1G to K), indicating that the
inhibition is cell type independent. Since the presence of SE produced drastic changes
in the steady-state levels of the different RNA species, we examined the levels of
particle-associated RNA. Using a similar technique for assaying cell-associated RNA
expression, we found that SE inhibit particle-associated viral RNA (Fig. 1L). Copy
number analysis of particle-associated viral RNA confirmed a reduction in RNA levels in
the presence of SE (Fig. 1M). Given the reductions in all classes of viral RNA by SE, we
evaluated the effect of SE on the levels of viral protein. Analysis of intracellular p24
protein revealed no significant alteration (Fig. 1N and O). Similarly, progeny p24 levels

FIG 1 Effects of SE on viral RNA species produced within HIV-1-infected cells. Vehicle (PBS) or semen exosomes (100 �g/ml) were
incubated with HIV-1 NL4.3 (8 reverse transcriptase units [RTU]/ml) at 37°C for 1 h before infection. qRT-PCR analysis of HIV-1 RNA species
transcript levels in cells was performed 24 h after SE or vehicle treatment and HIV-1 infection. (A) Schematic of HIV-1 genome. The arrows
represent primer pairs used for qRT-PCR analysis. US, unspliced; SS, singly spliced; MS, multiply spliced. (B to F) HIV-1 RNA from SUPT1
cells representing multiply spliced Tat-Rev mRNA, singly spliced Vif and Vpr mRNA, and unspliced U5-Gag and Gag-Pol mRNA expression,
respectively. qRT-PCR analysis of HIV-1 RNA species transcript levels in TZM-bl cells was performed 24 h after SE or vehicle treatment and
HIV-1 infection. Fold Δ, fold change. (G to K) HIV-1 RNA from TZM-bl cells representing multiply spliced Tat-Rev mRNA, singly spliced Vif
and Vpr mRNA, and unspliced U5-Gag and Gag-Pol mRNA expression, respectively. (L) Progeny viral RNA was extracted from infected
SUPT1 supernatants, and qRT-PCR analysis was used to analyze Gag-Pol mRNA expression. (M) Droplet digital PCR analysis was used to
measure progeny Gag-Pol RNA copy numbers. The copy numbers were normalized to GAPDH. Vehicle was set to 1 as a reference. (N)
Cell-associated Gag protein was measured 24 h after infection by cell permeabilization and flow cytometry analysis of anti-p24 or isotype
control staining. Shown is one representative experiment. (O) Median fluorescence intensity (MFI) was quantified from flow cytometry
analysis of intracellular p24. Vehicle was set to 1 as a reference. (P) Progeny virus produced in the presence and absence of SE was analyzed
for p24 content by ELISA. (Q) Naive TZM-bl indicator cells were infected with supernatants from infected SUPT1 cells for 24 h, and
infectivity was measured by reporter expression and presented as relative light units (RLU). Vehicle was set to 100% as a reference. PCR
analysis was normalized to GAPDH, and vehicle was set to 1 as a reference for all experiments. Significance was determined by Student’s
t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant. The error bars indicate standard errors of the mean of the results of
triplicate experiments.
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were unchanged in the presence of SE (Fig. 1P). Previously, a similar disconnect
between RNA expression and HIV-1 protein levels was described in which pr55Gag (the
precursor to p24) protein synthesis could be rescued in the presence of HIV-1 RNA
defects and de novo RNA synthesis was dispensable for synthesis and processing of
HIV-1 Gag (30, 31). Normalizing for p24 protein, viral particles produced by cells
incubated in SE contained reduced RNA (Fig. 1L, M, and P). The infectivity of these viral
particles was significantly reduced (Fig. 1Q), suggesting that nascent HIV-1 particles
produced in the presence of SE are less infectious. Thus, alteration of RNA levels may
be a contributing mechanism for SE-related inhibition of HIV-1 infection, and changes
in HIV-1 RNA levels do not have to be accompanied by reduced protein levels.

SE do not alter the intracellular distribution of viral transcripts. The intracellular
distribution of HIV-1 RNA in infected cells was examined using cellular fractionation
(Fig. 2A). Efficiency of cell fractionation was verified by measuring cytoplasmic GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and nuclear PCNA (Fig. 2B). Quantifica-
tion of total viral genomic RNA (gRNA), as well as cytoplasmic and nuclear gRNA,
revealed significant but similar decreases in viral gRNA in the different cellular com-
partments (Fig. 2C) that could not be attributed to reduced cell viability (Fig. 2D). The
RNA encapsidation efficiency was evaluated as the ratio of progeny virion-associated
and cytoplasmic gRNA levels (32). Incubation of cells with SE did not reduce the relative
amount of packaged viral gRNA (Fig. 2E). There was no preferential localization of viral
RNA in either of the compartments, indicating that SE-mediated reduction in total viral
RNA was not due to impairment of nucleocytoplasmic shuttling or of the encapsidation
machinery.

SE have minimal off-target effects on human RNA. The potential for SE to affect
the integrity of host cell total RNA and/or the expression of host mRNAs was evaluated
in cells infected in the presence and absence of SE. Although SE decreased viral gRNA
in SUPT1 cells (Fig. 3A), SE did not affect the level of host GAPDH mRNA (Fig. 3B). SE also
did not affect host GAPDH mRNA levels in TZM-bl cells (Fig. 3B). In order to determine
if SE induced more subtle effects on host RNA, cellular genes that have more variable
expression during HIV-1 infection than the GAPDH gene were analyzed in the presence
or absence of SE with and without HIV-1 infection (33). SE did not significantly alter
mRNA levels of the transcriptional regulators ELK1 and MAZ in infected and uninfected
SUPT1 and TZM-bl cells (Fig. 3C and D). SUPT1 RNA integrity was assessed using an
Agilent bioanalyzer. All the cells analyzed (uninfected, vehicle [HIV-1 alone], and SE
[HIVSE]) contained similar RNA concentrations (ranging from an average of 88 ng/�l to
127 ng/�l) and RNA integrity (ranging from an average of 5.97 to 6.23) (Fig. 3E and F).
Similar results were observed when we examined the levels of 28S and 18S rRNAs using
nondenaturing agarose gel electrophoresis in TZM-bl cells (Fig. 3G). The ratios of host
28S and 18S rRNAs were 2.7, 2.5, and 2.4 for uninfected, vehicle (HIV alone), and SE
(HIVSE), respectively (Fig. 3H), indicating that SE-mediated downregulation of HIV-1
mRNA expression is not due to a reduction in host RNA integrity. The results also

