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Abstract

Infection with HIV-1 leads to progressive CD4 T-cell death, resulting in AIDS development. The mecha-
nisms that trigger this CD4 T-cell death are still not fully understood, but a lot of data indicates that
apoptosis plays a major role in this cell demise. Both infected and uninfected CD4 T-cells can die dur-
ing HIV-1 infection by different cell-death pathways, but HIV-1-induced, bystander, CD4 T-cell Killing is
now recognized as central to immunodeficiency. The HIV-1 directly modulates CD4 T-cell death using
multiple different strategies in which several viral proteins have an essential role. Recent data demon-
strate that relationships can exist between the three main types of programmed cell death, i.e. apop-
tosis, autophagic programmed cell death, and necrosis-like programmed cell death. Almost nothing is
currently known about the role of necrosis-like programmed cell death in CD4 T-cell death induced by
the viral proteins, but a very recent study demonstrates that autophagy is needed to trigger apoptosis
of bystander CD4 T-cells, further increasing the level of complexity of this pathology. This review presents
an overview of the major types of programmed cell death and details the mechanisms by which the HIV-1
viral proteins control both infected and uninfected CD4 T-cell death. (AIDS Reviews 2006;8:221-36)
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Mechanisms of cell death

The mechanisms by which a cell is dying are multiple and
complex. Programmed cell death (PCD) is generally defined as
an active process that depends on the execution of a sequence
of signaling events that eventually lead to cell demise. Recently,
the Nomenclature Committee on Cell Death has proposed unified
criteria for the definition of cell death, essentially based on cell-
death morphologies®. The major mechanism-based PCD types are
apoptosis (type | PCD), autophagic PCD (type Il PCD) and necro-

Apoptosis

Cells that undergo apoptosis show rounding-up, reduction of
cellular volume, phosphatidylserine (PS) exposure, chromatin
condensation, fragmentation of the nucleus, and maintenance of
an intact plasmic membrane until late stages of the process,
leading to formation of membrane-bound fragments, called apop-
totic bodies. These structures are taken up by other cells and
degraded within phagosomes without eliciting inflammation.

Basically, the apoptotic mechanism involves activation of cys-
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trimerization, recruitment of cytoplasmic adaptor and effector
proteins, formation of the death-inducing signaling complex??,
autoactivation of caspase-8 and then activation of effector cas-
pases, essentially caspases-3, -6 and -74.

The intrinsic pathway is controlled by the balance between
antiapoptotic (e.g. Bel-2, Bel-xL) and proapoptotic (e.g. Bax, Bak,
Bad, Bid, Bim) members of the Bcl-2 protein family. In addition,
posttranslational modifications of several members of the Bcl-2
protein family, such as Bcl-2, Bel-xL, Bax and Bad, play a role in
the regulation of this apoptotic pathway. Proapoptotic Bcl-2 mem-
bers interact with a hydrophobic groove on antiapoptotic Bcl-2
family members to block their function. In addition, they directly
impact on mitochondrial outer-membrane permeability through their
oligomerization, resulting in the release of several proapoptotic
proteins into the cytosol, including cytochrome ¢, apoptosis-induc-
ing factor, endoG and HtrA2/Omi. It is worth noting that the exact
mechanisms by which Bcl-2 proteins induce permeability of the
outer mitochondrial membrane are controversial and still under
investigation. The effector caspase-mediated cell death is then
mainly initiated after formation of the active cytochrome c/Apaf-1/
caspase-9 complex, called apoptosome. On the contrary, apopto-
sis-inducing factor, endoG and HtrA2/Omi can promote a caspase-
independent death through mechanisms that are poorly defined.

In certain cell types, the proapoptotic Bcl-2 family member Bid is
also involved in the extrinsic apoptotic pathway. Indeed, Bid can
be cleaved by caspase-8, which in turn activates the Bcl-2 fam-
ily member Bax that triggers the intrinsic pathway, making a
connection between the two pathways of apoptosis®®. In primary
T-lymphocytes and myeloid cells, the initial concept in which the
intrinsic and extrinsic apoptotic pathways are totally separated is
still hotly debated. It is unclear whether this separation occurs
within a given cell, or whether it is reflective of the different types
of death-inducing stimuli used, or a combination of both param-
eters’. These two pathways of apoptosis are tightly regulated by
inhibitor of apoptosis family proteins®.

Nevertheless, mounting evidence indicates that a cell that has
been treated with an apoptotic inducer can also initiate a suicide
program without DNA fragmentation or caspase activation®, and
that beside apoptosis, other PCD mechanisms exist such as auto-
phagic PCD and necrosis-like P

Autophagic PCD

degradation of the sequestered material by lysosomal hydrolases,
allowing the recycling of the degraded constituents'®®. The en-
dosomal pathway can be connected to the autophagic process
through formation of amphisomes, vacuoles formed after fusion of
autophagosomes with late endosomes.

Autophagy is a highly regulated physiological process medi-
ated by two conjugation systems related to ubiquitylation. Both
systems depend on Atg (autophagy-related genes) proteins and
their related signaling pathways'®'7. Class Il phosphatidylinositol-
3 kinase (PI3K) is involved in the early stages of autophagic
vesicle formation. This kinase controls the autophagic pathway
through its association with Beclin-181,

Autophagy is involved in both survival and cell death. It is a
cell-survival mechanism during nutrient starvation®®?" to supply
vital components until conditions improve, and during growth factor
deprivation such as interleukin 3 (IL-3). However, several recent
studies have shown that cell death can be blocked after knockdown
of autophagy genes??, indicating that autophagy plays a role in
cell-death processes?™?". In addition, cell death with autophagic
features can occur in cells lacking critical apoptosis executioners,
and in this way, autophagy can compensate for defective apopto-
sis®2, Autophagic cell death has also been described in cells
after treatment with chemotherapeutic drugs®22,

Autophagic PCD is first defined by the presence of autophago-
somes in the dying cells. These autophagic vacuoles can be ob-
served by electron microscopy and by fluorescence microscopy
after overexpression of the microtubule-associated protein 1 light
chain 3 coupled to green fluorescent protein. Light chain 3 was the
first protein identified on the autophagosome membranes®. This
type of cell death occurs with very late, if any, chromatin condensa-
tion. No inflammatory response is triggered since the integrity of
the plasma membrane is maintained. Importantly, exteriorization
of PS occurs®, indicating that PS exposure can be triggered by
other PCD than apoptosis, and that autophagic cells are also rec-
ognized and engulfed by neighboring cells.

