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Mechanisms of HIV-associated lymphocyte apoptosis

Andrew D. Badley, André A. Pilon, Alan Landay, and David H. Lynch

Infection with the human immunodefi-
ciency virus (HIV) is associated with a
progressive decrease in CD4 T-cell num-
ber and a consequent impairment in host
immune defenses. Analysis of T cells
from patients infected with HIV, or of T
cells infected in vitro with HIV, demon-
strates a significant fraction of both in-

fected and uninfected cells dying by apo-
ptosis. The many mechanisms that
contribute to HIV-associated lymphocyte
apoptosis include chronic immunologic

activation; gp120/160 ligation of the CD4
receptor; enhanced production of cytotoxic
ligands or viral proteins by monocytes, mac-
rophages, B cells, and CD8 T cells from
HIV-infected patients that kill uninfected CD4
T cells; and direct infection of target cells by
HIV, resulting in apoptosis. Although HIV
infection results in T-cell apoptosis, under
some circumstances HIV infection of rest-
ing T cells or macrophages does not result
in apoptosis; this may be a critical step in
the development of viral reservoirs. Recent

therapies for HIV effectively reduce lym-
phoid and peripheral T-cell apoptosis, re-
duce viral replication, and enhance cellular
immune competence; however, they do not
alter viral reservoirs. Further understanding

the regulation of apoptosis in HIV disease is
required to develop novel immune-based
therapies aimed at modifying HIV-induced
apoptosis to the benefit of patients infected

with HIV. (Blood. 2000;96:2951-2964)
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Introduction
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Patients infected with the human immunodeficiency virus (HIV3uch as cytomegalovirus, cause enhanced apoptosis and Iympthe-
experience a progressive decline in CD4 T-cell number, resultingriie. Chronic HIV infection provides a chronic |mmunolog|e
immunodeficiency and increased susceptibility to opportunisttimulus; however, it may be unique in its ability to |nduc§
infections and malignancies. Although CD4 T-cell production ilymphocyte apoptosis through direct or indirect mechanism(s) tat
impaired in patients infected with HIMhere is now overwhelming are distinct from immune activation alone. Although numerofs
evidence that the primary basis of T-cell depletion in patienfgathogenic viruses have developed mechanisms to prevent ap@to-
infected with HIV is increased apoptosis of CD4 and CD8 T cellsis of host cells, no such antiapoptotic machinery is present in I—EV
Since it was first proposed as a potential mechanism of CD4 T-ckideed, HIV-encoded proteins may induce apoptosis of infecﬁged
depletion in patients infected with HR&poptosis and its dysregu- cells and uninfected cells (ie, paracrine death) through varigus
lation after HIV infection has become a major focus of researcmechanisms, some of which are defined; others are as @et
Although apoptosis may result from the effects of continuousnidentified (Table 1).

immune activation that occurs in HIV-infected patients, consider-

able data indicate that there are additional distinct mechanisms by

which HIV (and HIV-specific proteins) enhances apoptosis. Impogyyerview of the regulation of apoptosis
tantly, only a minor fraction of apoptotic lymphocytes are physi-

cally infected by HIV, indicating that the enhanced apoptosis @{poptosis is a highly regulated and coordinated cellular de&h
lymphocytes seen in infected persons results from mechanismgdcess that is essential for cellular homeostasis. Alterations inghe
other than direct infection. Thus, understanding of the mEChamSP@‘gma’“on of apoptosis may lead to ma||gnané|mmunodef|c|en_
of HIV-associated lymphocyte apoptosis may lead to new and maes4 and autoimmune phenomeha.

effective therapies for HIV disease and acquired immunodefi-

ciency syndrome. Apoptosis regulatory proteins
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Many elements influence whether a cell will undergo apoptosis
(Figure 1). Four cellular receptors induce apoptosis after ligatign;
they are the Fas receptop55 tumor necrosis factor (TNF)&
recepto and TRAIL/APO 2-L (TNF-related apoptosis-inducing
ligand) receptors 1 and 2Fas Ligand (FasL), TNF, and TRAIL/
Chronic uncontrolled infections provide continuous antigenic stiméPO 2-L, respectively, bind these receptors to initiate apoptosis. In
lation that causes persistent immune activation and consequé case of FasL and TNF, membrane-associated proteins may be
apoptosis. This is the mechanism by which infectious diseasetgaved by the action of matrix metalloproteases to release soluble
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Table 1. Proposed mechanisms of HIV-associated lymphocyte apoptosis
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Effector Proposed mechanism Target cell
HIV Tat Enhanced Fas sensitivity Infected +
Enhanced Fas ligand production uninfected cells
HIV Nef Activation Infected +
Enhanced FasL production uninfected cells
? Binding to unidentified receptor
HIV vpr Cell cycle arrest Infected +

