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Viruses have evolved numerous mechanisms to evade the
host immune system and one of the strategies developed by
HIV is to activate apoptotic programs that destroy immune
effectors. HIV infects CD4 T cells, preferentialy HIV Ag-specific
T cells,1 and it induces profound alterations on CD8T cells and
B cells, two populations of lymphocytes that are not direct
targets for productive HIV replication.2,3 Early reports demon-
strated the role of premature lymphocyte apoptosis in CD4 T
cell loss during HIV infection.4–7 Although our understanding of
the causes of CD4 T cell lymphopenia is still incomplete and
controversial, involving altered T-cell renewal and increased
turnover rates of T cells, increasing evidence points out to HIV-
driven lymphocyte apoptosis as an important contributor to the
destruction of the immune compartment. Not only does the HIV
genome encode proapoptotic proteins, which kill both infected
and uninfected lymphocytes through either the members of the
tumor necrosis factor family or themitochondrial pathway, but it
also creates a state of hyperactivation induced by ongoing viral
replication and responsible for the exacerbation of physiologi-
cal mechanisms of clonal deletion. This review discusses
recent advances on our understanding of the role of apoptosis
on the impairment of HIV-specific immunity and how new
therapeutics might counteract this process.

How HIV Perturbs T-Cell Dynamics

HIV infects cells of the immune system, and particularly T
helper cells, which express CD4molecule, the receptor for HIV
envelope. In the absence of antiviral treatment, HIV infection is
characterized by the gradual loss of CD4þ T cells and a
progressive immune deficiency that leads to opportunistic
infections, and ultimately death. As mature CD4þ T helper
cells are key effectors of antiviral immunity, it was initially
proposed that HIV-associated immunodeficiency results from
the direct virus-mediated killing of CD4þ T cells (reviewed in
Levy8). However, the mechanisms by which CD4þ T cell loss
arises remain a matter of controversy. Recent attempts to
understand how HIV disrupts T-cell homeostasis suggested
that chronic immune activation, due to persistent expression of

viral particles, results in high turnover rates of T cells, leading
to increased T-cell proliferation that is physiologically con-
trolled by increased apoptosis. Since lymphocyte homeostasis
is achieved by a balance between the production and death of
lymphocytes, it was proposed that HIV interferes with T-cell
renewal, both at the level of progenitors and thymic differentia-
tion, preventing appropriate replacement of prematurely
destroyed mature T cells (reviewed in Douek9).

During acute infection

Exposure to HIV is primarily through the mucosal route, and
the establishment of infection is dependent on the target cell’s
expression of CD4 and a chemokine receptor (CCR). CCR5
and CXCR4 are the major receptors used by HIV in vivo, with
CCR5 almost always being the initial target coreceptor for
naturally transmitted virus.10 Little is known about the primary
pathophysiological events of lymphocyte and viral dynamics
in acute, as opposed to chronic HIV infection in humans. SIV
models of rhesus macaque infection showed that, after
establishment of infection in the mucosa, SIV is rapidly
disseminated over the next 2 weeks, infecting increasing
numbers of CCR5þCD4þ T cells, a memory T-cell subset
that accounts for almost all CD4þ T cells in tissues including
the mucosal surfaces of the intestinal, respiratory and
reproductive tracts.11 Inflammatory cytokines and HIV gene
products, such as Nef, Tat, Vpr, induce TCR-independent T-
cell activation and contribute to efficient production and
propagation of the virus from infected cells to adjacent
CCR5þCD4þ T cells. The consequence is the selective
depletion by apoptosis of these memory CD4 T cells through
direct or indirect cytopathicity and CD8-mediated destruction
of infected CD4 T cells.12 Gene expression profiling of
macaques acutely infected with SIV/HIV-1 chimeric virus
(SHIV) demonstrated a differential expression of 10 apoptosis
regulators during the first 2 weeks of infection, including
TNFRSF6 (tumor necrosis factor receptor superfamily,
member 6 (FAS)), BCL2, BCL2L1, DAD1,TIAL1 and
PDL2.13 Accordingly, pathogenic SHIV was shown to induce
an accumulation of apoptotic cells during the second week of
infection in both lymph nodes and thymus, which colocalized
to sites of both virus replication and CD4 T-cell loss.14

During chronic infection

In contrast to acute infection, characterized by rapidly
increasing and then decreasing viral load and rapid CD4 T-
cell depletion, the chronic phase of the infection is associated
with lower but persistent plasma viral load and a slow
decrease of CD4 T cell counts over a period of 10 years
before the onset of AIDS. In vivo studies of T-cell dynamics in
chronic HIV infection, using methods of direct DNA labeling of
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proliferating cells with stable deuterium isotope, have shown a
state of high turnover of both CD4 and CD8 T cells and a
decrease in memory CD4 and CD8 T cell half-life.15,16 This
was associated with persistent high viral load and was
markedly reduced after initiation of HAART.16–18 This concept
of high turnover involves increased T-cell activation, expan-
sion, shift from naive to memory/effector stage and activation-
induced cell death. Analysis of Ki67 expression as amarker of
cell proliferation showed that CD4 and CD8 proliferating T
cells increase in both naive and memory subsets, and
decrease with HAART.19–21 Quantitative image analysis of
lymph nodes from HIV-1-infected persons has revealed CD4
T-cell depletion in an environment of increased T-cell
proliferation and apoptosis.22 The interpretation of these data
in terms of cause and effect has been the subject of
controversy: does the virus cause massive CD4 T-cell death
for which the immune system attempts to compensate with
increased homeostatic proliferative response, or does the
virus cause massive T-cell activation and proliferation, with
death being the natural immunological consequence?2

Lymphocyte homeostasis is achieved by a balance
between the production and death of lymphocytes, T-
lymphocyte progenitors differentiate andmature in the thymus
and are released into the peripheral circulation, where they
can migrate to sites of encounter with antigen.24 Several
studies have suggested that CD4þ T-cell lymphopenia might
be linked to interferencewith T-cell renewal byHIV, both at the
level of progenitors and thymic differentiation, preventing
appropriate replacement of prematurely destroyed mature T
cells. In accordance with this, CD34þ progenitors from
individuals progressing to AIDS have a dramatic loss in T-
cell development capacity.24 The contribution of thymic output
to T-cell homeostasis can be evaluated by measurement of
recent thymic emigrants (naive T cells) that harbor T-cell
receptor excision circles (TREC) formed during T-cell
rearrangement in the thymus. The number of TREC is thought
to correlate with thymic function.23 TREC number is reduced
in the blood within a few months of HIV infection,25 and it may
have prognostic value, as individuals with low numbers of
TRECs progress to AIDS at a faster pace.26 A number of
factors besides thymic production may determine TREC
content of the T-cell population, including cell division (TRECs
do not replicate during mitosis) and cell death, intracellular
degradation of TRECs and reversion of memory cells to a
naive phenotype, complicating the interpretation of TREC
data.27 However, an essential role for the thymus for T-cell
renewal is suggested in early HIV-infected individuals,28 and
in patients on highly active antiretroviral therapy (HAART) in
whom suppression of the viral load is accompanied with
concomitant enhanced numbers of naive T cells and
increased TREC content.

