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Abstract

Tat protein, the transactivating factor of the human immunodeficiency virus type 1 (HIV-1), is a small cationic
polypeptide that can be released from HIV-1 infected cells. Extracellular Tat elicits different biological responses in
several types of target cells, including endothelial cells (ECs). In the present paper, we will review the various aspects
from the laboratory bench to the bedside that characterize the tight relationship that exists between HIV-1 Tat and
the endothelium. Tat interacts with at least three different types of receptors present on the surface of ECs. This
leads to the activation of several signal transduction pathways and triggers various biological responses in the
endothelium. The bioavailability, cell interaction, intracellular signaling, and biological activity of Tat are tightly
regulated by components of the extracellular matrix and circulating molecules. Thus, Tat is at the center of a
complex network of interactions that occur at the surface of ECs and that greatly affect the functions of the
endothelium, possibly resulting in some of the pathological processes that occur in AIDS patients.

Abbreviations: ECs — endothelial cells; ELAM-1 — endothelial leukocyte adhesion molecule 1; ECM — extracellular
matrix; ERK — extracellular regulated kinase; FGF2 — basic fibroblast growth factor; FN — fibronectin; HIV —
human immunodeficiency virus; HSPGs — heparan sulfates proteoglycans; ICAM-1 — intercellular adhesion mole-
cule 1; INF — interferon; IL — interleukin; K4 — dissociation konstant; KS — Kaposi’s sarcoma; MAPK — mitogen
activated protein kinase; MCP-1 — monocyte chemoattractant protein-1; PAF — platelet-activating factor; PKC —
protein kinase C; RGD — Arg-Gly—Asp; TGF-f — transforming growth factor-f; TNF-« — tumor necrosis factor-u;
TSP — thrombospondin; VCAM-1 — vascular cell adhesion molecole 1; VEGF — vascular endothelial growth factor;
VEGFR - vascular endothelial growth factor receptor

Introduction Endothelial cells (ECs) are involved in different
important stages of HIV biology:

The clinical features that characterize AIDS cannot be

ascribed to the simple CD4+ cell infection by the
human immunodeficiency virus (HIV). Indeed, several
distinct pathological processes take place in HIV-infect-
ed individuals: central and peripheral neuropathies [1],
early lymph node hyperplasia followed by lymphoid
depletion [2, 3], pulmonary complications [4], nephritis
[5, 6], vasculopathies [7], heart diseases [8], and an
increased incidence of tumors [9]. This suggests that cell
types other than CD4+ can be infected by HIV and/or
can be altered in their functions by viral products.
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(i) HIV can directly bind to the surface of ECs [10] and
penetrate the endothelium via transcytosis reaching
susceptible organs [11].

(i) ECs have been proposed as progenitors of the

spindle cells that characterize Kaposi’s sarcoma

(KS), a hypervascularized lesion frequently found

in male AIDS patients (discussed later).

HIV-infected patients show retinal microangiopa-

thy, microaneurism formation, and loss of capillary

cells [12, 13]. Also, the aortic endothelium of HIV-
infected patients shows pyknotic nuclei, bare
patches, syncytium formation, and increased ex-
pression of surface adhesion proteins [14]. These
endothelial injuries and/or dysfunctions may favor
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Figure 1. HIV-1and ECs. HIV-1 can directly interact with (and infect ?)
ECs. Alternatively, viral products can induce EC dysfunctions. Finally,
cytokines and growth factors aberrantly produced by HIV-infected
CD4+ cells can target the endothelium altering its structural and
functional integrity.

the extravasation of HIV-infected lymphocytes and
macrophages and can contribute to the pathogen-
esis of AIDS-associated diseases [7, 15, 16].

In turn, HIV influences EC biology in different ways
(Figure 1):

(1) HIV may productively infect ECs, even though this
is strongly debated [15, 16]. The data point to a
variable HIV permissivity of ECs from different
anatomical districts [17-19].

(i) Endothelial functions can be altered by cytokines
and growth factors aberrantly produced by HIV-
infected lymphocytes and/or monocytes [20].

(iii) HIV can alter EC functions by means of viral
products that act as extracellular ‘toxins’. In this
regard, the HIV-1 transactivating factor (Tat) may
play a major role [21].