TABLE 1 Primer sequences

Gene

Primer sequence

ReferenceForward Reverse

GAPDH 5=-CCCCTTCATTGACCTCAACTACA-3= 5=-CGCTCCTGGAGGATGGTGAT-3= 55
Gag-Pol 5=-TTCTTCAGAGCAGACCAGAGC-3= 5=-GCTGCCAAAGAGTGATCTGA-3= 56
Tat-Rev (M669-LA23) 5=-GTGTGCCCGTCTGTTGTGTGACTCTGGTAAC-3= 5=-GCCTATTCTGCTATGTGACACCC-3= 57
Vif 5=-GGGAGCCACACAATGAATG-3= 5=-CCAGGGCTCTAGTCTAGG ATC-3= 58
Vpr 5=-ACTTACGGGGATACTTGGGCAG-3= 5=-CTCCATTTCTTGCTCTCCTCTGTC-3= 56
U5-Gag 5=-TGTGTGCCCGTCTGTTGTGTGA-3= 5=-GAGTCCTGCGTCGAGAGAGCT-3= 58
NF-�B p65 5=-TCTCATCCCATCTTTGACAATC-3= 5=-TGAAATACACCTCAATGTCCTCTTTC-3= 59
Sp1 5=-TTGAAAAAGGAGTTGGTGGC-3= 5=-TGCTGGTTCTGTAAGTTGGG-3= 60
Pre-GAPDH 5=-CCACCAACTGCTTAGCACC-3= 5=-CTCCCCACCTTGAAAGGAAAT-3= 61
HIV-1 LTR 5=-TGGAAAATCTCTAGCAGTGGC-3= 5=-GAGTCCTGCGTCGAGAGATCT-3= 62
ELK1 5=-CTGACCCCATCCCTGCTTCCTA-3= 5=-GAAGTGAATGCTAGGAGGCAGCG-3= 63
MAZ 5=-GCTTCTCCCGGCCGGAT-3= 5=-GAAAGCTGCCTCACATTTCTCACATTTG-3= 64
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suggest that SE can inhibit HIV-1 expression with minimal regulatory effects on human
mRNA production, in general, but it is possible that SE may affect specific host genes
that are yet to be discovered.

SE reduce HIV-1-dependent, but not mitogen-dependent, LTR activity. The
results presented above suggest that SE inhibit viral RNA expression without altering
production of viral RNA species (Fig. 1), reducing nucleocytoplasmic shuttling (Fig. 2),
or diminishing RNA integrity (Fig. 3). Since HIV-1 LTR promoter activity is involved in
viral transcription, we performed LTR-luciferase assays in cells that contain integrated
HIV-1 LTR fused to �-galactosidase (�-Gal) and luciferase as reporters (TZM-bl cells) (34).
The cells were exposed to HIV, SE, vehicle (phosphate-buffered saline [PBS]; negative
control), or phorbol myristate acetate (PMA) (positive control) using SE posttreatment
or pretreatment as previously described. Briefly, SE were added to cells 24 h before HIV
or PMA (pretreatment) or SE were added to cells 24 h after HIV or PMA (posttreatment)
(28). As expected, both HIV and PMA increased HIV-1 promoter activity in TZM-bl cells
(increased relative light units [RLU]) (Fig. 4A and B). However, SE specifically lowered
HIV-1-driven luciferase expression without decreasing PMA-induced luciferase expres-

FIG 2 Semen exosome-mediated reduction in HIV RNA expression is operative in host cytoplasmic and
nuclear subcellular compartments. Vehicle PBS or semen exosomes (100 �g/ml) were incubated with
HIV-1 NL4.3 (8 RTU/ml) at 37°C for 1 h before infection of SUPT1 cells. (A and B) Total cellular RNA and
RNA from cells fractionated into cytoplasmic and nuclear compartments. Fractionation was evaluated by
Western blot analysis of cytoplasmic GAPDH and nuclear PCNA. Shown is one representative experiment.
(C) Total, nuclear, and cytoplasmic RNAs were analyzed by qRT-PCR for viral Gag-Pol mRNA expression.
GAPDH and pre-GAPDH were used for normalization of total/cytoplasmic and nuclear RNA, respectively.
Vehicle was set as a reference for RNA analysis from each cellular compartment. (D) Cell viability was
measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Vehicle was
used for normalization and set to 100%. (E) Cellular cytoplasmic RNA and progeny viral RNA were
analyzed by qRT-PCR for Gag-Pol expression. GAPDH was used for normalization. Vehicle was set as a
reference. Encapsidation efficiency was mathematically determined as the ratio of progeny and cyto-
plasmic Gag-Pol expression. Vehicle was used for normalization and set to 100%. *, P � 0.05; ns, not
significant. The error bars indicate standard errors of the mean of the results of triplicate experiments.

Negative Regulation of HIV-1 Transcription by Exosomes Journal of Virology

November 2018 Volume 92 Issue 21 e00731-18 jvi.asm.org 5

https://jvi.asm.org


sion (Fig. 4A and B, compare open bars in unshaded and shaded areas), regardless of
the concentration and timing of PMA addition (Fig. 4C and D). The inability of SE to
regulate PMA-driven promoter activity was confirmed in JLat 10.6 cells, which harbor an
HIV provirus containing the green fluorescent protein (GFP) open reading frame (ORF)
in place of nef and a frameshift mutation in env (35); thus, GFP expression is under the
control of the HIV-1 LTR. In addition, tumor necrosis factor alpha (TNF-�) was included
as a more physiologically relevant positive control. Similar to the LTR-luciferase results,
SE did not decrease PMA- or TNF-�-driven GFP expression in JLat 10.6 cells, regardless
of the time of SE addition (Fig. 4E to H, compare solid-line to dashed-line histograms
and filled to open bars). The difference in PMA/TNF-�-driven GFP expression in JLat 10.6
cells between pre- and post-PMA/TNF-� conditions reflects the timing of addition and
removal of the stimulus prior to determination of GFP expression. Cells were actively
stimulated under the pre-PMA/TNF-� conditions (Fig. 4E and G), while the cells had
reverted to a latent state under the post-PMA/TNF-� conditions (Fig. 4F and H). It is
noteworthy that SE did not alter cell viability in the presence or absence of HIV-1, PMA,
or TNF-� pre- or posttreatment (Fig. 4I to L). Together, these results suggest that SE
specifically inhibit HIV-1-driven LTR promoter activation.

FIG 3 Semen exosomes do not alter the integrity of host RNA. Vehicle (PBS) or semen exosomes (100 �g/ml) were incubated with HIV-1 NL4.3 (8 RTU/ml) at
37°C for 1 h before infection. Analysis of cellular and HIV-1 RNAs in cells was performed 24 h after SE or vehicle treatment and HIV-1 infection. (A) Cellular viral
RNA in SUPT1 cells was analyzed by qRT-PCR for Gag-Pol mRNA expression. PCR products were visualized with agarose gel ethidium bromide staining. PCR
analysis was normalized to GAPDH, and vehicle was set to 1 as a reference. (B) qRT-PCR analysis of SUPT1 and TZM-bl GAPDH mRNA levels. (C) qRT-PCR analysis
of SUPT1 and TZM-bl ELK1 mRNA expression. PCR analysis was normalized to GAPDH, and uninfected cells were set to 1 as a reference. Squares containing
an “X” represent uninfected cells treated with SE. (D) qRT-PCR analysis of SUPT1 and TZM-bl MAZ mRNA expression. PCR analysis was normalized to GAPDH,
and uninfected cells were set to 1 as a reference. (E) Agilent bioanalyzer analysis of SUPT1 cellular RNA in the presence and absence of SE. Shown is one
representative profile out of three. The values are presented as averages of triplicate experiments � standard errors of the mean. (F) SUPT1 cellular RNA
concentration and RNA integrity number from Agilent bioanalyzer analysis of three independent experiments. (G) TZM-bl cellular RNA integrity was visualized
with an agarose gel. Shown is one representative gel profile out of three. (H) TZM-bl cellular RNA 28S/18S ratios from three independent gel profiles quantified
by ImageJ. **, P � 0.01; ns, not significant. The error bars indicate standard errors of the mean of the results of triplicate experiments.
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SE do not alter basal activity of the HIV-1 promoter. Given that SE inhibit
HIV-1-driven LTR promoter activation, we examined the effect of SE on the basal activity
of the HIV-1 promoter in the absence of HIV or other LTR-activating agents (PMA or
TNF-�). TZM-bl cells were treated with 100 �g of SE alone or with HIV or PMA as
controls and examined for luciferase expression 24 h later. While HIV and PMA
increased LTR activity in TZM-bl cells, the basal activity of the HIV-1 promoter was not
altered by the addition of SE (Fig. 5A). This was recapitulated using JLat 10.6 cells. As
expected, PMA and TNF-� significantly activated the LTR promoter as measured by
increased GFP expression (Fig. 5B, arrows). The increases in PMA- and TNF-�-mediated
LTR promoter activation were �25% and �48%, respectively (Fig. 5C). In the JLat
system, increased promoter activity (GFP expression) results in transcription of viral
RNA, as observed in the PMA- and TNF-�-treated cells (Fig. 5D). In contrast, SE did not
have an effect on GFP expression (Fig. 5B and C) and did not induce viral transcription