How HIV Exploits the Apoptotic Machinery

Early studies revealed that HIV induces premature lympho-
cyte apoptosis in lymphoid organs, affecting all lymphocyte
subsets, including B cells, CD4 and CD8 T cells, dendritic
cells,29,30 and independently of the cytopathic effect of HIV
since apoptosis occured mainly in uninfected cells rather than

in the HIV-infected cells.31 Parallel studies showed that a
marked fraction of both infected and uninfected T cells from
HIV-positive individuals die by apoptosis ex vivo, either
spontaneouly following a short-term incubation, or after
TCR-triggering,3–7 as do HIV-infected T cells in vitro.32–34

The mechanisms that are involved in HIV-associated apop-
tosis of lymphocyte include: direct killing of infected target
cells following virus-gene expression and cytopathicity, death
of bystander cells by proapoptotic viral proteins released by
infected cells, killing of HIV-specific effectors following their
recruitment to infected lymphoid tissues, and altered expres-
sion of cellular apoptosis regulatory molecules on lympho-
cytes and antigen-presenting cells (APCs) as a consequence
of HIV-mediated immune activation.35

Apoptosis in HIV-infected cells and influence of
HIV products

There are several mechanisms by which HIV can induce cell
death directly in the cell it infects. CXCR4 tropic HIV isolates
generally found in the later stages of HIV infection, preferen-
tially infect T cells and induce membrane fusion between cells
forming a giant multinucleated cell called a syncytium. The
relevance of fusion-induced apoptosis to AIDS pathogenesis
is suggested by the positive correlation between infection by
syncytium-inducing HIV or SIV isolates and the decline in
CD4þ T cell numbers in vivo.36–38 In lymph nodes from HIVþ

individuals, syncytia express markers of early apoptosis such
as tissue transglutaminase.30 Syncytia arising from the fusion
of cells expressing the HIV envelope protein with cells
expressing the CD4/CXCR4 complex undergo apoptosis
through a mitochondrion-dependent pathway involving
mTOR-mediated phosphorylation of p53, upregulation of
Bax and activation of the mitochondrial pathway leading to
apoptosis.39 When this apoptotic pathway is initiated in HIV
envelope-expressing cells, coculture with a noninfected
CD4þ fusion partner results in apoptosis of the syncytium
following mitochondrial alterations and caspase-dependent
nuclear pyknosis. This cell-to-cell transmission of the lethal
signal was only observed when the nuclear pyknosis
from donor cells exhibited preapoptotic chromatin condensa-
tion.40 Notably, when peripheral blood CD4þ T cells are
highly infected with HIV in vitro, the cytopathic killing is
associated with necrosis rather than apoptosis, and expres-
sion of neither Env nor Nef is required for this nonapoptotic cell
death.41

HIV-encoded products can trigger in vitro cell death
pathways. As summarized in Table 1, crosslinking of CD4þ

T cells by envelope gp120 activates the CD95/CD95L
pathway,75 and Nef-expressing T cells coexpress CD95L,70

thus becoming potential killers of uninfected CD95-expres-
sing T cells. Similarly, Tat secreted from infected cells
upregulates CD95/CD95L on uninfected cells and enhances
susceptibility to CD95-induced apoptosis.76,59 Bystander T-
cell killing can also be mediated by macrophages since
ligation of the chemokine receptor CXCR4 by HIV gp120 or its
ligand SDF-1 on macrophages induces membrane expres-
sion of TNF-a, which triggers apoptosis on TNFRII-expressing
CD8þ T cells.45 Extracellular Nef protein targets CD4þ T
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cells for apoptosis by interacting with CXCR4 surface
receptors. Two apoptotic motifs were identified on Nef, the
removal of which completely eliminated the ability of Nef to
induce apoptosis while retaining Nef ability to enhance viral
infectivity.77,78 Like many other viruses, HIV codes for
proteins that act on mitochondria and control apoptosis of
infected cells.79 For example, Vpr causes a rapid dissipation
of the mitochondrial transmembrane potential in intact cells,
as well as the release of cytochrome c and cellular
apoptosis.65 Like other viral proapoptotic proteins, such as
HBx coded by HBV, Vpr contains amphipatic a helices that are
necessary for the proapoptotic effect and seem to have pore-
forming properties.79 Tat induces apoptosis by downregulat-
ing Bcl-262 and upregulating caspase-8,61 and the binding of
HIV gp120 to CD4 receptor on previously activated cells
induces the downregulation of Bcl-253 promoting the release
of cytochrome c.80 Proteolytic degradation of Bcl-2 can also
be the consequence of the activation of caspase-8 by HIV
protease.74

In order to efficiently disseminate, HIV also needs to inhibit
cellular apoptosis of the host cell, at least until high levels of
progeny virus are produced, like many other viruses do.72 HIV
strategies to protect lymphocytes from apoptosis include: (1)
the upregulation of Bcl-2 and downmodulation of Bax by
Vpr;81 (2) the promotion of cell cycle progression, and

subsequent increased virus production, by Tat-dependent
inhibition of p53 transcription;82 (3) the downregulation by Nef
and gp120 of expression of the CD4 receptor by infected cells,
thereby preventing subsequent gp120-CD4-mediated apop-
tosis;83–85 and (4) the downmodulation by Vpu and Nef of the
expression of MHC class I molecules and the upregulation of
CD95L expression on infected cells, a strategy that might
function to protect infected cells from cytolysis by CTL or NK
cells.86,87 These in vitro data are in line with in vivo
observations showing that, in lymph-node biopsies from
HIV-infected humans and SIV-infectedmonkeys, productively
infected cells are not apoptotic, indicating that they are
relatively resistant to direct HIV-induced killing in vivo.31

Collectively, these data indicate that HIV can manipulate
cellular apoptotic machinery, destroying the immune system
through the activation of apoptotic programs in lymphocytes,
but ensuring viral survival by manipulating the apoptotic
machinery to its advantage in infected cells.