Tat protein is a cationic 86—101 amino acid polypep-
tide that acts as the main transactivator of HIV [22]. Tat
can be actively released by HIV-infected cells [20] and
can be detected in the serum of HIV-infected individuals
at concentrations equal to 0.1-1.0 ng/ml [23]. Extracel-
lular Tat targets different types of uninfected cells
causing a variety of biological effects, possibly related
with distinct AIDS-associated pathologies. For instance,
Tat is considered to be a neurotoxin implicated in the
pathogenesis of AIDS dementia [24] and contributes to
the immune suppression in AIDS patients by interfering
with the function of different cells of immunity [9, 20].
Also, Tat plays a pivotal role in tumorigenesis and leads
to KS in AIDS patients [9].

In the present paper, we will review the various
aspects from the laboratory bench to the bedside that
characterize the tight relationship that exists between
extracellular Tat and ECs.

Interaction of extracellular Tat with ECs

Heparan sulfates proteoglycans (HSPGs) are composed
of anionic glycosaminoglycan chains covalently bound
to a core protein. HSPGs are expressed on the EC
surface where they act as low affinity receptors for
circulating growth factors and chemokines [25]. Binding
to HSPGs induces growth factor oligomerization which,
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in turn, favors the dimerization of the cognate tyrosine
kinase receptors and intracellular signaling [26]. Also,
HSPGs mediate internalization of growth factors, their
protection from lysosomal degradation [27], and possi-
bly their nuclear delivery [28]. Finally, growth factors
immobilized to HSPGs of the extracellular matrix
(ECM) and cell surface may act as localized, persistent
stimuli for ECs [25].

The Tat protein contains the so-called ‘basic domain’
composed of a stretch of positively charged amino acids
(position 46—61). Tat binds through this basic domain to
negatively charged sulfated groups of free heparin and
heparan sulfates and to cell-surface HSPGs [29, 30,
L. Tassone, personal communication]. As already dem-
onstrated for other growth factors, the interaction with
heparin leads to Tat oligomerization [31]. Also, the
interaction of Tat with cell-surface HSPGs is required
for Tat internalization and transactivating activity [32,
L. Tassone, personal communication]. Finally, Tat
binding to HSPGs leads to its accumulation in the
ECM [33]. Likely, these phenomena may also occur at
the surface of ECs (Figure 2). Accordingly, low affinity,
high capacity binding sites for Tat have been identified
on ECs [34].

Two types of signaling receptors activated by extra-
cellular Tat have been identified so far on the surface
of ECs: integrins and the vascular endothelial growth
factor receptor-2 (VEGFR-2)/KDR.

Integrins are a family of heterodimeric receptors that
promote EC adhesion to extracellular components and
modulate EC proliferation [35]. Tat interacts with
integrins present on ECs [34, 36, 37, C. Urbinati et al.,
in preparation]. The molecular bases of integrin/Tat
interaction have been studied: The amino acid sequence
Arg-Gly—-Asp (RGD) represents a well known integrin
recognition motif. This sequence is present at position
78-80 in the Tat protein and mediates specific interac-
tions with integrins [38, C. Urbinati et al., in prepara-
tion]. However, the basic domain of Tat also contributes
significantly to integrin interaction [34, C. Urbinati
et al., in preparation].

Among the various integrins, ayf3 and osf;, but not
of ayfs, promote EC adhesion to immobilized Tat [39,
C. Urbinati et al., in preparation]. In contrast, o,fs
integrin is responsible for the adhesion of rat skeletal
muscle myoblast to Tat [40], suggesting that distinct
integrins are involved in the adhesion of different cell
types to the immobilized Tat. As stated before, Tat can
be found in the ECM as an immobilized protein, thus
suggesting that EC adhesion to Tat may be physiologi-
cally relevant.

Tat/integrin interaction leads to biological conse-
quences other than cell adhesion. Indeed, we have
recently observed that EC adhesion to immobilized Tat
induces phosphorylation of the pl125 focal adhesion
kinase (p125FAK). Interestingly, p125FAK activation is
also induced when Tat is administered as a free molecule
to ECs adherent to tissue culture plastic (C. Urbinati
et al., in preparation). Relevant to this point, of;
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Figure 2. HSPG/Tat interaction. (A) Tat binds with a high capacity to HSPGs of the EC surface, thus increasing its concentration in the
microenvironment. (B) HSPGs mediate cell internalization of Tat (and its nuclear delivery?). (C) HSPGs favor Tat oligomerization which, in turn,
promotes tyrosine kinase (TK) receptor dimerization and signal transduction.

integrin is expressed both at the basal and luminal
aspects of ECs [41].