FIG 4 HIV-driven LTR promoter transactivation is significantly downregulated by SE. (A) Vehicle or 100 �g/ml SE was added to TZM-bl cells for 24 h, and then
the cells were washed before infection with HIV-1 NL4.3 (8 RTU/ml) or treatment with 10 ng/ml PMA (shaded) for an additional 24 h (i.e., the cells were
pretreated with vehicle or SE). (B) TZM-bl cells were infected with HIV-1 NL4.3 (8 RTU/ml) or treated with 10 ng/ml PMA (shaded) for 24 h and then washed
before treatment with vehicle or 100 �g/ml SE for an additional 24 h (i.e., the cells were posttreated with vehicle or SE). Naive TZM-bl indicator cells were treated
with vehicle (PBS) or 100 �g/ml SE pretreatment (C) or posttreatment (D), with increasing concentrations of PMA. Each PMA concentration was normalized to
vehicle treatment, where vehicle was set to 100%. RLU were assessed with SteadyGlo. (E) JLat 10.6 cells were treated with vehicle or 100 �g/ml SE and then
washed at 24 h, followed by addition of 10 ng/ml PMA for 24 h. GFP expression was analyzed by flow cytometry. Shown is one representative experiment. (F)
JLat 10.6 cells were treated with 10 ng/ml PMA and then washed at 24 h, followed by addition of vehicle or 100 �g/ml SE for 24 h. GFP expression was analyzed
by flow cytometry. Shown is one representative experiment. (G) JLat 10.6 cells were treated as for panel E, except PMA was replaced with 10 ng/ml TNF-�. GFP
expression was analyzed by flow cytometry. Shown is one representative experiment. (H) JLat 10.6 cells were treated as for panel F, except PMA was replaced
with 10 ng/ml TNF-�. GFP expression was analyzed by flow cytometry. Shown is one representative experiment. (I) Cell viability was assessed by MTT assay in
naive TZM-bl indicator cells that were treated with vehicle (PBS), HIV-1 NL4.3 (8 RTU/ml), 10 ng/ml PMA, or 100 �g/ml SE. (J) Latently infected GFP-expressing
JLat 10.6 cells were treated with vehicle (PBS), 10 ng/ml PMA, 10 ng/ml TNF-�, or 100 �g/ml SE. (K) JLat 10.6 cells were treated with vehicle or 100 �g/ml SE
before treatment with 10 ng/ml PMA or 10 ng/ml TNF-� (shaded). (L) JLat 10.6 cells were treated with 10 ng/ml PMA or 10 ng/ml TNF-� (shaded) before
treatment with vehicle or 100 �g/ml SE. For all the experiments, vehicle treatment was used for normalization and set to 100%. Where indicated, cells were
treated for 24 h before washing and subsequent treatment for an additional 24 h. FlowJo software was used for all flow cytometry analysis. **, P � 0.01; ns,
not significant. The error bars indicate standard errors of the mean of the results of triplicate experiments.
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relative to the vehicle control (Fig. 5D). To further assess the effect of SE on basal
promoter activity, TZM-bl cells treated with increasing concentrations of SE for 24 h did
not demonstrate altered promoter activity as measured by luciferase levels (Fig. 5E).
Further, addition of SE to JLat 10.6 cells did not change basal GFP expression or cell
viability (Fig. 5F to I). To ascertain that the isolation method of SE with ExoQuick reagent
did not have an effect on HIV promoter activity, we repeated the promoter activation
assay using ExoQuick reagent as a control. The lack of effect by residual ExoQuick
reagent on the promoter activation result was verified via ExoQuick extraction of PBS
(vehicle) and is shown in Fig. 5J. Thus, SE specifically repressed virus-driven LTR
activation and subsequent viral transcription.

FIG 5 SE alone do not up- or downregulate basal LTR promoter activity. (A) Naive TZM-bl indicator cells were treated with vehicle (PBS), HIV-1
NL4.3 (8 RTU/ml), 10 ng/ml PMA, or 100 �g/ml SE before assessment of promoter activity. (B) Latently infected GFP-expressing JLat 10.6 cells were
treated with vehicle (PBS), 10 ng/ml PMA, 10 ng/ml TNF-�, or 100 �g/ml SE. Activation was assessed by GFP flow cytometry. Shown is one
representative experiment. (C) Quantification of JLat 10.6 GFP expression from three independent experiments. (D) JLat 10.6 cellular RNA was
analyzed by qRT-PCR for HIV-1 Gag-Pol mRNA expression. GAPDH was used for normalization. Vehicle was set as a reference. For all experiments,
cells were treated for 24 h before washing and culturing without treatment for an additional 24 h and readout. (E) TZM-bl indicator cells were
treated with vehicle (PBS) or increasing concentrations of SE for 24 h before readout of promoter activity. The data are plotted as medians, and
the bars are value ranges (minimum to maximum). (F) GFP expression was quantified by FlowJo analysis in latently infected GFP-expressing JLat
10.6 cells that were treated with vehicle (PBS) or 100 �g/ml SE before treatment with PBS. Shown is an average of three independent experiments.
(G) Viability of JLat 10.6 cells was measured by MTT assay. (H) GFP expression was quantified in latently infected GFP-expressing JLat 10.6 cells
that were treated with vehicle (PBS) before subsequent treatment with control PBS or 100 �g/ml SE. Shown is one representative experiment.
(I) Viability of the JLat 10.6 cells was measured by MTT assay. For all the experiments, vehicle treatment was used for normalization and set to
100%. Where indicated, cells were treated for 24 h before washing and subsequent treatment for an additional 24 h. (J) PBS vehicle control or
SE was extracted with ExoQuick reagent. Vehicle or 100 �g/ml SE was added simultaneously with HIV-1 NL4.3 to TZM-bl cells, followed by
assessment of promoter activity 24 h later. For panels A, E, and J, TZM-bl promoter activity in relative light units was read by Steady-Glo (Promega).
FlowJo software was used for all flow cytometry analysis. *, P � 0.05; **, P � 0.01; ns, not significant. The error bars indicate standard errors of
the mean of the results of triplicate experiments.
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SE inhibit binding and recruitment of host transcription factor components
(NF-�B and Sp1) to the HIV-1 promoter in a cell-based assay. The ability of SE to
inhibit HIV transcription provides an experimental system in which transcriptional
targets that repress HIV-1 provirus transcription can be identified. Initially, we explored
whether SE affected the levels of the transcription factors Sp1 and NF-�B in infected
cells. SUPT1 cells infected with HIV-1 in the presence and absence of SE were examined
via RT-qPCR and Western blotting. SE had no effect on Sp1 and NF-�B p65 mRNA in
HIV-1-infected cells (Fig. 6A and B). Similarly, Sp1 protein levels were unchanged in the
presence and absence of SE (Fig. 6C and D). However, SE significantly decreased NF-�B
p65 protein in HIV-1-infected SUPT1 cells (Fig. 6C and E). A similar trend was observed

