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One sentence summary: HIV-1 matrix protein is involved in several functions in the viral life cycle and can promote angiogenesis, lymphoangiogenesis
and adipogenesis, generating a favorable microenvironment which could support tumor growth and maintenance; this study examines the role of

MA/p17 in promoting these pathways and reports novel effects on adipogenesis.
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ABSTRACT

Lymphangiogenesis and concurrent angiogenesis are essential in supporting proliferation and survival of AIDS-related
lymphomas, which are often metastatic. In vitro studies suggest a candidate angiogienic and lymphangiogenic factor
encoded by HIV: the matrix protein p17. p17 accumulates in lymph nodes of patients even when they are undergoing highly
active antiretroviral therapy. p17 has been found to affect immune cells, and recent data showed that a variant p17, called
S75X, induces cell growth by triggering MAPK/ERK and PI3K/AKT pathways. We tested the in vivo angiogenic activity of p17
by injecting it in Matrigel plugs in nude mice. Plugs were retrieved 7 days after injection, and assessed macroscopically, and
by light and confocal microscopy. Our data revealed that both reference and S75X variant p17 promote angiogenesis and
lymphangiogenesis in vivo. Our results suggest that the induction of angiogenesis and lymphangiogenesis by HIV-1 p17 may
generate a favorable microenvironment that could trigger tumor growth and maintenance. Moreover, the presence of
adipocytes infiltration observed at the histological level suggests a possible interplay between angiogenesis,
lymphangiogenesis and adipogenesis. These findings offer new opportunities for the development of treatment strategies
to combat HIV-related cancers.
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INTRODUCTION

A large body of literature supports the role of angiogenesis, i.e.
the formation of new blood vessels, in cancer and in hemato-
logic malignancies of both myeloid and lymphoid origin (Wei-
dner 1995; Mangi and Newland 2000; Poon, Fan and Wong
2001). Aberrant angiogenesis may also have impact on the
progression of HIV-associated cancers, including lymphomas,
(Hodgkin’s lymphomas, non-Hodgkin’s, Burkitt’s, diffuse large B-
cell) (Calabrese et al. 1989; Kadowaki et al. 2005; Monsuez et al.
2009). High-grade, aggressive AIDS-related lymphomas are one
of the most severe complications of HIV-1 infection. Lymphan-
giogenesis and concurrent angiogenesis are essential in sup-
porting proliferation and survival of lymphoma. The incidence
of vascular diseases due to aberrant angiogenesis is increased
in HIV-1-infected patients (Ensoli, Sturzl and Monini 2000;
Stacker et al. 2002; Paydas et al. 2009). Several lines of evidence
suggest that HIV proteins such as Tat, gp120 and Nef may play a
role in endothelium dysfunction (Barillari et al. 1993; Albini et al.
1995; Jiang et al. 2010; Wang et al. 2014).

Data from studies in animal models and humans strongly in-
dicate a role for angiogenesis in the development and progres-
sion of malignant lymphoma. Interestingly, Hyjek et al. (1999) ob-
served that aggressive lymphomas express not only an absolute
increased number of blood vessels but also a relatively increased
number of immature vessels lacking pericytes, in comparison
with reactive nodes and indolent lymphomas.

A candidate angiogenic factor is the human immunodefi-
ciency virus type 1 matrix protein p17, which is encoded by 396
nucleotides inside the Gag gene. This protein is involved in sev-
eral functions in the virus life cycle. As part of the Gag polypro-
tein precursor, it is sufficient for the assembly of immature
particles. The processed matrix protein contributes to (a) virus
maturation by its specific assembly, (b) the characteristic mor-
phology of infectious virus particles, where it interacts with the
viral envelope glycoproteins and (c) the nuclear localization of
the preintegration complex after virus entry and to RNA binding
(Fiorentini et al. 2006).

Previous studies have shown that p17 is released in the ex-
tracellular space from HIV-1-infected cells and it is detected in
the plasma of HIV-1-infected patients (Fiorentini et al. 2006).
This protein also accumulates and persists in lymph nodes of
patients under HAART (Popovic et al. 2005). Extracellularly, p17
deregulates the biological activity of immune cells (Fiorentini
et al. 2008; Giagulli et al. 2011; Martorelli et al. 2015). It has been
reported that a p17 variant from a Ugandan HIV-1 strain, called
S75X, triggers MAPK/ERK and PI3K/AKT pathways, which are
known to induce cell proliferation and survival, while a control
pl7 from the lab-adapted isolate DH10 decreased proliferative
activity (Giagulli et al. 2011; Martorelli et al. 2015). Notably, Cac-
curi et al. (2012) have shown that the HIV1 matrix protein p17
shows a strong angiogenic activity on human endothelial cells
in vitro. The same study demonstrated that p17 in vitro induces
capillary-like structure formation by interacting with both IL-8
receptors CXCR1 and CXCR2. In addition, it has been shown that
p1l7 pro-angiogenic function is mediated by ERK signaling via the
AKT pathway (Caccuri et al. 2012). Subsequently, the same group
demonstrated p17 lymphangiogenic properties on human lym-
phatic endothelial cells in vitro and in vivo (Caccuri et al. 2014).

