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ABSTRACT AlIDS-related lymphomas (ARLs) are expected to increase in the fu-
ture since combined antiretroviral therapy (cART) enhances the life expectancy of
HIV-1-infected (HIV™) patients but does not affect the occurrence of ARLs to the
same extent as that of other tumors. Lymphangiogenesis is essential in support-
ing growth and metastatic spreading of ARLs. HIV-1 does not infect the neoplas-
tic B cells, but HIV-1 proteins have been hypothesized to play a key role in sus-
taining a prolymphangiogenic microenvironment in lymphoid organs. The HIV-1
matrix protein p17 is detected in blood and accumulates in the germinal centers
of lymph nodes of HIV* patients under successful cART. The viral protein dis-
plays potent lymphangiogenic activity in vitro and in vivo. This is, at least in part,
mediated by the secretion of the lymphangiogenic factor endothelin-1, suggest-
ing that activation of a secretory pathway sustains the lymphangiogenic activity
of p17. Here, we show that the p17 lymphangiogenic activity occurs on human
lymph node-derived lymphatic endothelial cells (LN-LECs) under stress conditions
only and relies entirely on activation of an autophagy-based pathway. In fact, induction
of autophagy by p17 promotes lymphangiogenesis, whereas pharmacological and ge-
netic inhibition of autophagy inhibits p17-triggered lymphangiogenesis. Similarly, the
vasculogenic activity of p17 was totally inhibited in autophagy-incompetent mice. Our
findings reveal a previously unrecognized role of autophagy in lymphangiogenesis and
open the way to identify novel treatment strategies aimed at inhibiting aberrant tumor-
driven lymphangiogenesis in HIV* patients.

IMPORTANCE AlDS-related lymphomas (ARLs) are the most common malignancies
in HIV-1-infected (HIV") patients after the introduction of combined antiretroviral
therapy (cART). Lymphangiogenesis is of critical importance in sustaining growth
and metastasis of ARLs. Indeed, enhanced lymphangiogenesis occurs in the lymph
nodes of HIV* patients under successful cART. The HIV-1 matrix protein p17 is
detected in blood and accumulates in the lymph node germinal centers even in
the absence of virus replication. Several findings suggest a key role for p17 as a
microenvironmental factor capable of promoting lymphangiogenesis. Here, we
show that p17 promotes lymphangiogenesis of human lymph node-derived lym-
phatic endothelial cells (LN-LECs). The lymphangiogenic activity of p17 is sus-
tained by an autophagy-based pathway that enables LN-LECs to release prolym-
phangiogenic factors into the extracellular microenvironment. Our findings
indicate that specific targeting of autophagy may provide an important new tool
for treating ARLs.

KEYWORDS HIV-1 matrix protein p17, autophagy, lymphatic endothelial cells,
lymphangiogenesis, AIDS-related lymphoma
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he introduction of combined antiretroviral therapy (cART) enhanced the life span of

HIV-1-infected (HIV™) patients and shifted AIDS from a fatal to a chronic syndrome
(1, 2). The risk of developing tumors dramatically declined in HIV* patients under cART,
accounting for a sustained immune reconstitution. However, the occurrence of AIDS-
related lymphomas (ARLs), which comprise a narrow spectrum of histological types of
high-grade and aggressively metastatic B-cell tumors, did not decrease to the same
extent (3, 4). Hodgkin's lymphoma cases continue to rise, whereas non-Hodgkin’s
lymphoma (NHL) remains the most common malignancy in HIV* patients (3, 4).
Furthermore, ARL cases are expected to increase in the future because HIV* patients
are living longer on cART (5).

HIV-1 does not infect the neoplastic B cells, but lymphomagenesis seems to be
hinged to the ability of HIV-1 to manipulate the host microenvironment. Lymphangio-
genesis is essential in supporting proliferation and spreading of lymphomas (6), and
several studies have provided evidence for an enhanced microvessel formation in
lymph nodes of patients with ARLs (7). This suggests the presence of HIV-1-triggered
prolymphangiogenic molecules at work in the tumor microenvironment. Several find-
ings highlight the capability of different HIV-1 proteins to activate and sustain aberrant
lymphangiogenesis (8), pointing to a need to target them for therapeutic benefit.

The HIV-T matrix protein p17 is detected in the blood and bone marrow of HIV*
patients (9, 10), and, together with other HIV-1 structural proteins, it accumulates in the
germinal center of lymph nodes of patients under successful cART and in the absence
of any in situ viral replication (11, 12). This is not surprising since latently HIV-1-infected
resting T cells are capable of producing HIV-1 proteins without supporting spreading
infection (13). Moreover, recent data show the capability of gag-expressing cells to
release p17 in the absence of viral protease, following its cellular aspartyl protease-
dependent cleavage from the gag precursor protein (14). Overall, these findings
indicate that p17, as well as other viral structural proteins, could be produced by cells
potentially residing in the germinal centers, even in the absence of viral replication.

p17 has a well-established role in the virus life cycle (15). Extracellularly, the viral
protein displays potent angiogenic and lymphangiogenic activity, and its ability to
promote the formation of mature neovessels (vasculogenesis) was found as potent as
that exerted by vascular endothelial growth factor A (VEGF-A) (16, 17). The activity of
p17 occurs after binding to the chemokine (C-X-C motif) receptor 1 (CXCR1) and CXCR2
expressed on endothelial cells (ECs), thus mimicking the prolymphangiogenic activity
of the CXCR1/2 natural ligand interleukin-8 (18). However, we also observed that
p17-induced lymphangiogenesis was mediated, at least in part, by the release of
endothelin 1 (ET-1) and by activation of the ET-1/ET-1 B receptor axis (17). This finding
prompted us to investigate the role of secretory pathways in sustaining the lymphan-
giogenic activity of the viral protein.