Tat/a,f; interaction is required for the angiogenic,
chemotactic, and mitogenic activities exerted by Tat on
ECs [34, 36, 39]. Accordingly, o, f; integrin co-localizes
with the Tat-activated vessels in vivo [39]. Thus, EC
integrins may play an important role in Tat biology, and
may mediate distinct effects that depend on their
engagement by the free or the immobilized form of
Tat (Figure 3).

Extracellular Tat also binds to the tyrosine-kinase
VEGFR-2/KDR present on the surface of ECs [42].
This interaction leads to KDR autophosphorylation and
is required for Tat-induced EC proliferation and
chemotaxis in vitro and for neovascularization [42] and
vascular permeability in vivo [43]. The region of Tat

signal
transduction
chemotaxis
proliferation
angiogenesis

integrins

Substrate adhesion

signal transduction
haptotaxis (?)
other hiological activities (?)

Figure 3. Interaction of EC o, f; integrin with free/immobilized Tat in
ECs. Integrin engagement by free or immobilized extracellular Tat
leads to different biological consequences.

involved in KDR interaction has been identified as the
basic domain [42].

Both integrins and VEGFR-2/KDR expression are
upregulated by inflammatory cytokines, and this ap-
pears to confer Tat responsiveness to ECs [37, 44].

In conclusion, a complex network of interactions
among Tat and different receptors can be envisaged at
the surface of ECs. This may account for the multifac-
eted effects exerted by Tat in this cell type.

Modulation of the bioavailability, EC interaction,
and biological activity of extracellular Tat by ECM

Various circulating molecules and ECM components
regulate the bioavailability of extracellular Tat, its
interaction with ECs, and biological activity. Among
them, heparin binds Tat with high affinity [dissociation
constant (Ky) equal to 10-30 nM] [31, 45]. Accordingly,
heparin modulates several biological activities exerted
by Tat in different cell types including ECs (Table 1).
Interestingly, as observed for fibroblast growth factor-2
(FGF2)/heparin interaction [25], the glycosaminoglycan

Table 1. Biological activities of Tat modulated by heparin.

Cell Biological activity Reference
Endothelial cells Chemotaxis T [42]
Proliferation T [42]

Cell adhesion T Rusnati et al.,
unpublished data
Rusnati et al.,

unpublished data

ERK, ), activation T

Angiogenesis T [42]
MCP-1 production T [61]
Epithelial cells PA production T [128]
LTR transactivation { [30]
Cell proliferation | [30]
T cells Cell proliferation [74]

T and | indicate an enhancement and an inhibition of the biological
activity of Tat, respectively.
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can exert either agonist or antagonist effects on Tat
activity. Indeed, heparin induces Tat oligomerization
[31] that may favor the clustering and activation of
tyrosine-kinase receptors. Also, heparin protects Tat
from proteolytic degradation [33]. On the other hand,
high concentrations of free heparin may compete with
cellular receptors for Tat interaction. Indeed, free
heparin mobilizes Tat from a heparin-coated surface
that mimics cell-surface HSPGs [45] and mobilizes Tat
from cell-associated HSPG storage [33].

Thrombospondin-1 (TSP) is another ECM compo-
nent that has been demonstrated to bind Tat and to
affect its biological activity in ECs. TSP is a heparin-
binding trimeric protein of 440 kDa secreted by several
cell types including endothelial and inflammatory cells
[46]. In vivo TSP is found as a free molecule or in a cell-
associated, HSPG-bound form [47]. TSP modulates in
vitro EC adhesion, motility, and proliferation [48], and
inhibits angiogenesis in vivo [49]. These effects are
related to the binding of TSP to EC receptors, including
integrin o, f; and HSPGs [46], and to angiogenic growth
factors (e.g. FGF2) [50].