Apoptosis in bystander cells

Activated T-cell autonomous death
Apoptosis is required during an immune response to foreign
antigen to eliminate most activated antigen-specific T

Table 1 HIV gene products expressing pro-apoptotic activity

HIV Effector Proapoptotic mechanism References

Env CXCR4-dependent CD4 T cell and hepatocyte death 42–44
CXCR4/TNFRII-dependent death of CD8 T cells 45
Upregulation of Fas expression on lymphocytes 46
Macrophage-dependent apoptosis mediated by FasL 47,48
Activation of caspase-3 and FAK cleavage 49
Apoptosis of CD4+CD34+ progenitor cells 50
Disruption of neuronal calcium homeostasis and apoptosis 51
Apoptosis in cardiomyocytes through mitochondrion pathway 52
Decreased Bcl-2 expression 53
Activation of AP-1 54
mTOR-mediated p53 phosphorylation 39
Activation of the Ras pathway 54

Tat Downregulation of caspase-10 and upregulation of c-FLIP 55
Bax-dependent apoptosis 56
Upregulation of TRAIL by macrophages 57
TRAIL-dependent killing of CD4 T cells 58
Functional upregulation of Fas/FasL pathway 59,46
NO-mediated apoptosis of brain microvascular endothelial cells 60
Increased caspase-8 activity 61
Downregulation of Bcl-2 62
Inhibition of superoxide dismutase 46

Vpr Cell cycle arrest in G2, nuclear BRCA1 and gamma-H2AX focus formation 63,64
Dissipation of the mitochondrial potential and cytochrome c release 65,66
Procaspase-8 and -3 cleavage 63,67
Caspase-9 activation and apoptosis of primary cells 68
Caspase-independent MMP 69

Nef Functional upregulation of Fas/FasL pathway 70
Caspase activation 71
Downmodulation of CD4 and MHC class I 72

Vpu Enhanced susceptibility to Fas-induced apoptosis 73

Protease Activation of caspase-8 and proteolytic degradation of Bcl-2 74
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lymphocytes and thereby prevent autoimmunity. It occurs via
two main pathways: activation-induced cell death (AICD),
which is mediated by death receptors, and activated T-cell
autonomous death (ACAD), which is mediated by Bcl-2-
related proteins.88–90 In the context of a persistent viral
antigen expression, one may hypothesize that apoptosis
regulation is perturbed, leading to the progressive elimination
of activated lymphocytes. This is illustrated by the observation
that peripheral T cells from HIVþ individuals, which undergo
spontaneous apoptosis after a short-term culture,5,7,91,92

exhibit an activated phenotype. In addition, they show ex vivo
the downregulation of Bcl-2,93 also detected in vivo in patients’
lymph-node cells.94 Cells that have low levels of Bcl-2 express
activation markers, they belong to the CD8 T-cell compart-
ment and they express cytotoxicity granules.93,94 A recent
study demonstrated that Bcl-2 expression was markedly
decreased in HIV-specific CD8þ T cells compared with
CMV-specific and total CD8þ T cells from HIV-infected
individuals, and lower levels of Bcl-x(L) were also found
in HIV-specific CD8þ T cells.95 Interestingly, the nonpatho-
genicity of HIV-1 infection in chimpanzees is associated
with the lack of immune activation, a very low level of
spontaneous T-cell apoptosis and normal expression of
Bcl-2.96 Altogether, these observations suggest that, in
pathogenic situations, uncontrolled retroviral replication
is responsible for hyperimmune activation associated
with downmodulation of survival molecules, such as Bcl-2
and Bcl-xL, further leading to apoptosis of HIV-specific
cytotoxic CD8 T cells. ACAD is normally prevented by
cytokines and, accordingly, IL-2 and IL-15 can promote in
vitro the survival of patients’ T cells by upregulating the
expression of Bcl-2.97,98 As discussed below, immunotherapy
with these cytokines are actually under evaluation to restore
HIV-specific immunity.

Activation-induced cell death
Peripheral T cells from HIVþ individuals show increased level
of AICD, as compared with T cell from healthy donors, when
activated ex vivo through the T-cell receptor (TCR) for
antigen.5–7 AICD involves theCD95 pathway and it is normally
required to eliminate activated cells in excess following
antigenic response.99 A number of studies demonstrate that
CD95/CD95L are upregulated during the chronic phase of HIV
infection and may be involved in the destruction of T cells: (1)
Elevated levels of soluble CD95 and CD95L are detected in
the serum of HIVþ individuals, and CD95 level is a predictive
marker for progression to AIDS.100,47,101 (2) CD95L-expres-
sing macrophages can kill CD95-sensitive target T cells in an
MHC-unrestricted and CD95/TNFR-dependent manner.48

Notably, macrophage-mediated killing is selective for unin-
fected bystander T cells,102 and. a correlation is found
between macrophage-associated CD95L in lymph nodes
from HIV-infected patients and the degree of tissue apopto-
sis;103 (3) Crosslinking of CD4 molecule by gp120 leads to
CD95 and CD95L upregulation on CD4 T cells, which are then
primed for apoptosis upon CD3 stimulation. CD4 crosslinking
induces sensitization for apoptosis of CD8 T cells as well,
which is associated with Bcl-x downmodulation, and both CD4
and CD8 T cells die of apoptosis following cell–cell contact

with CD95Lþ CD4 T cells.104 (4) HIV-specific CTL are also
potential effectors of the destruction of CD95-expressing
activated lymphocytes, and it was shown that an MHC class I
restricted CTL clone specific for Nef, derived from an HIVþ

subject, is able to mediate both perforin- and CD95-
dependent cytotoxic activities on either Nef-presenting target
cells or CD95-expressing cells, respectively.105 (5) CD95 and
CD95L expression is increased on both CD4þ and CD8þ T
cells from HIVþ individuals, and this is associated with
increased susceptibility of these cells to CD95-induced
apoptosis, a marker for disease progression;106–108 (6) T-cell
susceptibility to CD95-induced apoptosis is not observed in
the nonpathogenic model of lentiviral infection, such as
chimpanzees infected with HIV.96 Themolecular mechanisms
involved in the susceptibility of T cells from HIV-infected
individuals to AICD have not been clearly identified yet.
However, T-cell priming for apoptosis is associated with
the in vivo expression in both CD4þ and CD8þ T cells
of the active forms of caspase-8 and caspase-3,109 which
can be induced in vitro by a number of HIV proteins, such
as Tat, Env, Nef or Vpr.62,49,71,63 Since T-cell activation
is downmodulating the level of the apoptosis inhibitory
protein FLIP (FLICE-like inhibitory protein), it was hypothe-
sized that susceptibility of patients’ T cells to AICD was
associated with decreased c-FLIP expression. However, the
levels of c-FLIP in purified CD4þ and CD8þ T cells from
HIVþ donors do not differ from that of noninfected control
donors.110

The TNF/TNF receptors death pathway is also activated in
HIVþ individuals, and both CD4þ and CD8þ T cells are
susceptible to TNFR1- and TNFR2-induced apoptosis.109

Susceptibility of patients’ T cells to TNFR-induced apoptosis
is associated with the downregulation of Bcl-2 protein, while
there is no increased expression of the two TNFRs on the
surface of T cells, and TNFR1-associated death domain
(TRADD), receptor interacting protein (RIP) or TNF receptor-
associated factor 2 (TRAF-2) expression is not altered by HIV-
infection.109 The ligand for TNFRs, TNF-a, is detected at
increased levels in the serum of symptomatic individuals and
elevated levels of soluble TNFR2 were found to be predictive
of HIV disease progression.111 The TNFR pathway may be
involved in the destruction of CD8 T cells since it has been
shown that ligation of the CXCR4 coreceptor by HIV gp120
upregulates the expression of TNF-RII on CD8þ T cells,
which become susceptible to apoptosis induced by mem-
brane TNF expressed on macrophages.45 The involvement of
another member of the TNF family, TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) to the bystander
destruction of T cells is suggested by experiments performed
in the humanized murine model, the hu-PBL-NOD-SCID
mice. Following infection with HIV, TRAIL is released by
macrophages, and exogenous HIV Tat protein upregulates
TRAIL production by primary macrophages in vitro.112 This
suggests that a TRAIL-dependent mechanism of destruction
of bystander CD4þ T cells occurs in vivo, which may be
triggered by Tat produced by HIV-infected cells. As a
corollary, AICD is partially inhibited by antagonistic TRAIL-
specific antibodies, and T cells from HIVþ individuals are
susceptible to TRAIL-mediated killing, in contrast to cells from
control donors.113
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Viral evasion of apoptosis