In this study, we demonstrate that the lymphangiogenic activity of p17 occurs on
human lymph node-derived lymphatic endothelial cells (LN-LECs) only under stress
conditions, such as serum nutrient starvation, and relies entirely on mechanisms of
autophagy. Moreover, p17 vasculogenic activity in vivo is totally impaired in autophagy-
incompetent mice. These findings open new opportunities to gain deep insight into
mechanisms underlying the lymphangiogenic and vasculogenic activity of p17 and to
identify novel treatment strategies in fighting ARLs.

RESULTS

The lymphangiogenic activity of p17 occurs under stress conditions. p17
strongly induces lymphangiogenesis in serum-starved LN-LECs (17). In order to under-
stand if serum starvation is a conditio sine qua non for p17 activity, we performed a
dose-response tube formation experiment on LN-LECs under normal (Fig. 1A) or
serum-deprived (Fig. 1B) conditions. LN-LECs were seeded on 48-well plates (5 X 10
cells per well) containing polymerized plugs of growth factor-reduced Cultrex base-
ment membrane extract (BME) in the presence or absence of different doses of p17.
Under normal culture conditions, p17 did not promote lymphangiogenesis at any dose

August 2017 Volume 91 Issue 16 e00801-17

Journal of Virology

jviasm.org 2


http://jvi.asm.org

HIV-1 p17 Lymphangiogenesis Is Autophagy Mediated Journal of Virology

A NT GST p24 p17
: ‘ 207 = GST
10 ng/ml 200 ; :ﬁ:

150

100 ng/ml

100

0-
NT 10 100 500
Protein concentration (ng/ml)

Tube formation
(numberiwell)

500 ng/ml

B NT GST p24 p17
. o 2501 mm GST
dkk
*% = p24
10 ng/ml oA — = pt17
o=
= 0
g% 150 =
s38
100 ng/ml 25 ™
S5E
[
504
o
500 ng/ml & NT 10 100 500

Protein concentration (ng/ml)

FIG 1 Tube formation induced by p17 requires stressed LN-LEC conditions. Tube formation of LN-LECs is shown in response to the
indicated treatments. Pictures were taken after 12 h of culture on growth factor-reduced Cultrex BME (magnification, X 10). (A) LN-LECs
were cultured in complete medium and then stimulated for 12 h with 10, 100, and 500 ng/ml of GST, p24, or p17. (B) LN-LECs were
serum starved for 16 h with EBM containing 0.5% FBS and then stimulated as described above in complete medium. Values reported
for tube formation are the means = SDs of three independent experiments with similar results. Statistical analysis was performed by
one-way ANOVA; a Bonferroni posttest was used to compare data (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). NT, not treated.

tested compared to results in cells not treated (NT) or treated with the irrelevant
protein glutathione S-transferase (GST) or p24 (Fig. 1A). On the contrary, LN-LECs
cultured for 16 h under serum-deprived conditions were highly susceptible to stimu-
lation with p17, demonstrating that it exerts a potent lymphangiogenic activity on
LN-LECs cultured under stress, i.e., nutrient starvation, conditions only. This activity was
evident at all tested doses, with the maximum effect reached at 100 ng/ml (Fig. 1B).
Since we previously showed that exogenous p17 is present in the serum of HIV*
patients at nanomolar concentrations (10) and having consistently employed 10 ng/ml
of p17 for proving its involvement in lymphangiogenesis (17), we have chosen this
protein concentration to perform all subsequent experiments.

Inhibition of autophagy decreased p17-triggered lymphangiogenesis. Autophagy
is a dynamic process of subcellular degradation that is critical for maintaining cell
metabolism and survival (19). Recently, a positive link between autophagy and angio-
genesis under different stress conditions has become evident (20, 21). Thus, we
wondered whether the lymphangiogenic activity of p17 on LN-LECs cultured under
serum deprivation could be attributed to autophagy. We used 3-methyladenine (3-MA),
a synthetic and cell-permeable autophagic sequestration blocker (22), to pharmaco-
logically inhibit autophagy. LN-LECs were starved for 16 h in the presence or absence
of 3-MA (5 mM), and then a tube-like structure formation assay was performed in
unstimulated cells or in cells stimulated for 12 h with 10 ng/ml of p17. As shown in Fig.
2A, inhibition of autophagy with 3-MA strongly decreased the p17 lymphangiogenic
activity. The activity of p17 was blocked by preincubating the medium containing p17
with the neutralizing monoclonal antibody (MAb) MBS-3 (1 wg/ml) whereas incubation
with an irrelevant control MAb (1 ug/ml) had no effect, thus confirming the specificity
of the p17 biological activity (Fig. 2A).
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FIG 2 Inhibition of autophagy with 3-MA decreases p17-mediated lymphangiogenesis. (A) LN-LECs were starved
for 16 h and then left unstimulated or stimulated or with 10 ng/ml of GST, p24, or p17 in complete medium.
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Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a cellular protein in-
volved in autophagosome formation. During autophagy, a cytosolic form of LC3 linked
to phosphatidylethanolamine is recruited to autophagosomal membranes. Thus, de-
tection of LC3 by immunofluorescence has become a reliable method for monitoring
autophagy-related processes (23). Here, we used an enhanced green fluorescent pro-
tein (EGFP)-LC3-expressing plasmid to transfect LN-LECs and monitor autophagosome
formation by the appearance of bright green punctate fluorescence in the cytoplasm
(24, 25). Twenty-four hours after nucleofection, LN-LECs were serum starved for 16 h
with or without 3-MA (5 mM) and then cultured for 3 h in endothelial growth medium
(EGM) containing 10% fetal bovine serum (FBS) in the presence or absence of stimuli.
Even though serum starvation for 16 h was expected to induce autophagy, serum-
starved LN-LECs (NT) did not show activation of autophagy, at least at appreciable
levels. Indeed, NT cells showed a diffuse cytoplasmic fluorescence in the presence of
rare, if any, LC3-positive (LC3") autophagosome formation (Fig. 2B). At the same time,
stimulation of serum-starved LN-LECs with p17 strongly promoted LC3* autophago-
some formation, whereas cells stimulated with the irrelevant proteins GST and p24 did
not. Upon p17 stimulation, punctate LC3-expressing structures were few and appeared
as spots located near the plasma membrane. As expected, pharmacologic inhibition of
autophagy with 3-MA completely blocked the p17-triggered dot-like LC3 expression.
Specificity of p17 activity was demonstrated by blocking LC3 dot-like structures by
preincubating p17 with the neutralizing MAb MBS-3 (Fig. 2B). These data suggest that
autophagy sustains the lymphangiogenic activity of p17.

