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Abstract: Plasmacytoid dendritic cells (pDCs) are a unique dendritic cell subset specialized in
type I interferon production, whose role in Human Immunodeficiency Virus (HIV) infection and
pathogenesis is complex and not yet well defined. Considering the crucial role of the accessory protein
Nef in HIV pathogenicity, possible alterations in intracellular signalling and extracellular vesicle (EV)
release induced by exogenous Nef on uninfected pDCs have been investigated. As an experimental
model system, a human plasmacytoid dendritic cell line, GEN2.2, stimulated with a myristoylated
recombinant NefSF2 protein was employed. In GEN2.2 cells, Nef treatment induced the tyrosine
phosphorylation of STAT-1 and STAT-2 and the production of a set of cytokines, chemokines and
growth factors including IP-10, MIP-1β, MCP-1, IL-8, TNF-α and G-CSF. The released factors differed
both in type and amount from those released by macrophages treated with the same viral protein.
Moreover, Nef treatment slightly reduces the production of small EVs, and the protein was found
associated with the small (size < 200 nm) but not the medium/large vesicles (size > 200 nm) collected
from GEN2.2 cells. These results add new information on the interactions between this virulence
factor and uninfected pDCs, and may provide the basis for further studies on the interactions of Nef
protein with primary pDCs.

Keywords: plasmacytoid dendritic cells; HIV-1 Nef; cytokines; extracellular vesicles

1. Introduction

Plasmacytoid dendritic cells (pDCs) are one of the two principal subsets of human
dendritic cells (DCs) and represent a link between innate and adaptive immunity [1,2].
Although constituting only 0.2–0.8% of human blood cells, they have garnered interest
because they are able to produce up to 1000-fold more type I interferon (IFN) (particularly
IFN-α) than any other cell types [3]. Different studies have shown that pDCs are involved in
advanced inflammatory response in several autoimmune diseases and infections, including
Human Immunodeficiency Virus (HIV) [4–6]. According to what was observed in a SIV
(Simian Immunodeficiency Virus)-macaque model, pDCs are the first predominant cell type
to arrive to infected mucosal sites where the infection is generally acquired [7]. Although
they do not represent one of the main reservoirs of the virus (such as macrophages or CD4+
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T lymphocytes), they can be infected as they express CD4 receptor and the co-receptors
CXCR4 and CCR5, the surface molecules that are targeted by the virus [8–11]. It has been
reported that pDCs might contribute dichotomously to both chronic immune activation
and immunosuppression [12,13].

Over the years, the accessory protein Nef has been identified as one of the major deter-
minants of HIV pathogenicity [14]. HIV-1 Nef (27–34 kDa, according to the isolate type)
is a myristoylated, cytoplasmic multifunctional protein, partially associated with the cell
membrane, that acts as a molecular adaptor inside the cells, exerting its effects through spe-
cific protein–protein interaction motifs [15,16]. Among the multiple functions ascribed to
Nef, the hijacking of cellular signalling pathways and membrane trafficking have garnered
the interest of the scientific community. Nef regulation of cellular signalling and trafficking
pathways strongly suggests that it could influence per se the cytokine/chemokine network,
possibly contributing to chronic inflammation, as observed for the first time in HIV-infected
macrophages by the Mario Stevenson laboratory [17]. Previous studies conducted in our lab
also demonstrated that the recombinant myristoylated Nef protein (myrNefSF2) was rapidly
internalized in primary monocyte-derived macrophages (MDMs) and triggered NF-κB,
MAPKs (Mitogen-Activated Protein Kinase) and IRF-3 (Interferon Regulatory Factor 3) acti-
vation, inducing the production and release of a set of cytokines/chemokines (CCL2/MIP-
1α and CCL4/MIP-1β, but also IL-6, TNF-α, IL-1β and IFNβ) [18,19]. The latter, in turn,
activated some signal transducers and activators of transcription (STAT) molecules in an
autocrine and/or paracrine manner, in particular STAT-1, -2 and -3 [18,20–22].

Much evidence also points to the ability of Nef to exploit the vesicular trafficking
machinery of the host as a “Trojan horse” to be transferred through extracellular vesicles
(EVs) and nanotubes from one cell to another, thus escaping the immune system and
exerting its effects on both infected and uninfected cells [23–25]. EVs, including exosomes
(30−150 nm diameter), formed as intraluminal vesicles (ILVs) in multivesicular bodies
(MVBs), and microvesicles, (150−1000 nm diameter) budding directly from the plasma
membrane [26], are membrane-bound vesicles naturally released from most cell types
and recognized as potent vehicles of cell-to-cell communication. Nef-containing EVs
have been reported to induce T-cell apoptosis [24], to make resting CD4+ T lymphocytes
competent for HIV expression and replication, to reactivate cells latently infected with
HIV-1 [27–30], as well as to enhance the levels of cytokines and chemokines such as IL-2,
IL-8, IL-6, RANTES and IL-17A [31]. Although Nef has been consistently reported to
increase EV release [23,24,32] and to be itself secreted in EVs, it remains unclear which type
of EV is primarily involved, since Nef has been detected in both exosomes [24,33,34] and
microvesicles [35], according to the cell type. Moreover, both Nef and anti-Nef antibodies
were detected in the serum of HIV-infected individuals [36,37], supporting the possible
in vivo detection of extracellular Nef by uninfected cells.

The discovery of multiple mechanisms by which Nef can be transferred during infec-
tion has opened a new frontier in the study of the multifaceted role of this viral protein.
Since the effects of the pathogenic accessory protein Nef on pDCs have not been fully
characterized, in this study, we examined the alterations in intracellular signalling and
in the release of EVs induced by the treatment of non-HIV infected pDCs with myrNef.
In particular, we used the human pDC cell line GEN2.2 as an experimental model sys-
tem, demonstrating that myrNef treatment of these cells induced the release of a set of
cytokines/chemokines which, in turn, activated STAT-1/2 proteins and influenced the
gene expression program by inducing STAT1, IRF-1 and ISG15 expression. The produced
set of cytokines/chemokines differed with respect to the one released by myrNef-treated
differentiated human monocytic THP-1 cells. We also observed that myrNef treatment did
not increase the EV release of GEN2.2 cells, and the protein was found to be associated
with small (size < 200 nm) vesicles produced by the pDC cell line.
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2. Materials and Methods
2.1. Cell Isolation and Culture

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from buffy coats obtained
from healthy donors at Centro Trasfusionale-Cattedra di Ematologia, Università degli Studi
“La Sapienza” Rome. No ethical approval from University La Sapienza or Roma Tre ethics
committees nor formal or verbal informed consent from blood donors were necessary to
use buffy coats as sources of cells. PBMCs were isolated with Lympholyte-H (Cedarlane
Laboratories Ltd., Burlington, ON, Canada) density gradient centrifugation and maintained
in RPMI 1640 medium (Sigma-Aldrich, Milan, Italy) supplemented with 2 mM L-glutamine
(Gibco, Amarillo, TX, USA), 100 Units/mL penicillin, 100 µg/mL streptomycin (Sigma-
Aldrich, Milan, Italy) and 10% fetal bovine serum (FBS) (cat. 10270106, Gibco, Amarillo,
TX, USA), previously inactivated at 56 ◦C for 30 min. Circulating pDCs were isolated from
PBMCs by positive selection using an immunomagnetic-based kit (BDCA-four cell isolation
kit, Miltenyi Biotec, Bologna, Italy), according to the manufacturer’s recommendations.
The purified pDCs were maintained in RPMI 1640 medium supplemented with 2 mM L-
glutamine, 100 Units/mL penicillin, 100 µg/mL streptomycin, 25 mM Hepes and 10% heat-
inactivated FBS. PBMCs depleted of monocytes (PBLs), PBLs depleted of pDCs (PBLs-pDCs)
and PBMCs depleted of pDCs (PBMCs-pDCs) were isolated by negative selection, and
the cells were resuspended in RPMI 1640 medium supplemented with 2 mM L-glutamine,
100 Units/mL penicillin, 100 µg/mL streptomycin and 10% heat-inactivated FBS.

Since human primary pDCs are present in a very low amount in blood (0.2–0.5% of
PBMCs), to facilitate the biochemical analyses of cell signalling, a set of experiments were
carried out using GEN2.2, a pDC cell line derived from a leukaemia patient [38], deposited
within the CNCM (Collection Nationale de Cultures de Microorganismes, Pasteur Institute,
Paris) on 24 September 2002, under the number I-2938. The pDC cell line was obtained
through a signed Material Transfer Agreement (MTA). The proliferation of GEN2.2 cells
is strictly dependent on the presence of a feeder layer made by the murine stromal cell
line MS-5 (deposited within the DSMZ (German Collection of Microorganisms and Cell
Cultures) under the No. ACC441). GEN2.2 cells were cultured in flasks precoated with a
sub-confluent irradiated MS-5 monolayer in RPMI 1640 medium containing 1% glutamax
(Gibco, Gibco, Amarillo, TX, USA, cat. 35050-038), 100 Units/mL penicillin, 100 µg/mL
streptomycin, 1 mM sodium pyruvate (cat. ECM0542D, Euroclone, Milan, Italy), 1%
nonessential amino acids (Euroclone, Milan, Italy, cat. ECB3054D) (hereafter referred to as
complete medium) and 10% ultra-low endotoxin FBS (cat. S1860-500, Microtech, Naples,
Italy), previously inactivated at 56 ◦C for 30 min. GEN2.2 cells were maintained in culture
for no more than two months and, only the CD45+ non-adherent fraction, corresponding to
GEN2.2 cells in the supernatant, was used for the experiments.

THP-1 cells (from American Type Culture Collection, or ATCC), derived from a human
monocytic leukaemia were grown in RPMI 1640 medium supplemented with 2 mM L-
glutamine, 100 Units/mL penicillin, 100 µg/mL streptomycin and 10% heat-inactivated
ultra-low endotoxin FBS. For the experiments, THP-1 were seeded at 100.000 cells/cm2 and
added with 35 nM of PMA (phorbol 12-myristate 13-acetate) (cat. P8139, Sigma-Aldrich,
Milan, Italy) to adhere and differentiate, acquiring a macrophage-like phenotype which
mimics, in many respects, primary human macrophages [39]. In particular, after a PMA
treatment of 32 h, the medium was replaced with fresh medium supplemented with 20%
FBS. Then, after one day of resting, differentiated THP-1 were used for the experiments.

All cells were maintained at 37 ◦C in an incubator with a 5% CO2 humidified atmosphere.

2.2. Recombinant Nef Protein Preparations and Reagents

Wild type recombinant myristoylated Nef protein and a mutant in the acidic cluster
E66EEE69→AAAA present at N-terminal end (referred to as myrNefSF2w.t and
myrNefSF24EA, respectively) were generated from HIV-1 SF2 allele in the laboratory of
Dr. Matthias Geyer at Max-Plank-Institut fur molekulare Physiologie, Dortmund, Germany,
as previously reported [40]. Briefly, these proteins were obtained by co-transformation of an
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E. coli bacterial strain with two plasmidic expression vectors containing a codon-optimized
Nef or a N-myristoyl-transferase coding sequence, respectively, and purified as C-terminal
hexahistidine-tagged fusion proteins. The myristoylation of recombinant Nef proteins
was verified by mass spectrometry at Dr. Geyer’s laboratory. All Nef preparations were
analysed for the presence of endotoxin as a contaminant using the chromogenic Limulus
amebocyte lysate assay (LAL-test) (Biowhittaker, Walkersville, MD, USA) and, if required,
purified using the EndoTrap® red Endotoxin Removal Kit (Cambrex Bio Science Inc.,
Walkersville, MD, USA). To avoid possible signalling effects due to residual undetectable
lipopolysaccharide (LPS) traces in Nef preparations, we performed some experiments in
the presence of 1 µg/mL of polymyxin B (Sigma-Aldrich, Milan, Italy), a cationic antibiotic
that binds to the lipid A portion of bacterial LPS. In our hands, this polymyxin B treatment
blocked the signalling activity of up to 100 endotoxin units (EU)/mL LPS without inducing
any differences in the signalling events analysed. For this reason, all the experiments de-
scribed below were conducted in the absence of polymyxin B. CpG class A (cat. ODN2216,
Miltenyi Biotec, Bologna, Italy) was used as a positive control for the innate activation of
immune cells, such as human PBMCs and pDCs.

For the Interferon (IFN) treatments of cells, human recombinant rIFN-β (Ares-Serono,
Geneva, Switzerland), human rIFN–γ (cat. #300-02; EC Ltd., PeproTech, London, UK) and
human rIFN-λ1/λ2 (hereafter referred to as IFN-λ), generously gifted by Dr. Eliana Coccia
(Department of Infectious Disease, Istituto Superiore di Sanità, Rome, Italy), were used.

2.3. Flow Cytometry Analysis

The purity of the cells isolated from the peripheral blood of healthy donors was as-
sessed by flow cytometry (FC) analysis. For surface staining, cells (105) were resuspended
in 50 µL of phosphate buffered saline (PBS) containing 2% FBS and incubated in the dark for
30 min at 4 ◦C with the corresponding mixture of antibodies (see Supplementary Table S1).
As a control, we used isotype-matched antibodies labelled with the appropriate fluo-
rochrome. After incubation, cells were washed, fixed with 2% paraformaldehyde (PFA)
(Sigma-Aldrich, Milan, Italy) for 15 min on ice and, finally, left in 1% PFA until the observa-
tion with the cytofluorimeter CytoFLEX (Beckman Coulter, Brea, CA, USA). Since CD123
is the specific cell surface marker for plasmacytoid dendritic cells, the purity of these cell
types was assessed by means of anti-CD123 monoclonal antibody labelling. The purity of
the populations of PBMCs depleted of pDCs and of PBMCs depleted of monocytes (PBLs)
was measured by evaluating, respectively, the percentage of CD123 and CD14 positive cells.
Cell populations whose purity was below 95% were discarded.

The purity of GEN2.2 cells recovered from the co-culture with the MS-5 monolayer
was assessed by analysing the expression of different markers. To this end, the follow-
ing antibodies were used: fluorescein-5-isothiocyanate (FITC)-conjugated anti-HLA-DR
(clone HI43, cat. 21819983), allophycocyanin (APC)-conjugated anti-CD44 (clone MEM-85,
cat. 21270446), phycoerythrin (PE)-conjugated anti-CD123 (clone AC145, cat. 130-113-
326, Miltenyi Biotec, Bergisch Gladbach, Germany), APC-conjugated anti-CD11c (clone
BU15, cat. 21487116), FITC-conjugated anti-CD29 (clone MEM-101A, cat. 21270293) and
FITC-conjugated anti-CD45 (clone MEM-233, cat. 21270453), FITC-conjugated anti-CD4
(clone MEM-241, cat. 21270043), FITC-conjugated anti-CD86 (clone BU63, cat. 21480863)
and FITC-conjugated anti-CD80 (clone MEM-233, cat. 21270803) (all generously gifted by
ImmunoTools GmbH, Friesoythe, Germany). For surface staining, GEN2.2 cells (1 × 106)
were processed as reported above. As a control, the autofluorescence of the cells was used.

2.4. Bodipy FL C16 Reconstitution and Cell Labelling

The quantification of EVs released by GEN2.2 cells was performed using the la-
belling protocol developed by Sargiacomo and colleagues [41]. This protocol was based on
cell treatment with the commercially available BODIPY FL C16 fatty acid (4,4-difluoro-5,
7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid) (Life Technologies, Monza,
Italy), hereafter indicated as Bodipy C16, a fluorescent lipid that labels the cells, ultimately
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producing fluorescent vesicles. Briefly, the fluorescent lipid was resuspended in methanol
at 1 mM final concentration and stored at −20 ◦C in aliquots of 150 µL. Before use, each
aliquot was dried under nitrogen gas at room temperature, resuspended with 30 µL of
20 mM KOH to avoid the formation of micelles and to promote its solubilisation, heated
for 10 min at 60 ◦C and finally resuspended in 70 µL of PBS containing 2% of bovine serum
albumin (BSA).

For pulse-chase studies, 1 × 107 GEN2.2 cells were metabolically labelled with Bod-
ipy C16 at different times and concentrations, as reported in the text. Importantly, to
favour the uptake of the fluorescent probe, the treatments were performed using complete
medium supplemented with only 0.3% FBS. Afterwards, cells were washed with 1× PBS
to remove lipid excess, and complete culture medium supplemented with 10% FBS was
added. The fluorescence intensity of GEN2.2 cells was evaluated by flow cytometry anal-
ysis and reported in terms of mean fluorescence intensity (MFI), and then observed by
confocal microscopy.

For the isolation and quantification of fluorescent EVs, 1 × 107 GEN2.2 cells were
seeded in 75 cm2 flasks and incubated for 2 h at 37 ◦C, with 3.5 µM of Bodipy C16 in
5 mL of medium supplemented with 0.3% FBS. Then, cells were washed with 1× PBS and
resuspended in 12 mL of complete culture medium supplemented with 10% FBS, containing
or not myrNefSF2w.t. The FBS added to the medium was previously ultracentrifuged
overnight for 18 h at 100,000× g in a SW41 Ti rotor (Beckman Coulter, Brea, CA, USA), to
remove the EVs normally present in serum.