The mammalian serine/threonine protein kinase TOR (target of
rapamycin) signaling pathway, activated by class | PI3K, is a key
negative regulator of autophagy 9. Thus, the phosphatase and
tensin homolog, which acts antagonistically on PI3K, and rapa-
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condensation. In contrast to apoptosis and autophagic PCD, ne-
crosis-like PCD is associated with inflammation because cells
dying by this process are phagocytosed after membrane lysis.
Externalization of PS might occur before cell lysis, but is not a
mark of necrosis. At a molecular level, necrosis is often associ-
ated with acute adenosine triphosphate (ATP) depletion that is
thought to cause cell death®®, Necrosis was first defined as an
accidental, unregulated cell death after cellular injury, but an in-
creasing number of reports indicate that cell death with necrotic
features occurs under normal physiologic conditions and during
development®®4! and that specific mechanisms regulate this cell
death. This form of regulated necrotic cell death has been defined
as necrosis-like PCD to distinguish it from accidental necrosis,
which is a passive process. However, necrosis is morphologi-
cally indistinguishable from necrosis-like PCD.

Depending on the type of cells, the availability of proteins in-
volved in the death-inducing signaling complex formation and
caspases, activation of DR, such as Fas and TNF-R1, can trigger
necrosis-like PCD. Indeed, Fas-associated death domain and
receptor-interacting protein 1, two adaptor proteins recruited by
the DR, regulate necrosis-like PCD*, and excess formation of
reactive oxygen species (ROS) downstream Fas and TNF-R1 path-
ways are involved in necrosis-like PCD*#, In addition to the role
of ROS, ceramide is also involved in this type Il PCD induction‘.
However, this form of PCD is especially triggered after blockade
of the caspases, indicating that T-cells possess several cell-death
pathways that can be activated sequentially or in parallel.

Table 1 summarizes the main characteristics of the three types
of PCD.

Connections between these pathways

There is overlap between these cell-death mechanisms that can
substitute for each other, indicating that a cell will take any available
route to die when death is inevitable®*#6. Indeed, molecular connec-
tions exist between the different cell-death pathways, and DR, mi-
tochondria, lysosomes, and ER play key roles in these cross talks®’.
At amolecular level, ROS generation, ceramide production, proteins
of the Bcl-2 family, heat-shock proteins, and enzymes (proteases,
nucleases, phospholipases) are involved in both apoptosis, auto-
phagic PCD, and necrosis-like PCD?3%4454851 Thys, conce
in cell-death regulation is emergf Chn @@FE F@raftvb q&
pathways share common mediators, and depending on the cell
types and stimuli, the level and durat ioﬁ@qun@ﬁu
local environment (hypoxia, secretion of inflammatory cytokines,
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development®. Despite intensive studies, several crucial ques-
tions remain to be addressed about the mechanisms through which
HIV-1 infection induces CD4 T-cell death, and this subject is one
of the most controversial issues in AIDS research.

First, HIV-1 infection results in high activation and turnover of
immune cells, and thus accelerates both production and destruc-

tion of CD4 T-cells®*%. A strong immune response is a priori

beneficial in controlling viral replication. However, independently
of viral load, a chronic, heightened activation of the immune
system may contribute in a direct manner to progressive CD4 T-cell
depletion34%, In addition, HIV-1 can interfere with T-cell renewal,
both at the level of progenitors and thymic differentiation, prevent-
ing appropriate replacement of prematurely destroyed mature
CD4 T-cells®. Thus, immune activation could drive the progres-
sion of HIV-1 disease by destabilizing or progressively changing
the homeostatic states of resting T-cell populations.

As early as 1991, CD4 T-cell apoptosis has been proposed as
a mechanism responsible for T-cell depletion in patients infected
with HIV-157%8 and an extensive body of literature since then has
supported this hypothesis. In addition, there is a correlation be-
tween the extent of apoptosis and disease progression®®, and
HAART s associated with a lower level of CD4 T-cell apoptosis
in HIV-1-infected patients®®. Recently, we have demonstrated that
autophagy is involved in HIV-mediated CD4 T-cell death in vitro®.
Furthermore, necrosis is also observed in peripheral blood CD4
T-cells after in vitro infection®.

Importantly, in HIV-1-infected persons, both infected and unin-
fected cells undergo accelerated cell death in vitro and in vivo.
In addition, the mechanisms leading to cell death are different,
underlining the complexity of this pathogenesis. Thus, we differ-
entiate in this review the cell death pathways induced in HIV-1-
infected and uninfected CD4 T-cells.