Before destroying the immune system through the activation
of apoptotic programs in lymphocytes, HIV may ensure viral
survival by manipulating the apoptotic machinery to its
advantage in infected cells. HIV-1 Tat downregulates cas-
pase-10 activity and concomitantly upregulates c-FLIP in
lymphoid T cells lines stably transfected with a plasmid-
expressing tat gene, rendering these cells resistant to TRAIL
cytotoxicity.55 Tat also decreases transcription of p53,114 so
promoting cell cycle progression, inhibiting apoptosis and
allowing the cells to increase virus production. Nef down-
modulates the expression of MHC class I molecules and
upregulates CD95L expression on infected cells, a strategy
that may function to protect infected cells from cytolysis by
CTL or NK cells.115,116 Nef, gp120 and Vpu contribute to the
downregulation of CD4 receptor on infected cells, preventing
subsequent gp120-CD4-mediated apoptosis.117–119 The re-
lative resistance to direct HIV-induced killing of infected cells
is confirmed by in vivo studies on lymph node biopsies from
HIVþ individuals, showing that productively infected cells are
not apoptotic, in contrast to uninfected cells.31

How Apoptosis Impairs HIV-Specific
Immunity

Destruction of HIV-specific CD4 T-helper cells

One of the most striking features of HIV infection is the loss of
HIV-specific CD4þ T-helper cells early in the infection
(reviewed in Noris and Rosenberg120). However, a vigorous
HIV-specific CD4þ T-cell proliferative response can be found
in a small subset of individuals that are able to control viral
load either naturally121 or after antiretroviral treatment early in
primary infection.122 These observations suggest an impor-
tant role for CD4þ T-cell effectors in HIV control, and they
argue for the rapid loss of HIV-specific CD4þ T-cell response
during the acute phase. The destruction of HIV-specific naive
CD4 T cells may occur following their recruitment into infected
lymphoid sites, where they may be killed directly after their
specific priming and infection by HIV-infected dendritic
cells.123,124 Accordingly, during acute infection, rapidly pro-
liferating HIV-specific memory CD4þ T cells are highly
susceptible to HIV infection, and they were found to contain
more HIV viral DNA than other memory CD4þ T cells,123

indicating their preferential infection in vivo and consequently
their preferential loss. Langherans cells are likely initial targets
for HIV following sexual exposure to virus and, following their
infection, they were shown to preferentially transmit HIV to
proliferating autologous memory CD4þ T cells, further dying
of apoptosis after antigenic stimulation.125 The in vivo
destruction of HIV-specific CD4þ T-cell precursors may also
occur in lymph nodes following HIV binding126 and ligation of
the homing receptor CD62L, as suggested.127 Failure to
detect HIV-specific CD4þ T cells ex vivomight also be due to
either their in vivo inhibition by high levels of viremia,128 their
anergy resulting from interaction with peripheral blood
dendritic cells,129 or their suppression by CD4þCD25þ

regulatory T cells130,131 (Figure 1).

Impairment of HIV-specific CD8 T cells

The effectiveness of protection conferred by CD8þ memory T
cells is determined by both their quality and their quantity. HIV
stimulates strong CTL responses in infected people132,133 and
the importance of these cells in the control of HIV viremia in
the acute phase of the infection is suggested by monkey
experiments in which in vivo depletion of CD8 T cells leads to
the lack of control of viremia following SIV infection.134 During
primary HIV infection, virus-specific CD8 T cells initially follow
the virus rise in the blood, and when that response reaches a
peak, the virus levels fall, suggesting that CTL contribute to
the control of HIV viremia are early stage of the infection.135

Virus-specific CD8 T cells, after clearance of the infection,
reduce their number in lymphoid organs by apoptotic death
and by migration into peripheral tissues. In the LCMV murine
model, many virus-specific CD8 T cells in lymphoid organs are
in a preapoptotic state (Annexin-Vþ ), which was shown to
preclude the development of functional memory.136 In HIV
infection, downregulation of Bcl-2 and Bcl-xL was detected on
peripheral blood93,95 and lymph node CD8 T cells,94 priming
these cells for autonomous cell death,93 and contributing to
the deletion of HIV-specific memory T cells.95 Bcl-2 down-
regulation and CTL apoptosis may also be induced by high
doses of virus during the primary viral infection, causing the
rapid deletion of high avidity virus-specific CTLs, as sug-
gested in a murine model.137 Since a recent study showed
that the deletion of antigen-specific effectors, but not that of
memory T cells, is dependent on selective increase in
caspase-3 activation,138 one may hypothesize that in vivo
upregulation of caspase-3 in CD8 T cells from HIV-infected
persons109 contributes to the destruction of this subset. In
addition to be primed for apoptosis, virus-specific CTL taken
ex vivo from HIV-infected individuals have functional defects
that could undermine their ability to control viral infections. For
example, although producing antiviral molecules (IFN-g, MIP-
1�) on contact with their cognate antigen, most HIV-specific
CTL express low levels of perforin and consequently poorly kill
appropriate target cells ex vivo.135,139 This may be related to a
defect in HIV-specific CTL maturation, as suggested by their
phenotype, which is not characteristic of fully mature
effectors, in contrast to CMV-specific effectors in the same
donors, but corresponds to an intermediate-differentiated
subset.140 Altered differentiation of CTL might also be linked
to an unfavorable cytokine environment, as rescue from
apoptosis of the Bcl-2 low CD8 T cell subset, detected in the
lymph nodes and blood of individuals chronically infected with
HIV, can be induced by exogenous IL-2 and IL-15.95,97,98