In our study, we performed subcutaneous injections of
Matrigel to evaluate angiogenic and lymphangiogenic proper-
ties of the HIV-1 matrix protein p17 and its Ugandan variant
S75X. Matrigel is a reconstituted basement membrane com-
plex containing primarily laminin and type IV collagen, iso-

lated from the Engelbreth-Holm-Swarm murine tumor, and is
used for in vitro test for endothelial cell tube formation, and
to perform in vivo assays for angiogenesis using plugs injected
subcutaneously.

Our results show that both of these proteins induce lym-
phatic and hematic vessels formation in vivo, with relatively
higher potency of S75X compared with a reference p17 that was
obtained from the lab-adapted HIV strain DH10.

MATERIALS AND METHODS
HIV-1 p17 and S75X proteins

HPLC-purified, endotoxin-free HIV-1 matrix protein BH-10-
derived p17 ‘reference’ and Ugandan variant S75X were chem-
ically synthesized by solid-phase peptide synthesis using a
custom-modified procedure tailored from the published in situ
neutralization protocol developed for Boc chemistry in their
monomeric form; purification and folding were performed as
previously published (Wu et al. 2004)

Animals

Approximately 8 to 10-week-old athymic nude (Harlan) and
Tg26/nude (a stable backcross between athymic nude and Tg26
HIV transgenic mice) mice were housed under standard condi-
tion in the animal facility at the Institute of Human Virology.
Tg26 mice are transgenic mice for a gene derived from molec-
ular clone of the X4-tropic HIV pNL4.3, by deleting nucleotides
1443-4551 using Sphl and Ball; the resulting clone retains the
region of gag encoding p17, as well as all open reading frames
resulting from single and multiple splicing events. All experi-
ments were performed according to the University of Maryland
IACUC guidelines, under an approved research protocol.

In vivo angiogenesis assay

In three separate experiments, 0.5 ml of ice-cold Matrigel (Bec-
ton Dickinson) was injected subcutaneously into both flanks
of 8 to10-week-old mice after anesthesia. Matrigel was supple-
mented with the synthetic monomeric form of the HIV-1 matrix
protein BH10-derived p17 ‘reference’ and with its variant S75X
(Wu et al. 2004). The proteins were used at different concentra-
tions as 200 and 500 ng m1~?; as positive control we used purified
recombinant Human Endothelin-1 (Et-1, Sigma, 500 ng ml-?).
After 7 days, animals were euthanized and the Matrigel plugs
were extracted.

A part of the Matrigel was embedded in paraffin for his-
tological analyses (hematoxylin and eosin staining, H&E) and
for immunofluorescence assay, while all the rest was digested
with 25 pg ml~! hyaluronidase (MP biomedical), 25 pg ml—!
DNase (Sigma-Aldrich), 3 pg ml!, Dispase and 3 pug ml?
Liberase (Roche) dissolved in PBS. The collected cells were fil-
tered using 40 um nylon mesh (BD Falcon), washed three times
with FACS buffer (1% BSA, 0.01% sodium azide in PBS) and are
subsequently used for flow cytometry analyses.

Immunofluorescence assay

Slides with 5-um-thick sections of Matrigel embedded in paraf-
fin were incubated in a vacuum oven at 55° C for 1 h and
cooled overnight. Deparaffinization was performed in xylene
and graded ethanol. Each slide was blocked with BSA 3% (Sigma)
in PBS for 1 h at room temperature, and subsequently incubated
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Figure 1. HIV-1 p17 MA induces angiogienesis in nude mice. (A) Matrigel plugs were injected subcutaneously in the flanks of nude mice and extracted 7 days after
injection. The positive control endothelin-1 was mixed in the Matrigel at concentration of 500 ng ml~*, while reference (p17) and the S75X variant p17 (s75x) were used
at a concentration of 200 ng m1~?. (B) Microphotographs from 5-um sections obtained from Matrigel plugs stained with hematoxylin and eosin. Marginal endothelial
cells invasion is seen in the negative control plug (PBS), while angiogenesis can be readily observed in plugs supplemented with Et-1 (500 ng ml~?), p17 reference
(top-right panel, 200 ng ml~') and p17S75X (lower-right panel, 200 ng ml~?). Blue arrows point at vessels filled with red blood cells, red arrows point at adipocyte cells.
(C) 5-um sections of axillary lymph nodes evaluated at the light microscope. Lymph nodes of the mice that received reference p17 and p17 S75X plugs (200 ng m1~?%)
appear enlarged and activated in comparison with these that received PBS Matrigel as a control.