p17 promotes autophagy by interacting with CXCR1 and CXCR2. The lymphan-
giogenic response of LN-LECs to p17 requires activation of both CXCR1 and CXCR2 (17).
Therefore, we determined the involvement of both receptors in p17-induced au-
tophagy by examining the effect exerted by neutralizing MAbs to CXCR1 and CXCR2.
As shown in Fig. 3A, serum-starved LN-LECs formed capillary-like structures after 12 h
of culture in medium containing p17 or p17 plus the isotype-matched MAb (Ctrl
MADb; 2.5 ng/ml). The neutralizing MAb to CXCR1 (2.5 wg/ml) was strongly inhibitory
(70.1% = 4.3%) toward p17-induced capillary-like structure formation, whereas the
neutralizing MAb to CXCR2 (2.5 wg/ml) accounted for a smaller decrease (20.5% =
4.7%). Blocking both receptors by using a combination of the two MAbs (1.25 wg/ml of
each MAD) resulted in almost complete inhibition (86.4% = 2.5%). According to our
previous results (17), data presented here show that both CXCR1 and CXCR2 are
involved in p17-induced capillary-like structure formation, with a major role for CXCR1
in mediating the p17 lymphangiogenic activity. At the same time, when neutralizing
MAbs to CXCR1 and CXCR2 were combined, they completely blocked the p17-triggered
dot-like LC3 expression, whereas an irrelevant control MAb (Ctrl MAb) had no effect
(Fig. 3B). Altogether, these findings demonstrate that both chemokine receptors coop-
erate in sustaining the lymphangiogenic activity of p17 through activation of au-
tophagy in human LN-LECs.

FIG 2 Legend (Continued)

LN-LECs were starved for 16 h in the presence or absence of 3-MA (5 mM), as indicated. In selected experiments,
LN-LECs were stimulated with p17 (10 ng/ml) after preincubation of the viral protein with 1 ng/ml of MAb to p17
(MAb MBS-3) or an unrelated control MAb (Ctrl MAb) for 30 min at 37°C. Pictures were taken after 12 h of culture
on growth factor-reduced Cultrex BME (magnification, X10) and are representative of three independent exper-
iments with similar results. Values reported for tube formation are the means = SDs of three independent
experiments with similar results. Statistical analysis was performed by one-way ANOVA; a Bonferroni posttest was
used to compare data (**, P < 0.01). (B) LN-LECs were nucleofected with EGFP-LC3 plasmid, and 24 h after
nucleofection cells were starved for 16 h and then left unstimulated or stimulated with 10 ng/ml of GST, p24, or
p17 for 3 h in complete medium. When indicated, LN-LECs were starved for 16 h in the presence or absence of
3-MA (5 mM). In selected experiments, LN-LECs were stimulated with p17 (10 ng/ml) after preincubation of the viral
protein with 1 ug/ml of MAb to p17 (MAb MBS-3) or an unrelated control MAb (Ctrl MAb) for 30 min at 37°C. The
images display LC3 signals in green and cell nuclei in blue. Magnification is as indicated on the figure. Green-
positive punctate structures were counted in order to quantify relative levels of autophagy. The percentage of
positive cells was calculated for 10 independent fields at a magnification of X40. A total number of 29 * 10 cells
per microscope field was counted, and the percentage of LC3-positive punctate cells under p17 stimulation was
found to be 38% =+ 3%. White arrows indicate dot-like LC3* structure formation. NT, not treated.
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FIG 3 CXCR1 and CXCR2 drive the autophagy-based activity of p17. (A) LN-LECs were starved for 16 h
and then stimulated or not with p17 (10 ng/ml) in complete medium. Starved cells were pretreated for
1 h at 37°C with 2.5 pg/ml of an isotype-matched MAb (Ctrl MAb), a neutralizing MAb to CXCR1
(anti-CXCR1), and/or a neutralizing MAb to CXCR2 (anti-CXCR2), as indicated, before p17 stimulation.
Pictures were taken after 12 h of culture on growth factor-reduced Cultrex BME (magnification, X 10) and
are representative of three independent experiments with similar results. Values reported for tube
formation are the means = SDs of three independent experiments with similar results. Statistical analysis
was performed by one-way ANOVA; a Bonferroni posttest was used to compare data (*, P < 0.05; **, P <
0.01). (B) LN-LECs were nucleofected with EGFP-LC3 plasmid and, 24 h after nucleofection, incubated in
serum-deprived medium for 16 h. Cells were then stimulated with p17 (10 ng/ml) for 3 h in complete
medium. Starved cells were pretreated for 1 h at 37°C with 2.5 ug/ml of an isotype-matched MAb (Ctrl
MADb), a neutralizing MAb to CXCR1 (anti-CXCR1), and/or a neutralizing MAb to CXCR2 (anti-CXCR2), as
indicated, before p17 stimulation. The images display LC3 signals in green and cell nuclei in blue.
Magnification, X100. White arrows indicate dot-like LC3* structure formation. NT, not treated.