2.5. Extracellular Vesicle Purification

EVs were isolated from identical volumes (12 mL) of cell conditioned and non-
conditioned control media, which were harvested after 20 h and processed following
the already described methods for EV purification [42]. Briefly, cell cultures or culture
medium, used as a control, were centrifuged at 290× g for 7 min to remove cells and then
at 2000× g for 20 min to eliminate cell debris. Subsequently, supernatants underwent
differential centrifugations consisting of a first ultracentrifugation at 15,000× g for 20 min
to isolate large/medium EVs (hereafter referred to as microvesicles). To isolate small
EVs (referred to as exosomes), supernatants were then harvested and ultracentrifuged at
100,000× g for 3 h. The pelleted vesicles were left for 20 min on ice and then resuspended in
12 mL of 1× PBS and ultracentrifuged again at 100,000× g for 3 h. All ultracentrifugation
steps were performed at 4 ◦C using a SW41 Ti rotor (Beckman Coulter, Brea, CA, USA).
Isolated exosomes and microvesicles were finally resuspended in 100–200 µL of PBS with
protease and phosphatase inhibitors (1 mM sodium orthovanadate, 20 mM sodium fluoride,
1 µg/mL leupeptin and pepstatin A, 2 µg/mL aprotinin and 1 mM phenylmethylsulfonyl
fluoride (PMSF)) and stored at 4 ◦C until counting by flow cytometry and further analyses.

2.6. Quantification of Vesicles by Flow Cytometry

Flow cytometry of Bodipy-labelled EVs was performed on a Gallios Flow Cytometer
(Beckman Coulter, Brea, CA, USA) at Istituto Superiore di Sanità (Via Regina Elena 299,
Rome, Italy) under the supervision of Dr. Katia Fecchi and Dr. Maria Carollo, using an
optimized procedure as previously described [41]. Briefly, 5 µL of fluorescent exosomes or
microvesicles were mixed with 20 µL of Flow-Count Fluorospheres with a size of 100 nm
(Beckman Coulter, Brea, CA, USA), which were used as an internal reference standard, and
further diluted with 1× PBS to a final volume of 200 µL. The instrument was set up using
control 100–500 nm fluorescent beads in order to identify the right gate corresponding to
exosomes (size below 200 nm). FC analysis was performed by plotting fluorescence at
525/40 nm (FL1) versus log scale side scatter (SS area). The instrument was set at high flux
and the analysis was stopped at 2000 Flow-Count Fluorospheres events. Fluorescent EVs’
total number was established according to the formula:

EVs = (((y × a)/b)/c) × d,
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where y = events counted at 2000 counting beads; a = number of counting beads in the
sample; b = number of counting beads registered (2000); c = volume of sample analysed and
d = total volume of exosome preparation. The total number of exosomes and microvesicles
obtained was then normalized against the number of cells counted after 20 h of treatment.
Kaluza Software v. 2.0 (Beckman Coulter, Brea, CA, USA) was used for FC analysis.

2.7. Western Blot Assay

Western blot analyses on cell lysates were performed by washing cells twice with
ice-cold PBS (pH 7.4) and lysing them for 30 min on ice with lysis buffer (50 mM Tris pH 7.4,
150 mM NaCl, 0,25% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5%
non-ionic detergent IGEPAL CA-630 (Sigma-Aldrich, Milan, Italy), 1 mM sodium ortho-
vanadate, 20 mM sodium fluoride, 1 µg/mL leupeptin and pepstatin A, 2 µg/mL aprotinin
and 1 mM phenylmethylsulfonyl fluoride (PMSF)). Whole-cell lysates were centrifuged at
6000× g for 10 min at 4 ◦C. The protein concentration of cell extracts was determined by
the Lowry protein quantification assay. Aliquots of cell extracts containing 30 to 50 µg of
total proteins were resolved by 6 to 13.5% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred by electroblotting on 0.45 µm pore size nitro-
cellulose membranes (AmershamTM, GE Healthcare Life Science, Milan, Italy) overnight
at 35 V using a Bio-Rad Mini Trans-Blot Cell. For Western blot analysis of EVs, they were
lysed by repeated freezing and thawing and then processed as described for cell lysates.

For the immunoassays, membranes were blocked in 3% bovine serum albumin (BSA)
fraction V (Biofroxx, Einhausen, Germany) in TTBS/EDTA (10 mM Tris pH 7.4, 100 mM
NaCl and 1 mM EDTA, 0.1% Tween 20) for 30 min at room temperature (RT) and then
incubated for 1 h at RT or overnight at 4 ◦C with specific primary antibodies diluted in 1%
BSA/TTBS-EDTA. The antibodies used in immunoblottings were the following: rabbit poly-
clonal anti-phosphotyrosine (Y701) STAT1 (Cell Signalling, Beverly, MA, USA, cat. #9171),
mouse monoclonal anti-STAT1 (Transduction Laboratories, Milan, Italy, cat. #G16920),
rabbit polyclonal anti-phosphotyrosine (Y689) STAT2 (Upstate Biotech/Millipore, Burling-
ton, MA, USA, cat. #07-224), rabbit polyclonal anti-STAT2 (Santa Cruz Biotechnology,
Dallas, TX, USA, cat. #sc-476), mouse monoclonal anti-ISG15 (Santa Cruz Biotechnology,
Dallas, TX, USA, cat. #sc-166755), rabbit polyclonal anti-IRF-1 (Santa Cruz Biotechnology,
Dallas, TX, USA, cat. #sc-497), rabbit polyclonal anti-α-actin (Sigma-Aldrich, Milan, Italy,
cat. #A2066), rabbit polyclonal anti-Lamin A (Abcam, Cambridge, UK, cat. #ab26300),
mouse monoclonal anti-TSG101 (Genetex, Irvine, CA, USA, cat. #GTX70255), rabbit poly-
clonal anti-Alix (Novus Biologicals, Milan, Italy, cat. #NBP1-90201), rabbit polyclonal
anti-Hsp90 (Santa Cruz Biotechnology, Dallas, TX, USA, cat. #sc-7947), mouse mono-
clonal anti-CD81 (Santa Cruz Biotechnology, Dallas, TX, USA, cat. #sc-166029), mouse
monoclonal anti-Flotillin-1 (BD Biosciences, Milan, Italy, cat. #610821), mouse mono-
clonal anti-COX4 (Santa Cruz Biotechnology, Dallas, TX, USA, cat. #sc-376731) and mouse
anti-Nef ARP3026 (obtained from the NIH AIDS Research and Reference Reagent Pro-
gram). The immune complexes were detected by incubating membranes for 1 h at RT with
horseradish peroxidase-conjugated goat anti-rabbit (Merk Millipore, Burlington, MA, USA,
cat. #AP307P) or goat anti-mouse (Enzo Life Technologies, Farmingdale, NY, USA, cat.
#ADI-SAB-100-J) antibodies, followed by enhanced chemiluminescence reaction (ECL Fast
Pico; Immunological Sciences, Rome, Italy). To reprobe membranes with antibodies having
different specificities, nitrocellulose membranes were stripped for 5 min at RT with Restore
Western Blot Stripping Buffer (Thermo Scientific™ Pierce™ Protein Biology, Rockford, IL,
USA) and then extensively washed with TTBS/EDTA.

The ChemiDoc XRS (Bio-Rad, Hercules, CA, USA) instrument and the Image Lab
software (Bio-Rad) were used to reveal the chemiluminescence signal. For loading control,
α-actin levels were quantified by using a rabbit polyclonal anti-α-actin antibody (Sigma-
Aldrich, Milan, Italy, cat. #A2066). Densitometric analyses were performed, using the
freeware Image J software (NIH), by quantifying the band intensity of the protein of interest
with respect to the relative loading control band (i.e., actin) intensity. Fold changes of each
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analysed protein were calculated by dividing the values obtained in treated conditions by
those of the corresponding controls, and were reported in histograms as means ± S.D. of at
least three independent experiments.

2.8. Nuclear and Cytoplasmic Extract Preparation

GEN2.2 (4 × 106 cells) were treated with myrNefSF2w.t or IFNs for 20 h, harvested
and washed twice in ice-cold PBS buffer by centrifuging at 1200 rpm for 3 min at 4 ◦C.
Cell pellets were lysed with 200 µL of hypotonic buffer (10 mM Hepes pH 7.8, 10 mM KCl,
1 mM MgCl2, 0.1 mM EGTA, 0.5 mM EDTA, 5% glycerol, 1 mM PMSF, 1 µg/mL pepstatin A,
2 µg/mL aprotinin, 1 µg/mL leupeptin, 1 mM Na3VO4 and 20 mM NaF) and incubated on
ice for 15 min. Afterwards, 0.58% IGEPAL CA-630 (Sigma-Aldrich, Milan, Italy) was added,
incubated on ice for 2 min and then centrifuged at 14,000 rpm for 5 min. Supernatants
corresponding to the cytoplasmic fraction were harvested, whereas 60 µL of hypertonic
buffer (50 mM Hepes, pH 7.8; 400 mM NaCl; 1 mM MgCl2; 1 mM EGTA; 1 mM EDTA;
10% glycerol; 1 mM PMSF; 1 µg/mL pepstatin A; 2 µg/mL aprotinin; 1 µg/mL leupeptin;
1 mM Na3VO4 and 20 mM NaF) were added to the nuclear pellets, then incubated on ice
for 40 min and centrifuged at 14,000 rpm for 10 min. Supernatants corresponding to the
nuclear fraction were finally harvested. Protein concentrations of both cytoplasmic and
nuclear fractions were determined by the Lowry protein quantification assay. All samples
were processed and analysed by Western blot, as previously described.

2.9. Confocal Microscopy

To evaluate the internalization of Nef protein by Confocal Laser Scanner Microscopy
analysis, primary human pDCs and GEN2.2 cells were seeded at 105 cells/200 µL and
0.2 × 106 cells/150 µL, respectively, in complete 10% FBS medium in 96-well plates and
treated with 300 ng/mL of myrNefSF2w.t-Alexa488 or myrNefSF24EA-Alexa488, which were
labelled using AlexaFluor488 Microscale Protein Labelling Kit (Molecular Probes/Invitrogen,
Monza, Italy) following the manufacturer’s recommendations. Cells were harvested at
indicated times, washed once in 1× PBS, placed on the microscope slide and left to air dry.
Subsequently, they were fixed with 4% PFA for 15 min on ice and then washed three times
with PBS. Finally, coverslips were mounted using Vectashield antifade mounting medium
(Vectashield H-1000; Vector Laboratories Inc., Burlingame, CA, USA) diluted at 80% in PBS
to prepare samples for confocal microscopy observation. Plasma membrane counterstaining
was performed by treating primary pDCs for 5 min with PKH26-GL, using the PKH26 Red
Fluorescent Cell Linker Kit for General Cell Membrane Labeling (Sigma-Aldrich, Milan,
Italy) following the manufacturer’s recommendations. Nuclei of GEN2.2 cells were stained
with 3 µg/mL DAPI (4′, 6′-diamidino-2-phenylindole) (Sigma-Aldrich, Milan, Italy) that
was directly added to the mounting medium.

In order to assess IRF-7 increase, primary pDCs were seeded at 105 cells/200 µL in
complete 10% FBS medium in 96-well plates and treated with myrNefSF2w.t (300 ng/mL)
or CpG A (3 µg/mL). Primary pDCs were fixed with 4% PFA for 15 min on ice, then
washed three times with PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min
on ice. Afterwards, the specimens were incubated for 30 min in the dark at RT with
1% BSA in PBS containing far-red fluorescent dye RedDotTM2 to stain nuclei (Biotium,
Inc. Hayward, CA, USA), washed and then incubated in the dark for 1 h at RT with the
following antibodies: rabbit anti-IRF-7 antibody (Santa Cruz Biotechnology, Dalls, TX, USA,
cat. #sc-9083), diluted 1:50 in 0.1% BSA in PBS, and AlexaFluor546-conjugated anti-rabbit
(Life Technologies, Monza, Italy, cat. #A11010) as a secondary antibody, diluted 1:200 in
0.1% BSA in PBS. Finally, the specimens were washed four times in PBS and prepared for
confocal microscopy observation, as previously described.

For pulse-chase studies, 3 × 105 GEN2.2 cells were seeded in 48-well plates and
metabolically labelled with Bodipy C16 according to the concentrations and interval of
times reported. Cells were then washed twice with 1× PBS, placed on a microscope slide
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and fixed as reported above. Finally, samples were mounted with Vectashield antifade
mounting medium containing DAPI for nucleus staining.

All samples were stored protected from the light at –20 ◦C until the observation.
Images were acquired with Leica TCS SP5 confocal microscope and processed with LAS AF
software (version 1.6.3, Leica Microsystems CMS GmbH). Objective 63.0X. Lasers activated:
Argon laser at 488 nm to visualize myrNefSF2-Alexa488 (green) and UV laser at 405 nm
to observe nuclei stained with DAPI. Images were acquired activating single laser in
sequential mode to prevent fluorescence overlay. Several fields were analysed for each
condition and representative results are shown.

2.10. RNA Extraction and Quantitative RT-PCR Analysis

For RNA extraction, cells were seeded at 106 cells/mL and treated for 6 h with
300 ng/mL of myrNefSF2w.t or with 3 µg/mL of CpG-A, as a positive control, or left un-
treated. After treatment, cells were washed with ice-cold PBS and centrifuged at 290× g for
10 min. Cell pellets were lysed in RLT lysis buffer containing β-mercaptoethanol (Qiagen
Inc, Valencia, CA, USA), and then RNA was isolated using the High Pure RNA Isolation
Kit from Qiagen, according to the manufacturer’s recommendations. The amount of RNA
extracted was measured by means of Nanodrop spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). The retrotranscription was performed using 0.5–1 µg of mRNA and
the Murine Leukemia Virus Reverse Transcriptase (Invitrogen, Life Technologies, Monza,
Italy). According to the protocol, mRNA was incubated for 1.5 h at 37 ◦C with a mixture
containing 1 µM oligo-dT12-18, 1 µM random primers, 0.5 mM deoxynucleotides triphos-
phates (dNTPs), 10 mM DTT, first Strand Buffer 5X (250 mM Tris-HCl pH 8.3, 375 mM KCl
and 15 mM MgCl2), 0.04 U/µL of ribonuclease inhibitor RNasiOUT™ and, finally, 8 U/µL
of retrotranscriptase. The obtained cDNA was then purified using the QIAquick PCR
Purification Kit (Qiagen Inc, Valencia, CA, USA), following the manufacturer’s instructions.

Quantitative PCR assays to evaluate the expression of mxA gene were performed
with SYBR Green I technology on the Light Cycler instrument (Roche Diagnostics GmbH).
In particular, 2 µL of template cDNA were added in a final volume of 20 µL, containing
a mix of forward and reverse primers (500 nM each one) specific for the analysed gene
(synthesized at Eurofins MWG Operons), the Platinum Taq DNA enzyme Polymerase
(Invitrogen Life Technologies, Monza, Italy) and SYBR Green I (Biowhittaker Molecular
Applications, Rockland, ME, USA). In detail, primers used were the following: forward,
5′-ATCCTGGGATTTTGGGGCTT-’3 and reverse 5′-CCGCTTGTCGCTGGTGTCG-’3. The
data shown were normalized using the 2−∆Ct formula, where ∆Ct represents the difference
between the amplification cycles of mxA gene and the amplification cycles of the housekeep-
ing gene GAPDH (glyceraldehyde-3-phosphate-dehydrogenase), constitutively expressed
in all cell types.

2.11. Bio-Plex Analysis

GEN2.2 cells were cultured at 106 cells/mL in complete 10% FBS medium in 24-well
plates, whereas THP-1/PMA cells were seeded at 100,000 cells/cm2 in a 6-well plate. Both
cell types were stimulated with 300 ng/mL of myrNefSF2w.t or myrNefSF24EA or left
unstimulated. Supernatants were harvested after 4, 6 and 20 h, centrifuged at 290× g
for 3 min to eliminate cells and then stored at –80 ◦C until cytokine measurement. In
collaboration with Professor Roberto Gambari at University of Ferrara, supernatants were
analysed in a Bio-Plex Pro Human Cytokine 27-Plex Immunoassay (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s instructions. The multiplex allowed detection of the
following cytokines: FGF basic, Eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1β, IL-1ra, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, MCP-1 (MCAF),
MIP-1α, MIP-1β, PDGF-BB, RANTES, TNF-α and VEGF in a single well. Briefly, an amount
of 50 µL of cytokine standards or samples was incubated with 50 µL of anti-cytokine-
conjugated magnetic beads in a 96-well plate for 30 min at room temperature with shaking.
The plate was then washed three times with 100 µL of Bio-Plex Wash Buffer using the Bio-
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Plex Pro Wash Station (Bio-Rad, Hercules, CA, USA); 25 µL of diluted detection antibody
were added to each well, and the plate was incubated for 30 min at room temperature with
shaking. After three washes, 50 µL of streptavidin-phycoerythrin were added and the plate
was incubated for 10 min at room temperature with shaking. Finally, the plate was washed
three times, the beads were suspended in Bio-Plex Assay Buffer and the samples were read
using the Bio-Rad 96-well plate reader. Data were analysed using the Bio-Plex Manager
Software (Bio-Rad, Hercules, CA, USA).

2.12. Statistical Analysis

Differences were statistically evaluated using a two-tailed Student’s t test to calculate
significant differences between two groups and one-way ANOVA and Tukey’s multiple
comparisons to calculate significant differences between three or more groups. Data were
analysed with GraphPad Prism 8 software. p values ≤ 0.05 were considered statistically
significant. * p < 0.05, ** p < 0.01, *** p < 0.005.