with the following antibodies: anti mouse CD31-eFluor 605 NC
(eBioscience), anti-mouse LYVE1-Biotin and anti-mouse Strep-
tavidin FITC (eBioscience), anti-rabbit Perilipin-A (Sigma) and
anti-Rabbit IgG FITC (Sigma). Cell nuclei were stained with DAPI
(Sigma). The slides after staining were analyzed at the confo-
cal microscope Zeiss META LSM 510 with three laser lines: 405
nm (blue), 488 nm (green) and 633 nm (far red). Colocalized
events between green and red signals appeared in the fourth
color as yellow. Green, red and blue signals were separated by
a quad DAPI/FITC/TRITC/CyS dichroic beam splitter and were
further acquired by an EM-CCD camera (Photometrics). An UPI-
anFluo 40x/1.3 NA oil objective (Olympus) was used to visualize
labeled tissue samples. Z-stacking option was utilized in order
to achieve better information about the colocalized areas of in-
terest.

RESULTS

HIV1 matrix protein p17 and S75X variant induce
angiogenesis in vivo

A first series of experiments were initially conducted on athymic
nude mice, which received subcutaneous injection of pl17 in
Matrigel. As a positive control, we used purified recombinant
human endothelin-1 (Et-1) an inducer of lymphangiogenesis

and angiogenesis. Seven days after the injection, Matrigel plugs
were extracted and angiogenesis was clearly visible, particularly
when the S75X variant was present in the plug (Fig. 1A). The
PBS-Matrigel negative control plugs did not show macroscopic
evidence of angiogenesis, whereas vessel formation was clearly
visible in plugs with Et-1.

Evaluation at the light microscope of 5-um slides obtained
from the Matrigel plugs and stained with hematoxylin and eosin
revealed marginal endothelial cell invasion in the negative con-
trol PBS-Matrigel plug, while it confirmed vessel formation in
the plug containing Et-1 (positive control). In plugs containing
p17 endothelial cells, presence of small vessels was also macro-
scopically evident. Vessel formation appeared more structured
in plugs containing p17S75X, and presence of red blood cells was
observed in some vessels inside the plug (Fig. 1B).

In addition, analysis of the slides revealed adipocyte cells in-
vasion, especially when the Matrigel was mixed with the p17
variant S75X. Published reports have shown correlation between
adipogenesis and angiogenesis in vitro and in vivo (Fukumura
etal. 2003; Lai, Jayaraman and Lee 2009; Cao 2010; Merfeld-Clauss
et al. 2010). Thus, presence of adipocytes inside the Matrigel is
consistent with ongoing adipogenesis, potentially leading to an-
giogenesis.

We also evaluated sections of axillary lymph nodes by light
microscopy, and observed that lymph nodes from mice that
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Figure 2. HIV-1 p17 MA induces angiogienesis in HIV transgenic (Tg) nude mice. (A) Matrigel plugs were injected subcutaneously in the flanks of HIV Tg/nude mice
flanks and extracted 7 days after injection. Angiogenesis can be observed when 100 ng ml~! of reference p17 (p17, top-right panel) or variant S75X Matrigel plugs (S75Z,
bottom-right panel). (B) 5-um sections obtained from Matrigel plugs and stained with H&E. Angiogenesis can be readily observed in plugs supplemented with ET-1

500 ng ml'), p17 reference (200 ng m1-?!) and p17S75X (200 ng ml~).
g g g

received plugs with p17 (particularly these prepared with the
S75X variant) appeared to be enlarged, due to B-cell infiltration,
and activated as compared to lymph nodes obtained from con-
trol mice (Fig. 1C).