FIG 6 The NF-�B/Sp1 transcription factor pathway is implicated in SE-mediated control of HIV-1 transcription. Vehicle (PBS) or semen exosomes (100 �g/ml)
were incubated with HIV-1 NL4.3 (8 RTU/ml) at 37°C for 1 h before infection. (A and B) SUPT1 mRNA for Sp1 (A) and NF-�B p65 (B) by qRT-PCR. (C) Whole-cell
lysates of SUPT1 cells were probed for anti-NF-�B p65, anti-Sp1, and anti-GAPDH by Western blotting. The gels shown are from one representative experiment.
(D and E) Relative intensities of Sp1 (D) and NF-�B p65 (E) bands by ImageJ quantification. (F and G) TZM-bl cells were analyzed by qRT-PCR for Sp1 (F) and
NF-�B p65 (G) mRNA expression. GAPDH was used for normalization. Vehicle was set as a reference. (H) TZM-bl cells were probed for anti-NF-�B p65, anti-Sp1,
and anti-GAPDH by Western blotting. Shown is one representative experiment. (I and J) TZM-bl blot band intensities for Sp1 and NF-�B p65 were measured
from three independent experiments by ImageJ quantification. (K and L) Cytoplasmic and nuclear extracts of SUPT1 (K) and TZM-bl (L) cells probed by Western
blotting for anti-NF-�B p65. Anti-GAPDH and anti-PCNA were used as cytoplasmic and nuclear markers, respectively. (M) Relative band intensities from panels
K and L by ImageJ quantification from three independent experiments. (N) ChIP assay with anti-IgG or anti-NF-�B p65 for qRT-PCR analysis of HIV-1 LTR. GAPDH
was used for input control, and HIV was set to 1 as a reference. ChIP products were quantified by the fold enrichment method; shown is an average of three
experiments. Products were visualized by agarose gel and ethidium bromide staining. (O) Electrophoretic mobility shift assay. TZM-bl nuclear extracts were
incubated with Cy5-labeled probe in the presence of dI-dC competitor and BSA before loading on 5% nondenaturing PAGE gels. The gel shown is for one
representative experiment. C1 to C5 denote NF-�B complexes. The bars are ImageJ quantifications of C5. (P) Gel mobility shift assay as in Fig. 6O, but with Sp1.
The bars are ImageJ quantifications of C4. *, P � 0.05; ***, P � 0.001; ns, not significant. The error bars indicate standard errors of the mean of the results of
triplicate experiments.
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in HIV-1-infected TZM-bl cells, where SE did not reduce Sp1 and NF-�B p65 mRNA levels
(Fig. 6F and G) but reduced the level of NF-�B protein (Fig. 6H and J) without altering
Sp1 protein levels (Fig. 6H and I). Further, SE reduced cytoplasmic levels of NF-�B p65
in HIV-1-infected SUPT1 cells (Fig. 6K and M) and TZM-bl cells (Fig. 6L and M), although
nuclear NF-�B p65 levels were more variable (Fig. 6K to M).

Direct binding of NF-�B p65 to the HIV-1 enhancer in the presence of SE was
analyzed by chromatin immunoprecipitation–real-time quantitative PCR (ChIP–RT-
qPCR). Chromatin was prepared from HIV-infected SUPT1 cells in the presence and
absence of SE. Because we did not select cells for HIV expression, these experiments
utilized a heterogeneous population of HIV-1-infected cells with a spectrum of viral
gene expression. ChIP was performed using antibodies against NF-�B p65, followed by
RT-qPCR for the HIV-1 LTR and host GAPDH. NF-�B p65 bound to the LTR in the absence
of SE (Fig. 6N). However, in the presence of SE, the association of NF-�B p65 with the
LTR was reduced by 43%, suggesting that SE may inhibit HIV-1 transcription in part
through decreasing NF-�B p65 recruitment and binding to the HIV-1 LTR. We previously
showed that cell-associated HIV-1 DNA is reduced in the presence of SE; thus, these
data may indicate that there is less LTR available for NF-�B binding (27). Because there
is less NF-�B protein in HIV-1-infected cells in the presence of SE (Fig. 6A to M), it is also
plausible that there is a lower abundance of NF-�B protein available for binding.

Electrophoretic mobility shift assays (EMSA) with NF-�B p65 probe performed on
nuclear extracts of TZM-bl cells infected with HIV-1 for 24 h in the presence or absence
of SE provided insight into SE-dependent inhibition of NF-�B LTR association. Using an
NF-�B p65 oligonucleotide probe, HIV-1 infection (Fig. 6O, lane 3) increased complex C5
and decreased complex C2 compared to uninfected cells (lane 2). HIV-1 infection
enhanced C1 and C3 (lane 3) relative to uninfected cells (lane 2). These complexes (C1
and C3) were reduced when infected cells were treated with SE (compare lanes 3 and
4). In addition, SE treatment during infection opposed the HIV-1-induced increase of C5
(lanes 3 and 4), but SE alone (lane 5) did not affect C5 compared to uninfected cells
(lane 2). HIV-1 infection increased the amount of complex 5, while SE decreased this
complex by about 50% (Fig. 6O, bars). A similar effect was observed using an Sp1
oligonucleotide. SE significantly decreased the intensity of some complexes that were
induced by HIV-1 (Fig. 6P, C4 and C5, lanes 3 and 4), and SE decreased the level of C5
by about 50% (Fig. 6P, bars).

SE directly bind to NF-�B and Sp1 sequences. Consistent with the cell-based
EMSA observations demonstrating that SE block binding of NF-�B p65 and Sp1 to the
HIV-1 enhancer (Fig. 6O and P), a specific high-molecular-weight mobility shift was
observed when SE were incubated with NF-�B p65 (Fig. 7A and B, lanes 3 and 4) and
Sp1 (Fig. 7C and D, lanes 3 and 4) oligonucleotides in an in vitro EMSA. Incubation of
NF-�B p65 and Sp1 with a control bovine serum albumin (BSA) protein did not
demonstrate a shift (Fig. 7A to D, lanes 2). SE, both intact and with membranes
disrupted, complexed with NF-�B p65 and Sp1 oligonucleotides. However, the com-
plexes disappeared upon heating (Fig. 7A and C, lanes 5) or in the presence of 0.5%
sodium dodecyl sulfate (SDS) (Fig. 7B and D, lanes 5). These results demonstrate that SE
bound directly and specifically to the NF-�B and Sp1 sequences and that the complexes
formed were heat-labile protein-DNA complexes. Together, these data indicate that
SE-mediated downregulation of HIV-1 transcription involves inhibition of the NF-�B/
Sp1 association with the viral LTR.