TSP binds Tat with high affinity (K4 equal to 10—
30 nM) [51]. Also, TSP inhibits Tat-induced chemo-
attraction of ECs in vitro [52] and Tat-dependent
neovascularization in vivo [51, 52]. Even though TSP
may exert its inhibitory effects on ECs by sequestering
Tat in the extracellular environment [51], alternative
mechanisms of action may also be possible, including the
competition for the binding of Tat to HSPGs and integrin
oyf3. Indeed, TSP inhibits the stimulation of ECs by Tat
at concentrations equal to 0.002-0.2 nM, significantly
lower than the Ky value for Tat/TSP interaction.

Fibronectin (FN) shares with TSP several biological
features. Indeed, like TSP, FN can be found both as free
and ECM-associated molecules; it binds integrins and
heparin/HSPGs; it regulates the biological effects exert-
ed by Tat on ECs [53]. These effects appear to be
mediated by the concerted action of FN and Tat on
integrin interaction and signal transduction. Interest-
ingly, Tat regulates the synthesis of FN in different cell
types [54-56] including ECs [53], thus suggesting that a
tight cross-talk may exist between Tat and FN.

Epithelin/granulin growth factors have been demon-
strated to bind to Tat [57]. Being produced and released
as paracrine/autocrine growth factors by hemic cells,
they may regulate the activity of Tat on ECs [58].

In conclusion, Tat can be envisaged at the center of a
complex network of interactions in which the alternative
binding of different ECM components to Tat itself or to
its cell-surface receptors modulates its bioavailability,
cell interaction, and biological activity (see Figure 4).

Extracellular Tat and signal transduction in ECs

The signal transduction pathways generated by the
engagement of EC tyrosine-kinase VEGFR-2/KDR and
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Figure 4. The network of interactions between extracellular Tat and
free or ECM-associated molecules. Tat can bind various ECM
components (including FN, TSP, and HSPGs) both in their free and
immobilized forms. Also, Tat and ECM components compete for the
interaction with various receptors (including integrins and trans-
membrane HSPGs).

integrins by extracellular Tat are far from being fully
elucidated. Figure 5 represents an attempt to summarize
the current knowledge about intracellular second mes-
sengers triggered by the interaction of Tat with the EC
cell surface.

Phosphoinositide 3-kinase (PI3K) is activated by
extracellular Tat in ECs following VEGFR-2/KDR
engagement [34]. Accordingly, VEGF similarly triggers
PI3K activation under the same experimental condi-
tions. Also, a recombinant form of Tat mutated in its
basic domain loses the capacity to activate VEGFR-2/
KDR and PI3K. In contrast, amino acid substitutions
R78K and DSOE in Tat protein disrupt the RGD
sequence and impair the capacity of Tat to mediate EC
adhesion, proliferation and chemotaxis, without affect-
ing PI3K activation [34].

integrin
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'
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Figure 5. Signal transduction pathways activated by Tat in ECs.
Interaction of extracellular Tat with integrins and VEGR-2/KDR
leads to the activation of several intracellular second messengers.
Pathways depicted in white boxes have been shown to occur in Tat-
activated ECs, those in the black boxes are activated by Tat in different
cell types and may also occur in ECs (see text for further details).
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P125FAK is an integrin-coupled intracellular kinase
involved in EC proliferation [59]. We have recently
observed that Tat induces p125FAK phosphorylation in
ECs (C. Urbinati et al., in preparation).

Zidovetzki et al. [60] demonstrated that extracellular
Tat induces a fast and transient increase in protein kinase
C (PKC) activity in ECs, with consequent increase in
intracellular cAMP levels and cAMP-dependent PKA
activation. Interestingly, the activation of the PKC/
cAMP/PKA signal transduction pathway represents an
absolute requirement for Tat-mediated interleukin (IL)-6
up-regulation in ECs. Also, PKC activation leads to up-
regulation of monocyte chemoattractant protein-1
(MCP-1) secretion by lung microvascular ECs [61].

NF-xB is activated by extracellular Tat in several cell
types [20]. We recently observed that Tat activates NF-
kB in ECs [C. Urbinati et al., in preparation]. Also, o, f};
integrin engagement, but not «,f5 integrin engagement,
appears to be implicated in NF-xkB activation by
extracellular Tat (C. Urbinati et al., in preparation). In
turn, NF-xB activation by extracellular Tat mediates
up-regulation of E-selectin [62], endothelial leukocyte
adhesion molecule 1 (ELAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and intercellular adhesion mole-
cule 1 ICAM-1) [63] in ECs.