Autophagy promoted by p17 is Beclin-1 dependent. To confirm the involvement
of autophagy in p17 lymphangiogenic activity, we inhibited by small interfering RNA
(siRNA) the expression of Beclin-1 (siBeclin), a coiled-coil protein involved in the
regulation of autophagy in mammalian cells (26-28). LN-LECs were nucleofected with
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siBeclin and with a scrambled irrelevant siRNA (siScramble) as a negative control. We
obtained 60% of silencing efficacy, as confirmed by Western blotting (Fig. 4A). Twenty-
four hours after nucleofection, cells were serum starved for 16 h and then left unstimu-
lated or stimulated with p17 or with the irrelevant proteins GST and p24. As shown in
Fig. 4B, mock-silenced LN-LECs (siScramble) were able to form capillary-like structures
upon p17, but not GST and p24, stimulation. At the same time, silencing of Beclin-1
drastically inhibited tube-like structure formation triggered by p17, with similar num-
bers of tubes/well observed in Beclin-1-silenced LN-LECs (siBeclin) stimulated or not
with the irrelevant proteins, as shown by the almost superimposable images. As
expected, no effect on LC3 expression as punctate dots was observed in siBeclin
LN-LECs treated or not with GST or p24. At the same time, inhibition of autophagy by
silencing Beclin-1 impaired the formation of punctate structures in siBeclin LN-LECs
stimulated with p17 (Fig. 4C). Therefore, both pharmacologic and genetic tools are
aligned in confirming the capability of p17 to promote lymphangiogenesis through
induction of autophagy.

Autophagy regulates LN-LEC migration triggered by p17. Since migration of ECs
under stress conditions is promoted by autophagy (29), we scrutinized the involvement
of autophagy in the LN-LEC migratory activity promoted by p17 using a wound-healing
assay. LN-LECs were grown on collagen-coated plates and serum starved for 16 h in the
presence or absence of 3-MA (5 mM). Confluent cell monolayers were scratched with a
200-ul pipette tip, and the percentage of wound healing was observed over a period
of 12 h. As shown in Fig. 5, untreated LN-LECs (NT) reached a level of approximately
45% (standard deviation [SD], =6%) healing after 12 h of culture, similar to cells treated
with the irrelevant proteins GST or p24 (42% = 3% and 47% = 4%, respectively). At the
same time, LN-LECs treated with p17 reached 100% healing, showing a considerable
improvement in their wound repair ability. In contrast, LN-LECs pretreated with 3-MA
and stimulated with p17 reached approximately 42% (*5%) healing, almost equivalent
to that of LN-LECs pretreated with 3-MA alone (41% = 5% SD). These results demon-
strate that inhibition of autophagy decreases migratory activity of LN-LECs triggered
by p17.

ET-1 secretion triggered by p17 is autophagy dependent. Our previous study
demonstrated that p17 stimulates ET-1 secretion, which is responsible, at least in part,
for p17-mediated lymphangiogenesis through a paracrine activation of the ET-1 B
receptor (17). To investigate the role of autophagy in this p17 activity, we performed a
kinetic study by collecting supernatants of serum-starved LN-LECs for 16 h in the
presence or absence of 3-MA (5 mM) and then culturing LN-LECs for 1, 3, and 6 h in
complete medium either not supplemented or containing 10 ng/ml of GST, p24, or p17.
As shown in Fig. 6, p17 induced a significant increase of ET-1 secretion at 3 and 6 h of
LN-LEC stimulation compared to levels in cells not treated (NT) or treated with the
irrelevant proteins GST and p24. At the same time, p17-triggered ET-1 secretion was
significantly inhibited by pretreatment of LN-LECs with 3-MA, whereas 3-MA alone did
not induce any increase in ET-1 release (Fig. 6). These data show that ET-1 secretion by
LN-LECs stimulated with p17 is dependent on activation of an autophagy-based
pathway.

The lymphangiogenic activity of p17 depends on GRASP55, Rab8a, and cathepsin-£3
status. Further experiments were then run to support the key role played by autophagy
in p17-mediated lymphangiogenesis. We first performed silencing of two important
genes involved in autophagy, namely, GRASP55 (30-32) and Rab8a (32). GRASP55 is a
“Golgi reassembly stacking protein” involved in lateral organization of Golgi ribbons. It
is the only specific marker thus far known to be essential for autophagy-based protein
secretion. The crucial role of GRASP55 in autophagosome formation but not in matu-
ration has recently been demonstrated, thus establishing its regulating role in the first
phase of autophagy (32). Rab8a is a small GTPase that is a component of the vectorial
vesicular transport system to the plasma membrane; it participates in autophagy-based
secretion and plays a crucial role in the activation of Beclin-1-dependent autophago-
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Statistical analysis was performed by one-way ANOVA; a Bonferroni posttest was used to compare data
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FIG 5 Autophagy sustains p17-triggered LN-LEC migration. LN-LECs were serum starved for 16 h in the
presence or absence of 3-MA (5 mM). Confluent LN-LEC monolayers were scratched using a 200-ul
pipette tip and cultured for 6 h in complete medium either unsupplemented or containing 10 ng/ml of
GST, p24, or p17. Images are representative of three independent experiments with similar results
(magnification, X10). Statistical analysis was performed by one-way ANOVA; a Bonferroni posttest was
used to compare data (***, P < 0.001). NT, not treated.

some assembly (33). The efficacy of silencing was approximately 50% for both genes as
assessed by Western blotting (Fig. 7A and B, upper panels). As shown in Fig. 7A and B
(lower panels), silencing of each gene in serum-starved LN-LECs was sufficient to reduce
tube formation promoted by p17 stimulation. As expected, no effect on tube formation
was observed in siGRASP55 and siRab8a LN-LECs either untreated or treated with GST
or p24. Then, we pharmacologically inhibited cathepsin-g through the specific inhibitor
CA-074Me. Since the autophagy-driven secretion of proteins and cytokines is accom-
plished by cathepsin-B (32), a lysosomal enzyme, we tested the lymphangiogenic
activity of p17 in the presence of different doses of CA-074Me. As shown in Fig. 7C,
CA-074Me was able to inhibit the lymphangiogenic activity of p17 at all doses tested.
Moreover, inhibition of GRASP55, Rab8a, and cathepsin-f3 activity resulted in inhibition
of p17-induced ET-1 secretion (Fig. 7D). Altogether, our data further confirm the key
role played by autophagy in supporting the lymphangiogenic activity of p17.