We performed similar experiments on Tg26/Nude mice,
which are derived from a crossbreeding between nude mice and
Tg26 mice (Curreli et al. 2013). Tg26 mice are transgenic mice for
a molecular clone of X4-tropic HIV (pNL4.3), deleting most of the
gag-pol region, but retaining the region of gag encoding p17, as
well as env and all open reading frames resulting from single and
multiple splicing events (Dickie et al. 1991; Kopp et al. 1993; Cur-
reli et al. 2013). We developed this model as the TG26 mice has a
high incidence of lymphoma (Curreli et al. 2013), making this an-
imal model advantageous to study the role of microenvironment
in promoting lymphomagenesis.

The Matrigel plugs extracted in these experiments were mor-
phologically similar to these obtained from nude mice, although
Et-1 plugs did not macroscopically show angiogenesis, but flow
cytometry analyses revealed the presence of lymphatic endothe-
lial cells in the Et-1 plugs (not shown). The reason for the lack of
macroscopic angiogenesis is not immediately evident; however,
the presence of endothelial cells was observed by confocal mi-
croscopy (Fig. 3). However, blood vessel formation was evident in
reference p17, and appeared to be more structured in Matrigel
plugs with p17 S75X (Fig. 2A).

p17 and its variant S75X possess lymphangiogenic
properties in vivo

We assessed lymphangiogenesis in the Matrigel plug slides by
immunofluorescence microscopy, staining the slides with an
anti-LYVE1 antibody.

LYVEL1 is a specific hyaluronic acid receptor localized on the
luminal surface of lymphatic vessels and it is used in in vitro
and in vivo assays for detecting lymphatic cells and vessels (Jack-
son et al. 2001; Jackson 2003; Jackson 2004). We observed expres-

sion of this marker within the vessel structures in the plugs. We
detected higher levels of LYVE1 staining in the plugs with the
p17 variant S75X as compared to the reference p17, suggesting
the presence of lymphatic epithelial cells at a macroscopic level
(Fig. 3A).

We also investigated how angiogenesis and lymphangiogen-
esis events interacted in our system, and performed a double
staining with anti-CD31 and anti LYVE-1 antibodies. The slides
were analyzed at the confocal microscope (Fig. 3B and C). We de-
tected expression of both markers in discrete, separate patterns.
We detected more extensive CD31+ and LYVE-1+ structures in
Matrigel plugs containing the S75X variant of p17, as compared
to both reference p17 and the positive control Et-1. This suggests
that angiogenesis and lymphangiogenesis are both induced by
p17 and its variants.

Adypocites infiltration in Matrigel plugs

Our histologic analyses on slides obtained from Matrigel plugs
containing reference p17 and the S75X variant in both nude mice
and Tg26/nude mice experiments revealed evident adipocytes
infiltration inside the Matrigel. To assess the potential rele-
vance of adipogenesis to vessel formation, we performed an
immunofluorescence assay staining slides from Matrigel plugs
with anti-CD31 and anti-Perilipin-A (Fig. 4A). Perilipin-A is an
adipocyte cell surface protein and in many it has been used as
a marker for adipocyte cells, and for adipogenesis (Martin et al.
2009; Gong et al. 2011). The pattern of Perilipin-A staining is con-
sistent with the presence of adipocytes in plugs that contained
p17, particularly in the case of the S75X variant (Fig. 4B and C).
Three-dimensional representation of Perilipin-A and CD31
shows a staining pattern consistent with adipocytes surround-
ing newly formed blood vessels (Fig. 4C). Thus, it is possible that
angiogenesis is preceded by infiltration of adipocytes, and adi-
pogenesis has been linked to angiogenesis (Fukumura et al. 2003;
Nishimura et al. 2007; Cao 2010; Merfeld-Clauss et al. 2010).
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Figure 3. HIV-1 p17/MA induces angiogenesis and lymphangiogenesis in vivo. (A) 5-um sections were stained with anti-mouse LYVE1-Biotin and anti-mouse Streptavidin
FITC (eBioscience). (B) Immunofluorescence double staining of Matrigel slides with anti-CD31 and anti-LYVE1 antibodies to detect blood (red) and lymphatic (green)
cells and microvessels. (C) 3D presentation of Z stacks (1 um each) acquired by imaging blood and lymphatic vessels of p17 and p17S75X matrigel slides.