HIV-1- infected CD4 T-cell death

During acute infection, characterized by rapid increase in viral
load and CD4 T-cell depletion, the immune system is strongly
stimulated, leading to CD8-mediated apoptosis, superantigen-
induced cell death, and antibody dependent cellular cytotoxicity

mfected CD4 T-cells®. The CD4 T-cell loss can also be due to

ct de truchon by the virys itself. Indeed, HIV-1 can actively
&fl bb&)srupnon of the cell membrane as

HIV-1 buds from the surface67 or by intracellular accumulation of
|err1cgm|ntegrated DNAB88_Virus replication
in the cell can also tngger a cellular toxicity due to build up of
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is activated, determining whether a cell dies by apoptosis, autopha-

HIV-1 replication elicits little cytopathic effects in vivo™. However,

gic PCD and necrosis-like PCD, or presents a mixed a;ire fﬁ@pd@myn of infected CD4 T-cells do not die after HIV-1

Mechanisms of CD4 T-cell depletion in HIV-1 infection
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Table 1. Principal characteristics of the three major types of programmed cell death

Type of Death Principal characteristics

Electron Microscopy

- Chromatin condensation
— DNA fragmentation

- Cytoplasm condensation
- Activation of caspases
- PS exposure

Apoptosis
(type | PCD)

- No plasma membrane breakdown

— Formation of apoptotic bodies
- Phagocytosis of dying cell
— No inflammation

Autophagic PCD - Caspase-independent process

(type Il PCD) — Formation of lysosome-derived cytosolic vacuoles containing

organelles and cytoplasm
PS exposure

Phagocytosis of dying cell
No inflammation

Necrosis-like PCD
(type 11l PCD)

- Plasma membrane breakdown
- Inflammation

PCD: programmed cell death; PS phosphatidylserine.

HIV-1 has evolved multiple mechanisms to promote survival for
long enough to ensure a productive infection, and several HIV-1
proteins can act in activating and/or inhibiting HIV-1-infected T-cell
apoptosis. This point will be described later in this review. As a
result, infected cells do not undergo apoptosis as readily as un-
infected, bystander cells™, even if infected cells have a shortened
lifespan contributing to the overall CD4 T-cell demise’™ .

Bystander CD4 T-cell death

The HIV-1-induced apoptosis Nt@st@(ﬁrr mm@é:ctm%rp u %15@@ M@fﬂalm&)ﬁ

cells is likely the key to the depletion of T-lymphocytes observed
in HIV-1-infected patients, since the vASP figjofit

undergoing apoptosis in peripheral blood and lymph nodes of
HIV-1 patients are umnfeotedw rmytﬂflhr@n

such as rhesus macaques infecte IV or h|gh|y
SIV/HIV-1 chimeric viruses and human peripheral
cyte-transplanted nonobese diabetic/severe comb
deficient mice, massive apoptosis was predominantly observed

ogemc

No plasma membrane breakdown

- Absence of chromatin condensation or chromatin clustering
- Usually caspase-independent process
- Externalization of PS might occur before lysis

[ phesCe

Bystander CD4 T-cells can be killed by activation-induced cell
death, which occurs as a result of repeated antigenic stimulation
to limit lymphoproliferation®. This process is mediated by the
interaction of the cell-death receptor Fas and its ligand (FasL),
expressed either on the same cells or on neighboring activated
T-cells. Kaplan and Sieg® have previously reviewed the role of
this Fas/FasL apoptotic pathway in HIV-1 disease. The proportion
of Fas-expressing T-cells in patients increases with disease pro-

ssion, and peripheral blgod CD4 T-lymphocytes from HIV-1-
ptosis in response to stimulation
through Fas at a much higher frequency than from uninfected
4dme way, high levels of Fas-susceptibility
found in peripheral CD4 T-cells before HAART are significantly

?@IF Wﬁéﬁe p@‘wmt ?ﬂ@gf with a decrease in viral load

and an increase in periphe T-lymphocyte counts.

m& tj agi&é}, during HIV-1 infection, deregulation in cytokine
opq) ccurs, perturbing the immune response. Indeed,

overproduction of type-2 cytokines (IL-4, IL-10) is known to in-
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IFNo. produced by HIV-1-infected dendritic cells contributes to
CD4 T-cell apoptosis by the TRAIL/DR5 pathway®.

Another mechanism controlling the death of activated T-cells is
called activated T-cell autonomous death, which involves Bcl-2,
Bim® and ROS, but acts independently of Fas and TNF*. Acti-
vated T-cell autonomous death, contrary to activation-induced cell
death, is not affected by the lack of caspases® and is described
as a necrotic pathway that seems to suffice for efficient primary
T-cell demise®. However, this mechanism of cell death has not
been studied during HIV-1 infection.

Besides the consequences of general activation of the immune
system during HIV-1 infection, several HIV-1 proteins, such as
envelope glycoproteins (Env), Tat, Vpr, Nef, Vpu, the protease
and Vif are also involved in modulating CD4 T-cell death. No one
has a full grasp of the real importance of this process in vivo, but
cumulative data demonstrate a major role of Env in the cell death
of uninfected lymphocytes®®®. Indeed, binding of HIV-1 Env
gp120/gp41 to its receptors, CD4 and a coreceptor, constitutes
the primary interface between viruses and T-cells and this event
is likely able to modulate T-cell signaling.

HIV-1 proteins acting on cell-death pathways activated in both
infected and bystander CD4 T-cells are presented hereafter and
summarized in table 2.

Envelope proteins

The mature envelope glycoproteins (Env) are composed of
gp120, the exterior envelope glycoprotein, and gp41, the trans-
membrane glycoprotein, assembled as trimer by noncovalent in-
teractions. In most cases, to enter a target cell, HIV-1 must bind
two molecules on the surface of target cells. The gp120 first in-
teracts with CD4, which triggers conformational changes, leading
to increased exposure of the gp120 V3 loop that is then able to
bind to a coreceptor, mainly CCR5 and CXCR4'%1%2 These
events trigger the formation of a coiled-coil structure in the gp41
ectodomain that places the hydrophobic aminoterminal region of
gp41 in close proximity to the cellular membrane, thereby induc-
ing cell fusion'®, The HIV-1 infection of CD4 T-cells is favored by
cell-to-cell contacts, through formation of the virologic synapse'®.
Contact of HIV-in ected cells (which express Env) with uninfected
CD4 T-cells induces a gp41-dependent hemi-fusiop process in
which a transfer of lipids from t e&@an@@w@ f@(r)f

cells o the target cells occurs. Complete cell-to-cell fusion can
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formation. Syncytia are not stable over an extended time-peri-
0d %6198 and are hardly detectable in infected individuals except
in brain'® and tonsils'™, but can amplify the global apoptotic
signaling'".