The vasculogenic activity of p17 is abolished in BECN-1 KO mice. We previously
reported that p17 and ET-1 are capable of stimulating neovessel formation in vivo (16,
17, 34). To confirm the involvement of autophagy in sustaining p17 vasculogenic
activity, we implanted Matrigel containing p17, ET-1, or phosphate-buffered saline (PBS;
negative control) into the dorsal subcutaneous tissue of wild-type (WT) C57BL/6
(autophagy competent) or Beclin-1 knockout (BECN-1 KO; autophagy incompetent)

FIG 4 Legend (Continued)

Twenty-four hours after nucleofection, cells were serum starved for 16 h and then seeded on growth
factor-reduced Cultrex BME in the presence or absence of 10 ng/ml of GST, p24, or p17. Pictures were
taken after 12 h of culture on growth factor-reduced Cultrex BME (magnification, X 10). Values reported
for tube formation are the means = SDs of three independent experiments with similar results. Statistical
analysis was performed by one-way ANOVA; a Bonferroni posttest was used to compare data (**, P <
0.01). (C) LN-LECs were conucleofected with EGFP-LC3 plasmid and siScramble or with EGFP-LC3 plasmid
and siBeclin-1. Twenty-four hours after nucleofection, cells were incubated for 16 h in serum-starved
medium and then left untreated or treated for 3 h with 10 ng/ml of GST, p24, or p17 in complete
medium. The images display LC3 signals in green and cell nuclei in blue. Magnification, X100. White
arrows indicate dot-like LC3* structure formation. NT, not treated.
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FIG 6 Role of autophagy in p17-mediated release of ET-1. LN-LECs were serum starved for 16 h in the
presence or absence of 3-MA (5 mM). After starvation, LN-LECs were cultured in complete medium either
unsupplemented or containing 10 ng/ml of GST, p24, or p17. Supernatants were collected at 1, 3, and
6 h of culture and analyzed for the presence of ET-1 by a standard quantitative ELISA. Bars represent the
means * SDs of triplicate samples. Statistical analysis was performed by one-way ANOVA separately for
each concentration of p17 across the three groups. A Bonferroni posttest was used to compare data (*,
P < 0.05; **, P < 0.01; ***, P < 0.001). NT, not treated.

mice. As expected, immunostaining of Matrigel plugs with a rat MAb to mouse CD31,
a pan-endothelial marker, identified pronounced numbers of CD31-positive capillary
structures in p17- and ET-1-containing Matrigel plugs implanted in C57BL/6 WT mice
(Fig. 8B and C, respectively). Staining was confined within discrete areas at the
boundaries with the surrounding murine tissue. On the other hand, no capillary-like
structure was detected in the p17-containing Matrigel plugs implanted in autophagy-
incompetent BECN-1 KO mice (Fig. 8E), nor in implants of either WT or BECN-1 KO mice
containing PBS (Fig. 8A and D). Different results were obtained with ET-1, whose
implants in BECN-1 KO mice showed a consistent number of CD31-positive capillary
structures (Fig. 8F). This finding attests to the prominent role of autophagy in sustaining
the vasculogenic activity of p17. Interestingly, our data demonstrate, for the first time,
that the ET-1 vasculogenic activity is independent of autophagy in vivo.

Autophagy supports the lymphangiogenic activity of a B-cell growth-promoting
p17 variant. Distinct p17 variants with enhanced B-cell-activating and growth-promoting
properties have been detected in patients with NHL (35, 36). These variants usually carry
insertions at the C-terminal region, which were shown to specifically induce structural
destabilization of the viral protein (35). In order to understand if these p17 variants with
B-cell clonogenic activity were also capable of supporting lymphangiogenesis by activation
of secretory autophagy, we tested the lymphangiogenic activity of a p17 variant named
NHL-a105, derived from an HIV* patient with NHL (35). As shown in Fig. 9, the p17 variant
NHL-a105 was extremely potent in promoting tube formation. This occurred, as for p17,
under serum-starved conditions only (Fig. 9A). Similarly to p17, NHL-a105 was performing
its activity on LN-LECs by activation of autophagy. In fact, the lymphangiogenic activity
triggered by NHL-a105 was drastically impaired in serum-starved LN-LECs pretreated with
3-MA (5 mM) or silenced for Beclin-1 (Fig. 9B). Both genetic (GRASP55 and Rab8a silencing)
and pharmacologic (cathepsin-B) inhibition of autophagy strongly reduced the NHL-a105
lymphangiogenic activity (Fig. 9C), further confirming the involvement of autophagy in
sustaining the lymphangiogenic activity of this p17 variant. Moreover, NHL-a105-induced
ET-1 secretion by serum-starved LN-LECs was abolished by pharmacologic or genetic
inhibition of autophagy (Fig. 9D). These findings confirm the capability of the B-cell
clonogenic p17 variant NHL-a105 to support lymphangiogenesis by activating an
autophagy-based pathway.

DISCUSSION
ARL cases are expected to increase in the future because HIV* patients are living
longer on cART (5) and because cART was not found to have an impact on lymphoma
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FIG 7 Mechanistic insight into the prolymphangiogenic activity of p17. LN-LECs were nucleofected with siGRASP55,
siRab8a, and siScramble. (A and B) Immunoblotting analysis was performed on LN-LECs at 24 h after GRASP55 (A,
upper panel) or Rab8a (B, upper panel) siRNA nucleofection. Blots from one representative experiment of three with
similar results are shown. Values reported for GRASP55 or Rab8a knockdown are the means = SDs of three
independent experiments with similar results. Twenty-four hours after nucleofection, cells were serum starved for
16 h, and then a tube formation assay was performed with either untreated LN-LECs or with siScramble-
nucleofected LN-LECs or LN-LECs silenced for GRASP55 (A, lower panel) or Rab8a (B, lower panel) with 10 ng/ml
of GST, p24, or p17 in complete medium. (C) Tube formation assay of LN-LECs serum starved for 16 h in the
presence or absence of 1, 10, and 50 uM CA-074Me (cathepsin-B inhibitor) and then seeded on growth
factor-reduced Cultrex BME-coated wells and either untreated or treated with p17 (10 ng/ml) in complete medium.
Values reported for tube formation are the means =+ SDs of three independent experiments with similar results. (D)
LN-LECs were serum starved in the presence or absence of 50 uM CA-074Me. In some experiments, LN-LECs were
nucleofected with siScramble, siGRASP55, or siRab8a, and 24 h after nucleofection, cells were serum starved for 16
h. After starvation, LN-LECs were cultured in complete medium either unsupplemented or containing 10 ng/ml of
GST, p24, or p17. After 6 h of culture, supernatants were collected and analyzed by a standard quantitative ELISA.
Bars represent the means * SDs of triplicate samples. Statistical analysis was performed by one-way ANOVA; a
Bonferroni posttest was used to compare data (**, P < 0.01; ***, P < 0.001). NT, not treated.