Also, the mitogen activated protein kinases (MAP-
Ks)/extracellular regulated kinases 1/2 (ERK,) are
activated by extracellular Tat in a wide spectrum of cell
types including ECs [see Ref. 64 and references therein].
Studies performed with ECs overexpressing VEGFR-2/
KDR implicated this receptor in ERK,, phosphoryla-
tion [64, 65]. However, our unpublished experiments
performed with anti-integrin antibodies also indicate
that this class of receptors contributes to ERK;),
activation. This suggests that the signal transduction
pathways generated by integrins and VEGFR-2/KDR
engagement by Tat converge on ERK, , (see Figure 5).
Similar conclusions have been drawn for ERK,;
activation following FGF2 interactions with integrins
[66] and its tyrosine-kinase receptors [67]. ERK;)
activation mediates the increase in endothelium perme-
ability triggered by Tat [68], but it is not implicated in
Tat-induced neovascularization [64] and MCP-1 up-
regulation [61].

Also, the c-jun amino-terminal kinase (JNK1) is
rapidly activated by Tat in human ECs [69]. This
activation has been tentatively associated with Tat-
induced angiogenesis and EC surface expression of
adhesion proteins [69].

More second messengers triggered by extracellular Tat
in various cell types may also play a role in EC activation
(see Figure 5): phospholipase C gamma (PLCy) [70] and
the growth factor receptor bound protein-3 (grb3) [71]
are activated by extracellular Tat in T cells; MAPK p38
in microglia/astrocytes [72]; focal tyrosine kinase (RAF-
TK), paxillin, Src kinase and p130°* in KS-derived
‘spindle cells’ [73]. This latter observation is particularly
relevant due to the tight correlation existing between ECs
and KS cells (see below).
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Biological activity exerted by extracellular Tat in ECs

Given the variety of receptors engaged and activated by
extracellular Tat, it can be anticipated that Tat may
induce a broad spectrum of biological effects in ECs.

As already described, Tat induces EC adhesion to the
substrate, mimicking classical ECM proteins such as
FN and vitronectin [36]. Since Tat can be found in an
immobilized form in ECM [33], it is tempting to
hypothesize that ECM-bound Tat may induce EC
adhesion and may act at the same time as a localized,
persistent stimulus for EC stimulation (Figure 3). In-
deed, immobilized Tat retains its biological activity
under defined experimental conditions [74, 75].

Extracellular Tat plays a dual role in EC proliferation
(Figure 6). It promotes the transition from Gl to S
phase of the EC cycle [76]. Accordingly, Tat and Tat-
derived peptides promote the proliferation of ECs in
culture [34, 36, 65, 77-79]. Interestingly, Tat exerts its
mitogenic effect in the presence of heparin [77, 79, 80]. In
contrast, Tat inhibits the growth of ECs adherent to FN
[53], thus confirming the role of ECM components in
mediating the biological activity of Tat (see Figure 4).

In turn, Tat influences the mitogenic activity of other
growth factors. Barillari et al. [39] demonstrated that
Tat retrieves soluble bioactive FGF2 from ECM storage
that, in turn, stimulates ECs proliferation. In contrast,
Jia et al. [81] observed that Tat peptides inhibit signal
transduction, mitogenesis and angiogenesis by FGF2
and VEGF in ECs.

As observed for EC proliferation, extracellular Tat
also exerts a dual role in EC apoptosis (Figure 6).
Cantaluppi et al. [82] demonstrated that Tat acts as a
survival factor for human umbilical vein ECs subjected
to serum withdrawal. This effect correlates with the
decrease of caspase-3 activity and with the upregulation
of Bel-X; but not with Fas, Bcl-2 or Bax expression. On
the contrary, other groups demonstrated that Tat
induces apoptosis in primary human microvascular
ECs [81, 83]. Tat-driven apoptosis depends upon the