Role of Env in HIV-1-infected CD4 T-cell death

Syncytium formation leads to apoptosis mediated by the intrin-
sic mitochondrial pathway'? and involves a precise sequence of
events: (i) activation of the mammalian target of rapamycin
(mTORY); (i) mTOR-mediated phosphorylation of p53 on serine 15;
(iii) p53-dependent upregulation of Bax expression; (iv) Bax-medi-
ated permeability of mitochondrial membranes with reduction of
the mitochondrial transmembrane potential and release of pro-
apoptotic mitochondrial proteins such as apoptosis-inducing fac-
tor and cytochrome c; and (v) activation of caspase-3 and nuclear
chromatin condensation' 14,

This process may participate in the destruction of CD4 T-
cells in lymphoid organs where contacts between HIV-1-infected
cells and uninfected cells are numerous. It is also responsible for
the death of uninfected CD4 T-cells, as indicated in the next
paragraph.

Intracellular binding of CD4 and Env can also directly result in
cell killing™™®. Furthermore, a recent study indicates that apoptosis
of HIV-1-infected CD4 thymocytes is dependent on Env fusion as
T20, a peptide that abolishes gp41 insertion into the target cell
membrane, is capable of reducing this apoptosis'™.

Role of Env in bystander CD4 T-cell death

The mechanisms by which Env triggers bystander CD4 T-cell
death are highly difficult to study because of the complexity and
the multiplicity of the “contributing actors”.

- Env activates different cell-death mechanisms depending on
its presentation (i.e. soluble Env, Env expressed on virions or
at the surface of infected cells).

- Env is composed of two glycoproteins, gp120 and gp41 that
can trigger nonexclusive, different cell-death pathways.

- The gp120 sequentially binds to CD4 and a coreceptor, both
capable of transducing functional responses such as prolif-

bl Ierat| n, differentiation, cbemotams and proinflammatory cy-

fokh |s@ﬂ J-rna‘% ddition to cell death.
- The gp120 signaling through CCR5 or CXCR4 is different,

also be triggered, leading, eventuallyl @@E@d\@ﬁ@@)(ﬁ@r ph@{rOf@@/ m@ays can be identical such as phos-

multinucleated cells, called syncytia'®.

Basically, R5 strains, vvthFt(ﬁ lﬂ; @flar
entry, are responsible for primary infection. During th progres-

phorylanon of he tyrosme kinase Pyk2'"°.

§ § 4 T-lymphocytes express de-
Ievels of E 5 on the cell surface, in contrast to

sion of the disease, X4 viruses, which use CXCai ﬂﬂ,&;y bl éﬁéﬁhmh is expressed on nearly all of these T-cells!?12",
emerge and are associated with a rapid decline | pU ains, at least in part, that X4 strains exert a pro-

of CD4 T-cells. These strains preferentially infect T-cells and

found cy opathlc effect on a much wider range of target
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Table 2. Mechanisms by which different HIV-1 proteins modulate both infected and bystander CD4 T-cell death

Infected cells

Bystander cells

HIV
protein Proapoptotic Antiapoptotic Proapoptotic Anti-
apoptotic
Env mTOR-mediated None Upregulation of Fas/FasL None
phosphorylation of p53, Upregulation of TNF and
upregulation of Bax, TRAIL receptors
release of cytochrome-c Activation of autophagy
and AlF, and caspase-3 ROS production,
activation in syncytia cytochrome-c release
and activation of
caspases-9 and -3
Tat Upregulation of caspase-8 Upregulation of Bcl-2 and Interaction with tubulin None
Deregulation of cytokine Bel-xL and Bim-mediated
production Inhibition of p53 intrinsic pathway
Downregulation of Bcl-2 Inhibition of TRAIL-mediated activation
apoptosis Upregulation of Fas/FasL
Deregulation of p56lck,
cyclin-dependent kinase
and NFkB activation
Vpr Inhibition of NFkB Upregulation of Bcl-2 Cytochrome-c release None
Activation of caspases-3 Downregulation of Bax Caspase-independent
and -9 Upregulation of survivin pathway controlled
Cell cycle arrest in G2 by AlF
Formation of cation-selective
channels
Nef Upregulation of Fas/ FasL Interaction and blockade of Disorganization of lipid None
Activation of caspase-3 ASK-1 bilayers
Bad phosphorylation
Interaction and inhibition of
p53
Downregulation of CD4 cell
surface expression
preventing Env-mediated
cell death
Downregulation of MHC
class | preventing killing
by CD8 T-cells
Vpu Formation of cation- Downregulation of CD4 cell None None
selective channels surface expression
Enhanced sensibility to Fas preventing Env-mediated
apoptosis cell death
Inhibition of 1xB Downregulation of MHC
degradation leading to class | preventing killing
inhibition of Bcl-xL by CD8 T-cells
expression a |ncrease . . .
ncaspaseaiekaesibal [ T OF this publication may be
level
PR Cleavage of Bol-2 prodw{ed or photocopying None
Cleavage of procaspase-
activation of Bid, ﬁlease . . . .
o roenaplOUT the prior written permission
activation of caspases-9
and -3 .
Vif Cell cycle arrest in G2 NQ\I th e p u b | IS h er None None
mTOR: mamm cm AIF apopt03|s inducing factor; TNF: tu
species; NFK nel fe
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Here, we have summarized the apoptotic pathways activated
by Env in bystander CD4 T-cells and described new data on
Env-induced autophagic PCD.