Defective help

CD4þ T cells are the helper cells (Th) of the immune system
that facilitate the generation of antibody and CTL responses.
After encountering the antigen, naive Th cells can differentiate
into at least two functional classes of cells during an immune
response – Th1 cells, which secrete IFN-g, and Th2
cells, which secrete IL-4.141 Among the many factors that
influence the decision to become a Th1, cytokines such as
IL-12, derived from pathogen-activated macrophages
or appropriately activated DC, and IFN-g, derived from
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pathogen-activated NK cells, provide important signals for this
differentiation.141 Th1 pattern is altered by HIV infection. So,
antigenic simulation of PBMCs from HIV-infected patients is
characterized by a reduced production of IL-12, IFNg and IL-2
and an increased production of IL-4 and IL-10, as compared
with PBMC from healthy donors.142 As Th1 immunity is
considered to be crucial for appropriate anti-viral CTL
response, which in turn contributes to the control of viral load,
it is important to consider that alteration of Th1 pattern is
indicative of the level of CD4þ T-cell loss and disease
progression.142 Ex vivo single cell quantification of the
frequency of Th1/Th2 subsets derived from peripheral T cells
stimulated in short-term cultures showed that HIV infection is
associated with a differential alteration in the frequency of Th1
subsets: a marked decrease in the IL-2-producing T cells was
observed, whereas the frequency of IFNg-producing T cells
was preserved throughout HIV infection, and this was directly
related to the contraction of the naive CD45RAþ CD4þ T-cell
compartment, which occurred as infection progressed.143 The
contribution of AICD to the alteration of Th1 pattern was
demonstrated by the concomitant detection of apoptosis in
cytokine-producing T cells following activation. It appeared

that, among the different Th1 subsets, there is a gradient of
susceptibility to activation-induced cell death (IL-2 producing
T cells being the less susceptible to AICD and TNF-a-
producing T cells the most), which is regulated by the
expression of Bcl-2, and which contributes to the deregulation
of Th1 cells.143 Interestingly, HIV infection is associated with
the progressive decrease in the proportion of IL-2-producing T
cells, which correlates with their susceptibility to apoptosis
and with disease progression. Preservation of HIV-specific
CD4 T helper effectors in chronically HIV-infected individuals
may be obtained following administration of IL-2.144 Thus,
exacerbated activation-induced cell death in peripheral T-
helper cells may be responsible for the impairment of HIV-
specific immunity in HIV disease (Figure 1).

Cytokine control of memory T-cell survival

Evidence has accumulated that cytokines have a fundamental
role in the differentiation of memory T cells. Members of the
common cytokine-receptor g-chain-cytokine family, in parti-
cular IL-7 and IL-15, act at each stage of the immune
response to promote proliferation and survival (reviewed in
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by the proapoptotic effects of HIV products, such as gp120, Tat, Nef, Vpr or Vpu. In addition, AICD and ACAD occur, a physiological process of contraction that may be
amplified by, on the one hand HIV proteins, and on the other hand deficient amount of survival factors such as IL-2 or IL-15. In HIV infection, part of HIV-specific CD4 T
cells are found anergic. This may occur following ligation of CD4 receptor by gp120. The massive cell death that normally occurs during the contraction phase results in
the loss of most antigen-specific T cells. Both IL-7 and IL-15 may rescue T cells from cell death at this stage, thereby allowing memory T-cell generation. Memory T cells
are maintained long-term under the survival effect of IL-7 and by undergoing a low level of proliferation, which depends on IL-15. In the case of HIV infection, a fraction of
memory CD4 T cells may contain proviral DNA, constituting a reservoir invisible from the immune system

News and Commentary

850

Cell Death and Differentiation



Khaled and Durum145). IL-15, primarily produced by macro-
phages, exhibit many activities in common with IL-2, it is
required for survival of memory CD8þ T cells, natural killer
(NK) cells and NK T cells, and it increases NK cell cytotoxicity
and enhances T-cell proliferation to mitogens and opportu-
nistic antigens in PBMC from HIVþ individuals.98,146 The
stimulating effect of IL-15 on NK function is mediated through
the upregulation of TRAIL, and IL-15-treated NK cells have an
antiviral effect, reducing the burden of replication-competent
HIV, and causing undetectable HIV-DNA in autologous
PBMCs.147 In addition, IL-15 is a potent survival factor in the
prevention of autonomous cell death, acting by upregulating
the expression of Bcl-2 and Bcl-xL, both in total98 and HIV-
specific CD8þ T cells from HIVþ individuals.95 IL-15
enhances the effector function of memory CD4 and CD8 T
cells increasing the secretion by these cells of the effector
cytokines IFN-g and TNF-a, 148 and it inhibits CD95-induced
apoptosis of HIV-specific CD8 T cells.149 However, IL-15 does
not rescue a particular subset of HIV-specific CD8 T cells,
which coexpress CD57, accumulate as replicative senescent
cells and die of apoptosis following a short-term culture.150

Finally IL-15 was found to inhibit caspase activation and to
increase Bcl-2 expression in a subset of CCR5þ Bcl-2 low T
cells, which proliferate during primary HIV infection and are
highly susceptible to spontaneous apoptosis.151 IL-15 could
thus be an effective promoter of innate and adaptative
immune responses, contributing to the development and
survival of Th1 cells and HIV-specific CD8þ T cells, and
recent attention has turned towards IL-15 as a possible
alternative immunotherapy in HIVþ individuals.
IL-7 is a critical component of thymopoiesis and it has

recently been shown to play an important role in T-cell
homeostasis. In vitro, IL-7 provides potent antiapoptotic and
proliferative signals to early thymocyte progenitors, mainly
single positive (CD4þCD3þCD8� and
CD4�CD3þCD8þ ).152 The contribution of IL-7 to thymic T-
cell regeneration has been indicated by experiments using
thymic organ culture systems, in which exogenous IL-7: (1)
increased the frequency of TRECs in fetal, as well as infant,
thymi, indicating that increased rearrangement of a�TCRs
had occurred;153 (2) together with SDF-1, it enhanced the
viability of CD34þ T-cell precursors, by modulating the
expression of Bcl-2 and Bax, and stimulated their prolifera-
tion.153 In macaques infected with SIV, IL-7 induces both
central renewal and a peripheral expansion of T lymphocytes
associated with cell activation, without increasing the viral
load.154 However, comparison of pathogenic and nonpatho-
genic models of SIV infection showed that elevated levels of
IL-7 are associated with disease progression.155 Similarly, in
HIV-infected subjects, falling CD4þ T-cell counts are asso-
ciated with increased circulating levels of IL-7.156 IL-7 may
have deleterious effects and contribute to the destruction of
CXCR4þCD4þ progenitors since it was found to favor HIV
replication in thymocytes by inducing expansion of mature
CD27þ thymocytes expressing the CXCR4 coreceptor.157 In
addition, IL-7 pretreatment of peripheral naive T cells
mediates their expansion and enhances their susceptibility
to primary isolates of HIV.158 These data have to be
considered when evaluating IL-7 as therapeutic immunomo-
dulator for HIVþ individuals.