DISCUSSION

Previous studies qualitatively demonstrated the proangiogenic
activity of HIV-1 matrix protein p17 in vitro, inducing capillary
structure in HUVECs, by interacting with both IL-8 receptors
CXCR1 and CXCR2 (Caccuri et al. 2012). Here, we confirm that the
matrix protein p17 possesses a potent proangiogenic capability
in vivo. Matrigel system provides a physiological environment
in which to initiate an angiogenic response. The Matrigel plugs
supported formation of significant vascular structure when sup-
plemented with reference p17, and the variant S75X showed
even higher potency. Here, we demonstrate the angiogenic and
lymphangiogenic activity of HIV-1 p17 matrix proteins quantita-
tively and qualitatively by histology (including immunofluores-
cence confocal microscopy).

Our data indicate that both reference and variant p17 (S75X)
promote angiogenesis and lymphangiogenesis, with the S75
variant resulting in relatively more structured vessel formation
than p17 reference, as shown by histological and immunoflu-
orescence analysis. Interestingly, the variant S75X has been
shown in a previous studies to stimulate B cells, upregulat-

ing the PI3K/Akt signaling pathway and inducing cell growth
(Giagulli et al. 2011; Martorelli et al. 2015). Our data also supports
the hypothesis that matrix protein may play a role in producing
a microenvironment that fosters lymphoma development, pro-
gression and maintenance. In addition, the robust angiogenic
activity that we confirmed is likely relevant to Kaposi Sarcoma,
an AIDS-defining cancer with a strong component of angiogen-
esis (Ensoli, Barillari and Gallo 1992; Masood et al. 1997; Boshoff
2007; Nishimura et al. 2007).

Another aspect related to the activity of reference p17 and
its variant S75X was evidence of activated lymph nodes. Nude
mice have an atrophic thymus gland due to a mutation of the
FOX1 gene, resulting in an almost total depletion of T cell. Sur-
prisingly, the many activated follicular zones observed in these
lymph nodes led us to hypothesize that reference p17 and its
variant S75X induced immune activation.

Finally, the presence of a large adipocytes infiltration in the
Matrigel plug containing reference p17 and (more effectively)
its variant S75X could be related angiogenesis, based on inter-
actions between HIV-1 matrix protein pl7 and adipocytes.
Previous publications have shown correlation between



6 | FEMS Pathogens and Disease, 2015, Vol. 73, No. 8

Endothelin-1

+ 1
20 ym

(B) S75X

(D)

F
20 pm

20pm

Figure 4. (A) Immunofluorescence assay staining slides from Matrigel plugs with anti-CD31 and anti-Perilipin-A for evidencing blood cells and vessels (red—CD31)
and adipocyte cells (green—Perilipin A). (B) Immunohystochimical analysis of 5-um sections of p17575X matrigel stained with hematoxylin and eosin. (C) Immunoflu-
orescence slides from p17 S75X Matrigel plugs with anti-Perilipin A antibody. (D) 3D presentation of Z stacks (1 um each) showing blood vessel (red) surrounded by

adipocytes (green) in p17 S75X Matrigel slides.

angiogenesis and adipogenesis (Fukumura et al. 2003; Nishimura
etal. 2007; Lai, Jayaraman and Lee 2009; Cao 2010; Merfeld-Clauss
et al. 2010). Adipogenesis may predispose to angiogenesis, since
adipocytes may communicate directly with endothelial cells by
producing proangiogenic factors and cytokines, determining
vessel growth and remodeling. Gherardt et al. (2001) demon-
strated in their study the presence of IL-8 receptors CXCR1

and CXCR2 on the surface of adipocyte cells. p17 can bind
to both receptors, suggesting a potential interaction between
p17 and those receptors leading to cell growth, cell prolifera-
tion and intracellular fat accumulation. In addition, adipose
tissue has been demonstrated to produce signals that affect
lymphatic vascular development, and lymphatic vessels,
lymph nodes and cells of the immune system are known



to interact extensively with adipose tissue (Fogt et al. 2004;
Backhed et al. 2007; Harvey 2008). Thus, our study suggests a
potential cross-talking role of HIV-1 matrix protein pl7 with
adipocytes, and their interplay with blood and lymphatic cells
creating an inflammatory microenvironment, that could enable
tumor maintenance, progression and metastasis. The interplay
between pl7 and adipocytes may be relevant also to HIV-1-
associated lipodystrophy syndrome, one of the most common
complication of HIV-infected patients, even under HAART
(Giralt et al. 2006; Giralt, Domingo and Villarroya 2011; Domingo
et al. 2012).

In conclusion, angiogenesis, lymphangiogenesis and adipo-
genesis events increased by matrix protein p17 may constitute
key steps of tumor growth and maintenance, and they may be-
come targets for the development of future treatment strate-
gies in preventing and combating lymphoma and HIV-1-related
cancer.
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