Binding of RNA Pol II to the HIV-1 LTR is impaired by SE. Because SE-mediated
inhibition of NF-�B recruitment to the viral LTR was incomplete, we explored additional
mechanisms by which SE might repress transcription. Productive HIV-1 transcription
requires recruitment of the Pol II complex to the promoter region of the HIV-1 LTR. To
explore the possibility that SE decrease Pol II activity, we assessed the presence of Pol
II at the HIV-1 LTR by ChIP–RT-qPCR. While Pol II is efficiently recruited to the viral LTR
in HIV-1-infected SUPT1, SE decreased the amount of Pol II associated with the LTR by
58% (Fig. 8A). Reduced Pol II was associated with decreased viral mRNA (Fig. 8B). Since
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Pol II association with HIV-1 sequences was inhibited by SE, it is plausible that SE might
inhibit HIV-1 transcription by suppressing Pol II processivity. In addition, because we
previously showed less intracellular HIV-1 DNA in the presence of SE, it is also possible
that there is less LTR available for binding by Pol II, leading to less HIV-1 mRNA
production (27).

SE inhibit Tat-dependent HIV-1 LTR activity. It is known that Tat participates in a
positive-feedback mechanism that maintains high levels of proviral transcription in
HIV-1-infected cells. To examine the effect of SE on Tat-dependent HIV-1 activation,

FIG 7 Direct binding of SE to NF-�B/Sp1. EMSA conditions were as follows: probe alone (lane 1), 100 �g
BSA (lane 2), 25 �g intact SE (lane 3), SE treated with 0.25% Triton X-100 to open the membrane (lane
4), SE treated with Triton X-100 and boiled at 95°C for 30 min or treated with 0.5% SDS to denature the
SE proteins (lane 5). Samples were incubated with dI-dC cold competitor (1,000�) on ice for 20 min
before addition of NF-�B p65 probe (A and B) or Sp1 probe (C and D) and further incubation on ice for
20 min. Samples were separated on a 4% nondenaturing PAGE gel at 4°C protected from light. C denotes
NF-�B or Sp1 complexes. The gel images show one representative experiment of three.

FIG 8 SE reduce RNA Pol II association with HIV-1 LTR. Vehicle (PBS) or semen exosomes (100 �g/ml)
were incubated with HIV-1 NL4.3 (8 RTU/ml) at 37°C for 1 h before infection of SUPT1 cells. (A) ChIP assay
with anti-IgG or anti-Pol II for qRT-PCR analysis of HIV-1 LTR. GAPDH was used for input control, and HIV
was set to 1 as a reference. ChIP products were quantified by the fold enrichment method; shown is an
average of three experiments. (B) SUPT1 mRNA was evaluated for HIV-1 LTR gene expression by qRT-PCR.
Products were visualized by agarose gel ethidium bromide staining. *, P � 0.05; **, P � 0.01; ***, P �
0.001; ns, not significant. The error bars indicate standard errors of the mean of the results of triplicate
experiments.
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TZM-bl cells were transfected with a Tat expression vector (pCMV Tat, here referred to
as p-Tat) (36), followed by treatment with vehicle (PBS) or SE (100 �g/ml). SE inhibited
Tat-dependent transcription by �54% in the luciferase assay (Fig. 9A) and by �55% in
the �-Gal assay (Fig. 9B). SE reduced the effect of exogenous Tat protein (recombinant
Tat [r-Tat]) by 66%, confirming the effect of SE on Tat-driven HIV-1 LTR activation (Fig.
9C). The kinetics of SE-mediated inhibition of HIV-1 promoter activity was evaluated by
time-lapse analysis of HIV-1 LTR activity in cells infected with HIV-1 (Fig. 9D), transfected
with p-Tat (Fig. 9E), or treated with r-Tat (Fig. 9F). In all three scenarios, SE inhibited

FIG 9 SE inhibition of HIV-1 transactivation is mediated by interference with Tat protein-mediated LTR
activation. TZM-bl cells were transfected with p-Tat for 3 h before removal of input plasmid, treatment with
SE (100 �g/ml), and incubation for 16 h. (A and B) Promoter activity was measured by luciferase assay (A)
and �-Gal assay (B). (C) TZM-bl cells were treated with r-Tat (10 �g/ml) that was preincubated with PBS
(vehicle) or SE (100 �g/ml) for 1 h at 37°C prior to addition to the cells. Promoter activity was assessed by
a luciferase assay at 16 h posttreatment. (D to F) Kinetics of SE inhibition of HIV-1 LTR promoter activity and
MTT viability at 24 h. RLU fold changes are plotted as medians, and the bars are value ranges (minimum
to maximum). (D) HIV-1 (8 RTU/ml) preincubated for 1 h at 37°C with PBS or SE (100 �g/ml). (E) Vehicle, SE
alone, and p-Tat transfection 3 h before addition of SE or vehicle (PBS). (F) r-Tat (10 �g/ml) preincubated
for 1 h at 37°C with PBS or SE (100 �g/ml). (G and H) TZM-bl cells were transfected with p-Tat for 3 h before
treatment with SE and incubation at 37°C for 16 h. Nuclear extracts were incubated with Cy5-labeled NF-�B
p65 (G) or Sp1 (H) oligonucleotides in the presence of dI-dC competitor and BSA before loading on 5%
nondenaturing PAGE gels. The gel shown is for one representative experiment. C2 band intensities were
quantified with ImageJ, and the error bars represent the standard errors of the mean of the results of
duplicate experiments. *, P � 0.05; **, P � 0.01; ns, not significant.
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HIV-1 LTR activity, and at 16 h, HIV-1-, p-Tat-, and r-Tat-driven LTR activities were
inhibited by �46%, 71%, and 64% (Fig. 9D to F), respectively. The effect of SE on LTR
activity was still observed (�58% inhibition) 24 h after exposure to HIV-1 (Fig. 9D), p-Tat
at �50% (Fig. 9E), and r-Tat at �47% (Fig. 9F). The activities of SE on HIV-1 and Tat were
independent of cell viability, as measured by MTT assay (Fig. 9D to F, bottom bars).
These time-lapse experiments indicate that the inhibitory effect of SE occurs early and
may persist for up to 24 h. The use of p-Tat, which enables steady synthesis of Tat,
revealed that SE are capable of inhibiting LTR activation of de novo Tat (Fig. 9E).

SE directly counteract association of Tat with NF-�B p65 and Sp1. Tat directly
associates with the p65 subunit of NF-�B, thereby increasing p65 DNA binding and
transcriptional activities (19). Thus, we hypothesized that SE would repress Tat associ-
ation with NF-�B p65 and Sp1. Since SE had a significant impact on Tat-mediated
activation by 16 h, we conducted our studies at that time. TZM-bl cells were transfected
with p-Tat, and cells were treated with either vehicle or SE. Nuclear extracts were
analyzed by EMSA following incubation with labeled NF-�B p65 or Sp1 oligonucleo-
tides. Two complexes (C1 and C2) were observed. C2, but not C1, intensity was reduced
by SE, and therefore, C2 was quantified. Although the affinity of Tat for NF-�B p65 was
not increased beyond basal levels, SE significantly decreased Tat binding to NF-�B p65
oligonucleotides (Fig. 9G, C2, and compare lanes 3 and 4, gray and white bars). In
contrast to Tat–NF-�B p65 binding, Tat significantly increased binding of Sp1 to DNA,
but SE potently suppressed Tat-Sp1 association (Fig. 9H, C2, and compare lanes 3 and
4, gray and white bars). Together, these results suggest that SE repress HIV-1 transcrip-
tional activation by reducing Tat association with host transcription factors NF-�B p65
and Sp1.

DISCUSSION

The HIV-1 provirus transcribes its genes in actively infected cells, but proviral
transcription is halted and suppressed in latent infection. It is known that HIV-1
transcription is regulated by disparate positive and negative regulators whose activities
control viral replication in host cells (3). Since HIV-1 transcription is regulated by the
relative levels of positive and negative regulators, any factor capable of inhibiting
positive regulators of transcription may lead to the suppression of proviral transcrip-
tion.