Strategies to Enhance T-Cell
Reconstitution

The availability of potent antiretroviral therapies (HAART),
which combine nucleoside inhibitors of HIV-reverse transcrip-
tase (NRTIs) and HIV-protease inhibitors (PIs), and capable
of limiting HIV replication, has challenged strategies to
preserve or restore immune functions in HIV-infected
patients. Potential immune strategies include the use of IL-
2, human growth factor, IL-7 and IL-15.
Following HAART, a rise in the number of CD4þ T cells is

generally observed in treated HIVþ patients, in parallel with
suppression of HIV replication, which corresponds to several
phases of immune reconstitution. The first phase is attribu-
table to increased lymphocyte survival, as demonstrated both
in lymphoid organs in vivo and in blood lymphocytes ex
vivo.159 A decrease in both spontaneous apoptosis and AICD
is observed in T-cell subsets from most of the treated
individuals and this is related to decreased immune activa-
tion.110,160–162 The acquired resistance to CD95-induced
apoptosis is correlated with an increased rate of CD4þ T-
cell production.160 Decreased apoptosis is likely to depend on
many factors, including the downregulation of proapoptotic
HIV proteins and the reduction of virus-driven immune
activation. The antiretroviral drugs may also play a role, as
some of them exhibit antiapoptotic properties,162 while others
exhibit a proapoptotic activity in vitro,163 possibly contributing
to the persistence of high levels of lymphocyte apoptosis in
some patients.163 The second phase of quantitative CD4þ T-
cell restoration is due to the recirculation and peripheral
proliferation of memory/activated CD4þ T cells that
were sequestered in the lymphoid tissues. The third phase,
which occurs after several months, corresponds to the
reconstitution of the naive T-cell pool due to increased thymic
output, indicated by an increase in the level of TRECs
levels.2,3

Long-term potent antiretroviral therapies (HAART) are
often associated with a syndrome of lipodystrophy, character-
ized by hyperlipidemia, insulin-resistance and changes in
body fat distribution (peripheral lipoatrophy and/or central fat
accumulation).164 The mechanisms involved in these meta-
bolic complications are poorly understood but some anti-HIV
drugs and cytokines were shown to induce functional
alteration and apoptosis of peripheral adipocytes and lym-
phocytes, possibly contributing to these complications.165 For
example, PIs inhibit in vitro adipocyte differentiation, trigger
apoptosis, and induce an insulin resistant state in differen-
tiated adipocytes, as found in vivo in atrophic adipose tissue of
patients with lipodystrophy.166 NRTIs induce mitochondrial
toxicity on adipocytes, leading to depletion of cellular mtDNA
content and apoptosis.167 Cytokines can also affect adipocyte
functions, and in particular TNF-a inhibits adipogenesis in
preadipocytes, and it stimulates lipolysis and promotes insulin
resistance.168 Altered homeostasis of TNFa synthesis is
observed in the blood of HIVþ patients with lipodystrophy,
which is correlated with increased serum levels of triglycer-
ides, and cholesterol,161 and TNF-a expression is upregulated
in patient’s adipose tissue.166 Also, hyperlipidemia in HAART-
treated patients is related to both increased production of IFNa
and hormonal perturbations, and positive correlations are
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found between serum IFN-a level or cortisol/DHEA ratio and
atherogenic lipid levels.169

IL-2 treatment of HIV infection has been evaluated in a large
number of studies. In the first trials, IL-2 treatment was
assessed in patients receiving NRTIs, and its use was
associated with consistent improvement in CD4þ T-cell
counts and, in the long-term, IL-2 was able to preserve an
HIV-specific CD4 T-cell response, which was not detected in
HAART patients.144 In more recent studies, IL-2 administra-
tion along with initiation of HAART induced a consistent
increase in CD4 T-cell counts, even in patients with initial low
count.170 The gains in CD4 T cells consist predominantly of
increases in naı̈ve CD4þ T cells versus memory cells. The
expansion of the naı̈ve CD4 T-cell pool appears to be
attributable primarily to the proliferation and increased
survival of existing naı̈ve cells in the peripheral circulation.171

The possible influence of IL-2 on the generation of new naive
cells by the thymus is still a matter of debate. However, a
question is still open: is immune reconstitution aided by the
use of IL-2? Human growth hormone (GH) was recently tested
in HIV-infected patients to determine if GH treatment
enhances T-cell production. It was found that GH might
enhance thymic function by stimulating bone marrow pro-
genitors and facilitating their engraftment in the thymus.172

However, GH treatment is associated with significant toxicity,
including edema, arthralgias and diabetes. IL-7 therapy has
not yet been administered to humans. However, IL-7 has been
shown to stimulate expansion and export of progenitor cells
from the bone marrow, to inhibit apoptosis and enhance
proliferation of developing thymocytes, and to enhance
cytotoxicity of mature T cells. It is also believed to play an
important role in T-cell homeostasis. Supporting line of
evidence include the findings that circulating IL-7 levels are
increased in lymphopenia, and that cellular production of IL-7
is increased in lymphocyte-depleted lymph nodes.173 The
potent effect of IL-7 on T-cell development and homeostasis
have made it an attractive therapeutic candidate to restore T
cells in HIV infection, but its stimulating effect on HIV
replication in vitro indicate that its use in HIV disease will
need to be pursued with caution. An advantage of IL-15
therapy over IL-2 therapy is that IL-15 does not induce
increased HIV replication within CD4 T cells, thus inducing
cellular immune responses without affecting virus replication
within the infected cell. In addition, this cytokine may have a
special value in therapy by enhancing the development and
function of NK cells, stimulating IFN-g production by these
cells and having a beneficial effect on the CD8 T cell
noncytotoxic anti-HIV response, and finally enhancing effec-
tor functions of HIV-specific CD4 and CD8 T cells.

Conclusion

Understanding the viral strategies involved in the destruction
of HIV-specific effectors is particularly important since no
currently available therapies can efficiently restore virus-
specific immunity. HAART limits HIV replication and retards
disease progression but drug toxicity and the emergence of
drug-resistant variants preclude long-term control in HIV-
infected persons. In addition to the immune-based strategies

discussed above, structured treatment interruption (STI) is
currently evaluated, aiming at inducing ‘auto-vaccination’ (a
concept based on the theory that increased exposure to
autologous virus could stimulate HIV-specific immune re-
sponses and attenuate viral rebound) while reducing depen-
dence on antiretroviral drugs.174 This strategy may be used in
patients treated immediately after HIV infection since HIV-
specific effectors are preserved and viral escape mutants
have not been selected,122 but it may not be applied to
chronically infected patients, who have lost most of the HIV-
specific effectors. Use of therapeutic vaccines to increase the
strength and breadth of HIV-specific cellular immune re-
sponses may be more successful. This is suggested by a
recent study showing that immunization of HIV-infected
patients with dendritic cells loaded with chemically inactivated
HIV could induce, in the absence of antiretroviral therapy, a
prolonged suppression of HIV viral load, which was positively
correlated with virus-specific CD4 and CD8 T cells.175 This
study shows for the first time that improved immune control of
HIV infection is possible and it offers new hopes of the
possibility of therapeutic vaccines to modulate the course of
HIV disease.

Acknowledgements

I thank my past and present colleagues for their contribution to this work.
This work was supported by grants from the Agence Nationale de
Recherche sur le SIDA (ANRS), Ensemble Contre le Sida (Sidaction),
Pasteur Institute and European Union.