development, in contrast to what was observed for other tumors (3, 4). Furthermore,
ARLs are usually high grade and aggressively metastatic (37), usually arising systemi-
cally and having a poor prognosis (38, 39). Enhanced microvessel formation in lymph
nodes of patients with ARLs has been clearly documented (7), and the hypothesis that
p17 may be a key player in supporting lymphomagenesis is becoming one of the most
consistent. In fact, the viral matrix protein is detected in the microenvironment even in
the absence of virus replication (9, 13). p17 accumulates and persists in the germinal
center of lymph nodes even in patients under successful cART (10, 11) and exerts
lymphangiogenic activity both in vitro and in vivo (17, 34).
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FIG 8 p17-mediated in vivo vasculogenesis is abolished in BECN-1 KO mice. Ten days after subcutaneous
injection of growth factor-reduced Cultrex BME plugs containing PBS, p17 (200 ng/ml), or ET-1 (200
ng/ml), the implants were immunostained with a MAb to mouse CD31. Neovessel formation (arrows)
occurs in implants of wild-type (WT) mice containing p17 (B) or ET-1 (C) and in implants of BECN-1 KO
mice containing ET-1 (F). Neovessels were absent in implants of BECN-1 KO mice containing p17 (E) as
well as in implants of both WT and BECN-1 KO mice containing PBS (A and D). Representative figures for
each group are shown. Scale bar, 50 um. A semiquantitative score was applied for the amount of
CD31-positive cells in the implant: 0, no positive cells; 1, a single positive cell with moderate staining
intensity; 2, one focus of more than 5 to 30 positive cells; 3, two or more foci of more than 30 positive
cells. The standard error of mean is indicated by vertical lines. Statistical analysis was performed by
one-way ANOVA; a Bonferroni posttest was used to compare data (***, P < 0.001).

Autophagy has been very recently described to occur in human LN-LECs, attesting
to a role for autophagy in tuberculosis pathogenesis (40). In particular, upon infection,
autophagy is induced, and autophagosomes are formed in LN-LECs, leading to an
autophagic degradation flux that in some instances can be overcome by the pathogen
(40). Here, we show for the first time that autophagy and possibly secretory autophagy
sustain p17-triggered lymphangiogenesis. Indeed, induction of autophagy by p17
promotes potent lymphangiogenesis, whereas pharmacological and genetic inhibition
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FIG 9 The lymphangiogenic activity of a B-cell growth-promoting p17 variant (NHL-a105) is supported by
autophagy. (A) LN-LECs were cultured for 16 h in complete medium (normal) or under serum-starved (stressed)
conditions and then cultured for 12 h in the absence or presence of 10 ng/ml of GST, p24, p17, or NHL-a105 in
complete medium. (B) LN-LECs were serum starved for 16 h in the presence or absence of 3-MA (5 mM) or after
nucleofection with siScramble or siBeclin-1. After starvation, LN-LECs were stimulated or not with NHL-a105 (10
ng/ml). (C) Tube formation assay of LN-LECs serum starved for 16 h in the presence or absence of CA-074Me (50
M) or serum-starved LN-LECs after nucleofection with siScramble, siGRASP55, or siRab8a. Cells were then treated
or not for 12 h with NHL-a105 (10 ng/ml). Values reported for tube formation are the means * SDs of three
independent experiments with similar results. Statistical analysis was performed by one-way ANOVA; a Bonferroni
posttest was used to compare data. (D) LN-LECs were serum starved for 16 h in the presence or absence of 3-MA
(5 mM) or CA-074Me (50 uM). In some experiments, LN-LECs were nucleofected with siScramble, siGRASP55, or
siRab8a for 24 h and then serum starved for 16 h. Then, cells were treated or not with 10 ng/ml of NHL-a105. After
6 h of stimulation, culture supernatants were collected and analyzed for the presence of ET-1 by quantitative ELISA.
Bars represent the means = SDs of triplicate samples. Statistical analysis was performed by one-way ANOVA. A
Bonferroni posttest was used to compare data (**, P < 0.01; ***, P < 0.001). NT, not treated.

of autophagy suppress it. Moreover, our data agree with previous studies performed on
vascular ECs showing that inhibition of autophagy by 3-MA reduces tube formation and
cell migration, whereas induction of autophagy enhances these angiogenic functions
(19). Data obtained on autophagy-incompetent Beclin-1 knockout mice further high-
light the role of autophagy in the in vivo process of vasculogenesis triggered by p17.
It is worth noting that ET-1, unlike from p17, promotes neovessel formation in Beclin-1
knockout mice. This finding shows that different mechanisms than autophagy are
activated by ET-1 and support its vasculogenic activity.