3. Results
3.1. myrNefSF2 Induces the Tyrosine Phosphorylation of STAT1 in Human PBLs but Not in PBLs
Depleted of pDCs, and Increases mxA Expression

Previous studies carried out on primary monocyte-derived macrophages (MDMs)
showed that myrNefSF2 indirectly activated some STAT (Signal Transducers and Activators
of Transcription) family members (i.e., STAT-1, -2 and -3) in an autocrine and/or paracrine
manner by inducing in 2 h the production and secretion of a number of pro-inflammatory
factors and IFN beta [18,20–22]. These findings prompted us to analyse the effect of the
viral protein on other cell types present in the PBMC population by evaluating the tyrosine
(Y701) phosphorylation of STAT1, a transcriptional factor usually activated in response to
a wide range of cytokines, including IFNs. The experiments were initially carried out on
PBLs, a population that includes mainly B and T lymphocytes, natural killer cells, myeloid
dendritic cells and pDCs.

PBLs were isolated from PBMCs by negative selection removing CD14 positive cells
(monocytes). The efficiency of the cell depletion and the purity of the recovered cells were
determined by flow cytometry analyses (Supplementary Figure S1).

To appropriately monitor and characterize possible effects on STAT1 activation, PBLs
were treated for different time intervals with myrNefSF2w.t (i.e., 2, 4 or 6 h). As shown,
myrNefSF2w.t induces the tyrosine (Y701) phosphorylation of STAT1 in PBLs, starting at
4 h, and the signal also persists at 6 h (Figure 1A,B), confirming what was previously
observed in macrophages. To identify the responsive cell population, PBLs were depleted
of T lymphocytes and then treated with the viral protein. As shown in Figure 1C,D,
CD3− cells, including B lymphocytes, natural killer and dendritic cells, still showed the
phosphorylation of STAT1. Subsequently, PBLs were depleted of pDCs in order to evidence
the role of this dendritic subset in the response. We observed that PBLs depleted of pDCs
failed to respond to Nef stimulus (Figure 1E,F). This preliminary result suggested that
pDCs could have a particular importance in the response of PBLs to the viral protein Nef.

Since pDCs are widely recognized as the main producers of type I IFN, we also asked
whether Nef protein induced the expression of the IFN inducible gene mxA (myxovirus
resistance protein A). The mxA protein was chosen because it is a key mediator of the an-
tiviral response induced by IFNs against a wide variety of viruses. Moreover, its expression
is strictly regulated by type I and III IFNs, requires functional activation of STAT1 and is
not directly induced by viruses or other stimuli [43]. The experiment was carried out using
total PBMCs and PBMCs depleted of pDCs (PBMCs-pDCs). Both cell types were treated
for 6 h with myrNefSF2w.t (300 ng/mL) or with CpG A (1 µM), a TLR9 agonist in response
to which pDCs synthesize high levels of IFN-α as a positive control. The results showed
that Nef increased mxA expression in both PBMCs and PBMCs-pDCs, but a reduction in
this increase was observed when PBMCs were depleted of pDCs (Figure 1G). This result
suggests that Nef treatment increases mxA in pDCs, contributing to the higher response
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observed in PBMCs. Altogether, these data prompted us to address our work on this
particular dendritic subset.
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PBMCs depleted of pDCs (PBMCs-pDCs) were seeded at 2 × 106/2 mL and treated for 6 h with 300 
ng/mL of myrNefSF2w.t or 1 µM of CpG A as a positive control. Ctrl: untreated cells. After treatment, 
cells were harvested and processed for RNA extraction. mxA expression was evaluated by qRT-PCR 
and the data were normalized using the 2-∆Ct formula, where ∆Ct represents the difference between 
the amplification cycles of mxA gene and the amplification cycles of the housekeeping gene GAPDH 
(glyceraldehyde-3-phosphate-dehydrogenase), constitutively expressed in all cell types. The 
experiments were performed using four different donors. Histograms: mean ± S.D. One-way 
ANOVA test; *, p < 0.05; **, p < 0.01; ***, p < 0.005; ns, not significant vs. respective Ctrl (untreated 
cells). 

Figure 1. myrNefSF2w.t induces the tyrosine phosphorylation of STAT1 in PBLs, but not in PBLs
depleted of pDCs, and increases mxA expression. PBLs (A), PBLs depleted of CD3+ cells (C) and
PBLs depleted of pDCs (PBLs-pDCs) (E) were seeded at 4 × 106 cells in a 12-well plate and treated
with 300 ng/mL of myrNefSF2w.t for the indicated time points. The treatment with IFN-γ (15 IU/mL)
was used as a positive control. Cell lysates (50 µg of proteins) were analysed in 9% SDS-PAGE gel
and the immunoblotting was performed using a phospho-Tyr(701)-STAT1 specific antibody. Anti-
α-actin was used as an internal control of the loaded samples. (B,D,F) P-STAT1 was normalized to
actin by densitometric analysis and reported as fold increase compared to control. (G) PBMCs and
PBMCs depleted of pDCs (PBMCs-pDCs) were seeded at 2 × 106/2 mL and treated for 6 h with
300 ng/mL of myrNefSF2w.t or 1 µM of CpG A as a positive control. Ctrl: untreated cells. After
treatment, cells were harvested and processed for RNA extraction. mxA expression was evaluated by
qRT-PCR and the data were normalized using the 2-∆Ct formula, where ∆Ct represents the difference
between the amplification cycles of mxA gene and the amplification cycles of the housekeeping
gene GAPDH (glyceraldehyde-3-phosphate-dehydrogenase), constitutively expressed in all cell
types. The experiments were performed using four different donors. Histograms: mean ± S.D.
One-way ANOVA test; *, p < 0.05; **, p < 0.01; ***, p < 0.005; ns, not significant vs. respective Ctrl
(untreated cells).
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3.2. Nef Induces the Increase and Nuclear Translocation of IRF-7 in Primary pDCs

First, we evaluated the capability of these cells to internalize the recombinant protein.
To this aim, primary pDCs were isolated from PBMCs by positive selection, using BDCA-4
conjugated microbeads and assayed for their purity by FC analysis (Figure 2A). Isolated
pDCs were treated with 300 ng/mL of myrNefSF2-AlexaFluor488 for 24h. Confocal mi-
croscopy images showed that Nef protein was internalized by primary pDCs (Figure 2B).
The observation of several fields (for a total of about 500 cells) revealed that approximately
30% of pDCs internalized the viral protein.
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Figure 2. Internalization of Nef protein in plasmacytoid dendritic cells. (A) Flow cytometry plots
showing the forward light scatter/SSC profile of the cells. Purity of pDCs was determined by staining
cells with anti-CD123 antibodies. (B) Primary pDCs were seeded at 105 cells/200 µL in 96-well plates.
Purified pDCs were treated with 300 ng/mL of myrNefSF2 conjugated with AlexaFluor488 (green) for
24 h. Afterwards, cells were fixed, as reported in Materials and Methods, and analysed by confocal
microscope (Leica TCS SP5), software LAS AF version 1.6.3 (Leica Microsystems). Plasma membrane
counterstaining was performed using PKH26-GL (red). Objective 63.0X. DIC: Differential Interference
Contrast Images. Scale bars 0–25 µm. Representative images of two independent experiments
are shown.
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Since both type I (α/β) and type III (λ) IFN can regulate the expression of mxA gene,
and their expression depends on a similar transcription model that requires the previ-
ous activation and nuclear translocation of specific IFN regulatory factors (IRFs), such as
IRF-7 [44], we evaluated whether Nef treatment induced the activation and nuclear translo-
cation of this factor in pDCs. To this aim, primary pDCs were treated with myrNefSF2w.t
(300 ng/mL) for 6 and 20 h, and with CpG A for 20 h as a positive control. Afterwards, cells
were harvested and labelled in order to observe IRF-7 by confocal microscopy (Figure 3).
The images revealed that IRF-7 was increased and, although it was mainly localized in
the cytoplasm, a partial nuclear translocation was detected after 20 h of Nef treatment.
Moreover, a basal expression of IRF-7 in untreated cells was observed, in agreement with
literature reporting that plasmacytoid dendritic cells constitutively express not only IRF-3,
but also IRF-7 [45].
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Figure 3. IRF-7 is upregulated and translocates to the nucleus after treatment with Nef protein.
0.5 × 105 pDCs were treated for 6 h and 20 h with 300 ng/mL of myrNefSF2w.t or for 20 h with
CpG A (1 µM), as a positive control. Ctrl: untreated cells. Cells were afterwards fixed in PFA 4%,
permeabilized and incubated with anti-IRF-7 antibody and with a secondary antibody conjugated
with AlexaFluor546 (red), as reported in Materials and Methods. Nuclei (blue) were stained using
the dye RedDot2. Images were acquired with the confocal microscope Leica TCS SP5 and processed
using the software LAS AF version 1.6.3 (Leica Microsystems). Objective 63.0X. DIC: Differential
Interference Contrast. Scale bars 0–25 µm. For further details see Materials and Methods section.
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3.3. GEN2.2 Cell Line as a Model System for Studying the Effects Induced by HIV-1 Nef on pDCs

The promising results obtained in primary pDCs led us to better investigate the effects
induced by Nef protein on this unique dendritic cell subset. To facilitate biochemical
analyses of cell signalling, which are difficult to perform in rare and in vitro short living
human primary pDCs, we decided to use a human pDC cell line called GEN2.2. This cell
line shares most of the phenotypic and functional features of primary pDCs [38,46], thus it
was chosen in order to have a more stable and reproducible system.

The immunophenotype of GEN2.2 cells was analysed by flow cytometry for the expres-
sion of different markers, known to be present on the surface of primary pDCs, to verify the pu-
rity of the cells recovered from the co-culture with MS-5 cell line (Supplementary Figure S2A).
Independently from the time spent in culture, GEN2.2 cells, like human primary pDCs, ex-
pressed CD4, the main cellular receptor mediating HIV binding in pDCs, HLA-DR, CD123,
CD44, CD29 and CD45. The latter is not expressed by MS-5 cells. As expected, GEN2.2 cells
were negative for CD11c, a myeloid dendritic cell marker. Moreover, they expressed high
levels of CD86, whereas CD80 was undetectable (Supplementary Figure S2B). GEN2.2 cells
proliferate rapidly as a single cell suspension with both non-adherent and weakly adherent
cells, but for the experiments, only the CD45+ non-adherent fraction of the culture was
used. Then, the internalization of the recombinant Nef protein was evaluated by treating
GEN2.2 cells with myrNefSF2w.t conjugated with AlexaFluor488 for different time points
(Figure 4A). As shown by confocal images, myrNefSF2 was already taken up by the cells af-
ter 4 h, and its uptake was increased after 20 h without significant variations in the number
of cells that internalized the protein. Importantly, the analysis of several fields (for a total of
about 2000 cells) revealed that approximately 50% of GEN2.2 cells internalized the protein
after 4 h, but with different efficiency among them. To further confirm the internalization, a
Western blot analysis was performed (Figure 4B,C). To this end, GEN2.2 cells were treated
with increasing concentrations of myrNefSF2w.t for 4 h. The extent of the protein inside the
cellular extract correlated with Nef input. Remarkably, the viral protein was detectable in
the extract starting from a treatment with 200 ng/mL. Moreover, we evaluated whether
the viral protein induced the tyrosine (Y701) phosphorylation of STAT1. We observed that
GEN2.2 cells treated with 300 ng/mL of myrNefSF2w.t responded more strongly, in addition
to presenting a well-detectable amount of the protein inside the cells. Hence, the following
experiments were performed using this protein concentration. Considering these results,
we can infer that GEN2.2 cells are less sensitive to Nef treatment with respect to what
was previously observed in primary macrophages. In particular, in primary macrophages,
STAT1 tyrosine phosphorylation is induced by the release of cytokines and chemokines
with lower concentrations of the viral protein (10–100 ng/mL) and earlier, i.e., after only
2 h of cell treatment with Nef [18,20]. Concurrently, the same analyses were also performed
by treating GEN2.2 cells with the mutant myrNefSF24EA, whose acidic cluster domain at
amino acids (aa) 66 to 69 was inactivated by the substitution with four alanines. This Nef
mutant is internalized by macrophages, but it is not able to induce the release of the STATs’
activating factors [18,19]. As shown by confocal images and confirmed by Western blot
analysis, the mutant 4EA was also internalized by GEN2.2 cells (45.3% after 4 h and 55.8%
after 24 h) without significant differences compared to wild type Nef (Figure 4A and lower
panel of Figure 4B).

Altogether, these data contribute to validating GEN2.2 cell line as an appropriate
experimental model system.
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myrNefSF2w.t and myrNefSF24EA conjugated with AlexaFluor488 (green). Afterwards, cells were 
placed on a microscope slide and fixed in PFA 4%. Samples were mounted with Vectashield antifade 
mounting medium containing DAPI to visualize nuclei (blue). Images were acquired with the 
confocal microscope Leica TCS SP5 and processed with the software LAS AF version 1.6.3 (Leica 
Microsystems). Objective 63.0X. DIC: Differential Interference Contrast. Scale bars 0–50 µm. The 
images are representative of two independent experiments. Graph reporting the % of GEN2.2 cells 
that internalize myrNefSF2w.t or myrNefSF24EA is shown on the right. (B) Representative examples 
of three Western blot analyses are shown. 2 × 106 cells were treated with increasing concentrations 
of myrNefSF2w.t for 4 h (upper panel) and with 300 ng/mL of myrNefSF2w.t or its mutant 4EA for 4h 
and 24 h (lower panel). Cell lysates (50 µg) were resolved on 11% SDS-PAGE gel and the 
immunoblotting was performed using a phospho-Tyr (701)-STAT1 and Nef specific antibody. Anti-
α-actin was used as internal control of the loaded samples. (C) Densitometric analysis of three 
independent Western blotting experiments, whose representative example is reported in panel B. 
The band density ratios of P-STAT1 normalized relative to actin levels are reported on the graph. P-
STAT1/actin ratio in control cells was set to 1. Fold increases in P-STAT1 after the addition of Nef 

Figure 4. Internalization of Nef protein by GEN2.2 cells. (A) Confocal microscopy analysis of
GEN2.2 cells seeded at 0.1 × 106 cells/150 µL and treated for 4 h and 24 h with 300 ng/mL of
myrNefSF2w.t and myrNefSF24EA conjugated with AlexaFluor488 (green). Afterwards, cells were
placed on a microscope slide and fixed in PFA 4%. Samples were mounted with Vectashield antifade
mounting medium containing DAPI to visualize nuclei (blue). Images were acquired with the
confocal microscope Leica TCS SP5 and processed with the software LAS AF version 1.6.3 (Leica
Microsystems). Objective 63.0X. DIC: Differential Interference Contrast. Scale bars 0–50 µm. The
images are representative of two independent experiments. Graph reporting the % of GEN2.2 cells
that internalize myrNefSF2w.t or myrNefSF24EA is shown on the right. (B) Representative examples
of three Western blot analyses are shown. 2 × 106 cells were treated with increasing concentrations of
myrNefSF2w.t for 4 h (upper panel) and with 300 ng/mL of myrNefSF2w.t or its mutant 4EA for 4h and
24 h (lower panel). Cell lysates (50 µg) were resolved on 11% SDS-PAGE gel and the immunoblotting
was performed using a phospho-Tyr (701)-STAT1 and Nef specific antibody. Anti-α-actin was
used as internal control of the loaded samples. (C) Densitometric analysis of three independent Western
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blotting experiments, whose representative example is reported in panel B. The band density ratios of
P-STAT1 normalized relative to actin levels are reported on the graph. P-STAT1/actin ratio in control
cells was set to 1. Fold increases in P-STAT1 after the addition of Nef were calculated and reported
as means ±S.D. One-way ANOVA test; *, p < 0.05; **, p < 0.01; ns, not significant vs. respective Ctrl
(untreated cells).

3.4. HIV-1 myrNefSF2w.t Protein Induces STAT-1 and -2 Tyrosine Phosphorylation and Increases
the Expression of Proteins Transcriptionally Regulated by Their Activation

Specific STAT activation occurs in a very short time (i.e., minutes) after cell treatment
with the activating factors through the JAK-STAT signal transduction pathway. Afterwards,
specific inhibitors of the JAK/STAT signal transduction pathway gradually switches off
STAT activation. Therefore, GEN2.2 cells were treated with myrNefSF2w.t or the mutant
myrNefSF24EA using two different kinetics: the shorter one (2–4 h) (Figure 5A) and the
longer one (5–40 h) (Figure 5B). The mutant 4EA was used to verify whether the Nef acidic
cluster domain was as important for this signalling as it is in macrophages [19].

As shown, myrNefSF2w.t, but not its mutant 4EA, increased the tyrosine phosphoryla-
tion of STAT1 (Y701) and STAT2 (Y689) starting from 3 h; the signal still persisted at 6 h,
but returned at the basal level after 20 h of treatment (Figure 5A–D). Of note, wild type
Nef also induced an increase in the levels of STAT1-α/β protein expression, which became
clearly detectable 20 h after the treatment persisting up to 40 h (Figure 5B,D). Moreover, to
assess whether Nef-induced STAT1 and STAT2 activation influenced the expression of other
STAT1 and/or STAT2 regulated genes, the expression of IRF-1 and ISG15 was evaluated.
These two genes are transcriptionally regulated by the GAF (STAT1 homodimer) and the
ISGF3 (STAT1-STAT2-IRF9) transcription factor, respectively.