1. Douek DC et al. (2002) Nature 417: 95–98
2. Grossman Z et al. (2002) Nat. Med. 8: 319–323
3. McCune JM (2001) Nature 410: 974–979
4. Gougeon M-L and Montagnier L (1993) Science 260: 1269–1270
5. Meyaard L et al. (1992) Science 257: 217–219
6. Groux H et al. (1992) J. Exp. Med. 175: 331–340
7. Gougeon M-L et al. (1993) AIDS Res. Hum. Retrov. 9: 553–563
8. Levy JA (1993) Microbiol. Rev. 57: 183–289
9. Douek DC, Picker LJ and Koup RA (2003) Annu. Rev. Immunol. 21:

265–304
10. Doms RW (2001) AIDS 15: S34–35
11. Veazey RS et al. (2000) J. Virol. 74: 11001–11007
12. McMichael AJ and Rowland-Jones SL (2001) Nature 410: 980–987
13. Bosinger SE et al. (2004) J. Immunol. 173: 6858–6863
14. Igarashi T et al. (2002) J. Virol. 76: 379–391
15. McCune JM et al. (2000) J. Clin. Invest. 105: R1–8
16. Hellerstein M et al. (1999) Nat. Med. 5: 83–89
17. Lempicki RA et al. (2000) Proc. Natl. Acad. Sci. USA 97: 13778–13783
18. Mohri H et al. (2001) J. Exp. Med. 194: 1277–1287
19. Fleury S et al. (2000) Proc. Natl. Acad. Sci. USA 97: 5393–5398
20. Hazenberg MD et al. (2000) Blood 95: 249–255
21. Sachsenberg N et al. (1998) J. Exp. Med. 187: 1295–1303
22. Zhang ZQ et al. (1998) Proc. Natl. Acad. Sci. USA 95: 1154–1159
23. Spits H (2002) Nat. Rev. Immunol. 2: 760–772
24. Clark DR et al. (2000) Blood 96: 242–249
25. Douek DC et al. (1999) Nature 396: 690–695
26. Hatzakis A et al. (2000) Lancet. 355: 599–604
27. Hazenberg MD et al. (2000) Nat. Med. 6: 1036–1042
28. Douek DC (2001) J. Immunol. 167: 6663–6668
29. Muro-Cacho CA, Pantaleo G and Fauci A (1995) J. Immunol. 154: 5555
30. Amendola A et al. (1996) Proc. Natl. Acad. Sci. USA 93: 11057
31. Finkel TH et al. (1995) Nat. Med. 1: 129
32. Lifson JD et al. (1986) Science 232: 1123–1127

News and Commentary

852

Cell Death and Differentiation



33. Terai C et al. (1991) J. Clin. Invest. 87: 1710–1715
34. Laurent-Crawford AG et al. (1991) Virology 185: 829–839
35. Ribeiro RM et al. (2002) Proc. Natl. Acad. Sci. USA 99: 15572–15577
36. Sodroski JG et al. (1986) Nature 322: 470–474
37. Ferri KF et al. (2000) J. Exp. Med. 192: 1081–1092
38. Kimata JT et al. (1999) Nat. Med. 5: 535–541
39. Castedo M et al. (2002) EMBO J. 21: 4070–4080
40. Andreau K et al. (2004) J. Cell Sci. 117: 5643–5653
41. Lenardo MJ et al. (2002) J. Virol. 76: 5082–5093
42. Berndt C et al. (1998) Proc. Natl. Acad. Sci. USA 95: 12556–12561
43. Vlahalis SR et al. (2003) J. Infect. Dis. 188: 1455–1460
44. Munshi N et al. (2003) J. Infect. Dis. 188: 1192–1204
45. Herbein G et al. (1998) Nature 395: 189–194
46. Westendorp MO et al. (1995) Nature 375: 497–500
47. Badley A et al. (1996) J. Virol. 70: 199–206
48. Badley AD et al. (1997) J. Exp. Med. 185: 55–64
49. Cicala C et al. (2000) Proc. Natl. Acad. Sci. USA 97: 1178–1185
50. Banda NK et al. (1997) Apoptosis 2: 61–68
51. Haughey NJ and Mattson MP (2002) J. AIDS 31: S55–61
52. Twu C et al. (2002) Proc. Natl. Acad. Sci. USA 99: 14386–14391
53. Hashimoto F et al. (1997) Blood 90: 45–53
54. Selliah N and Finkel TH (2001) Cell Death Differ. 8: 127–136
55. Gibellini D et al. (2004) J. Cell Physiol. 203: 547–556
56. McCoubrie JE et al. (2004) Biochim. Biophys. Res. Commun. 325:

1459–1464
57. Zhang M et al. (2001) J. Biomed. Sci. 8: 290–296
58. Yang Y et al. (2003) J. Virol. 77: 6700–6708
59. Li CJ et al. (1995) Science 268: 429–431
60. Kim TA et al. (2003) J. Immunol. 170: 2629–2637
61. Bartz SR and Emerman M (1999) J. Virol. 73: 1956–1963
62. Sastry et al. (1996) Oncogene 13: 487–493
63. Stewart SA et al. (2000) J. Virol. 74: 3105–3111
64. Zimmerman ES et al. (2004) Mol. Cell. Biol. 24: 9286–9294
65. Jacotot E et al. (2000) J. Exp. Med. 191: 33–46
66. Boya P et al. (2004) Biochim. Biophys. Acta 1659: 178–189
67. Lum JJ et al. (2422) J. Clin. Invest. 111: 1547–1554
68. Muthumani K et al. (2002) J. Biol. Chem. 277: 37820–37831
69. Roumier T et al. (2002) Cell Death Differ. 9: 1212–1219
70. Zauli G et al. (1999) Blood 93: 1000–1010
71. Rasola A et al. (2001) J. Immunol. 166: 81–97
72. Benedict CA, Norris PS and Ware CF (2002) Nat. Immunol. 3:

1013–1018
73. Casella CR, Rapaport EL and Finkel TH (1999) J. Virol. 73: 92–100
74. Strack PR et al. (1996) Proc. Natl. Acad. Sci. USA 93: 9571–9576
75. Banda NK et al. (1992) J. Exp. Med. 76: 1099–1106
76. Westendorp MO et al. (1995) Nature 375: 497–500
77. Co J et al. (2004) J. Virol. 78: 3099–4109
78. Huang MB et al. (2004) J. Virol. 78: 11084–11096
79. Boya P et al. (2004) Biochim. Biophys. Acta 1659: 178–189
80. Kirsch DG et al. (1999) J. Biol. Chem. 274: 21155–21161
81. Conti L et al. (1998) J. Exp. Med. 187: 403–413
82. Li CJ et al. (1995) Proc. Natl. Acad. Sci.USA 92: 5461–5464
83. Salghetti S, Mariani R and Skowronski J (1995) Proc. Natl. Acad. Sci. USA.