heparin
FGF-2
IFN-y
TNF-c Tat TSP
FN
IFN-x
IFN-§

¥ Apoptosis
4 Proliferation

A Apoptosis
W Proliferation

Endothelial cell growth

Figure 6. Dual role of extracellular Tat in EC proliferation and
apoptosis: modulation by cytokines and ECM components. Tat may
stimulate or inhibit EC growth depending on the modulation exerted
by different molecules that affect its mitogenic and apoptotic balance.
T and | indicate an enhancement and an inhibition of the biological
activity of Tat, respectively.
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activation of caspase-3 but not of Fas, Bcl-2, Bax or
Bad. These data give rise to the hypothesis that the pro-
or anti-apoptotic activity exerted by Tat in ECs may
depend upon their origin. Indeed, brain endothelium,
but not bone marrow endothelium is susceptible to Tat-
mediated apoptosis (unpublished data from T. Kim and
S. Avraham reported in [83]). Also, distinct EC recep-
tors may transduce pro- or anti-apoptotic signals.
Indeed, both VEGFR-2/KDR [82] and integrin recep-
tors [84, 85] mediate the protective effect exerted by Tat
against EC apoptosis. Finally, extracellular Tat inter-
nalized through HSPGs may control apoptosis by
intracellular mechanisms. This possibility is supported
by the observation that intracellular Tat affects apop-
tosis in T cells [86].

Whatever be the mechanism of action, an uncon-
trolled apoptotic process may have relevant consequenc-
es at a clinical level. For instance, it may cause vessel
damage in the lung or brain endothelium, thus facili-
tating the transit of HIV virions and HIV-infected cells
[83]. Conversely, inhibition of the apoptotic process may
sustain EC viability during angiogenesis or during their
transition to the KS cell phenotype [82].

Tat induces EC motility, accelerating the repair of a
wounded EC monolayer [87]. Accordingly, Tat induces
the chemotactic migration of ECs [34, 36, 42, 52, 79, 88].
The basic domain and the RGD sequence contribute to
the chemotactic activity of Tat, suggesting that both
VEGFR-2/KDR and integrin receptors are involved in
this process [34].

Tat upregulates the proteolytic capacity of ECs.
Indeed, it enhances the production and secretion of
matrix-metalloproteinase-2 (MMP-2) [39, 78, §9], MMP-
9 [89] and inhibits the secretion of tissue inhibitor of
metalloproteinases-1 (TIMP-1) and TIMP-2 [89]. As a
result, Tat-treated ECs degrade collagen IV more effi-
ciently than untreated control cells [88]. At variance, Tat
does not affect urokinase-type plasminogen activator
(uPA) production in ECs [53], whereas it increases the
release of plasminogen activator inhibitor-1 (PAI-1) [90].

Cell migration and protease production contribute to
the increased invasive capacity of ECs stimulated by
Tat. Indeed, Tat-treated cells invade collagen and/or
Matrigel-coated filters [39, 79, 88] and form tube-like
structures in tridimensional collagen gels or Matrigel
[65, 80, 88].

Proliferation, protease production and morphogenesis
are part of the so-called ‘angiogenic program’ activated
in ECs during neovascularization. Accordingly, Tat is
angiogenic in vivo [91]. This has been demonstrated in the
rabbit cornea assay [79], in the s.c. murine Matrigel plug
assay [34, 42, 52, 77, 78, 80, 87], and in the chick embryo
chorioallantoic membrane assay [45, 64, 65]. In the latter
two models, neovascularization can be also observed in
the presence of Tat-overexpressing cells [51, 92-94]. The
angiogenic activity of Tat is mediated by VEGFR-2/
KDR [42], even though integrin «,f; engagement may
also contribute to the process [36, C. Urbinati et al., in
preparation]. In apparent discrepancy with these obser-
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vations, the possibility that Tat may exert anti-angio-
genic effects has been suggested [81, 93].

By competing for the binding to HSPGs, Tat retrieves
FGF2 from the ECM in a bioactive form [96]. Thus, it is
possible to hypothesize that the angiogenic activity of
Tat is the indirect consequence of the release of canonic
angiogenic growth factors, including FGF2 [78]. In
contrast with this hypothesis, we have observed that
inhibitors of ERK, activation inhibit FGF2-dependent
neovascularization without affecting Tat-induced angio-
genesis [64]. Accordingly, VEGFR-2/KDR activation is
essential for the angiogenic activity of Tat but not of
FGF2 [42].

Neovascularization induced by Tat may account for
the microangiopathy and related visual defects [97] and
for the increased incidence of tumors, in particular
lymphomas, described in AIDS patients [98, 99]. Ac-
cordingly, tat-transgenic mice develop different tumors,
including lymphomas [100, 101].