Possible links between SE and HIV-1 transcription have previously been inferred. In
2014 and 2015, Madison et al. (26, 27) observed that, among other functions, SE
induced a decrease in HIV-1 RNA expression, though it was not determined if SE per se
repressed viral transcription. Here, we provide evidence that SE repress viral transcrip-
tion by blocking human and viral transcription factor access to the HIV-1 promoter. We
hypothesize that this is accomplished through either steric hindrance or epigenetic
modifications. Transcription of the HIV-1 provirus is regulated at different levels,
including recruitment of cellular transcription factors, chromatin organization, tran-
scription initiation, and transcription elongation. Our data strongly suggest that SE
potently induce a transcription-repressed state in the HIV-1 promoter leading to
inefficient viral RNA expression. The exact effect of SE on the viral promoter is still
unknown, but given that SE bind to NF-�B and Sp1; impair NF-�B, Sp1, and Pol II
recruitment to the HIV-1 promoter; and block Tat binding to NF-�B and Sp1, it is
evident that SE negatively regulate HIV-1 transcription.

SE reduced interactions between cellular and viral transcription factors and the
HIV-1 promoter. These observations suggest that SE may be involved in HIV-1 tran-
scription at the level of initiation. Previous studies linked NF-�B to the initiation of HIV-1
transcription (37). NF-�B is required for HIV-1 transcription initiation and chromatin
remodeling and plays both positive and negative roles in HIV-1 transcription and
latency. Induction of NF-�B p65 and recruitment of other host factors, such as histone
acetyltransferases, are central to reversing proviral transcription in latency (38). We
observed that SE modestly reduced NF-�B p65 protein levels but significantly inhibited
NF-�B p65 and Sp1 binding to the HIV-1 LTR. Further, biochemical analysis by gel shift
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assays (EMSA) suggested that SE may directly bind NF-�B p65 and Sp1 through
protein-protein interaction, since binding was obliterated by increasing the tempera-
ture or addition of SDS. However, this hypothesis remains to be validated once the
SE-specific component(s) mediating these processes has been identified.

Using SE to repress HIV-1 transcription allowed us to identify transcription elonga-
tion as another target of SE in provirus transcription. To our knowledge, this is the first
report to suggest that Pol II recruitment/binding is targeted by exosomes. In the
presence of SE, ChIP analysis demonstrated reduced Pol II enrichment at the HIV-1 LTR.
In the same cells, we observed decreased HIV-1 RNA, suggesting an association
between inhibition of Pol II recruitment and reduced RNA expression.

Following transcription initiation, the maintenance of highly efficient viral gene
expression and viral replication is directed by Tat (4). Although a viral protein, Tat
associates with Sp1, NF-�B, P-TEFb, and the trans-activator-responsive element TAR at
the HIV-1 LTR (19, 39). Interaction of Tat with NF-�B occurs via the p65 subunit of NF-�B
(19). SE blocked Tat–NF-�B interactions in the absence of other cellular cofactors. Thus,
in addition to reducing transcription initiation, SE also serve as negative regulators of
HIV-1 transcription elongation via inhibition of Tat. Indeed, in our system, SE reduced
levels of both Tat binding to NF-�B p65 and Sp1 sequences and Tat-induced Luc and
�-Gal gene expression under HIV-1 LTR control. In addition to the role of Tat as the
master regulator of HIV-1 gene expression and latency, Tat regulates Pol II-mediated
activation of HIV-1 transcription and controls alternative mechanisms of viral
replication by regulating chromatin remodeling (40), mRNA splicing (41), Rev
function (42), microRNA biogenesis (43), and reverse transcriptase function (5, 6,
44–46). Interestingly, we previously found that SE regulate the ratio of HIV-1 reverse
transcriptase subunits (27). Whether the effects of SE on reverse transcriptase and Tat
utilize distinct mechanisms of inhibition has yet to be determined. However, it is clear
that two important HIV-1 proteins, reverse transcriptase and Tat, are susceptible to the
antiviral effects of SE, and there may be multiple SE-driven mechanisms that negatively
regulate HIV-1 infection and replication.

Because we have yet to identify the factor(s) contributing to our observations, we
are hesitant to conclusively link these effects solely to exosomes and recognize that the
effects may be due to a host factor that is associated with exosomes during purification.
However, we believe this is unlikely, given that purification of semen exosomes by
different methods has resulted in the same phenotype (27, 47). Characterization of the
protein and nucleic acid content of SE is needed to identify the component(s) medi-
ating the inhibitory activity on the HIV-1 LTR.

Our study extends our understanding of the role of exosomes in microbial patho-
genesis. In the context of HIV-1 infection, the source of exosomes dictates their role in
HIV-1 infection (48). While exosomes produced from some HIV-1-infected cell lines may
enhance viral infection, exosomes from body fluids, including breast milk, vaginal
lavage fluid, and semen, inhibit HIV-1 infection (26, 27, 49, 50). These diverse functions
highlight the complexity associated with exosomes and their functions. Because of the
significant role of exosomes in intercellular communication, the therapeutic potential of
exosomes continues to be increasingly investigated and developed. Novel therapies
against HIV-1 infection are needed to combat drug resistance adaptations by the virus
and interaction with illicit substances. Exosomes with antiviral function offer the unique
opportunity to harness a naturally evolved resistance to HIV-1 infection that has thus
far not been overcome during HIV-1 evolution.

On the basis of our findings, we suggest that SE may fit this critical need. SE contain
known antiviral factors, such as the APOBEC family; preferentially inhibit HIV-1 infection;
and alter the balance of HIV-1 reverse transcriptase subunits (27). Here, we show that
SE interfere with the critical quadripartite complex Tat–NF-�B–Sp1–Pol II circuitry,
resulting in impaired proviral transcription and replication. Thus, the translational
implication of our findings is the potential use of SE or its cargo to inhibit Tat function.
The HIV-1 Tat protein is expressed early; therefore, its inhibition would result in early
termination of viral replication. Although secreted, Tat inhibition may result in little or
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no cytotoxicity, since it has no cellular homologs. Blockade of Tat is expected to prevent
Tat-mediated feedback loops that enhance viral transcription and the production of
viral progeny and blocking of viral reactivation to promote prolonged silencing of
latent viruses. Indeed, the ability of SE to inhibit the activities of two different classes
of transcription factors (host and viral) involved in HIV-1 gene expression explains why
SE is such a powerful negative regulator of HIV-1 replication.

MATERIALS AND METHODS
Ethical approvals. The University of Iowa Institutional Review Board (IRB) approved the use of

human specimens. HIV-1-negative and -positive subjects consented to participate in this study via
written informed consent. All samples were received unlinked to any identifiers. All experiments were
performed in accordance with the approved university guidelines and regulations.