Env binding to its receptors on target CD4 T-cells has been
described to trigger activation of the extrinsic apoptotic pathway
through Fas and other TNF-family receptors. Cross-ligation of CD4
molecules prior to T-cell-receptor stimulation triggers an upregu-
lation of Fas on purified T-cells and expression of FasL upon
antigen, mitogen, and CD3 stimulation, rendering the T-cells sus-
ceptible to Fas-mediated apoptosis'™. It is quite likely that unin-
fected CD4 T-cells from HIV-1-infected patients are continuously
undergoing CD4 cross-linking through interaction with virions or
via Env expressed at the surface of infected cells.

In addition, even if bystander apoptosis is an important char-
acteristic of X4 HIV-1 strains, mediated by binding of X4 Env to
CXCR4 on CD4 T-lymphocytes, R5 Env binding to CCR5 ex-
pressed on uninfected, resting, primary CD4 T-cells has also been
shown to trigger apoptosis via FasL upregulation and caspase-8
activation'?.

TNF12+1% gnd TRAIL (DR4 and DR5) receptors'”-2? may also
be involved in deregulated apoptosis during HIV-1 infection.

Besides the fact that CD4 is engaged in T-cell activation, direct
cross-linking of CD4/HIV-1 gp120 complexes by antibodies was
found to initiate T-cell apoptosis using in vitro cellular experiments
from transgenic mice expressing human CD4 at the surface of
lymphocytes 3013

However, numerous data demonstrate that the intrinsic
pathway of apoptosis plays a major role in the cytotoxicity of
X4 strains. Binding of HIV-1 Env to CXCR4 induces mitochondrial
transmembrane depolarization, cytochrome-c release from the
mitochondria to the cytosol, and activation of caspases-9 and -3.
Of note, Env-induced apoptosis through CXCR4 is Fas indepen-
dent132-136.

There is still some controversy as to the conformation of gp120
needed to induce cell death. In a majority of cellular models,
Env has to be expressed on cells to trigger bystander CD4 T-cell
apoptosis, but recombinant gp120 alone or cross-linked with
anti-gp120 antibodies was also shown to trigger CD4 T-cell
death132,137l

Direct implication of caspase
death is still a subject of debate.
volvement of known caspases in cross-linked recombinant gp120-
and anti-CXCR4-induced apoptosis of @L@F
lymphocytes'®, and Viahakis, et al. reported that CXCR4- depen
dent cell death is caspase m%rﬂq@q etblafé
inhibitors'®. However, caspase-3 is cleaved in pnmary
cytes!¥8197 following binding of HIV-1 Env.

The manner in which Env is presented, the o
analyzed, and the nature of the receptor directly involved in this
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lines, human primary T-cells, and human lymphoid cultures ex
vivo support the view that Env interaction with CXCR4 on by-
stander CD4 T-cells triggers apoptosis. These results are con-
sistent with observations made from AIDS patients, and explain
the high CD4 T-cell depletion that occurs after X4 isolate emer-
gence™ and in poor immunologic X4-infected responders to
HAART™,

Furthermore, agents interfering with cell-to-cell fusion, such as
the peptide T20 which abolishes a correct gpa1 folding after
gp120 binding to its receptor molecules and insertion of the gp41
fusion peptide into cell membrane, prevent cell death and T-cell
depletion*43, Blanco, et al. demonstrated that Env-induced cell
death of single, bystander CD4 T-cells requires both gp120 and
gp41 functions', and recent studies have shown that gp41-in-
duced apoptosis is mediated by caspase-3-dependent mitochon-
drial depolarization and ROS production™. These results indicate
that besides the role of gp120, gp41 could actively participate in
the molecular events leading to Env-induced cell death.

Very recent data from our group demonstrate for the first time
that HIV-infected cells induce Env-mediated autophagy in by-
stander CD4 T-lymphocytes. Indeed, independently of HIV-1 rep-
lication, HIV-1-infected cells that express Env induce autophagy
and accumulation of Beclin-1 in bystander CD4 T-cells. Env-medi-
ated autophagy is dependent on the presence of CXCR4, but is
independent of CD4 signaling. Furthermore, this autophagic pro-
cess is required to trigger CD4 T-cell apoptosis since blockade
of autophagy at different steps, by either drugs or small interfering
RNA specific for autophagic genes, totally inhibits apoptosis. In
addition, CD4 T-cells still undergo Env-mediated cell death with
autophagic features when apoptosis is inhibited. These results
suggest that HIV-1-infected cells can induce autophagy in by-
stander CD4 T-lymphocytes through contact of Env, leading to
apoptotic cell death, a mechanism most likely contributing to im-
munodeficiency. At present these data are the only ones demon-
strating that an autophagic process can be involved in cell death
during viral infection.

Until now, nothing is currently known about induction of ne-
crosis-like PCD in bystander CD4 T-cells by Env, even if necro-
sis is observed in vitro during the late stages of Env-mediated

ﬁ&oéstmn may be

iptional activator (Tat) is an HIV-1,
early expressed, regulatory protein that can be secreted by in-
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viral gene expression by recognizing and binding to an RNA
stem-loop-bulge secondary structure called TAR (Tat-responsive
element), present at the 5" extremities of HIV-1 mRNA™E. The
HIV-1 Tat undergoes transcriptional modifications such as acety-
lation™®, ubiquitination'> and phosphorylation’', which influence
its functions. Furthermore, Tat is cleaved by the HIV-1 protease
in the virion, but the role of this cleavage is still unclear’®, Tat
is an active player in HIV-1 infection due to its multiple interac-
tions with different intracellular and extracellular proteins. It in-
terferes with several cell-signaling pathways and has been de-
scribed as a modulator of HIV-1-induced cell death in both
infected and bystander CD4 T-cells.