Overexpression of Tat in vivo has been associated with
the increase of hypervascularized lesions that resemble
KS [36, 7678, 101-103]. Even though a direct correla-
tion between Tat and KS is strongly debated [104], it is
very likely that Tat contributes to the intense neovas-
cularization of AIDS-associated KS by stimulating ECs.
More disputed is the possibility that Tat may induce
normal ECs to acquire the functional features of AIDS-
KS spindle cells [76, 78, 105]. Indeed, the origin of KS-
spindle cells is uncertain since they express mixed
markers of macrophage/dendritic cells and vascular/
lymphatic ECs [106, 107]. Whatever be the origin of KS-
spindle cells, it is interesting to note that they share with
ECs the capacity to respond to extracellular Tat
(Table 2). Thus, despite the topic still being debatable,
several observations point to a role for Tat in AIDS-KS.
This likely occurs with the co-operation of several
inflammatory cytokines and human herpes virus 8 co-
infection [108].

Tat decreases the electrical resistance of the endothe-
lium [68] and increases its permeability to albumin [43,
68, 89]. The mechanism(s) of Tat-induced blood vessel
permeability have not been fully elucidated even though
its capacity to mimic the vascular permeability factor
VEGF may play a role. Also, it is interesting to note that
Tat up-regulates EC production of IL-6 (see below) that
is known to increase endothelial permeability [109].

Table 2. Biological responses to extracellular Tat shared by ECs and
KS-derived spindle cells.

KS-derived
Biological activity Endothelial cells spindle cells
KDR activation [42, 43] [129]
Integrin activation [34, 36-38] [38]
PI3K activation [34] [130]
ERK » activation [64, 65, 68] [73]
Cell adhesion [34, 36-38] [38]
Cell migration [34, 36,42, 52, 79, 88] [76, 82]
Cell proliferation [34, 36, 65, 77-79] [76, 82]

[

Cytokines upregulation 43, 60, 61, 87,90, 111, 113] [131]
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Tat induces the expression of ELAM-1, VCAM-I1,
ICAM-1 [63, 110] and of E-selectin [62, 90, 110, 111] in
ECs. The up-regulation of these leukocyte receptors, as
well as an increased permeability, may favor leukocyte
extravasation. Indeed, Tat increases the adhesion of
human monocytes to an EC monolayer [63, 110] and
promotes their trans-endothelial migration [61]. This
process may be relevant in the dissemination of viral
infection in different tissues and leads to lymphomas
often observed in HIV-infected individuals. Also, ex-
travasation of HIV-infected monocytes may play a
pivotal role in the damage of the central nervous system
and cause AIDS-associated neuropathies [24].

Tat and inflammatory cytokines cross-talk

Many of the biological effects exerted by extracellular
Tat occur only (or are potentiated) in ECs that have
been preactivated by inflammatory cytokines [38, 76, 88,
105, 112].

Tumor necrosis factor-o (TNF-a) synergizes with Tat
in inducing ICAM-1, VCAM-1 and ELAM-1 expression
[63] and in up-regulating IL-6 [90, 111] and IL-8 [113] in
ECs. Platelet activating factor (PAF) mediates the
capacity of Tat to induce migration of ECs in vitro
[87]. Also, PAF synergizes with Tat in inducing vascular
permeability [43] and neovascularization [87] in vivo.
Interestingly, PAF has been already demonstrated to
also be a mediator of the angiogenic activity of
hepatocyte growth factor [114] and VEGF [115]. Also,
interferon-y (IFN-y) increases the responsiveness of ECs
to Tat [37] and a cocktail of IL-1f, TNF-o and IFN-y
synergizes with Tat in inducing angio-proliferative KS-
like lesions in nude mice [36]. The synergic action
exerted by inflammatory cytokines on Tat activities may
be relevant in vivo where their levels increase in the
tissues and the blood of HIV-infected individuals [116].

The mechanism(s) by which inflammatory cytokines
increase ECs’ responsiveness to Tat depends, at least in
part, on their capacity to increase the expression of Tat
receptors: For instance TNF-o and IL-1f up-regulate the
expression of VEGFR-2/KDR [44, 117], whereas INF-y
and IL-1p also affect a,f3; integrin expression [37, 118]
(see also Figure 7). An alternative mechanism has been
proposed in which inflammatory cytokines up-regulate
FGF2 that act as the true mediator of the biological
activity of Tat in ECs [36, 78]. Indeed, FGF2 potentiates
the capacity of Tat to induce MMP-2 expression,
proliferation, chemotaxis, vascular permeability, angio-
genesis and angioproliferative KS-like lesions in nude
mice [36, 78, 89]. Interestingly, the cooperative effect of
FGF?2 is specific, since it is not shared by VEGF, and
may depend, at least in part, on its capacity to increase
the expression of o f3; integrin [36].