IRF-1 is a transcription factor of the IRF (Interferon Regulatory Factor) family that is
transiently up-regulated by type I IFN and persistently up-regulated by type II IFN via the
GAF factor. ISG15 is an ubiquitin-like modifier that is transcriptionally induced by type I
and III IFNs, viral and bacterial infections. The latter exists as a 17-kDa precursor protein
that is rapidly processed into its mature 15-kDa form via protease cleavage to expose a
carboxy-terminal motif, which allows the covalent binding of ISG15 to target proteins by a
three-step process referred to as ISGylation [47]. ISGylation of TSG101, a transmembrane
protein belonging to the Endosomal Sorting Complex Required for Transport (ESCRT)
involved in the exosome biogenesis, can inhibit exosome secretion [48]. ISG15 also exists
as an unconjugated protein that can be released into the extracellular milieu via non-
conventional secretion, including exosomes [49]. The unconjugated form of ISG15 is the
one that was analysed in Figure 5. As shown, wild type Nef, but not the 4EA mutant,
increased IRF-1 amount transiently (only after 6 h), whereas ISG15 production started to
be induced at 6 h, increased about three-fold after 20 h and was still well detectable after
40 h (Figure 5B,D). The phosphorylation of both STAT1 and 2 and the kinetics of increase in
IRF-1 and ISG15 are compatible with the induction of type I and/or III production by the
Nef treated cells.

Interestingly, a further analysis of the nuclear and cytoplasmic fractions revealed that
the unconjugated form of ISG15 localized only in the cytoplasmic fraction of cells treated
with Nefw.t (Figure 6A,B). Instead, unconjugated ISG15 was also detectable in the nuclear
fraction in cells treated with type I or -III IFN, although in a lesser amount with respect to
the cytoplasmic fraction. As expected, type II IFN (i.e., IFN-γ) did not induce ISG15.
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Figure 5. HIV-1 myrNefSF2w.t protein induces STAT1 and 2 activation and increases expression of 
proteins transcriptionally regulated by their activation (i.e., STAT-1, IRF-1 and ISG15). GEN2.2 cells 
were seeded at 2 × 106 cells/each sample in a 24-well plate and treated with 300 ng/mL of 
myrNefSF2w.t or myrNefSF24EA or left untreated (Ctrl) using two different time-courses: the shorter 
one (2–4 h) represented in panels A and C, and the longer one (5–40 h) reported in panels B and D. 
Cells were lysed and 30 µg of proteins of each cell extract were run on 9–13.5% SDS-PAGE gel. (A,B) 
Representative examples of three independent Western blots are shown. Anti-α-actin was used as 
an internal control of the loaded samples. (C,D) Densitometric analyses of three independent 
Western blotting experiments. The band density ratios of P-STAT1, P-STAT2, ISG15 and IRF-1, 
normalized relative to actin levels, are reported in the histograms. P-STAT1, P-STAT2, ISG15 and 
IRF-1/actin ratios in control cells (Ctrl) were set to 1. Fold increases of each analysed protein were 
calculated and reported as means ± S.D. One-way ANOVA test; *, p < 0.05; **, p < 0.01; ***, p < 0.005 
vs. respective Ctrl. 

Interestingly, a further analysis of the nuclear and cytoplasmic fractions revealed that 
the unconjugated form of ISG15 localized only in the cytoplasmic fraction of cells treated 
with Nefw.t (Figure 6A,B). Instead, unconjugated ISG15 was also detectable in the nuclear 

Figure 5. HIV-1 myrNefSF2w.t protein induces STAT1 and 2 activation and increases expression
of proteins transcriptionally regulated by their activation (i.e., STAT-1, IRF-1 and ISG15). GEN2.2
cells were seeded at 2 × 106 cells/each sample in a 24-well plate and treated with 300 ng/mL of
myrNefSF2w.t or myrNefSF24EA or left untreated (Ctrl) using two different time-courses: the shorter
one (2–4 h) represented in panels A and C, and the longer one (5–40 h) reported in panels B and
D. Cells were lysed and 30 µg of proteins of each cell extract were run on 9–13.5% SDS-PAGE gel.
(A,B) Representative examples of three independent Western blots are shown. Anti-α-actin was used
as an internal control of the loaded samples. (C,D) Densitometric analyses of three independent
Western blotting experiments. The band density ratios of P-STAT1, P-STAT2, ISG15 and IRF-1,
normalized relative to actin levels, are reported in the histograms. P-STAT1, P-STAT2, ISG15 and
IRF-1/actin ratios in control cells (Ctrl) were set to 1. Fold increases of each analysed protein were
calculated and reported as means ± S.D. One-way ANOVA test; *, p < 0.05; **, p < 0.01; ***, p < 0.005
vs. respective Ctrl.
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nuclear (Nuc) fraction, normalized to relative actin or lamin A/B, respectively, are reported in the 
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3.5. Wild-Type Nef Induces the Production of a Different Pattern of Cytokines/Chemokines in 
GEN2.2 Cells Compared to Differentiated THP-1 Cells 

To identify the largest number of cytokines/chemokines secreted in response to Nef 
treatment, the Bio-Plex Pro Human Cytokine 27-Plex Immunoassay, able to detect up to 
27 cytokines, was used. To this aim, GEN2.2 cells were or were not treated with 
myrNefSF2w.t and myrNefSF24EA, and a time course analysis was also performed on 
supernatants harvested within a 20 h interval to evidence possible time differences in the 
release of the analysed cytokines/chemokines (Figure 7A). 

Figure 6. HIV-1 myrNefSF2w.t protein induces the production of ISG15, which is mainly localized in
the cytoplasmic fraction. A total of 4× 106 GEN2.2 cells were treated with myrNefSF2w.t (300 ng/mL),
IFN-β (1000 IU/mL), -γ (100 ng/mL) or –λ1/λ2 (100 ng/mL) or left untreated (Ctrl) for 20 h. Cells
were lysed and 30 µg of proteins for each sample were run on 9–13.5% SDS-PAGE gel. (A) A
representative Western blot is shown. (B) Densitometric analyses of three independent Western
blotting experiments are shown. The band density ratio of free ISG15 in the cytoplasmic (Cyto) and
nuclear (Nuc) fraction, normalized to relative actin or lamin A/B, respectively, are reported in the
histograms. ISG15/actin ratio in control cells (Ctrl) was set to 1. Fold increases after the addition
of the indicated treatments was calculated and reported as means ± S.D. One-way ANOVA test;
*, p < 0.05; ***, p < 0.005, ns = not significant vs. respective Ctrl.

Since STATs are typically activated in a few minutes because of the JAK phosphoryla-
tion that follows the engagement of different cytokines, chemokines or growth factors to
their specific receptors, overall, these results suggest that GEN2.2 cells are stimulated by
wild type Nef to release/produce activating cytokines, as do macrophages treated with
Nef [18,19]. Since myrNefSF24EA is not able to induce P-STAT1 and P-STAT2, and not even
IRF-1 or ISG15 production, the acidic domain must have a crucial role in the effect induced
by the viral protein, as we have previously observed also in human macrophages [18,19].

3.5. Wild-Type Nef Induces the Production of a Different Pattern of Cytokines/Chemokines in
GEN2.2 Cells Compared to Differentiated THP-1 Cells

To identify the largest number of cytokines/chemokines secreted in response to Nef
treatment, the Bio-Plex Pro Human Cytokine 27-Plex Immunoassay, able to detect up
to 27 cytokines, was used. To this aim, GEN2.2 cells were or were not treated with
myrNefSF2w.t and myrNefSF24EA, and a time course analysis was also performed on
supernatants harvested within a 20 h interval to evidence possible time differences in the
release of the analysed cytokines/chemokines (Figure 7A).

Early on (i.e., 4–6 h), wild type Nef induced the production of chemotactic factors e/o
pro-inflammatory mediators, such as MCP-1 (1.54-fold vs. Ctrl), TNF-α (2.07-fold vs. Ctrl)
and IL-8 (30.40-fold vs. Ctrl) and the growth factor G-CSF (4.23-fold vs. Ctrl). Later, i.e.,
after 20 h, a significant increase was also observed for IP-10 (9.05-fold vs. Ctrl) and MIP-1β
(5.13-fold vs. Ctrl). On the other hand, the Nef 4EA mutant did not significantly increase
the production of any of the analysed cytokines/chemokines (Table 1).
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THP-1/PMA cells were seeded at 100,000 cells/cm2 in a 6-well plate. Both cell types were or were not 
treated with 300 ng/mL of myrNefSF2w.t or myrNefSF24EA in a final volume of 2 mL. Supernatants 
were collected after 20 h, centrifuged at 290× g for 3 min to remove cells and analysed with Bio-Plex 
Pro Human Cytokine 27-Plex Immunoassay. (A) Heat map of cytokines/chemokines released by 
GEN2.2 cells. The color scale range is 0–2000 pg/mL. (B) Heat map of cytokines/chemokines released 
by THP-1/PMA cells. The color scale range is 0–130,000 pg/mL. Each row represents a 
cytokine/chemokine, whereas each column represents a sample. The values mapped are the mean 
of two independent experiments evaluated in triplicate. 
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Time 4 h 
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MCP-1 (91.47 ± 12.07) 1.54 ± 0.11 0.95 ± 0.12 0.021 0.0169 ns 
TNF-α (773.32 ± 365) 2.07 ± 0.13 1.19 ± 0.01 0.0015 0.0026 ns 

G-CSF (118.98 ± 37.13) 4.23 ± 0.39 1.19 ± 0.09 0.0016 0.0020 ns 
VEGF (139.53 ± 11.56) 2.20 ± 1.15 1.28 ± 0.10 ns ns ns 

Low 

IL-8 (1.44 ± 0.78) 30.40 ± 0.06 1.22 ± 0.32 <0.0001 <0.0001 ns 
IP-10 (3.84 ± 1.32) 5.39 ± 1.98 0.98 ± 0.03 ns ns ns 

MIP-1β (10.13 ± 1.14) 4.94 ± 1.96 1.08 ± 0.05 ns ns ns 
IL-15 (34.87 ± 35.53) 2.46 ± 0.85 1.02 ± 0.03 ns ns ns 

Time 6 h 

High 
MCP-1 (109.83 ± 36.81)  1.35 ± 0.17 0.85 ± 0.01 ns 0.0294 ns 
TNF-α (868.11 ± 447.62) 1.58 ± 0.02 0.95 ± 0.09 0.0035 0.0028 ns 

Figure 7. Profile of cytokines/chemokines released by GEN2.2 cells and THP-1/PMA in response to
Nef treatment. GEN2.2 cells were seeded at the density of 1 × 106/mL in a 24-well plate, whereas
THP-1/PMA cells were seeded at 100,000 cells/cm2 in a 6-well plate. Both cell types were or were not
treated with 300 ng/mL of myrNefSF2w.t or myrNefSF24EA in a final volume of 2 mL. Supernatants
were collected after 20 h, centrifuged at 290× g for 3 min to remove cells and analysed with Bio-
Plex Pro Human Cytokine 27-Plex Immunoassay. (A) Heat map of cytokines/chemokines released
by GEN2.2 cells. The color scale range is 0–2000 pg/mL. (B) Heat map of cytokines/chemokines
released by THP-1/PMA cells. The color scale range is 0–130,000 pg/mL. Each row represents a
cytokine/chemokine, whereas each column represents a sample. The values mapped are the mean of
two independent experiments evaluated in triplicate.

We also evaluated whether and to what extent the cytokines/chemokines released
in response to Nef treatment by GEN2.2 cells differed with respect to those secreted by
THP-1 cells used as a model of human macrophages, a cell type widely known as one
of the major reservoirs of HIV (Figure 7B). Our research group already observed that, in
primary macrophages, Nef induced pro-inflammatory cytokines such as MIP-1β, IL-6,
IL-1β, TNF-α and IFN-β [21]. However, in this context, we analysed the expression of a
greater panel of cytokines/chemokines on the THP-1 monocytic cell line differentiated with
PMA. It is noteworthy that the profile induced by Nef in GEN2.2 cells was different from
that observed in differentiated THP-1 (Table 2). The viral protein stimulated THP-1/PMA
to release IP-10, IL-8 and MIP-1β, although at a different extent compared to GEN2.2
cells. Unlike GEN2.2 cells, TNF-αwas strongly induced by Nef treatment in THP-1/PMA
cells (200-fold vs. Ctrl). In addition, Nef also increased IFN-γ, RANTES, IL-15, FGF basic
and MIP-1α. Interestingly, not only did the two cell lines present a different panel of
cytokines/chemokines induced by Nef, but they differed also in the amount produced by
control cells. In particular, the basal level of TNF-αwas high in GEN2.2 cells with respect to
THP-1 cells, and the opposite was true for G-CSF, IL-8 and IL-1ra. Regarding the production
of type I or III IFN, the only known cytokines able to induce the tyrosine phosphorylation of
STAT2, we were unable to detect their production due to the low sensitivity of the cytokine
array used (see discussion).
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Table 1. Cytokines/chemokines released by GEN2.2 cells in response to Nef.

Constitutive
Expression

Cytokines/
Chemokines

Fold Increase vs. Ctrl p Value

Nef w.t Nef 4EA Nef w.t vs. Ctrl Nef w.t vs. 4EA 4EA vs. Ctrl

Time 4 h

High

MCP-1 (91.47 ± 12.07) 1.54 ± 0.11 0.95 ± 0.12 0.021 0.0169 ns
TNF-α (773.32 ± 365) 2.07 ± 0.13 1.19 ± 0.01 0.0015 0.0026 ns

G-CSF (118.98 ± 37.13) 4.23 ± 0.39 1.19 ± 0.09 0.0016 0.0020 ns
VEGF (139.53 ± 11.56) 2.20 ± 1.15 1.28 ± 0.10 ns ns ns

Low

IL-8 (1.44 ± 0.78) 30.40 ± 0.06 1.22 ± 0.32 <0.0001 <0.0001 ns
IP-10 (3.84 ± 1.32) 5.39 ± 1.98 0.98 ± 0.03 ns ns ns

MIP-1β (10.13 ± 1.14) 4.94 ± 1.96 1.08 ± 0.05 ns ns ns
IL-15 (34.87 ± 35.53) 2.46 ± 0.85 1.02 ± 0.03 ns ns ns

Time 6 h

High

MCP-1 (109.83 ± 36.81) 1.35 ± 0.17 0.85 ± 0.01 ns 0.0294 ns
TNF-α (868.11 ± 447.62) 1.58 ± 0.02 0.95 ± 0.09 0.0035 0.0028 ns
G-CSF (107.80 ± 28.67) 4.18 ± 2.21 0.86 ± 0.00 ns ns ns
VEGF (163.75 ± 36.01) 1.09 ± 0.14 0.86 ± 0.04 ns ns ns

Low

IL-8 (1.77 ± 0.70) 30.23 ± 0.64 1.33 ±0.00 <0.0001 <0.0001 ns
IP-10 (14.88 ± 3.02) 10.99 ± 6.63 0.99 ± 0.19 ns ns ns

MIP-1β (9.56 ± 3.46) 5.74 ± 3.60 0.81 ±0.14 ns ns ns
IL-15 (10.48 ± 3.22) 3.40 ±3.48 0.95 ± 0.07 ns ns ns

Time 20 h

High

MCP-1 (87.92 ± 27.87) 2.83 ± 0.23 1.10 ± 0.04 0.0017 0.0020 ns
TNF-α (1200 ± 383.55) 1.61 ± 0.25 1.12 ± 0.06 ns ns ns
G-CSF (39.67 ± 23.04) 6.02 ± 2.45 1.16 ± 0.32 ns ns ns
IP-10 (69.37 ± 25.49) 9.05 ± 2.22 1.17 ± 0.00 0.0166 0.0176 ns

VEGF (573.09 ± 141.74) 1.43 ± 0.80 0.94 ± 0.18 ns ns ns

Low
IL-8 (2.14 ± 1.31) 30.80 ± 14.09 2.09 ± 0.86 ns ns ns

MIP-1β (3.61 ± 0.10) 5.13 ± 0.54 1.15 ± 0.07 0.0020 0.0022 ns
IL-15 (39.02 ± 38.18) 1.44 ± 0.76 0.97 ± 0.07 ns ns ns

Footnotes: the concentrations (pg/mL ± SD) detected in the supernatants of controls are reported in brackets.
The values are means of two independent experiments evaluated in triplicate. One-way ANOVA and Tukey’s
multiple comparisons were used. ns = differences not statistically significant.

3.6. Supernatant of GEN2.2 Cells Treated with myrNefSF2w.t Stimulates an Early Response of
Untreated GEN2.2 Cell Population Independently from the Extracellular Vesicle (EV) Content

During HIV infection, pDCs are exposed to the local microenvironment influenced
by infected cells. In this context, their activation is not necessarily caused by the virus,
but it could be the consequence of the interaction with immunostimulatory molecules in
the intercellular space. Hence, to determine whether the cytokine/chemokine milieu in
the supernatants of Nef-activated GEN2.2 cells was sufficient to stimulate fresh cells not
previously treated with the viral protein, new untreated GEN2.2 cell populations were
cultured with supernatants collected from GEN2.2 cells, stimulated or not stimulated with
myrNefSF2w.t for 20 h. As shown in Figure 8A,B, medium conditioned by Nef-treated
GEN2.2 cells resulted in earlier activation of STAT1, after only 30 min. The fact that the
activation occurred more rapidly than by following Nef treatment (3 h, as reported above)
excluded the possibility that residual Nef in the supernatants was responsible for this effect.
These data enforce the results previously reported, confirming the capacity of Nef to act on
pDCs by promoting the release of cytokines/chemokines involved in STAT1 activation and
shows that pDCs are also promptly responsive to the surrounding extracellular milieu.
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Table 2. Cytokines/chemokines released by THP-1/PMA cells in response to Nef.