More recently, proviral sequences for p17 variants that display B-cell growth-
promoting activity have been detected in HIV-NHL tissues, suggesting a role for p17
variants in lymphoma pathogenesis (35). Our data showing that a B-cell clonogenic p17
variant (NHL-a105) also displays lymphangiogenic activity through activation of au-
tophagy makes it possible to formulate the hypothesis that these variants, because of
their peculiar biologic properties on both B cells and ECs, are the most favorable

August 2017 Volume 91 Issue 16 e00801-17

Journal of Virology

jviasm.org 13


http://jvi.asm.org

Mazzuca et al.

microenvironmental proteins to promote lymphoma development and spreading in
HIV™ patients. This hypothesis needs to be sustained by the development of evidence
that B-cell clonogenic p17 variants are expressed in blood and in the lymph node
microenvironment, as fully demonstrated for p17 (10-12). Interestingly, a recent study
further supports the lymphomagenic ability of p17 since it shows that the expression
of the viral protein in lymphoid tissues and bone marrow of HIV-1 transgenic mice
carrying a noninfectious provirus is associated with B-cell lymphoma development (41).
Collectively, all this evidence corroborates the hypothesis that p17 and its variant
proteins may play a key role in producing a microenvironment that fosters lymphoma
growth and metastasis.

Lymphomas originate in and spread along the lymphatic system. Up until now,
there has been a lack of specific inhibitors of lymphangiogenesis. Most of the approved
clinical trials rely on the use of drugs targeting the vascular endothelial growth factor
C/D (VEGF-C/D) receptor 3 axis, a vessel-targeting therapy aimed to inhibit new vessel
formation and to destroy the tumor vasculature (42). However, clinical trial results so far
have been disappointing, and some reports even documented increased invasiveness
and metastasis of the tumor after vessel-targeting therapy (43, 44). Our data suggest a
novel strategy to inhibit ARL development and metastasis by directly targeting p17 and
its B-cell growth-promoting variants. This may be achieved by using a specific thera-
peutic vaccine aimed to generate a neutralizing p17 response (45) or by using p17-
specific drugs (46). There is increasing interest in the role that autophagic dysregulation
may play in different vascular pathologies (21). Although we are far from developing
pharmacologic modulators of autophagy, advancements in our understanding of the
specific pathways used to extracellularly deliver bioactive molecules have motivated
research attempts to develop small-molecule modulators of autophagy (47). The new
knowledge gained from our study, showing that blocking autophagy and autophagy-
based secretory pathways by pharmacological and genetic tools impairs the detrimen-
tal lymphangiogenic activity of both p17 and its B-cell clonogenic variant, opens the
way to identify novel and exploitable targets for treating and/or preventing lymphoma
development and metastasis. More importantly, our findings reveal a previously un-
recognized role of autophagy in lymphangiogenesis. Since different types of carcinoma
are able to induce lymphangiogenesis and use the lymphatic route to metastasize, this
new knowledge calls for more general studies aimed at exploring the role of autophagy
in driving aberrant tumor lymphangiogenesis.

MATERIALS AND METHODS

Recombinant proteins and MAb to p17. Purified endotoxin (lipopolysaccharide)-free recombinant
p17 (from clone BH10 of clade B isolate), NHL-a105 (a B-cell clonogenic p17 variant derived from an HIV+
patient with NHL) (35), glutathione S-transferase (GST), and the HIV-1 capsid protein p24 (p24) were
produced as previously described (14, 35, 48). The absence of endotoxin contamination (<0.25 endo-
toxin units/ml) in protein preparations was assessed by the Limulus amebocyte assay (Associates of Cape
Cod, Inc.). The p17 neutralizing monoclonal antibody (MAb) MBS-3 (48) was produced in our laboratory.

Human LN-LECs. LN-LECs have been previously developed and characterized (49). Cells were
cultured in endothelial growth medium (EGM) (Lonza) containing 10% fetal bovine serum (FBS) and
supplemented with VEGF-C (25 ng/ml; Reliatech). All experiments were carried out with cells at passages
2to6.

siRNA technique. Nucleoporation of LN-LECs was performed using the Amaxa Nucleofector Tech-
nology (Lonza). Small interfering RNAs (siRNAs) at 300 nM were added to 1 X 106 cells resuspended in
100 ul of nucleofection buffer. Silencing was carried out using a Beclin-1 siRNA (Cell Signaling Technol-
ogy) and four distinct siRNAs targeting four different regions of the Rab8a and GRASP55 proteins
(Dharmacon). Irrelevant siRNAs (siScramble; Cell Signaling Technology) were used as a negative control.
The efficacy of silencing was evaluated by Western blotting.

Western blot analysis. LN-LECs (1 X 10°) were nucleofected with siRNAs specific for Beclin-1, Rab8a,
or GRASP55 or with siScramble. Twenty-four hours after nucleofection, cells were lysed in 200 ul of lysis
buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl,, 0.5 mM EGTA, 0.5 mM EDTA, 0.6% Nonidet P-40
[Sigma-Aldrich]) containing a mixture of protease inhibitors (Complete Mini; Roche) and phosphatase
inhibitors (1 mM sodium orthovanadate, 20 uM phenylarsine oxide [PAO], and 30 mM sodium fluoride
[Sigma-Aldrich]). Equal amounts of total proteins were resolved on a 12% SDS-polyacrylamide gel and
then electroblotted onto a nitrocellulose membrane. The blots were incubated overnight at 4°C with an
MADb to Beclin-1 (Cell Signaling Technology), polyclonal antibody (pAb) to GRASP55 (ProteinTech Group),
MAb to Rab8a (Abcam), and MAb to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz
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Biotechnology). The antigen-antibody complex was detected by incubation of the membranes for 1 h at
room temperature with peroxidase-conjugated goat polyclonal antibody to rabbit IgG or goat polyclonal
antibody to mouse IgG (Thermo Scientific) and revealed using Clarity Western ECL substrate (Bio-Rad).
Images were acquired by a ChemiDoc-it System (Bio-Rad), and protein expression was determined using
Gel-Pro Analyzer software (Media Cybernetics).