Purification of exosomes from human semen. Semen samples received from the University of Iowa
In Vitro Fertilization and Reproductive Testing Laboratories were collected and stored at �80°C until
isolation. All the donors had no history of HIV, hepatitis B virus (HBV), or hepatitis C virus (HCV) infection.
Semen exosomes were isolated using a previously described protocol (26–28, 47) in which, prior to
isolation, 12 individual semen samples were thawed at room temperature and centrifuged (10,000 � g;
30 min; 4°C) to pellet cellular debris, after which the supernatants, or seminal plasma, from individual
donors were pooled, placed in a new tube, mixed by inversion with ExoQuick reagent (SBI) at a ratio of
4:1 (seminal plasma to ExoQuick), and incubated at 4°C overnight according to the manufacturer’s
instructions. To pellet the exosomes, the mixture was centrifuged at 1,500 � g for 30 min at 4°C, and the
ExoQuick/exosome-free supernatant was removed. Residual ExoQuick was removed by centrifuging the
exosome pellet at 1,500 � g for 5 min and discarding the supernatant. The exosome pellet was
resuspended in PBS in 1/10 of the original volume of semen and is here referred to as SE; 100 �g/ml SE
was used for all cell treatments.

Cells and plasmids. TZM-bl, SUPT1, JLat full-length (JLat 10.6), and HIV-1 lymphadenopathy-
associated virus (LAV)-infected Jurkat E6 (J1.1) cells were obtained through the NIH AIDS Reagent
Program. 293T cells were purchased from the ATCC. TZM-bl and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL/Life Technologies) and SUPT1, JLat 10.6, and
Jurkat E6 (J1.1) cells in RPMI (Gibco-BRL/Life Technologies) containing 5% exosome-depleted fetal bovine
serum (FBS) (Gibco), 100 U/ml penicillin, 100 �g/ml streptomycin, sodium pyruvate, and 0.3 mg/ml
L-glutamine (Invitrogen, Molecular Probes), as previously described (27). The pNL4.3 plasmid was
obtained from the NIH AIDS Reagent Program, and the pCMV Tat plasmid (p-Tat) was a kind gift from
Francesca Di Nunzio (Institut Pasteur, Paris, France).

HIV-1 production. HIV-1 was produced either by purification of supernatants from HIV-1 latently
infected Jurkat cells or by 293T cell transfection with pNL4.3. Briefly, cell culture supernatant of J1.1 cells
was clarified by centrifugation at 2,000 � g for 10 min, and virus was concentrated by ultracentrifugation
at 100,000 � g for 2 h at 4°C and resuspended in RPMI medium. 293T cells were seeded in a 6-well tissue
culture-treated plate with 2 ml antibiotic-free medium 24 h before transfection. Ten microliters of
Lipofectamine 2000 (Invitrogen) was combined with 150 �l Opti-MEM for 5 min at room temperature,
and 4 �g/well pNL4.3 plasmid was diluted in 150 �l Opti-MEM. DNA and Lipofectamine were combined
for 20 min at room temperature, and 250 �l of DNA-Lipofectamine complex was added to the cells; 24
h posttransfection, the input plasmid was removed by replacing the transfection medium with antibiotic-
free DMEM. Forty-eight to 72 h posttransfection, supernatants were collected and clarified of cell debris
by centrifugation at 2,000 � g for 10 min before determination of the viral titer. The viral titer was
determined by EnzChek reverse transcriptase assay (Life Technologies) (27).

LTR promoter activation assay. Vehicle (PBS), HIV-1 NL4.3 (8 reverse transcriptase units [RTU]/ml),
100 �g/ml SE, or 10 ng/ml PMA (Sigma-Aldrich) was added to TZM-bl indicator cells. Where indicated,
treatments were added to cells for 16 or 24 h before removal, washing, and treatment or culturing for
an additional 24 h, after which the cells were lysed and measured for luciferase reporter activity with
Steady-Glo (Promega). Vehicle (PBS), 100 �g/ml SE, 10 ng/ml PMA (Sigma-Aldrich), or 10 ng/ml TNF-�
(Sigma-Aldrich) was added to JLat 10.6 indicator cells. Where indicated, the treatments were added to
the cells for 24 h before removal, washing, and treatment or culturing for an additional 24 h, after which
the cells were measured for GFP activity by flow cytometry analysis and lysed for RNA evaluation.

Western blot analysis. Whole-cell lysates or cells fractionated into cytoplasmic and nuclear com-
partments via NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher, Life Technologies)
according to the manufacturer’s protocol were probed with the following primary antibodies: anti-
GAPDH, anti-NF-�B p65, anti-Sp1, and anti-PCNA. The appropriate secondary IRDye antibodies were used
for Odyssey infrared imaging (Li-Cor Biosciences) (51–53). Image J was used to the quantify blots.

ChIP assay. SUPT1 cells were treated with vehicle or infected with HIV in the presence and absence
of SE for 24 h. For NF-�B p65, SUPT1 cells were treated with vehicle or infected with HIV-1 in the presence
and absence of SE (100 �g/ml) or 10 ng/ml PMA (Sigma-Aldrich) for 24 h. The ChIP assay was performed
using a Pierce ChIP assay kit (Thermo Fisher, Life Technologies). Immunoprecipitations (IP) were per-
formed with lysates from 1 � 106 cells per reaction with 2 �g mock anti-IgG antibody, 5 �g anti-Pol II
antibody (Thermo Fisher, Life Technologies), or 5 �g anti-NF-�B p65 (Thermo Fisher, Life Technologies).
The extracted DNA was subjected to PCR with SYBR green master mix using LTR and GAPDH primers
(Table 1). The products were resolved on 3% agarose gels. The data were normalized via fold enrichment
quantification [step 1, (IP CT) � (mock CT); step 2, 2�ΔΔCT] (Thermo Fisher, Life Technologies), where IgG
served as the mock threshold cycle (CT) and was subtracted from each IP CT value.
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p24 quantification. The progeny virion p24 released from infected cells was quantified by p24
enzyme-linked immunosorbent assay (ELISA) (XpressBio) according to the manufacturer’s instructions.
Intracellular p24 was evaluated by flow cytometry analysis via cell permeabilization and addition of
primary antibody p24 (4121; NIH AIDS Reagent Repository) before incubation with secondary antibody,
Alexa Fluor-488 (Jackson ImmunoResearch).

RNA evaluation. Cells were fractionated into cytoplasmic and nuclear compartments with NE-PER
nuclear and cytoplasmic extraction reagents (Thermo Fisher, Life Technologies) according to the man-
ufacturer’s protocol. RNA was extracted from cells or nuclear and cytoplasmic fractions using an RNeasy
kit (Qiagen) according to the manufacturer’s instructions. The RNA was subjected to treatment with
DNase (Qiagen) as previously described (27). Viral RNA was extracted from virions using a viral RNA
isolation kit (Zymogen). RNA integrity was determined with an Agilent bioanalyzer. The RNA concentra-
tion was determined by NanoDrop RNA absorbance, and an equivalent concentration of RNA (1 ng/�l)
was used for cDNA synthesis (ABI). Gene-specific primers were used to amplify GAPDH, as previously
described (27), and pre-GAPDH, as well as HIV-1 LTR, Gag-Pol, U5-Gag, Vif, Vpr, Tat-Rev, NF-�B p65, and
Sp1 (Table 1). Gag-Pol-specific primers were used for gRNA quantification (Table 1). qRT-PCR products
were analyzed by relative quantification for all transcripts; each transcript was first normalized to the
corresponding GAPDH value and, second, where indicated, to either HIV-infected vehicle-treated cells or
uninfected vehicle-treated cells set to 1 as a reference value. PCR amplicons were visualized where
indicated using a 2% agarose gel and ethidium bromide staining. PCR analysis was performed using 7500
Fast qRT-PCR (ABI) and droplet digital PCR (ddPCR) (Bio-Rad). For ddPCR, RNA extraction and cDNA
synthesis were performed as described above. The ddPCR reaction mixture was prepared using 100 ng
cDNA, QX200 EvaGreen Supermix (Bio-Rad), and the primers described above according to the manu-
facturer’s protocol. A Bio-Rad QX200 droplet generator formed each PCR mixture into droplets. The PCR
was subsequently carried out with a C1000 Touch thermal cycler (Bio-Rad) with cycling conditions as
suggested by the manufacturer. The PCR mixture was quantified using a Bio-Rad QX200 droplet reader.
The data were analyzed with QuantaSoft software (Bio-Rad), and reactions with less than 10,000 droplets
were excluded. For qRT-PCR and ddPCR, fold change values were used for statistical analysis.