Constitutive
Expression

Cytokines/
Chemokines

Fold Increase vs. Ctrl p Value

Nef w.t Nef 4EA Nef w.t vs. Ctrl Nef w.t vs. 4EA 4EA vs. Ctrl

Time 4 h

High

IL-8 (1144.8 ± 302.8) 11.00 ± 1.97 1.07 ± 0.24 0.0065 0.0067 ns
IL-15 (115.2 ± 7.1) 1.83 ± 0.32 1.04 ± 0.20 ns ns ns

G-CSF (3047.1 ± 1297.9) 1.63 ± 0.19 1.21 ± 0.16 0.0441 ns ns
MIP-1α (120.81 ± 33.9) 4.00 ± 0.85 1.51 ± 0.57 0.0299 0.0487 ns
MIP-1β (235.5 ± 60.9) 99.25 ± 0.01 1.37 ± 0.53 <0.0001 <0.0001 ns

RANTES(1218.7 ± 103.2) 1.60 ± 0.28 0.90 ± 0.00 ns 0.0468 ns

Low

FGF basic (59.7 ± 6.4) 1.89 ± 0.26 1.08 ± 0.11 0.0248 0.0316 ns
IFN-γ (35.3 ± 21.3) 2.72 ± 0.02 0.89 ± 0.13 0.0005 0.0004 ns
IP-10 (66.7 ± 27.1) 4.14 ± 0.37 0.96 ± 0.08 0.0015 0.0015 ns

MCP-1 (49.37 ± 1.7) 5.11 ± 0.16 1.05 ± 0.21 0.0002 0.0002 ns
TNF-α (34.84 ± 9.8) 257.41 ± 95.33 1.72 ± 0.88 0.0376 0.0379 ns

Time 6 h

High

IL-8 (1409.8 ± 436.8) 30.55 ± 2.90 1.63 ± 0.19 0.0009 0.0009 ns
IL-15 (126.4 ± 1.65) 1.84 ± 0.08 1.08 ± 0.03 0.0012 0.0015 ns

G-CSF (3368.5 ± 1157.7) 1.64 ± 0.23 1.27 ± 0.10 0.0428 ns ns
MIP-1α (156.8 ± 31.2) 3.13 ± 0.04 1.97 ± 0.67 0.0242 ns ns
MIP-1β (296.7 ± 39.7) 84.60 ± 0.85 1.67 ± 0.39 <0.0001 <0.0001 ns

RANTES (1644.3 ± 221.3) 2.26 ± 0.09 1.01 ± 0.16 0.0028 0.0028 ns

Low

FGF basic (64.8 ± 9.4) 1.92 ± 0.02 1.11 ± 0.02 <0.0001 <0.0001 0.0142
IFN-γ (42.8 ± 25.8) 3.05 ± 0.36 1.06 ± 0.09 0.0048 0.0052 ns
IP-10 (84.2 ± 15.1) 15.19 ± 0.44 1.45 ± 0.49 <0.0001 <0.0001 ns
MCP-1 (70.3 ±6.3) 9.55 ± 0.36 1.33 ± 0.18 <0.0001 <0.0001 ns

TNF-α (40.4 ± 19.1) 247.33 ± 18.29 2.11 ± 0.58 0.0004 0.0004 ns

Time 20 h

High

IL-8 (1926.2 ± 37.0) 65.46 ± 72.21 31.21 ± 36.79 ns ns ns
IL-15 (112.7 ± 10.6) 2.18 ± 0.12 1.63 ± 0.46 0.0476 ns ns

G-CSF (2778.9 ± 1397.5) 2.05 ± 0.07 1.95 ± 0.22 0.0086 ns 0.011
MIP-1α (125.8 ± 56.2) 4.18 ± 0.96 4.25 ± 1.34 ns ns ns

MIP-1β (483.1 ± 160.3) 47.01 ± 0.86 13.15 ± 15.77 0.0297 ns ns
RANTES (4473.3 ± 1893.8) 4.82 ± 1.80 2.26 ± 1.08 ns ns ns

Low

FGF basic (55.6 ± 0.86) 2.33 ± 0.47 1.78 ± 0.68 ns ns ns
IFN-γ (60.8 ± 31.3) 4.21 ± 0.15 2.37 ± 1.37 ns ns ns

IP-10 (368.4 ± 168.3) 25.52 ± 1.16 3.43 ± 1.60 0.0005 0.0007 ns
MCP-1 (176.4 ± 27.7) 16.74 ± 0.48 10.16 ± 11.40 ns ns ns
TNF-α (51.4 ± 15.9) 123.00 ± 21.50 11.06 ± 12.54 0.0070 0.0090 ns

Footnotes: the concentrations (pg/mL ± SD) detected in the supernatants of controls are reported in brackets.
The values are means of two independent experiments evaluated in triplicate. One-way ANOVA and Tukey’s
multiple comparisons were used. ns = differences not statistically significant.

Although cytokines are generally thought to exert biologic influence as soluble molecules,
several cytokines have been reported to be associated with EVs, such as a membrane bound
form of TNF-α, chemokines associated with lipid rafts, or cytokines, such as the IL-1
family, which lacks a signal peptide for secretion through the classical pathway [50,51].
Moreover, EV-associated cytokines became biologically active upon interacting with sen-
sitive cells, thus representing an important system of cell–cell communication in both
health and disease. In this regard, in HIV-infection it was shown that the amount of
EV-associated cytokines was increased [52]. Considering these recent observations, we
wondered whether GEN2.2 cells would have responded in the same way after treatment
with supernatants collected from treated cells but depleted of EVs. To this aim, EVs were
cleared or not from supernatants collected from GEN2.2 cultures treated or untreated for
20 h with myrNefSF2wt by differential ultracentrifugation, and then used to treat new
GEN2.2 cultures (Figure 8C,D). The depletion of EV content did not significantly affect the
cell response. Indeed, supernatants depleted of EVs maintained the capacity to activate
STAT1 tyrosine phosphorylation early, after only 30 min, thus suggesting that most STAT1
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activating factors must be secreted in free form and be primarily responsible for the early
activation observed.
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Figure 8. Supernatants from Nef-treated GEN2.2 cells depleted or not depleted of EVs activate 
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in 75 cm2 flask in 12 mL of final volume and left untreated or treated with 300 ng/mL of 
myrNefSF2w.t. After 20 h, supernatants from control and treated GEN2.2 cells were harvested and 
depleted or not depleted of EVs by ultracentrifugation. Complete supernatants (A) and 
supernatants depleted of EVs (C) were used to treat fresh GEN2.2 cells for the indicated time points. 
(A,C) Cell lysates (30 µg) were analysed on 9% SDS-PAGE gel, and the immunoblotting was 
performed using a phospho-Tyr (701)-STAT1 specific antibody. (B,D) Densitometric analyses of 
three independent Western blotting experiments are shown. The band density ratio of P-STAT1 
normalized to relative actin is reported in the histograms. P-STAT1/actin ratio in control cells (Ctrl) 
was set to 1. Fold increases after the addition of the indicated treatments were calculated and 
reported as means ± S.D. One-way ANOVA test; *, p < 0.05; **, p < 0.01; vs. respective Ctrl. 

Although cytokines are generally thought to exert biologic influence as soluble 
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Figure 8. Supernatants from Nef-treated GEN2.2 cells depleted or not depleted of EVs activate STAT1
tyrosine phosphorylation of GEN2.2 cells early. GEN2.2 cells were seeded at 1 × 106 cells/mL in
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After 20 h, supernatants from control and treated GEN2.2 cells were harvested and depleted or not
depleted of EVs by ultracentrifugation. Complete supernatants (A) and supernatants depleted of
EVs (C) were used to treat fresh GEN2.2 cells for the indicated time points. (A,C) Cell lysates (30 µg)
were analysed on 9% SDS-PAGE gel, and the immunoblotting was performed using a phospho-Tyr
(701)-STAT1 specific antibody. (B,D) Densitometric analyses of three independent Western blotting
experiments are shown. The band density ratio of P-STAT1 normalized to relative actin is reported
in the histograms. P-STAT1/actin ratio in control cells (Ctrl) was set to 1. Fold increases after the
addition of the indicated treatments were calculated and reported as means ± S.D. One-way ANOVA
test; *, p < 0.05; **, p < 0.01; vs. respective Ctrl.

3.7. Set Up of the Protocol for GEN2.2 Cell Labelling with Bodipy C16

Emerging evidence has reported on the important role of EVs in the intercellular
communication in both physiological and pathological conditions, including HIV infec-
tion [53–55]. Thus, the production of EVs was investigated. Considering the relevant
number of cells necessary to isolate a good quantity of EVs and the already known diffi-
culty in isolating sufficient amounts of primary pDCs, we set up the protocol again using
the GEN2.2 pDC-like cell line. To characterize and quantify the vesicles produced by
GEN2.2 cells and study how their release could be modulated in response to Nef stimulus,
we adopted a methodology, developed by Sargiacomo and colleagues [41], based on cell
treatment with the commercially available Bodipy C16 fatty acid. This latter, upon uptake
by the cells, entered the cellular lipid metabolic pathway without affecting the natural lipid
metabolism or perturbing the lipid homeostasis inside the cell [41]. As a result, labelled
cells released small and medium/large vesicles (hereafter respectively referred to as exo-
somes and microvesicles) that, being fluorescent, could be examined and quantified with
conventional flow cytometry.

To define the optimal conditions for GEN2.2 treatment with the fluorescent lipid,
pulse-chase experiments were performed. Firstly, cells were pulsed with different concen-
trations of Bodipy C16 for different times and analysed with confocal microscopy and flow
cytometry. As shown in Figure 9A, the fluorescent probe was taken up by cells very rapidly,
just after 15 min, and its uptake increased during pulse times. Remarkably, Bodipy C16
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became more and more concentrated over time in the perinuclear area corresponding to
the endoplasmic reticulum (ER). Regardless of concentration, we observed that Bodipy C16
uptake reached a plateau between 1 and 3 h, thus, a time of 2 h was chosen for cell labelling
(Figure 9B). However, we did not identify a concentration limit, because, regardless of
the time treatment used, cells showed a linear uptake, suggesting a capability to further
internalize the fluorescent lipid even at higher concentrations. Therefore, for the subsequent
analyses, we decided to select the two highest concentrations (2.5 and 3.5 µM) whose mean
fluorescence intensity (MFI) reached high values.
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Figure 9. Bodipy C16 uptake by GEN2.2 cells. A total of 0.3 × 106 GEN2.2 cells were pulsed for
different times with different concentrations of Bodipy C16 (green), as indicated in the figure. (A) For
confocal microscopy analysis, cells were placed on a microscope slide and fixed in PFA 4%. To
visualize nuclei (blue), GEN2.2 cells were stained with DAPI. Images were acquired with the confocal
microscope Leica TCS SP5 and processed with the software LAS AF version 1.6.3 (Leica Microsystems).
Objective 63.0X. DIC: Differential Interference Contrast. Scale bars 0–50 µm. (B) Cell fluorescence
was analysed by FC and expressed as relative MFI (mean fluorescence intensity). A representative
experiment, out of three independent experiments that yielded similar results, is shown.

Since our interest was in collecting EVs after 20 h, we also verified how long the
fluorescence persisted inside the cells after Bodipy treatment. To this end, GEN2.2 cells
were pulsed with 2.5 and 3.5 µM of Bodipy for 2 h; afterwards, cells were washed to
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eliminate the residual fluorescent probe and fresh medium supplemented with 10% FBS
was added. GEN2.2 cells were then chased for different times up to 24 h and observed by
confocal microscopy. Cell fluorescence appeared more and more diffuse with few spots
that were mostly chased out after 24 h (Figure 10A).
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Figure 10. Chase of Bodipy C16 after 2h pulse. 0.3 × 106 GEN2.2 cells were pulsed for 2 h with
2.5 µM or 3.5 µM of Bodipy C16 in complete medium supplemented with 0.3% FBS. Afterwards, cells
were washed and chased in complete medium containing 10% FBS according to the times reported
in the figure. (A) For confocal microscopy analysis, cells were placed on a microscope slide and
fixed in PFA 4%. To visualize nuclei (blue), GEN2.2 cells were stained with DAPI. Images were
acquired with the confocal microscope Leica TCS SP5 and processed with the software LAS AF
version 1.6.3 (Leica Microsystems). Objective 63.0X. DIC: Differential Interference Contrast. Scale
bars 0–50 µm. (B) Cell fluorescence was analysed by FC and reported as relative MFI and percentage
of MFI (upper panel). The corresponding flow cytometry plots were reported in the lower panel.
A representative experiment, out of three independent experiments that yielded similar results,
is shown.

During the chase times in fresh medium, GEN2.2 cells treated with 3.5 µM of Bodipy
C16 showed a drastic reduction in cell fluorescence, by about 80% after only 1 h, whereas it
slowly decreased afterwards (Figure 10B). However, the fluorescence was still detectable



Viruses 2022, 14, 74 24 of 33

up to 24 h, ensuring that vesicles would have been able to incorporate the fluorescent lipid
throughout the period of their production. A similar pattern was observed when treating
cells with 2.5 µM; although after 1 h, cells presented a reduction in the fluorescence of
68% compared to initial values, their fluorescence intensity was slightly lower than in cells
treated with 3.5 µM. Therefore, the concentration of 3.5 µM was chosen for cell labelling.

In conclusion, the reported data indicate that Bodipy C16 is internalized by GEN2.2
cells, reaches a plateau at 2 h and, although the fluorescence undergoes a rapid reduction,
it does not chase out completely after 24 h. The reduction in fluorescence observed is
consistent with the idea that the fluorescent lipid, once transported to the ER where it
is mainly metabolized in phospholipids, is then directed to the endosomal pathway and
released into the extracellular milieu as part of the EV membrane.

3.8. Nef Reduces the Exosome Production and Is Found Associated with the Exosomal Fraction

The above-described methodology based on cell treatment with Bodipy C16 allowed
the detection and count of EVs through conventional FC, overcoming the problem of the
reduced size of exosomes (below 200 nm). Indeed, although it is well known that the
detection of vesicles or particles smaller than 300 nm by FC based on light-scattering
is severely hampered by noise events, the novel strategy allowed the discrimination of
fluorescently labelled vesicles from non-fluorescent noise by coupling the fluorescent signal
of vesicles with the light-scattering.

Therefore, GEN2.2 cells were pre-treated with 3.5 µM Bodipy for 2 h in complete
medium supplemented with 0.3% FBS. Afterwards, cells were washed to remove residual
lipid, and fresh medium supplemented with 10% ultracentrifugated FBS and containing
myrNefSF2w.t was added (Figure 11A). Fluorescent exosomes and microvesicles released in
medium were isolated after 20 h by differential ultracentrifugations and then processed for
FC analysis (Figure 11B,D). Interestingly, in comparing Bodipy-stained exosomes’ secretion
in cells treated with the viral protein with respect to the untreated ones, the production of
exosomes turned out to be reduced by about 40% in response to Nef stimulus, whereas that
of microvesicles did not appear to be influenced (Figure 11C,E).

According to the guideline published in 2018 by the Journal of Extracellular Vesi-
cles [42], to better characterize the nature of the isolated vesicles, we analysed at least one
of the transmembrane proteins (CD81) and cytosolic proteins (TSG101, ALIX, HSP90 and
Flotillin-1) commonly found in mammalian cell-derived EVs. Furthermore, we evaluated
the presence of COXIV, a protein localized in mitochondria, which a priori is not enriched
in the smaller EVs (<200 nm diameter) of the plasma membrane or endosomal origin. All
specific exosomal markers were present in the sample corresponding to exosomes but not in
the microvesicular one, whereas, as expected, COXIV was detected only in cellular lysates
(Figure 11F). This analysis formally confirmed the nature and the purity of the isolated
vesicles and allowed, for the first time, one peculiar aspect of exosomes isolated from these
pDC-like cells to be revealed, i.e., the low expression level of the tetraspanin CD81, whose
detection required longer exposure time. The lower expression in the exosomal samples
mirrors the low intracellular expression of CD81, which has also been recently reported
in human primary pDCs [56], and that distinguishes pDCs from most of other cell types,
including myeloid DCs.