Role of Tat in HIV-1-infected CD4 T-cell death

The effects of Tat expression in HIV-1-infected cell death are
still controversial, underlining the complex and multiple roles of
Tat in CD4 T-cell signaling pathways. Several studies have sup-
ported the hypothesis of a proapoptotic action of Tat. There is
some evidence that endogenously expressed Tat can induce
apoptosis and/or increase sensitivity to apoptosis in CD4 T-cells
by upregulating caspase-8'%%. Another proposed mechanism by
which Tat may induce apoptosis is the deregulation of the produc-
tion of cytokines such as TGFp (transforming growth factor-), TNF
and IL-2%. Apart from these proapoptotic functions, it has been
observed that Tat can block apoptosis. Indeed, a number of re-
ports have shown that Tat protects lymphoid cells from apopto-
sis'%157_ Tat inhibits TRAIL-mediated apoptosis in CD4 lympho-
blastoid T-cell lines'® and the transcription of p53'. The
expression level of Bel-2 and Bax are controversial in Tat-
transfected T-cells'®%'6". So far, those mechanisms are not yet
completely elucidated and need further investigation.

All these results suggest that Tat plays a dual role in HIV-1-
induced cell death, maybe depending on its concentration in
the cell.

Role of Tat in bystander CD4 T-cell death

Regardless of its controversial role in infected cells, extracel-
lular Tat has been shown to have rather devastating effects on
uninfected bystander cells. Tat can be secreted from the HIV-1-
infected cells through IeaderlesNecretion pagmway‘62 |rFathe ab-

sence of any cell lysis'®164 T Qaigﬁﬁrﬁw et d&e

efficiently take up this soluble form of Tat by clathrln-med|ated

endocytosis'™®. It can also interact with h@(éj tg[r@gjm@r

such as CD26'% and integrin 5317, Once extracellular Tat

enters the cell, it modulates thwwﬁwmc ﬁéelpé

through its action on several signaling proteins suc
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trigger cytochrome-c release from mitochondria, which results in
activation of apoptosis'”*. It can also indirectly enhance activation
of apoptosis in uninfected T-cells by upregulating Fas/FasL'?. It
has also been shown that Tat upregulates TRAIL expression in
macrophages, leading to increased production of soluble TRAIL
that can then induce destruction of the bystander CD4 T-cells'’.
Recently it has been demonstrated that upregulation of FasL
(CD178) and induction of apoptosis in the bystander cells de-
pends on the C-terminal part of Tat'®. Thus, Tat may induce
bystander CD4 T-cell apoptosis directly via the intrinsic pathway
and indirectly via the extrinsic one.

Vpr

Viral protein R (Vpr) is a highly conserved HIV-1 accessory viral
protein with a molecular weight of 14 kDa. Vpr is abundantly as-
sociated with the virion through its interaction with the p6 domain
of the Gag polyprotein precursor (Pr55%¢), underlining its role in
the early steps of the viral infection'®. Then, Vpr is expressed at
the late stage of the viral infection and can also be released from
HIV-1-infected cells™””. Vpr has a nuclear localization in the cell,
and its N-terminal domain is essential for this nuclear transport'®,
This viral protein has different functions including nuclear transport
of the viral pre-integration complex'”, arrest of the cell cycle in G2
phase'®, enhancement of the viral gene transcription, and the
HIV-1 long terminal repeat transactivation''. Besides all those ac-
tivities, Vpr also acts as a modulator of apoptosis in different cell
types, depending on its concentration in the cell.

Role of Vpr in HIV-1-infected CD4 T-cell death

The source of Vpr in infected cells could be either virion-as-
sociated Vpr or endogenously expressed Vpr. It has been shown
that expression of endogenous HIV-1 Vpr results in the upregula-
tion of Bel-2 and downmodulation of Bax'®. Further, survivin, a
member of the inhibitor of apoptosis family, can be upregulated
by Vpr, resulting in the inhibition of apoptosis'®. Interestingly,
these antiapoptotic effects have been described in cells express-
ing constitutive low levels of Vpr'62184,

On the contrary, high levels of Vpr expression in the cells cor-
relate with induction of apoptosis, suggesting that Vpr protects
m -1-infected cells from apoptosis at the early stages of infection,

|
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suscept|b|||ty to apoptosis. Some evidence indicates that Vpr in-
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the inhibitor of NFkB8, oreover, Vpris able to induce apoptosis

?? Ia?d -9'% and this phenomenon
occurs independently of |n cell lines of various tissue ori-
is still some controversy about a direct correlation
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leading directly or indirectly to apoptosis. Interaction-of th rap g nduced G2 arrest and induction of apoptosis in CD4

region of Tat with the af-tubulin dimer activates the intrinsic path-

T-cells. A very recent study has demonstrated that both Vpr and

2R eRTAE - RUb e ionS -2 0=



Mihayl Varbanov, et al.:

virion in significant quantities™'.® and some observations
raise the possibility that this virion-associated Vpr is sufficient
for the induction of the G2 cell cycle arrest and cell death in
CD4 T-cells'®,

These data indicate that Vpr has positive and negative effects
on apoptosis in HIV-1-infected CD4 T-cells, depending on its
level of expression and on the phase of HIV-1 infection. At the
early stages of the infection, when the level of expression of Vpr
is probably low, it plays a protective role by exerting antiapop-
totic function, ensuring viral survival and dissemination. Ultimate-
ly, in the late stages when the level of expression Vpr gets high,
it promotes apoptosis of the infected cell.