92: 349–353
84. Crise B, Buonocore L and Rose JK (1990) J. Virol. 64: 5585–5593
85. Willey RL et al. (1992) J. Virol. 66: 7193–7200
86. Schwartz O et al. (1996) Nat. Med. 2: 338–342
87. Collins KL et al. (1998) Nature 391: 397–401
88. Hildeman DA et al. (2000) Curr. Opin. Immunol. 14: 354–359
89. Krammer PH (2000) Nature 407: 789–795
90. Martinou J-C and Green DR (2001) Nat. Rev. Mol. Cell. Biol. 2: 63–67
91. Oyaizu N et al. (1993) Blood 82: 3392–3400
92. Gougeon M-L et al. (1996) J. Immunol. 156: 3509–3520
93. Boudet F, Lecoeur H and Gougeon M-L (1996) J. Immunol. 156: 2282
94. Bofill M et al. (1995) Am. J. Pathol. 146: 1542–1550
95. Petrovas C et al. (2004) J. Immunol. 172: 4444–4453
96. Gougeon M-L et al. (1997) J. Immunol. 158: 2964
97. Adachi Y et al. (1996) J. Immunol. 157: 4184–4193
98. Naora H and Gougeon M-L (1999) Cell Death Differ. 6: 1002–1011

99. Ju ST et al. (1995) Nature 373: 444–448
100. Medrano FJ et al. (1998) AIDS Res. Hum. Retrov. 14: 835–843
101. Silvetris F et al. (1998) AIDS 12: 1103–1118
102. Herbein G et al. (1998) J. Virol. 72: 660–670
103. Dockrell DH et al. (1998) J. Clin. Invest. 101: 2394–2405
104. Tateyama M et al. (2000) Blood 96: 195–202
105. Garcia S et al. (1997) Immunol. Lett. 57: 53
106. Katsikis PD et al. (1995) J. Exp. Med. 181: 2029–2037
107. Sloand EM et al. (1997) Blood 89: 1357–1363
108. Estaquier J et al. (1996) Blood 87: 4959–4966
109. De Oliveira Pinto L et al. (2002) Blood 99: 1666–1675
110. Badley AD et al. (1999) Cell Death Differ. 6: 420–432
111. Zangerle R et al. (1994) Immunol. Lett. 41: 229–233
112. Zhang M et al. (2001) J. Biomed. Sci. 8: 290–296
113. Jeremias I et al. (1998) Eur. J. Immunol. 28: 143–152
114. Li CJ et al. (1995) Proc. Natl. Acad. Sci.USA 92: 5461–5464
115. Schwartz O et al. (1996) Nat. Med. 2: 338–342
116. Collins KL et al. (1998) Nature 391: 397–401
117. Salghetti S et al. (1995) Proc. Natl. Acad. Sci. USA 92: 349–353
118. Crise B et al. (1990) J. Virol. 64: 5585–5593
119. Willey RL et al. (1992) J. Virol. 66: 7193–7200
120. Noris PJ and Rosenberg ES (2002) J. Mol. Med. 80: 397–405
121. Rosenberg ES et al. (1997) Science 278: 1447–1451
122. Rosenberg ES et al. (2000) Nature 407: 523–526
123. Douek DC et al. (2002) Nature 417: 95–98
124. Patterson S et al. (2001) J. Virol. 75: 6710–6713
125. Sugaya M et al. (2004) J. Immunol. 172: 2219–2224
126. Chen JJY et al. (2002) J. Leukoc. Biol. 72: 271–278
127. Wang L et al. (1999) J. Immunol. 162: 268–276
128. McNeil AC et al. (2001) Proc. Natl. Acad. Sci. USA 98: 13878
129. Kuwana M et al. (2001) Eur. J. Immunol. 31: 2547–2557
130. Kinter AL et al. (2004) J. Exp. Med. 200: 331–343
131. Weiss L et al. (2004) Blood. 104: 3249–3256
132. Plata F et al. (1987) Nature 328: 348–351
133. Ogg GS et al. (1998) Science 279: 2103–2106
134. Schmitz JE et al. (1999) Science 238: 857–860
135. McMichael AJ and Rowland-Jones SL (2001) Nature 410: 980–987
136. Wang XZ, Brehm MA and Welsh RM (2004) J. Immunol. 173:

5138–5147
137. Alexander-Miller MA et al. (1998) J. Exp. Med. 188: 1391–1401
138. Sabbagh L et al. (2004) J. Immunol. 173: 5425–5433
139. Migueles SA et al. (2002) Nat. Immunol. 3: 1061–1068
140. Appay V et al. (2002) Nat. Med. 8: 379–385
141. Murphy KM and Reiner SL (2002) Nat. Rev. Immunol. 2: 933–947
142. Clerici M and Shearer GM (1994) Immunol. Today 15: 575–580
143. Ledru E et al. (1998) J. Immunol. 160: 3194–3206
144. Gougeon M-L et al. (1999) AIDS 15: 1729–1731
145. Khaled AR and Durum SK (2002) Nat. Rev. Immunol. 2: 817–830
146. Naora H and Gougeon M-L (1999) Immunology 97: 181–187
147. Lum JJ et al. (2004) J. Virol. 78: 6033–6042
148. Mueller YM et al. (2003) Int. Immunol. 15: 49–58
149. Mueller YM et al. (2003) Blood 101: 1024–1029
150. Brenchley JM et al. (2003) Blood 101: 2711–2720
151. Zaunders JJ et al. (2003) J. Ing. Dis. 187: 1735–1747
152. Napolitano LA et al. (2003) J. Immunol. 171: 645–654
153. Okamoto Y et al. (2002) Blood. 99: 2851–2858
154. Nugeyre MT et al. (2003) J. Immunol. 171: 4447–4453
155. Muthukumar A et al. (2004) Blood 103: 973–979
156. Napolitano LA et al. (2001) Nat. Med. 7: 73–79
157. Hernandez-Lopez C et al. (2002) Blood 99: 546–554
158. Steffens CM et al. (2002) Blood 99: 3310–3318
159. Gougeon ML (2003) Nat. Rev. Immunol. 3: 392–404
160. Gougeon M-L, Lecoeur H and Sasaki Y (1999) Immunol. Lett. 66:

97–103
161. Ledru E et al. (2000) Blood 95: 1391–3198
162. Sloand EM et al. (1999) Blood 94: 1021–1030
163. de Oliveira Pinto L-M et al. (2002) AIDS 16: 329–339
164. Carr A et al. (1998) AIDS 12: F51–F58
165. Gougeon ML et al. (2004) Antiv. Ther. 9: 161–177

News and Commentary

853

Cell Death and Differentiation



166. Bastard JP et al. (2002) Lancet 359: 1026–1031
167. Phenix BN and Badley AD (2002) Biochimie 84: 251–264
168. Meng L et al. (2001) Cancer Res. 61: 2250–2255
169. Christeff N et al. (2002) Eur. J. Clin. Invest. 32: 775–784
170. Levy Y et al. (2003) AIDS 17: 343–351

171. Marchetti G et al. (2004) AIDS 18: 211–216
172. Napolitano LA et al. (2002) AIDS 16: 1103–1111
173. Fry TJ and Mackall CL (2001) Trends Immunol. 22: 564–571
174. Havlir DV (2002) Proc. Natl. Acad. Sci. USA 99: 4–6
175. Lu W et al. (2004) Nat. Med. 10: 1359–1365

News and Commentary

854

Cell Death and Differentiation