Based on what was reported in the literature regarding the ability of Nef to be trans-
ferred to uninfected cells through EVs, we wondered whether the recombinant viral protein
followed the same destiny of the viral protein when endogenously expressed in HIV-
infected cells [27]. As shown in Figure 11F, Nef protein was found to be associated with
EVs, similarly to the protein endogenously expressed during HIV infection. Of note, we
also observed that Nef is preferentially found in the exosomal fraction, whereas it was unde-
tectable in the microvesicular one. The specificity of the observed signal was confirmed by
the absence of the band corresponding to Nef protein in exosomes isolated from untreated
cells. Moreover, as expected, Nef was also detected in the cellular extract, confirming its
internalization into GEN2.2 cells during the treatment.
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Figure 11. HIV-1 myrNefSF2 protein affects the exosome but not the microvesicle production by
GEN2.2 cells and is found associated with the exosomal fraction. (A) Workflow of isolation of fluores-
cent exosomes and microvesicles from GEN2.2 cells treated with Nef protein. A total of 107 GEN2.2
cells were seeded in 75 cm2 flask and treated for 2 h with 3.5 µM of Bodipy C16 in 5 mL of complete
medium supplemented with 0.3% FBS. Then, cells were washed, and 12 mL of fresh medium supple-
mented with 10% ultracentrifugated FBS containing or not containing 300 ng/mL of myrNefSF2w.t
were added. After 20 h, media were harvested and underwent differential ultracentrifugations to
isolate exosomes (Exo) and microvesicles (MV). (B,D) Isolated fluorescent vesicles were counted
through FC by plotting fluorescence at 525/40 nm (Bodipy C16) versus log scale side scatter (SSC-A).
The number of exosomes (B) or microvesicles (D) was registered in the rectangular region, as reported
in Materials and Methods. (C,E) Histograms show the mean total number of fluorescent exosomes
and microvesicles normalized to an equal number of cells. Values are expressed as mean ± S.D. of
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triplicates of three independent experiments. Two-tailed t test; **, p < 0.01, ns, not significant vs.
respective Ctrl. (F) Characterization of exosomal markers in exosomes and microvesicles isolated
from GEN2.2 cells treated with Nef protein. An equal number of collected vesicles (8 × 106) was
loaded on 11% SDS-PAGE gel for Western blot analysis with antibodies specific for Tsg101, Hsp90,
Alix, CD81, Flotillin-1 and COXIV and Nef. Western blot analysis of both cell extracts and vesicles was
shown (EXO: exosomes; MV: microvesicles). An equal protein content of the cell extracts was loaded,
and actin was used as loading control. A representative Western blot, out of three independent
experiments that yielded similar results, is shown.

4. Discussion

In the last years, remarkable progress has been made regarding pDCs’ functions in
HIV infection, especially thanks to studies conducted on HIV-infected pDCs. The results
presented here highlight a new potential effect that the extracellular HIV-1 Nef protein
could play on this dendritic cell subset. The virulence properties of HIV-1 Nef have, for a
long time, been mainly associated with its multiple biochemical activities inside infected
cells acting as a molecular adaptor, but in the new millennium, the attention has been
focused on the effects that the viral protein exerts on bystander uninfected cells, where it
can be transferred through different mechanisms, including cell-to-cell contacts, nanotubes
and EVs [23–25,33,57]. In addition, in vivo soluble Nef could be released by necrosis
of infected cells and its presence in free form (i.e., non EV-associated) in the plasma is
suggested by the production of specific antibodies against this viral protein, present in
infected individuals. In the case of pDCs, the contact with extracellular Nef or Nef transfer
from infected cells could occur in proximity with infected mucosal sites, where they migrate
in response to inflamed conditions, or in lymph nodes.

In the present work, we investigated cytokine production, intracellular signalling and
the EV production induced by myrNefSF2 treatment of the human plasmacytoid dendritic
GEN2.2 cell line. This cell line was used as a model of pDCs to overcome the problems
related to the low amount of primary pDCs in blood (0.2–0.5% of PBMC) and the large
culture volumes necessary to isolate enough EVs for biochemical analyses.

The rationale for carrying out this investigation was laid out by preliminary, promising
results, indicating that: (i) 4 h of cellular treatment with myrNef was able to induce STAT1
tyrosine phosphorylation in PBLs purified by PBMCs isolated from human healthy donors,
but not in PBLs depleted of pDCs (Figure 1); (ii) about 30% of primary pDCs internalized
the recombinant Nef protein (Figure 2) and (iii) the exogenous treatment of primary pDCs
up-regulated the expression of mxA and the IRF-7 transcription factor, two proteins codified
by IFN-inducible genes, whose up-regulation is usually used as a surrogate marker for
IFNs’ production (Figures 1 and 3). In addition, a partial nuclear translocation of the
transcription factor IRF-7 was also observed.

Regarding the response of GEN2.2 cells, here we report that myrNef is internalized
by GEN2.2 cells, but less efficiently than we previously observed in primary monocyte-
derived macrophages (MDMs) [19,58], whereas the myrNefSF2 protein, as well as its mutant
4EA, was rapidly and efficiently internalized in most MDMs (see Figure 2C in [19]). The
different efficiency might be attributed to the lower phagocytic/internalization ability that
distinguishes this particular cell line from macrophages. In respect to the entry mechanism,
experiments were performed in GEN2.2 cells using different inhibitors of the entry process
(data not shown), but the results were not conclusive because none of the tested inhibitors
was able to prevent Nef internalization. Moreover, Nef induces in GEN2.2 cells the tyrosine
phosphorylation of both STAT1 and STAT2 proteins starting from 3 h of treatment and
substantially influences the gene expression program regulated by STAT1 and 2 activation,
as indicated by the later induction of IRF-1, STAT1 and ISG15, codified by three IFN
regulated genes. Conversely, the Nef mutant 4EA, while it is internalized similarly to the
wild type protein, is unable to induce the same effects, highlighting the importance of
the N-terminal acidic domain E66EEE69 in the signalling pathway induced by the protein.
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These results confirm and add relevance to our previous findings obtained in primary
macrophages [18,19]. We can infer that GEN2.2 cells are less sensitive to Nef treatment
with respect to primary macrophages. Indeed, in in vitro culture of MDMs, myrNef
induced the STAT1/2 phosphorylation in response to the release of a set of cytokines and
chemokines (CCL2/MIP- 1α, CCL4/MIP-1β, IL-6, TNF-α, IL-1β and IFNβ) with lower
concentrations of the viral protein (i.e., 10–100 ng/mL) [18,20,21] compared to GEN2.2 cells
(i.e., 300 ng/mL). Moreover, the activation of STAT1 and 2 was observed earlier (after only
2 h of cell treatment) than in GEN2.2 cells, where it starts from 3 h of Nef treatment.

STAT activation is the consequence of the production of activating factors, also in-
cluding some IFN types, as suggested by the induction of STAT2 tyrosine phosphorylation
induced only by type I or type III IFN signal transduction pathway activation. Using a
Bio-Plex Pro Human Cytokine 27-Plex Immunoassay able to detect up to 27 cytokines, we
observed in GEN2.2 cells that myrNefwt induced, at an early time of cell treatment (i.e.,
after 4 h), the production of chemotactic factors e/o pro-inflammatory mediators, such as
MCP-1 (1.54-fold vs. Ctrl), TNF-α (2.07-fold vs. Ctrl) and IL-8 (30.40-fold vs. Ctrl), and the
growth factor G-CSF (4.23-fold vs. Ctrl). Later (i.e., after 20 h of cell treatment) a significant
increase was also observed for IP-10 (9.05-fold vs. Ctrl) and MIP-1β (5.13-fold vs. Ctrl). On
the other hand, the Nef mutant 4EA did not significantly increased the production of any of
the analysed cytokines/chemokines. These results are consistent with available literature
concerning primary pDCs, which, in addition to IFNs, are known to produce a number
of inflammatory cytokines and chemokines, including TNF-α, MIP-1α, MIP-1β, RANTES,
IL-8 and IP-10 [6].

In addition to the Bio-Plex Pro Human Cytokine 27-Plex Immunoassay (Bio-Rad), we
also used the VeriPlexTM human IFN 9-plex ELISA Kit (PBL Assay Science, Piscataway, NJ,
USA) detecting nine cytokines (IFN-α, IFN-β, IFN-γ, IFN-λ, IFN-ω, IL-1α, IL-6, IP-10 and
TNF-α) to measure the production of different IFN types. Unfortunately, the sensitivity of
the array for the different IFN types, based on the standard curves, was too low and did
not allow their detection, because it required a production of at least 400 pg/mL (about
400 IU/mL) for IFN-α, 2400 pg/mL for IFN-β (about 2400 IU/mL), 630 pg/mL (about
63 IU/mL) for IFN-γ and 1500 pg/mL for IFN-λ. Therefore, we concluded that the amount
of IFN production able to activate STAT2 (i.e., type I, type III or both) was below the
detection limit of the kit.

Unlike GEN2.2 cells, Nef also induces the release of IFN-γ, RANTES, IL-15, FGF basic
and MIP-1α in THP-1/PMA cells. The induction of MIP-1β, MIP-1α and TNF-α production
in THP-1/PMA cells is in agreement with the previous observations reported in primary
macrophages by our research group [21]. Together, the data (see Figure 7 and Tables 1 and 2)
highlight the ability of extracellular Nef to induce the release of a different pattern of
cytokines/chemokines according to the cell type, probably contributing to fuel, in different
ways, the intense “cytokine storm” that characterizes HIV infection [59]. For instance,
the monocyte chemoattractant protein-1 (MCP-1/CCL2), by regulating migration and
infiltration of monocytes/macrophages [60], could strongly favors monocyte recruitment
in HIV infection sites. In the same manner, the release of the chemokines MIP-1α and
-1β (i.e., CCL3 and CCL4) and IL-8 could favor the recruitment and activation of CD4+

T cells. In accordance with these results, Li et al. reported that, in the SIV-macaque
model, the vaginal exposure to SIV induces the local mucosal pDC activation, resulting
in the early production of IFN-α and chemokines (MIP-1α and -1β), which is followed by
CCR5+CD4 T cell recruitment, a mechanism by which pDCs could fuel SIV replication [7].
However, Carmona-Saez showed that pathways related with transcription regulation,
signal transduction and intracellular traffic were consistently down-regulated in GEN2.2
cells compared with pDCs [46]. Therefore, it is necessary to consider that the pattern of
cytokines/chemokines and gene expression levels could be somewhat different in this cell
line compared to primary pDCs.

Regarding the chemokine IP-10/CXCL10 (also known as interferon-γ induced protein
10 kDa), it is mainly produced in response to IFN γ [61], however, the induction of IP-10
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has been also reported in response to treatments with IFN-β [62] or IFN-α2a [63]. IP-10
plasma levels have been demonstrated to be abnormally increased after HIV infection
and tightly associated with HIV disease progression [64]. IP-10 high levels in human
cervical and colonic mucosal tissue have been described to correlate with the recruitment
of HIV target cells to the mucosa surface, thus facilitating the transmission process [65].
They may also impair immune cell functions (T cells and NK cells) and promote HIV
replication and latency [64]. Regarding the possible mechanisms underlying the increase in
IP-10, the involvement of a combination of HIV particles or HIV proteins, such as Tat and
TLR7/9 [64,66,67], has been hypothesized. Here, we described the ability of Nef protein
alone to induce IP-10 expression in our in vitro model of uninfected macrophages (THP-1
cell line) and pDCs (GEN2.2 cell line). Since Nef stimulates the release of TNF-α in GEN2.2
cells, we can hypothesize that the mechanisms underpinning IP-10 production induced by
Nef could involve the cooperation among this cytokine and the activation of JAK/STAT1
and the NFκB signalling pathways. Even the late production of ISG15 could contribute to
IP-10 expression, since it has been reported that elevated levels of this IFN-induced protein
can effectively promote IP-10 expression in macrophages, because ISG15 decreases the
inhibitory effects exerted by microRNA-21 on IP-10 production [68].

The Nef-induced modification of the pattern of released cytokines/chemokines may
lead to consequences on neighboring cells. To verify this, we treated fresh GEN2.2 cells
with medium from GEN2.2 cells stimulated with Nef. This resulted in earlier tyrosine
phosphorylation (after 30 min) of STAT1, showing that Nef-induced secretome is also able
to activate this transcription factor in new pDCs, and the latter are promptly responsive to
this surrounding extracellular milieu.

Emerging studies have also identified the release of EVs as a potential mechanism
by which cytokines/chemokines can be secreted into the extracellular space [50,51]. To
determine the influence of EV-associated cytokines, we treated GEN2.2 cells with super-
natants collected from Nef-treated GEN2.2 cells and depleted of EVs. This resulted again
in the early activation of STAT1, indicating that its activation is mainly due to the secretion
of free activating factors. Through the release of a specific cytokines/chemokines pool,
extracellular Nef could potentially make pDCs able to indirectly amplify and activate the
locally available target cells for viral infection and/or influence the immune response to
the infection.

Another interesting finding of our study relies on the characterization of the EV pro-
duction induced by Nef protein in our pDCs model. Despite the recent expansion of studies
conducted on vesicles, nowadays, there are few methods for the reliable quantification and
characterization of EVs. In this study, we adopted the methodology developed by Sargia-
como and colleagues based on cell treatment with the Bodipy C16 fatty acid that allows
the release of fluorescent EVs, thus overcoming the problem correlated to the reduced size
of exosomes and their detection by means of FC instrument [41]. However, the presence
of vesicles that might escape the Bodipy labelling cannot be formally ruled out because,
not being fluorescent, they cannot be detected through FC, and therefore EVs released by
the cells could be underestimated. Interestingly, unlike what was reported in the literature
regarding other cell types endogenously expressing the viral protein, such as astrocytes
or lymphocytes [25,32], Nef treatment does not increase the production of exosomes in
GEN2.2 cells; conversely, a 40% reduction was observed. It is known that Nef inside the
cells exploits the vesicular transport machinery of the host cell to favor its diffusion and
HIV infection. In particular, Nef intracellular expression increases the number of MVBs in
some cell types that could also favour the egress of viral particles in infected cells [69,70].
Regarding our pDCs model, the exogenously added protein activating the production of
IFN-induced proteins, such as ISG15, could interfere with the release of vesicles. Indeed, the
ISGylation of TSG101, a transmembrane protein belonging to the ESCRT complex involved
in the exosome biogenesis, has been reported to interfere with exosome formation [48].
Therefore, the ISG15 expression in myrNef-treated GEN2.2 cells could negatively affect the
ability of Nef to increase the release of exosomes.
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Despite the consistently reported association of Nef with EVs, it still remains unclear
which type of EVs are involved, since, according to the cell type, Nef was found to be
associated with small or large vesicles [23,33,35]. To date, several groups have explored
the cellular mechanisms associated with EV-mediated Nef secretion. The importance
of a motif comprising residues 66-70 (VGFPV) in the N-terminal region of the protein,
termed the secretion modification region (SMR), has been described. This region has
been demonstrated to be involved in the binding of Nef to the host protein mortalin [71],
resulting in its release into EVs [72]. Nevertheless, mortalin is a member of the heat
shock 70-kDa protein family that associates with lipid rafts in the plasma membrane and
regulates the intracellular trafficking of cell surface receptors, but, since it is present in
both microvesicles and exosomes, its binding to Nef cannot be a determinant factor for its
release into exosomes rather than into microvesicles. Considering the above, the specific
internalization of Nef into exosomes might also require other interactions that could direct
the viral protein into the endosomal pathway involved in the biogenesis of exosomes. One
possible mechanism could be the direct association of this myristoylated protein with lipid
rafts, which are enriched in MVBs and may lead to piggybacking of the tethered Nef protein
into exosomes [73].

In vitro studies already showed that exosomes produced by infected cells play a key
function in the activation of the immune response mediated by pDCs and are involved
in the type I IFN production [74]. Concerning GEN2.2 cells, after cell treatment with the
viral protein we found Nef both intracellularly and associated with the released exosomes
collected by ultracentrifugation, but not with microvesicles.

Considering that the predominant form of Nef in circulation is probably associated
with exosomes, it is important to underline that the effects described in this study might
differ from those induced by Nef-containing EVs released by the intracellular expression
of the viral protein. In this regard, exosomes containing HIV-1 Nef protein turned out to
have multiple pathogenic effects, such as the induction of T-cell apoptosis [24] and the
down-modulation of cell surface molecules (i.e., MHC-I and CD4) for immune evasion [75].
Moreover, the cellular expression of HIV-1 Nef induces the release of exosomes incorpo-
rating active ADAM17/TACE [76], a metalloprotease that promotes the maturation of
pro-TNFα into its active form. Indeed, the production of TNF-αwas observed in resting
CD4+ T lymphocytes challenged with ADAM17/Nef EVs, rendering them competent
for HIV-1 expression and replication [27,28,30]. In agreement with our data, it has been
reported that Nef-containing EVs modulate the secretome in microglia, increasing Toll-like
receptor-induced cytokine and chemokine levels (including IL-12, IL-8, IL-6, RANTES, and
IL-17A) [31], and reorganize lipid rafts, potentiating an inflammatory response in bystander
cells [77].

We hypothesize that in vivo soluble Nef released by necrosis of infected cells might be
internalized directly or via FcRs after forming immune complexes with anti-Nef antibodies
produced in infected individuals. Then, the acidic environment of the endosomal com-
partments could favour the release of the viral protein in free form, which might interact
with the endosome membrane and, eventually, be translocated via a flip-flop mechanism
by inducing signal transduction pathways involved in the regulation of the cellular secre-
tome. This speculation might also explain the results we previously obtained in THP-1
differentiated cells, using the silencing procedure and co-immunoprecipitation techniques,
indicating that (i) Nef is able to form a complex with TRAF2 through its conserved 4E
acidic domain and (ii) extracellular Nef-induced production of inflammatory cytokines and
IFN-β in THP-1 requires the specific intracellular adaptors TRAF2 and 6 and the 4E acidic
domain [19].

Finally, Nef, free in the extracellular space, might represent a danger signal, inducing
cellular response different from that of Nef transferred via nanotubes, EVs or cell-to-cell
contact. This should be taken into consideration in the development of an HIV vaccine,
based also on the expression/presence of this viral protein or its conserved domain. In
conclusion, the results presented here lay the foundation for extending the study to primary
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pDCs, to identify the destiny of the internalized protein and analyse the content and the
biological activity of the exosomes released by treated cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v14010074/s1, Table S1: Antibodies’ reagents for FC analysis. Figure S1: Purity of isolated
cells; Figure S2: Morphology and phenotype of GEN2.2 cell line.