SE inhibition of HIV-1. SE (100 �g/ml) or an equivalent volume of vehicle (PBS) was preincubated
with 8 RTU/ml HIV-1 at 37°C for 1 h prior to addition to target cells. The effects of SE on HIV-1 were
determined 24 h later. Progeny virion assays were performed by infection in the presence and absence
of SE for 4 h before removal, washing, and subsequent culture in medium without treatment until 24 h
postinfection. Progeny virion released from infected cells was determined by incubation with naive
TZM-bl cells for 24 h before measurement of infectivity by Steady-Glo (Promega) luminescence.

EMSA. Nuclear extracts from TZM-bl (1 � 106 to 2 � 106) or SUPT1 (4 � 106 to 5 � 106) cells were
prepared using nuclear and cytoplasmic extraction reagents (NE-PER; Thermo Fisher), following the
manufacturer’s instructions, and the proteins were quantified using Bradford reagent (Bio-Rad). 5=-Cy5-
labeled NF-�B p65 and Sp1 forward oligonucleotides (probes) (Table 2), as well as their complementary
reverse primers, were synthesized and high-performance liquid chromatography (HPLC) purified by
Integrated DNA Technologies (Coralville, IA). Sequences were as follows: NF-�B p65 consensus oligonu-
cleotide, forward, 5=-Cy5-AGTTGAGGGGACTTTCCCAGGC-3=, and reverse, 3=-TCAACTCCCCTGAAAGGGTC
CG-5=; Sp1 consensus oligonucleotide, forward, 5=-Cy5-ATTCGATCGGGGCGGGGCGAGC-3=, and reverse,
3=-TAAGCTAGCCCCGCCCCGCTCG-5=; the underlined regions are the binding sites for NF-�B and Sp1
transcription factors, respectively (Table 2). Equal amounts (1 pmol) of forward and reverse primers were
annealed in 100 �l annealing buffer (50 mM HEPES, pH 7.9, 100 mM NaCl, 1 mM EDTA) by heating at 95°C
for 1 min and slowly decreasing the temperature to 25°C (2.5% decrease rate in a Veriti thermal cycler
[Applied Biosystems]). In a 19-�l total volume, 40 �g nuclear extracts was mixed with 5 �l 4� binding
buffer (20 mM HEPES, pH 7.9, 1 mM dithiothreitol [DTT], 0.1 mM EDTA, 50 mM KCl, 5% [vol/vol] glycerol,
0.2 mg/ml BSA) and 1 �l dI-dC competitor (1 �g/�l) and incubated on ice for 20 min. One microliter of
annealed probe (20 fmol) was then added, and the mixture was further incubated on ice for 20 min; 2
�l of 10� orange loading dye (Li-Cor) was finally added before loading on a 6% nondenaturing PAGE gel.
The gel was separated for 90 min (400 V; 25 mA; 5 W) in a cold room and protected from light. Gel
visualization was performed using the Odyssey infrared imaging system (Li-Cor), and gel bands were
quantified using ImageJ software.

SE inhibition of Tat. TZM-bl cells were transfected with p-Tat plasmid using EndoFectin Max
transfection reagent (GeneCopoeia) at a ratio of 2 �l EndoFectin to 1 �g plasmid in reduced-serum
medium (Opti-MEM). Three hours posttransfection, the medium was replaced with complete DMEM
containing 100 �g/ml SE or an equivalent volume of vehicle (PBS). For recombinant Tat, the protein
(10 �g/ml) was preincubated with 100 �g/ml SE or an equivalent volume of vehicle (PBS) at 37°C for
1 h prior to addition to target cells. The effects of SE on Tat were determined 16 h later or at the
indicated times by measuring promoter activity using the Steady-Glo (Promega) luminescence assay
or the �-galactosidase assay reagent (Pierce, Thermo Fisher).

TABLE 2 Probe sequences

Target

Probe sequence

Forward Reverse

NF-�B p65 consensus oligonucleotide 5=–Cy5-AGTTGAGGGGACTTTCCCAGGC–3= 5=-GCCTGGGAAAGTCCCCTCAACT-3=
Sp1 consensus oligonucleotide 5=–Cy5-ATTCGATCGGGGCGGGGCGAGC–3= 5=-GCTCGCCCCGCCCCGATCGAAT-3=
The underlined regions are the binding sites for NF-�B and Sp1.

Welch et al. Journal of Virology

November 2018 Volume 92 Issue 21 e00731-18 jvi.asm.org 16

https://jvi.asm.org


Cell viability. Cell viability was determined by MTT assay as previously described (54).
Statistics. Two-tailed paired Student t test P value (GraphPad Prism) calculations determined

statistical significance. The error bars represent standard errors of the mean (SEM) across indepen-
dent experiments unless otherwise indicated. Exact P values for nonsignificant values are reported
in Table 3.

TABLE 3 Exact P values for nonsignificant values

Figure

P value

HIV vs.
HIV � SE

Cells vs.
HIV

Cells vs.
HIV � SE Cells vs. SE

PMA vs.
SE

TNF-� vs.
SE

Cells vs.
PMA

Cells vs.
TNF-�

HIV vs.
SE

p-Tat vs.
SE

r-Tat vs.
SE

Cells vs.
p-Tat

1O 0.065
1P 0.53
2D 0.67
2E 0.28
3B (SUPT1) 0.60 0.064
3B (TZM-bl) 0.063 0.11
3C (SUPT1) 0.12 0.69 0.95
3C (TZM-bl) 0.52 0.16 0.10
3D (SUPT1) 0.27 0.16 0.22
3D (TZM-bl) 0.11 0.98 0.59
3F (RNA concn) 0.44 0.10 0.25
3F (RNA integrity no.) 0.67 0.46 0.094
3H 0.22 0.72 0.54
4A 0.72
4B 0.64
4C 0.22–0.99a

4D 0.10–0.26a

4E 0.86
4F 0.24
4G 0.76
4H 0.83
4I 0.94 0.57 0.53
4J 0.31 0.88 0.080
4K 0.72 0.19
4L 0.67 0.93
5A 0.25
5C 0.26
5D 0.50
5E 0.066–0.87a

5F 0.069
5G 0.45
5H 0.96
5I 0.76
6A 0.58
6B 0.43
6D 0.85 0.19 0.48
6E 0.46 0.38
6F 0.23
6G 0.43
6I 0.60 0.29 0.28
6J 0.31 0.62
6M Nucleus TZM-bl 0.087
6O 0.69
6P 0.27
9D (0.5 h) 0.29
9D (8 h) 0.77
9D (16 h) 0.059
9D (Viability) 0.28
9E (3 h) 0.19
9E (8 h) 0.10
9E (Viability) 0.80
9F (0.5 h) 0.38
9F (8 h) 0.24
9F (Viability) 0.12
9G 0.45 0.61
9H 0.29 0.11
aContact the corresponding author for individual values.
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