Role of Vpr in bystander CD4 T-cell death

Vpr can be detected in the sera and in the cerebrospinal fluid
of HIV-1-positive patients, which clearly shows that it can exist in
a cell-free state™™". It is still unclear whether infected cells release
this extracellular Vpr, or if it is freed after breakdown of infected
cells’". However, purified Vpr can enter into cells when added to
the cell culture in vitro'®'%, The existence of circulating extracel-
lular Vpr and its ability to enter into host cells indicate that this
viral protein can act on bystander cells. Indeed, it has been
demonstrated that extracellular Vpr induces apoptosis via a direct
effect on the mitochondrial permeability transition pore, leading
to the loss of A¥m (transmembrane potential) and release of
cytochrome-c'®. In addition, C-terminal peptides of Vpr contain-
ing the conserved sequence HFRIGCRHSRIG trigger a dramatic
reduction of mitochondrial membrane potential, leading to CD4
T-cell death'®. Furthermore, several studies suggest that Vpr is
able to induce apoptosis through a caspase-independent path-
way controlled by apoptosis-inducing factor, which translocates
from the intermembrane space of the mitochondria to the nucleus
where it exhibits apoptotic effects'® ¥, A very recent study has
demonstrated that a chimeric peptide containing a mitochondrial
membrane potential-inducing sequence derived from Vpr reaches
mitochondria where it interacts with adenine nucleotide transloca-
tor and voltage-dependent anion channel and causes inner and
outer mitochondrial membrane permeability'.

These data indicate that Vpr is an important actor in bystander
CD4 T-cell demise.

Nef

Negative factor (Nef) is a 27 kDa Hmelpfu @@dl @I’ ﬁlﬁfblxeé

pressed at a high level during the viral replication cycle. Nef is

CD4 T-cell Death Triggered by HIV-1 Proteins

crucial myristoylation motif is a highly conserved MGGxxS se-
quence at the N-terminal part of Nef, which is also essential for its
functions®*: modulation of several signal transduction pathways
and cell activation?®. Thus, this protein is essential for disease
progression through its ability to interact with host-cell proteins.

Role of Nef in HIV-1-infected CD4 T-cell death

As with Vpr, this viral protein seems to act both in cell survival
and cell death. Endogenous expression of Nef in infected cells is
associated with an antiapoptotic effect through two mechanisms.
First, Nef stops the death signals coming from the cell-surface
death receptors TNF-R and Fas by binding and thus blocking the
apoptosis signal-regulating kinase-1, a sering/threonine kinase?®.
On the other hand, Nef is able to inhibit the intrinsic apoptotic
signals by interacting with the proapoptotic protein Bad®”’. By
binding and activating the PI3K pathway, Nef also induces the
phosphorylation of Bad, resulting in a pro-survival activity?®. Fur-
thermore, Nef can also interact with p53, leading to destabilization
of the latter, thus inhibiting its proapoptotic activity?®.

However, some evidence suggests that Nef may have a pro-
apoptotic action. Indeed, CD4 T-cells expressing Nef display a
decrease in Ay, , PS exposure and caspase-3 activation, and thus
an increased level of apoptosis induction?®. Moreover, endoge-
nous expression of Nef upregulates Fas and induces expression
of FasL, increasing cell sensibility to apoptosis?!'. Furthermore, it
has been reported that Nef interacts with the { chain of the T-cell
receptor (TCR), leading to stimulation of FasL expression on HIV-
1 infected cells?™.

Among the Nef functions, one of the best characterized is its
major impact on downregulation of several cell membrane mole-
cules such as CD3%"?, CD28%*3, CD4™, and MHC class I?%. In
particular, its ability to downregulate the cell-surface expression
of CD4 and MHC class | leads to prevention of superinfection of
the host cell?® and to its evasion from the immune system?",
respectively. After Nef-mediated internalization of cell-surface
CD4, this receptor is targeted to degradative compartments via
the endosomal/lysosomal pathway?&2%,

Of note, cells expressing Nef show cytoplasmic accumulation of
degradative vesicles containing lysosomal proteins (Lamp 2, cathep-

n,D and cationic ferritin)?! sEg);gestlng a putative role of autophagy

No part of this pu%lu&@otl@n may
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Vpu

Viral protein U (Vpu) is an accessory HIV-1 protein with an esti-
mated molecular weight of 16 kDa, which has been detected in the
Golgi and ER membranes. This membrane protein has an N-termi-
nal transmembrane region and a C-terminal cytoplasmic tail, and
is able to homo-oligomerize?. Vpu has two main functions in the
cell: it promotes the budding of the virions from the plasma mem-
brane®®, thus contributing to the viral spread, and it induces the
degradation of CD4 in the ER by the proteasome??’. This acces-
sory protein is involved in the late stages of viral replication and
has not been detected in cell-free virions®%,

Role of Vpu in HIV-1-infected CD4 T-cell death

Vpu can form cation-selective ion channels in artificial lipid
bilayers in amphibian oocytes and E. coli, inducing conductance
with no discrimination of Na+ over K+ 2292%_ This modification of
the membrane permeability may induce cell sensibility to apop-
totic stimuli as perturbation of K+ levels in T-cells has been shown
to cause apoptosis®'. On the other hand, expression of Vpu in
HIV-1-infected T-cells renders those cells more sensitive to Fas-
induced apoptosis®®?. Furthermore, it has been demonstrated that
Vpu inhibits the degradation of IkB, resulting in its accumulation
and inactivation of NFkB. That leads to caspase-dependent apop-
tosis by suppressing the NFkB-dependent expression of the anti-
apoptotic factor Bel-xL2®. However, recent results indicate that
the effect of Vpu on direct cell killing in HIV-1-infected cells is not
substantial, especially at low levels of infection @,

In contrast to those proapoptotic effects, Vpu has been shown
to enhance HIV-1 release from infected cells, avoiding accumula-
tion of viral proteins like Env on the cell surface, and conse-
quently reducing the syncytium-induced cytopathic effects®.
Furthermore, by modulating CD4 cell-surface expression, Vpu may
prevent superinfection of the cell, and more importantly Env-medi-
ated apoptosis®. Indeed, the transmembrane region of Vpu is
necessary for enhancement of virus particle release from the cell
surface, while its C-terminal part and the phosphorylation of two
serine residues (52 and 56)%% are responsible for the reduction of
CD4 levels by trapping it in the ER. It has been shown that CD4
and Vipu interact physically in the ER, and that Vpu is necessary,
but not sufficient to induce CD
regulates the MHC-I molecule in the host cell®®, allowing the in-
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of the triplet Asp-Thr-GIu®®. It is produced as a monomer, but is
fully active as a homodimer®?. Dimerization occurs when the
concentration of PR is sufficiently high®!.