Author Contributions: All the experiments were conceived by A.A., F.G, Z.A.P. and E.A. methodol-
ogy and formal analysis of experiments were performed by A.A., F.G., C.A. and Z.A.P.; A.A. analysed
experimental data and wrote the original manuscript draft; A.A., F.G. and K.F. set up the Bodipy
C16 methodology; S.L. and M.C. performed flow cytometry analyses; R.G. and E.D. performed the
Bioplex secretome analysis; L.C. provided the cell line GEN2.2 and reviewed the manuscript; M.S.
provided Bodipy reagent and methodology, E.A. and Z.A.P. reviewed and edited the manuscript, E.A.
administered the project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the grant “Excellence Departments, MIUR-Italy (ARTICOLO
1, COMMI 314—337 LEGGE 232/2016)” and “BE-VIN (protocollo GeCoWEB n. A0375-2020-36641,
CUP F85F21003690009)”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Peripheral Blood Mononuclear Cells (PBMCs) were isolated from
buffy coats obtained from human healthy donors at Centro Trasfusionale-Cattedra di Ematologia,
Università degli Studi “La Sapienza” Rome. No ethical approval from University La Sapienza or
Roma Tre ethics committees nor formal or verbal informed consent from blood donors were necessary
to use buffy coats as sources of cells.

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: We thank Professor Matthias Geyer, now at Institute of Structural Biology,
University of Bonn, Germany (http://www.isb.uni-bonn.de/, last accessed on 30 December 2021) for
the generous gift of highly purified myrNef proteins used in this project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lande, R.; Gilliet, M. Plasmacytoid Dendritic Cells: Key Players in the Initiation and Regulation of Immune Responses. Ann. N. Y.

Acad. Sci. 2010, 1183, 89–103. [CrossRef]
2. Swiecki, M.; Colonna, M. The Multifaceted Biology of Plasmacytoid Dendritic Cells. Nat. Rev. Immunol. 2015, 15, 471–485.

[CrossRef] [PubMed]
3. Siegal, F.P.; Kadowaki, N.; Shodell, M.; Fitzgerald-Bocarsly, P.A.; Shah, K.; Ho, S.; Antonenko, S.; Liu, Y.J. The Nature of the

Principal Type 1 Interferon-Producing Cells in Human Blood. Science 1999, 284, 1835–1837. [CrossRef] [PubMed]
4. Rönnblom, L.; Eloranta, M.-L. The Interferon Signature in Autoimmune Diseases. Curr. Opin. Rheumatol. 2013, 25, 248–253.

[CrossRef]
5. Cao, W. Pivotal Functions of Plasmacytoid Dendritic Cells in Systemic Autoimmune Pathogenesis. J. Clin. Cell. Immunol. 2014, 5,

212. [CrossRef]
6. O’Brien, M.; Manches, O.; Bhardwaj, N. Plasmacytoid Dendritic Cells in HIV Infection. Adv. Exp. Med. Biol. 2013, 762, 71–107.

[CrossRef] [PubMed]
7. Li, Q.; Estes, J.D.; Schlievert, P.M.; Duan, L.; Brosnahan, A.J.; Southern, P.J.; Reilly, C.S.; Peterson, M.L.; Schultz-Darken, N.;

Brunner, K.G.; et al. Glycerol Monolaurate Prevents Mucosal SIV Transmission. Nature 2009, 458, 1034–1038. [CrossRef]
8. Reszka-Blanco, N.J.; Sivaraman, V.; Zhang, L.; Su, L. HIV-1 Env and Nef Cooperatively Contribute to Plasmacytoid Dendritic Cell

Activation via CD4-Dependent Mechanisms. J. Virol. 2015, 89, 7604–7611. [CrossRef]
9. Haupt, S.; Donhauser, N.; Chaipan, C.; Schuster, P.; Puffer, B.; Daniels, R.S.; Greenough, T.C.; Kirchhoff, F.; Schmidt, B. CD4

Binding Affinity Determines Human Immunodeficiency Virus Type 1-Induced Alpha Interferon Production in Plasmacytoid
Dendritic Cells. J. Virol. 2008, 82, 8900–8905. [CrossRef]

10. Beignon, A.-S. Endocytosis of HIV-1 Activates Plasmacytoid Dendritic Cells via Toll-like Receptor- Viral RNA Interactions. J. Clin.
Investig. 2005, 115, 3265–3275. [CrossRef]

11. Pritschet, K.; Donhauser, N.; Schuster, P.; Ries, M.; Haupt, S.; Kittan, N.A.; Korn, K.; Pöhlmann, S.; Holland, G.; Bannert, N.; et al.
CD4- and Dynamin-Dependent Endocytosis of HIV-1 into Plasmacytoid Dendritic Cells. Virology 2012, 423, 152–164. [CrossRef]

https://www.mdpi.com/article/10.3390/v14010074/s1
https://www.mdpi.com/article/10.3390/v14010074/s1
http://www.isb.uni-bonn.de/
http://doi.org/10.1111/j.1749-6632.2009.05152.x
http://doi.org/10.1038/nri3865
http://www.ncbi.nlm.nih.gov/pubmed/26160613
http://doi.org/10.1126/science.284.5421.1835
http://www.ncbi.nlm.nih.gov/pubmed/10364556
http://doi.org/10.1097/BOR.0b013e32835c7e32
http://doi.org/10.4172/2155-9899.1000212
http://doi.org/10.1007/978-1-4614-4433-6_3
http://www.ncbi.nlm.nih.gov/pubmed/22975872
http://doi.org/10.1038/nature07831
http://doi.org/10.1128/JVI.00695-15
http://doi.org/10.1128/JVI.00196-08
http://doi.org/10.1172/JCI26032
http://doi.org/10.1016/j.virol.2011.11.026


Viruses 2022, 14, 74 31 of 33

12. Aiello, A.; Giannessi, F.; Percario, Z.A.; Affabris, E. The Involvement of Plasmacytoid Cells in HIV Infection and Pathogenesis.
Cytokine Growth Factor Rev. 2018, 40, 77–89. [CrossRef] [PubMed]

13. Manches, O.; Munn, D.; Fallahi, A.; Lifson, J.; Chaperot, L.; Plumas, J.; Bhardwaj, N. HIV-Activated Human Plasmacytoid DCs
Induce Tregs through an Indoleamine 2,3-Dioxygenase-Dependent Mechanism. J. Clin. Investig. 2008, 118, 3431–3439. [CrossRef]

14. Hanna, Z.; Kay, D.G.; Rebai, N.; Guimond, A.; Jothy, S.; Jolicoeur, P. Nef Harbors a Major Determinant of Pathogenicity for an
AIDS-like Disease Induced by HIV-1 in Transgenic Mice. Cell 1998, 95, 163–175. [CrossRef]

15. Arold, S.T.; Baur, A.S. Dynamic Nef and Nef Dynamics: How Structure Could Explain the Complex Activities of This Small HIV
Protein. Trends Biochem. Sci. 2001, 26, 356–363. [CrossRef]

16. Geyer, M.; Fackler, O.T.; Peterlin, B.M. Structure—Function Relationships in HIV-1 Nef. EMBO Rep. 2001, 2, 580–585. [CrossRef]
17. Swingler, S.; Mann, A.; Jacqué, J.; Brichacek, B.; Sasseville, V.G.; Williams, K.; Lackner, A.A.; Janoff, E.N.; Wang, R.; Fisher, D.; et al.

HIV-1 Nef Mediates Lymphocyte Chemotaxis and Activation by Infected Macrophages. Nat. Med. 1999, 5, 997–1003. [CrossRef]
18. Mangino, G.; Percario, Z.A.; Fiorucci, G.; Vaccari, G.; Manrique, S.; Romeo, G.; Federico, M.; Geyer, M.; Affabris, E. In Vitro

Treatment of Human Monocytes/Macrophages with Myristoylated Recombinant Nef of Human Immunodeficiency Virus Type 1
Leads to the Activation of Mitogen-Activated Protein Kinases, IκB Kinases, and Interferon Regulatory Factor 3 and to the Release
of Beta Interferon. J. Virol. 2007, 81, 2777–2791. [CrossRef]

19. Mangino, G.; Percario, Z.A.; Fiorucci, G.; Vaccari, G.; Acconcia, F.; Chiarabelli, C.; Leone, S.; Noto, A.; Horenkamp, F.A.;
Manrique, S.; et al. HIV-1 Nef Induces Proinflammatory State in Macrophages through Its Acidic Cluster Domain: Involvement
of TNF Alpha Receptor Associated Factor 2. PLoS ONE 2011, 6, e22982. [CrossRef] [PubMed]

20. Federico, M.; Percario, Z.; Olivetta, E.; Fiorucci, G.; Muratori, C.; Micheli, A.; Romeo, G.; Affabris, E. HIV-1 Nef Activates STAT1
in Human Monocytes/Macrophages through the Release of Soluble Factors. Blood 2001, 98, 2752–2761. [CrossRef]

21. Olivetta, E.; Percario, Z.; Fiorucci, G.; Mattia, G.; Schiavoni, I.; Dennis, C.; Jäger, J.; Harris, M.; Romeo, G.; Affabris, E.; et al. HIV-1
Nef Induces the Release of Inflammatory Factors from Human Monocyte/Macrophages: Involvement of Nef Endocytotic Signals
and NF-Kappa B Activation. J. Immunol. 2003, 170, 1716–1727. [CrossRef]

22. Percario, Z.; Olivetta, E.; Fiorucci, G.; Mangino, G.; Peretti, S.; Romeo, G.; Affabris, E.; Federico, M. Human Immunodeficiency
Virus Type 1 (HIV-1) Nef Activates STAT3 in Primary Human Monocyte/Macrophages through the Release of Soluble Factors:
Involvement of Nef Domains Interacting with the Cell Endocytotic Machinery. J. Leukoc. Biol. 2003, 74, 821–832. [CrossRef]

23. Muratori, C.; Cavallin, L.E.; Krätzel, K.; Tinari, A.; De Milito, A.; Fais, S.; D’Aloja, P.; Federico, M.; Vullo, V.; Fomina, A.; et al.
Massive Secretion by T Cells Is Caused by HIV Nef in Infected Cells and by Nef Transfer to Bystander Cells. Cell Host Microbe
2009, 6, 218–230. [CrossRef] [PubMed]

24. Lenassi, M.; Cagney, G.; Liao, M.; Vaupotic, T.; Bartholomeeusen, K.; Cheng, Y.; Krogan, N.J.; Plemenitas, A.; Peterlin, B.M. HIV
Nef Is Secreted in Exosomes and Triggers Apoptosis in Bystander CD4+ T Cells. Traffic Cph. Den. 2010, 11, 110–122. [CrossRef]

25. Pužar Dominkuš, P.; Ferdin, J.; Plemenitaš, A.; Peterlin, B.M.; Lenassi, M. Nef Is Secreted in Exosomes from Nef.GFP-Expressing
and HIV-1-Infected Human Astrocytes. J. Neurovirol. 2017, 23, 713–724. [CrossRef]

26. Giannessi, F.; Aiello, A.; Franchi, F.; Percario, Z.A.; Affabris, E. The Role of Extracellular Vesicles as Allies of HIV, HCV and SARS
Viruses. Viruses 2020, 12, 571. [CrossRef] [PubMed]

27. Arenaccio, C.; Chiozzini, C.; Columba-Cabezas, S.; Manfredi, F.; Affabris, E.; Baur, A.; Federico, M. Exosomes from Human
Immunodeficiency Virus Type 1 (HIV-1)-Infected Cells License Quiescent CD4+ T Lymphocytes to Replicate HIV-1 through a Nef-
and ADAM17-Dependent Mechanism. J. Virol. 2014, 88, 11529–11539. [CrossRef]

28. Arenaccio, C.; Chiozzini, C.; Columba-Cabezas, S.; Manfredi, F.; Federico, M. Cell Activation and HIV-1 Replication in Unstimu-
lated CD4+ T Lymphocytes Ingesting Exosomes from Cells Expressing Defective HIV-1. Retrovirology 2014, 11, 46. [CrossRef]
[PubMed]

29. Arenaccio, C.; Anticoli, S.; Manfredi, F.; Chiozzini, C.; Olivetta, E.; Federico, M. Latent HIV-1 Is Activated by Exosomes from Cells
Infected with Either Replication-Competent or Defective HIV-1. Retrovirology 2015, 12, 87. [CrossRef]

30. Ostalecki, C.; Wittki, S.; Lee, J.-H.; Geist, M.M.; Tibroni, N.; Harrer, T.; Schuler, G.; Fackler, O.T.; Baur, A.S. HIV Nef- and
Notch1-Dependent Endocytosis of ADAM17 Induces Vesicular TNF Secretion in Chronic HIV Infection. EBioMedicine 2016, 13,
294–304. [CrossRef]

31. Raymond, A.D.; Diaz, P.; Chevelon, S.; Agudelo, M.; Yndart-Arias, A.; Ding, H.; Kaushik, A.; Jayant, R.D.; Nikkhah-Moshaie, R.;
Roy, U.; et al. Microglia-Derived HIV Nef+ Exosome Impairment of the Blood-Brain Barrier Is Treatable by Nanomedicine-Based
Delivery of Nef Peptides. J. Neurovirol. 2016, 22, 129–139. [CrossRef] [PubMed]

32. Baur, A.S. HIV-Nef and AIDS Pathogenesis: Are We Barking up the Wrong Tree? Trends Microbiol. 2011, 19, 435–440. [CrossRef]
33. Campbell, T.D.; Khan, M.; Huang, M.-B.; Bond, V.C.; Powell, M.D. HIV-1 Nef Protein Is Secreted into Vesicles That Can Fuse with

Target Cells and Virions. Ethn. Dis. 2008, 18, S2. [PubMed]
34. McNamara, R.P.; Costantini, L.M.; Myers, T.A.; Schouest, B.; Maness, N.J.; Griffith, J.D.; Damania, B.A.; MacLean, A.G.;

Dittmer, D.P. Nef Secretion into Extracellular Vesicles or Exosomes Is Conserved across Human and Simian Immunodeficiency
Viruses. mBio 2018, 9, e02344-17. [CrossRef]

35. Raymond, A.D.; Campbell-Sims, T.C.; Khan, M.; Lang, M.; Huang, M.B.; Bond, V.C.; Powell, M.D. HIV Type 1 Nef Is Released
from Infected Cells in CD45(+) Microvesicles and Is Present in the Plasma of HIV-Infected Individuals. AIDS Res. Hum. Retrovir.
2011, 27, 167–178. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cytogfr.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29588163
http://doi.org/10.1172/JCI34823
http://doi.org/10.1016/S0092-8674(00)81748-1
http://doi.org/10.1016/S0968-0004(01)01846-1
http://doi.org/10.1093/embo-reports/kve141
http://doi.org/10.1038/12433
http://doi.org/10.1128/JVI.01640-06
http://doi.org/10.1371/journal.pone.0022982
http://www.ncbi.nlm.nih.gov/pubmed/21886773
http://doi.org/10.1182/blood.V98.9.2752
http://doi.org/10.4049/jimmunol.170.4.1716
http://doi.org/10.1189/jlb.0403161
http://doi.org/10.1016/j.chom.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19748464
http://doi.org/10.1111/j.1600-0854.2009.01006.x
http://doi.org/10.1007/s13365-017-0552-x
http://doi.org/10.3390/v12050571
http://www.ncbi.nlm.nih.gov/pubmed/32456011
http://doi.org/10.1128/JVI.01712-14
http://doi.org/10.1186/1742-4690-11-46
http://www.ncbi.nlm.nih.gov/pubmed/24924541
http://doi.org/10.1186/s12977-015-0216-y
http://doi.org/10.1016/j.ebiom.2016.10.027
http://doi.org/10.1007/s13365-015-0397-0
http://www.ncbi.nlm.nih.gov/pubmed/26631079
http://doi.org/10.1016/j.tim.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18646314
http://doi.org/10.1128/mBio.02344-17
http://doi.org/10.1089/aid.2009.0170
http://www.ncbi.nlm.nih.gov/pubmed/20964480


Viruses 2022, 14, 74 32 of 33

36. Fujii, Y.; Otake, K.; Tashiro, M.; Adachi, A. Soluble Nef Antigen of HIV-1 Is Cytotoxic for Human CD4+ T Cells. FEBS Lett. 1996,
393, 93–96. [CrossRef]

37. Ameisen, J.C.; Guy, B.; Chamaret, S.; Loche, M.; Mouton, Y.; Neyrinck, J.L.; Khalife, J.; Leprevost, C.; Beaucaire, G.; Boutillon, C.
Antibodies to the Nef Protein and to Nef Peptides in HIV-1-Infected Seronegative Individuals. AIDS Res. Hum. Retrovir. 1989, 5,
279–291. [CrossRef]

38. Chaperot, L.; Blum, A.; Manches, O.; Lui, G.; Angel, J.; Molens, J.-P.; Plumas, J. Virus or TLR Agonists Induce TRAIL-Mediated
Cytotoxic Activity of Plasmacytoid Dendritic Cells. J. Immunol. 2006, 176, 248–255. [CrossRef]

39. Lund, M.E.; To, J.; O’Brien, B.A.; Donnelly, S. The Choice of Phorbol 12-Myristate 13-Acetate Differentiation Protocol Influences
the Response of THP-1 Macrophages to a pro-Inflammatory Stimulus. J. Immunol. Methods 2016, 430, 64–70. [CrossRef]

40. Breuer, S.; Gerlach, H.; Kolaric, B.; Urbanke, C.; Opitz, N.; Geyer, M. Biochemical Indication for Myristoylation-Dependent
Conformational Changes in HIV-1 Nef. Biochemistry 2006, 45, 2339–2349. [CrossRef]

41. Coscia, C.; Parolini, I.; Sanchez, M.; Biffoni, M.; Boussadia, Z.; Zanetti, C.; Fiani, M.L.; Sargiacomo, M. Generation, Quantification,
and Tracing of Metabolically Labeled Fluorescent Exosomes. In Lentiviral Vectors and Exosomes as Gene and Protein Delivery
Tools; Federico, M., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2016; Volume 1448, pp. 217–235. ISBN
978-1-4939-3751-6.

42. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

43. Haller, O.; Kochs, G. Human MxA Protein: An Interferon-Induced Dynamin-like GTPase with Broad Antiviral Activity. J. Interferon
Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 2011, 31, 79–87. [CrossRef]

44. Zhou, J.-H.; Wang, Y.-N.; Chang, Q.-Y.; Ma, P.; Hu, Y.; Cao, X. Type III Interferons in Viral Infection and Antiviral Immunity. Cell.
Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018, 51, 173–185. [CrossRef] [PubMed]

45. McKenna, K.; Beignon, A.-S.; Bhardwaj, N. Plasmacytoid Dendritic Cells: Linking Innate and Adaptive Immunity. J. Virol. 2005,
79, 17–27. [CrossRef] [PubMed]

46. Carmona-Sáez, P.; Varela, N.; Luque, M.J.; Toro-Domínguez, D.; Martorell-Marugan, J.; Alarcón-Riquelme, M.E.; Marañón, C.
Metagene Projection Characterizes GEN2.2 and CAL-1 as Relevant Human Plasmacytoid Dendritic Cell Models. Bioinform. Oxf.
Engl. 2017, 33, 3691–3695. [CrossRef]

47. Perng, Y.C.; Lenschow, D.J. ISG15 in Antiviral Immunity and Beyond. Nat. Rev. Microbiol. 2018, 16, 423–439. [CrossRef] [PubMed]
48. Villarroya-Beltri, C.; Baixauli, F.; Mittelbrunn, M.; Fernández-Delgado, I.; Torralba, D.; Moreno-Gonzalo, O.; Baldanta, S.; Enrich,

C.; Guerra, S.; Sánchez-Madrid, F. ISGylation Controls Exosome Secretion by Promoting Lysosomal Degradation of MVB Proteins.
Nat. Commun. 2016, 7, 13588. [CrossRef] [PubMed]

49. Sun, L.; Wang, X.; Zhou, Y.; Zhou, R.H.; Ho, W.-Z.; Li, J.L. Exosomes Contribute to the Transmission of Anti-HIV Activity from
TLR3-Activated Brain Microvascular Endothelial Cells to Macrophages. Antivir. Res. 2016, 134, 167–171. [CrossRef]

50. Fitzgerald, W.; Freeman, M.L.; Lederman, M.M.; Vasilieva, E.; Romero, R.; Margolis, L. A System of Cytokines Encapsulated in
ExtraCellular Vesicles. Sci. Rep. 2018, 8, 8973. [CrossRef]

51. Aiello, A.; Giannessi, F.; Percario, Z.A.; Affabris, E. An Emerging Interplay between Extracellular Vesicles and Cytokines. Cytokine
Growth Factor Rev. 2020, 51, 49–60. [CrossRef] [PubMed]

52. Konadu, K.A.; Chu, J.; Huang, M.B.; Amancha, P.K.; Armstrong, W.; Powell, M.D.; Villinger, F.; Bond, V.C. Association of
Cytokines with Exosomes in the Plasma of HIV-1-Seropositive Individuals. J. Infect. Dis. 2015, 211, 1712–1716. [CrossRef]
[PubMed]

53. Yáñez-Mó, M.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J. Extracell. Vesicles 2015, 4,
27066. [CrossRef] [PubMed]

54. Dias, M.V.S.; Costa, C.S.; da Silva, L.L.P. The Ambiguous Roles of Extracellular Vesicles in HIV Replication and Pathogenesis.
Front. Microbiol. 2018, 9, 2411. [CrossRef]

55. Pérez, P.S.; Romaniuk, M.A.; Duette, G.A.; Zhao, Z.; Huang, Y.; Martin-Jaular, L.; Witwer, K.W.; Théry, C.; Ostrowski, M.
Extracellular Vesicles and Chronic Inflammation during HIV Infection. J. Extracell. Vesicles 2019, 8, 1687275. [CrossRef] [PubMed]

56. Zuidscherwoude, M.; Worah, K.; van der Schaaf, A.; Buschow, S.I.; van Spriel, A.B. Differential Expression of Tetraspanin
Superfamily Members in Dendritic Cell Subsets. PLoS ONE 2017, 12, e0184317. [CrossRef] [PubMed]

57. Xu, W.; Santini, P.A.; Sullivan, J.S.; He, B.; Shan, M.; Ball, S.C.; Dyer, W.B.; Ketas, T.J.; Chadburn, A.; Cohen-Gould, L.; et al.
HIV-1 Evades Virus-Specific IgG2 and IgA Responses by Targeting Systemic and Intestinal B Cells via Long-Range Intercellular
Conduits. Nat. Immunol. 2009, 10, 1008–1017. [CrossRef]

58. Percario, Z.A.; Ali, M.; Mangino, G.; Affabris, E. Nef, the Shuttling Molecular Adaptor of HIV, Influences the Cytokine Network.
Cytokine Growth Factor Rev. 2015, 26, 159–173. [CrossRef]

59. Wang, Z.; Shang, H.; Jiang, Y. Chemokines and Chemokine Receptors: Accomplices for Human Immunodeficiency Virus Infection
and Latency. Front. Immunol. 2017, 8, 1274. [CrossRef]

60. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte Chemoattractant Protein-1 (MCP-1): An Overview. J. Interferon
Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 2009, 29, 313–326. [CrossRef]

http://doi.org/10.1016/0014-5793(96)00859-9
http://doi.org/10.1089/aid.1989.5.279
http://doi.org/10.4049/jimmunol.176.1.248
http://doi.org/10.1016/j.jim.2016.01.012
http://doi.org/10.1021/bi052052c
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1089/jir.2010.0076
http://doi.org/10.1159/000495172
http://www.ncbi.nlm.nih.gov/pubmed/30439714
http://doi.org/10.1128/JVI.79.1.17-27.2005
http://www.ncbi.nlm.nih.gov/pubmed/15596797
http://doi.org/10.1093/bioinformatics/btx502
http://doi.org/10.1038/s41579-018-0020-5
http://www.ncbi.nlm.nih.gov/pubmed/29769653
http://doi.org/10.1038/ncomms13588
http://www.ncbi.nlm.nih.gov/pubmed/27882925
http://doi.org/10.1016/j.antiviral.2016.07.013
http://doi.org/10.1038/s41598-018-27190-x
http://doi.org/10.1016/j.cytogfr.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31874738
http://doi.org/10.1093/infdis/jiu676
http://www.ncbi.nlm.nih.gov/pubmed/25512626
http://doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
http://doi.org/10.3389/fmicb.2018.02411
http://doi.org/10.1080/20013078.2019.1687275
http://www.ncbi.nlm.nih.gov/pubmed/31998449
http://doi.org/10.1371/journal.pone.0184317
http://www.ncbi.nlm.nih.gov/pubmed/28880937
http://doi.org/10.1038/ni.1753
http://doi.org/10.1016/j.cytogfr.2014.11.010
http://doi.org/10.3389/fimmu.2017.01274
http://doi.org/10.1089/jir.2008.0027


Viruses 2022, 14, 74 33 of 33

61. Liu, M.; Guo, S.; Hibbert, J.M.; Jain, V.; Singh, N.; Wilson, N.O.; Stiles, J.K. CXCL10/IP-10 in Infectious Diseases Pathogenesis and
Potential Therapeutic Implications. Cytokine Growth Factor Rev. 2011, 22, 121–130. [CrossRef] [PubMed]

62. Takano, S.; Ishikawa, E.; Matsuda, M.; Yamamoto, T.; Matsumura, A. Interferon-β Inhibits Glioma Angiogenesis through
Downregulation of Vascular Endothelial Growth Factor and Upregulation of Interferon Inducible Protein 10. Int. J. Oncol. 2014,
45, 1837–1846. [CrossRef]

63. Padovan, E.; Spagnoli, G.C.; Ferrantini, M.; Heberer, M. IFN-Alpha2a Induces IP-10/CXCL10 and MIG/CXCL9 Production in
Monocyte-Derived Dendritic Cells and Enhances Their Capacity to Attract and Stimulate CD8+ Effector T Cells. J. Leukoc. Biol.
2002, 71, 669–676. [PubMed]

64. Lei, J.; Yin, X.; Shang, H.; Jiang, Y. IP-10 Is Highly Involved in HIV Infection. Cytokine 2019, 115, 97–103. [CrossRef] [PubMed]
65. Sankapal, S.; Gupta, P.; Ratner, D.; Ding, M.; Shen, C.; Sanyal, A.; Stolz, D.; Cu-Uvin, S.; Ramratnam, B.; Chen, Y. HIV Exposure to

the Epithelia in Ectocervical and Colon Tissues Induces Inflammatory Cytokines without Tight Junction Disruption. AIDS Res.
Hum. Retrovir. 2016, 32, 1054–1066. [CrossRef] [PubMed]

66. Simmons, R.P.; Scully, E.P.; Groden, E.E.; Arnold, K.B.; Chang, J.J.; Lane, K.; Lifson, J.; Rosenberg, E.; Lauffenburger, D.A.;
Altfeld, M. HIV-1 Infection Induces Strong Production of IP-10 through TLR7/9-Dependent Pathways. AIDS Lond. Engl. 2013, 27,
2505–2517. [CrossRef] [PubMed]

67. Williams, R.; Yao, H.; Dhillon, N.K.; Buch, S.J. HIV-1 Tat Co-Operates with IFN-Gamma and TNF-Alpha to Increase CXCL10 in
Human Astrocytes. PLoS ONE 2009, 4, e5709. [CrossRef] [PubMed]

68. Wu, X.; Zhang, L.-L.; Yin, L.-B.; Fu, Y.-J.; Jiang, Y.-J.; Ding, H.-B.; Chu, Z.-X.; Shang, H.; Zhang, Z.-N. Deregulated MicroRNA-21
Expression in Monocytes from HIV-Infected Patients Contributes to Elevated IP-10 Secretion in HIV Infection. Front. Immunol.
2017, 8, 1122. [CrossRef]

69. Costa, L.J.; Chen, N.; Lopes, A.; Aguiar, R.S.; Tanuri, A.; Plemenitas, A.; Peterlin, B.M. Interactions between Nef and AIP1
Proliferate Multivesicular Bodies and Facilitate Egress of HIV-1. Retrovirology 2006, 3, 33. [CrossRef]

70. Stumptner-Cuvelette, P.; Jouve, M.; Helft, J.; Dugast, M.; Glouzman, A.-S.; Jooss, K.; Raposo, G.; Benaroch, P. Human Immunod-
eficiency Virus-1 Nef Expression Induces Intracellular Accumulation of Multivesicular Bodies and Major Histocompatibility
Complex Class II Complexes: Potential Role of Phosphatidylinositol 3-Kinase. Mol. Biol. Cell 2003, 14, 4857–4870. [CrossRef]

71. Ali, S.A.; Huang, M.-B.; Campbell, P.E.; Roth, W.W.; Campbell, T.; Khan, M.; Newman, G.; Villinger, F.; Powell, M.D.; Bond, V.C.
Genetic Characterization of HIV Type 1 Nef-Induced Vesicle Secretion. AIDS Res. Hum. Retrovir. 2010, 26, 173–192. [CrossRef]

72. Shelton, M.N.; Huang, M.-B.; Ali, S.A.; Powell, M.D.; Bond, V.C. Secretion Modification Region-Derived Peptide Disrupts HIV-1
Nef’s Interaction with Mortalin and Blocks Virus and Nef Exosome Release. J. Virol. 2012, 86, 406–419. [CrossRef] [PubMed]

73. Olivetta, E.; Arenaccio, C.; Manfredi, F.; Anticoli, S.; Federico, M. The Contribution of Extracellular Nef to HIV-Induced
Pathogenesis. Curr. Drug Targets 2016, 17, 46–53. [CrossRef]

74. Dreux, M.; Garaigorta, U.; Boyd, B.; Décembre, E.; Chung, J.; Whitten-Bauer, C.; Wieland, S.; Chisari, F.V. Short-Range Exosomal
Transfer of Viral RNA from Infected Cells to Plasmacytoid Dendritic Cells Triggers Innate Immunity. Cell Host Microbe 2012, 12,
558–570. [CrossRef]

75. Gray, L.R.; Gabuzda, D.; Cowley, D.; Ellett, A.; Chiavaroli, L.; Wesselingh, S.L.; Churchill, M.J.; Gorry, P.R. CD4 and MHC Class 1
Down-Modulation Activities of Nef Alleles from Brain- and Lymphoid Tissue-Derived Primary HIV-1 Isolates. J. Neurovirol. 2011,
17, 82–91. [CrossRef] [PubMed]

76. Lee, J.-H.; Schierer, S.; Blume, K.; Dindorf, J.; Wittki, S.; Xiang, W.; Ostalecki, C.; Koliha, N.; Wild, S.; Schuler, G.; et al. HIV-Nef and
ADAM17-Containing Plasma Extracellular Vesicles Induce and Correlate with Immune Pathogenesis in Chronic HIV Infection.
EBioMedicine 2016, 6, 103–113. [CrossRef]

77. Mukhamedova, N.; Hoang, A.; Dragoljevic, D.; Dubrovsky, L.; Pushkarsky, T.; Low, H.; Ditiatkovski, M.; Fu, Y.; Ohkawa, R.;
Meikle, P.J.; et al. Exosomes Containing HIV Protein Nef Reorganize Lipid Rafts Potentiating Inflammatory Response in Bystander
Cells. PLoS Pathog. 2019, 15, e1007907. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cytogfr.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21802343
http://doi.org/10.3892/ijo.2014.2620
http://www.ncbi.nlm.nih.gov/pubmed/11927654
http://doi.org/10.1016/j.cyto.2018.11.018
http://www.ncbi.nlm.nih.gov/pubmed/30472104
http://doi.org/10.1089/aid.2015.0185
http://www.ncbi.nlm.nih.gov/pubmed/27153934
http://doi.org/10.1097/01.aids.0000432455.06476.bc
http://www.ncbi.nlm.nih.gov/pubmed/24096630
http://doi.org/10.1371/journal.pone.0005709
http://www.ncbi.nlm.nih.gov/pubmed/19479051
http://doi.org/10.3389/fimmu.2017.01122
http://doi.org/10.1186/1742-4690-3-33
http://doi.org/10.1091/mbc.e03-04-0211
http://doi.org/10.1089/aid.2009.0068
http://doi.org/10.1128/JVI.05720-11
http://www.ncbi.nlm.nih.gov/pubmed/22013042
http://doi.org/10.2174/1389450116666151001110126
http://doi.org/10.1016/j.chom.2012.08.010
http://doi.org/10.1007/s13365-010-0001-6
http://www.ncbi.nlm.nih.gov/pubmed/21165790
http://doi.org/10.1016/j.ebiom.2016.03.004
http://doi.org/10.1371/journal.ppat.1007907
http://www.ncbi.nlm.nih.gov/pubmed/31344124

	Introduction 
	Materials and Methods 
	Cell Isolation and Culture 
	Recombinant Nef Protein Preparations and Reagents 
	Flow Cytometry Analysis 
	Bodipy FL C16 Reconstitution and Cell Labelling 
	Extracellular Vesicle Purification 
	Quantification of Vesicles by Flow Cytometry 
	Western Blot Assay 
	Nuclear and Cytoplasmic Extract Preparation 
	Confocal Microscopy 
	RNA Extraction and Quantitative RT-PCR Analysis 
	Bio-Plex Analysis 
	Statistical Analysis 

	Results 
	myrNefSF2 Induces the Tyrosine Phosphorylation of STAT1 in Human PBLs but Not in PBLs Depleted of pDCs, and Increases mxA Expression 
	Nef Induces the Increase and Nuclear Translocation of IRF-7 in Primary pDCs 
	GEN2.2 Cell Line as a Model System for Studying the Effects Induced by HIV-1 Nef on pDCs 
	HIV-1 myrNefSF2w.t Protein Induces STAT-1 and -2 Tyrosine Phosphorylation and Increases the Expression of Proteins Transcriptionally Regulated by Their Activation 
	Wild-Type Nef Induces the Production of a Different Pattern of Cytokines/Chemokines in GEN2.2 Cells Compared to Differentiated THP-1 Cells 
	Supernatant of GEN2.2 Cells Treated with myrNefSF2w.t Stimulates an Early Response of Untreated GEN2.2 Cell Population Independently from the Extracellular Vesicle (EV) Content 
	Set Up of the Protocol for GEN2.2 Cell Labelling with Bodipy C16 
	Nef Reduces the Exosome Production and Is Found Associated with the Exosomal Fraction 

	Discussion 
	References