Some cytokines antagonize the biological activity
exerted by extracellular Tat in ECs. Indeed, transform-
ing growth factor-f (TGF-p) inhibits Tat-dependent up-
regulation of IL-8 [113], and INF-az and INF-£ inhibit

147

Tat ——
IL-1p \.\\
T !
I::f = S % Displacement
! T & of FGF-Z from
\ 4 T ECM-storage

Up-regulation
of IL-6, IL-8, PAF, MCP-1

.

Biological activities: proliferation/apoptosis
proteases production
migration
substrate adhesion
angiogenesis
leucocyte adhesion
vascular premeability

Figure 7. Tat, angiogenic growth factors and inflammatory citokines/
chemokines cross-talk in ECs.

Tat-dependent proliferation, migration, and morpho-
genesis of ECs in vitro and Tat-induced neovasculariza-
tion in vivo [80, 119]. Interestingly, TGF-f inhibits
VEGFR-2/KDR expression in ECs [120].

It is interesting to note that extracellular Tat can affect
the production of several cytokines that, in turn,
modulate the activity of Tat. Tat upregulates MCP-1
[61, 43], 1L-8 [113], PAF [87] and IL-6 [60, 90, 111]
production in ECs. These molecules, and IL-6 in
particular, may influence the passage from latency to
productive HIV-1 replication and may enhance virus
spreading during physiological and/or pathological
interactions of monocytes with the endothelium [121,
122]. Also, Tat induces the production and the release of
TNF by monocytes/macrophages [123] and lymphocytes
[124], and of IL-1 by monocytes/macrophages [125].
This suggests that a cross-talk may exist in which
extracellular Tat stimulates inflammatory cells to pro-
duce cytokines/chemokines that will increase the re-
sponsiveness of ECs to Tat (Figure 7).

In conclusion, a complex interplay can be envisaged in
which the capacity of Tat to induce biological effects on
the endothelium depends on synergies with inflamma-
tory cytokines that potentiate the activity of Tat. On the
other hand, the capacity of Tat to induce the production
of cytokines/chemokines amplifies the spectrum and
intensity of biological effects (see Figure 7). Also, it will
be interesting to evaluate the possibility that, based on
its strong affinity for heparin, Tat may mobilize heparin-
binding growth factors other than FGF2.

Concluding remarks
Tat protein is a peculiar product of HIV-1 that exerts

a broad spectrum of biological effects on ECs. These
effects may in turn contribute significantly to some of
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Figure 8. Biological activities exerted by extracellular Tat in ECs and associated pathological processes.

the pathological outcomes of AIDS (Figure 8). The
action of Tat on ECs is regulated by its binding to
several circulating molecules, ECM components, and at
least three different receptor types present on the surface
of ECs (Figure 4). Accordingly, Tat activates complex
signal transduction pathways (Figure 5) and can be
internalized by ECs to directly transactivate cellular
genes (Figure 2). All these findings give rise to the
suspicion that at least some of the features of Tat may
be art factual and without a corresponding counterpart
in vivo. On the other hand, the ‘biochemical redundancy’
displayed by Tat may be the result of a series of
mimicking properties developed by this essential protein
during the evolution of HIV. Moreover, the receptor-
promiscuity shown by Tat is shared by eukaryotic
growth factors. For instance, FGF2 binds HSPGs and
tyrosine kinase FGF receptors [25, 35] and cell surface
gangliosides [126]. Also, of; integrin and VEGFR-2/
KDR co-operate in transducing EC activation by
VEGEF [127].

Based on the possible clinical outcomes derived from
the interaction of Tat with the endothelium, this event
can be considered as a target for the development of
therapies aimed to control AIDS progression and
AIDS-associated pathologies. To this purpose, it will
be necessary to better characterize the complex network
of interactions among extracellular Tat, circulating
molecules, ECM, and EC surface.
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