One of the major functions of PR is the cleavage of viral protein
precursors during the late stages of the viral assembly process, a
function essential for the maturation of infectious virions?*2. PR has
also been reported to participate in HIV-1-induced cell death.

Role of protease in HIV-1-infected CD4 T-cell death

Besides the cleavage of viral polyproteins, it has been shown
that PR can also cleave several host cell proteins. Indeed, it has
been demonstrated that recombinant HIV-1 PR cleaves in vitro the
cytoskeleton proteins vimentin, desmin, glial fibrillary acidic pro-
tein®® and the translational initiation factor elF4GI*“. Actin, tro-
ponin G, Alzheimer amyloid precursor protein and pro-IL-1f can
also be PR substrates in vitro?®. Interestingly, there is some evi-
dence that the viral PR is active in the cytoplasmic fraction of
acutely infected cells before virus budding, raising the possibility
that PR may play arole in virus-induced cytotoxicity in hydrolyzing
physiologically important host cellular proteins?',

Importantly, HIV-1 PR cleaves Bcl-2, and this cleavage correlates
with a decrease in the intracellular concentration of glutathione and
oxidative stress-promoted activation of the DNA-binding property
of NFkB?. Further evidence for the influence of PR on cell death
is provided by the observation of its ability to directly cleave pro-
caspase-8, which in tum activates Bid, inducing mitochondrial re-
lease of cytochrome-c and activation of caspases-9 and -3%7.

Another interesting point is the fact that specific inhibition of
HIV-1 PR by synthetic inhibitors prevents virus-induced T-cell
death®®. Indeed, protease inhibitor (Pl)-based therapy results
in improved CD4 T-cell counts and reduced T-cell apoptosis in
HIV-1-infected patients®®. In addition, Pl may possess intrinsic
antiapoptotic properties. For instance, it has been shown that
Pl treatment of T-cells in vitro reduces susceptibility to apopto-
sis?0251, Several mechanisms have been proposed to explain
this antiapoptotic effect: (i) decrease in expression of apoptosis
regulatory molecules like caspase-1%"; (i) inhibition of cal-
pains®?; (iii) alteration of proliferative responses and inhibition
of lymphocyte cell cycle entry®®; and (iv) direct inhibitory. effect
& m|tochondr|a| membranbspefrmeability%“. However, further

452@ ok rm;@aym f action of Pl is needed.

fected cells to escape detection and kfi@grﬂy%t[?mé@llsor Bﬁ’&fw&t ﬁfg bystander CD4 T-cell death
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Role of Vpu in bystander CD4 T-cell death

So far, there is no evidence that PR can induce cell death in

So far there is no direct prthlnEmBl% 1:nduge Qel an V\yﬁ T{S@Web@TmISSIOﬂ

in the bystander cells.

Protease

Of the pU Q'rlaﬁih@tnity factor (Vif) is a basic 23 kDa HIV-1 accessory

protein. It is syntheszed late in the viral infection in a Rev-depen-

R Rublicaonk 2050



Mihayl Varbanov, et al.:

does not appear to be incorporated in the virion®8, This viral
protein has several key functions in the infection: it is necessary
for the production of virions by CD4 T-cells?®, and it enhances
virion infectivity?®® and efficient viral transmission®'. It also pro-
tects HIV-1 from the antiviral activity of several members of the
APOBEC (apolipoprotein B mRNA editing enzyme, catalytic poly-
peptide like) family of cytidine deaminases (APOBEC3G and
APOBECSF) by inhibiting their incorporation into the virions%22%,
Moreover, Vif targets APOBEC3G?* and APOBEC3F2%2 for ubiqui-
tination followed by proteasome degradation, thus preventing the
editing and degradation of viral DNA in infected CD4 T-cells.

Role of Vif in HIV-1-infected CD4 T-cell death

The role of Vif in the viral pathogenesis is still controversial.
Recent evidence shows that inactivation of both Vif and Vpr leads
to a decrease in infected CD4 T-cell death, which indicates that
together these proteins play an important cytopathic effect',
Alternatively, Vif contributes to the cell cycle G2 arrest in HIV-1-
infected primary human CD4 T-cells, and the deletion of both Vpr
and Vif abolishes completely this arrest?®’,

Role of Vif in bystander CD4 T-cell death

A possible contribution of Vif to the viral pathogenic effect trig-
gered in bystander cells has not been determined until now.

Conclusion

The HIV-1 uses multiple strategies to manipulate different cell-
death mechanisms to its own advantage. Structural, regulatory and
accessory HIV-1 proteins, which are produced throughout the viral
life cycle, are major actors of this strategy in both inducing and/or
inhibiting CD4 T-cell death, depending on their level of expression,
localization, biochemical characteristics, presence in the extracel-
lular medium, and status of the target cells. Even though contradic-
tory results exist, the overall data suggest that the same viral pro-
teins are able to trigger survival of HIV-1-infected cells for long
enough to ensure a productive infection and death of bystander CD4
T-lymphocytes, which cannot be productively infected by HIV-1.

On the other hand, the different forms of PCD are strongly
conneCted and can substitute each other. This fact suggests that
apoptosis is not the only PCD
proteins. First evidence of this n
onstration that Env triggers autophagy, and then apoptosis, in

bystander CD4 T-cells. Further studwsl’@p){e@dtut@ dh@l’

acterize HIV-1-induced cell-death pathways and the role of HIV-1

proteins in their modulation tWFteﬁ)@meﬁﬁP@vpﬂtmrpl

therapies.
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