In vitro tube formation assay. LN-LECs were grown under normal (10% FBS) or stressed (serum-
starved; 0.5% FBS) conditions for 16 h in endothelial basal medium (EBM) and then harvested and
resuspended in EGM containing 10% FBS. Cells were seeded (5 X 10* cells per well) in wells coated with
growth factor-reduced Cultrex basement membrane extract (BME; Trevigen) and left untreated or treated
for 12 h with different concentrations (ranging from 10 to 500 ng/ml) of GST, p24, or p17 or with 10
ng/ml of NHL-a105. When indicated on the figures, cells were nucleofected with siRNAs specific for
Beclin-1, Rab8a, or GRASP55 or with siScramble. In some experiments, LN-LECs were pretreated for 16 h
at 37°C with 5 mM 3-methyladenine (3-MA) (Sigma-Aldrich) and with different concentrations, ranging
from 1 to 50 uM, of CA-074Me, a pharmacologic inhibitor of cathepsin-B8 (Enzo Life Science). When
reported on the figures, p17 was preincubated for 30 min at 37°C with 1 ug/ml of unrelated control MAb
(Ctrl MADb) or p17 neutralizing MAb MBS-3. In selected experiments, starved LN-LECs were pretreated
with 2.5 ug/ml of MAb to CXCR1 (MAb 330; R&D) and CXCR2 (MAb 331; R&D) alone or in combination
(1.25 pg/ml each) or with an isotype-matched MAb (2.5 wng/ml; R&D) for 1 h at 37°C before p17
stimulation. Wells were then analyzed for the formation of tube structures.

Autophagy fluorescence assay. LN-LECs were nucleofected with an EGFP-LC3-expressing plasmid
(EGFP-LC3; plasmid 11546 [Addgenel]). Twenty-four hours after nucleofection, cells were plated on
collagen-coated glass coverslips and then starved for 16 h in EBM-0.5% FBS alone or in combination with
3-MA (5 mM). Cells were left untreated or treated for 3 h with 10 ng/ml of GST, p24, or p17 and fixed with
4% paraformaldehyde. When reported on the figures, p17 was preincubated for 30 min at 37°C with 1
ng/ml of unrelated control MAb (Ctrl MAb) or p17 neutralizing MAb MBS-3. In selected experiments,
starved LN-LECs were pretreated with 2.5 wg/ml of MAb to CXCR1 and CXCR2 alone or in combination
(1.25 pg/ml each) or with an isotype-matched MAb (2.5 ug/ml) for 1 h at 37°C before p17 stimulation.
Fluorescence was analyzed using a Leica TCS SP5 laser scanning fluorescence microscope and the
imaging software Leica Application Suite.

Wound-healing assay. LN-LECs were plated on 24-well plates (1 X 10° cells per well) in EGM
containing 10% FBS and VEGF-C (25 ng/ml). Confluent monolayers were nutrient starved for 16 h in the
presence or absence of 3-MA (5 mM) and then scratched using a 200-ul pipette tip. After being washed,
cells were left untreated or treated with 10 ng/ml of GST, p24, or p17.

Human ET-1 quantitative ELISA. Subconfluent LN-LECs were starved for 16 h alone or in combi-
nation with 3-MA (5 mM) and cultured for 1, 3, and 6 h in the presence of 10 ng/ml of GST, p24, p17,
or NHL-a105. Samples of the conditioned medium were then collected at 1, 3, and 6 h after the beginning
of culture and stored in aliquots at —80°C. ET-1 expression was measured by ELISA (Enzo Life Science).
In some experiments, LN-LECs were nucleofected with siScramble, siGRASP55, or siRab8a, and 24 h after
nucleofection, cells were serum starved for 16 h and then stimulated with 10 ng/ml of GST, p24, p17, and
NHL-a105. When reported on the figures, LN-LECs were serum starved for 16 h in the presence or
absence of 3-MA (5 mM) or CA-074Me (50 uM).

In vivo lymphangiogenesis assay. Lymphangiogenesis was evaluated in vivo using a Matrigel plug
assay as previously described (17). Female C57BL/6 and B6.129X1 Becn't™1Blev mice carrying a monoal-
lelic deletion of the autophagy-related Beclin-1 gene (BECN-1 KO) were purchased from The Jackson
Laboratory. Mice (age, 6 to 8 weeks; 5 per group) were handled according to the local government of
Lower Saxony, Germany (approval number 33.9-42502-04-11/0368). Mice were injected subcutaneously
with 500 ul of growth factor-reduced Cultrex BME (Trevigen). Gel implants were supplemented with 200
ng/ml of p17, 200 ng/ml of ET-1 (R&D Systems), or PBS. Ten days postinjection, the gel implants were
removed from the mice, fixed, and paraffin embedded.

Immunohistochemistry. Paraffin sections were deparaffinized in xylene and rehydrated in a graded
ethanol series. For antigen retrieval, slides were placed in a pressure cooker in citrate buffer (pH 7.6).
Endogenous peroxidase was blocked with 3% H,O.,. Subsequently, slides were blocked with ready-to-use
blocking solution (Zytomed Systems). CD31 (cluster of differentiation 31) was detected using a rat
anti-mouse CD31 monoclonal antibody (MAb) (Dianova) diluted in antibody diluent (Zytomed Systems)
as a primary antibody. As secondary antibody, biotinylated goat anti-rat (Kirkegaard & Perry Labs) was
applied. Subsequently, streptavidin-horseradish peroxidase (HRP) conjugate (Zytomed Systems), 3-3'-
diaminobenzidine-tetrahydrochloride (DAB) chromogen, and substrate buffer (Zytomed Systems) were
added. Counterstaining was performed with hematoxylin (Merck Millipore). The slides were randomized
and blinded as to the experimental groups and analyzed using a light microscope (Zeiss AxioScope).

Statistical analysis. Data obtained from multiple independent experiments are expressed as the
means * the standard deviations (SDs). The data were analyzed for statistical significance using one-way
analysis of variance (ANOVA). Bonferroni’s posttest was used to compare data. Differences were consid-
ered significant at a P value of <0.05. Statistical tests were performed using Prism 5 software (GraphPad).
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