HIV protease
Activation-induced cell death

gp 120/160

Autologous cell-mediated killing

Direct effect on mitochondrial permeability
Cleavage of host structural proteins
HIV-associated activation

Increased TRAIL/APO-2L, FasL, or both
Inappropriate activation after CD4 ligation
Enhanced Fas susceptibility/FasL production
? Nonapoptotic death by CXCR4

Enhanced production of cytotoxic ligands by HIV-infected cells

uninfected cells
Infected cells
Uninfected cells

Uninfected cells

Uninfected cells

ojumoq

ligands that maintain their biologic activit{:!2 It is unknown chemotherapy, ultraviolet radiation, and ionizing radiation) mduge
whether TRAIL/APO 2-L exists as a soluble molecule. Ligation o€hanges in mitochondria that include opening of the permeabllity
these death receptors recruits the adaptor proteins FADD (Fasnsition pore and loss of mitochondrial inner transmembra‘:ne
associated death domaifi}> TRADD (TNF receptor-associated potential, which allows the release of apoptosis regulatory prote_ins

death domain), or bott;1”which sequentially activate a family of (including cytochrome c, Apaf-1, and caspas&-% that initiate
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cysteine proteases that cleave at aspartate residues (cystdimether caspase activation, ultimately leading to apoptosis. gl-
dependent, aspartate-specific protease), or caspases. Caspasescaigh classical Fas-induced apoptosis (see above) involves dgect
synthesized as inactive zymogens and become activated afiaspase activation without mitochondrial involvement (type 1), gn
proteolytic removal of a terminal prodomaifi2Fourteen mamma  certain cell types Fas-induced apoptosis may also require mitockon-
lian caspase family members have been identified, each withal activation (type 2J.
varying involvements in the regulation of apoptosis. For example,

caspase 8 (FLICB)23and caspase 3 (CPP323¢

apoptosis mediated by Fas, p55 TNF receptor, and TRAIL/APO
2-L receptor ligation. Activated caspases catalyze the cleavagelmfaddition to the proteins involved in mediating apoptosis descrit%d
other caspases, which, in turn, activate various cellular proteasé®ve, other proteins act to inhibit apoptosis. One such famllyg)f
and endonucleases that cleave host cell structural and regulat@gulatory proteins is cellular FLICE-like inhibitory protein (c- FLIP)i
proteins and host nuclear DN&,ultimately causing the cell to which inhibits apoptosis by binding to FADD and thus prevents tﬁe
undergo the morphologic and biochemical changes that are charactivation of caspase3* The inhibitor of apoptosis proteins (IAP)@

teristic of apoptosig?

family, including HIAP, XIAP, and others, acts by inhibiting thé

are involved in Antiapoptosis regulatory molecules

In addition to receptor-mediated apoptosis, other stimuli (eggtivation of caspase 3 and possibly other casgaseés.
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Figure 1. Schematic overview of the regulation of

apoptosis.
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Bcl2 and related family membe?82° including BclXS,
BcIXL, Bad, and Bax, influence apoptosis by regulating thgleasurement of apoptosis
intracellular signals that induce apoptosis. Some family mem-
bers (Bcl2) are antiapoptotic, whereas others (Bax) are proap@ds noted, apoptosis is characterized by distinct morphologic and
totic. Cells that contain a predominance of proapoptotic BclRiochemical changes, including chromatin condensation, shrinkage
family molecules promote apoptosis, and cells with a predomif the cytoplasm, membrane blebbing, and formation of apoptotic
nance of antiapoptotic Bcl2 family proteins are relativelyodies. Apoptosis is a complex and sequential process, and, as
apoptosis resistant. Bcl2 consistently blocks apoptosis inducgdch, some assays detect changes that occur early, whereas other
by anticancer and nitric oxid¥, and these effects may resultassays detect later events. The most common assays used in the
from the inhibition of calcineurin activatioff;*243NFAT activa  detection of apoptosis are listed in Tab% many have been
[ion"10 or transcription of Fas ||ganﬂ) Converse|y7 reports on used to evaluate apOptOSiS in patients infected with HIV. In a direct
the effects of Bcl2 on Fas-induced apoptosis are Conﬂicting_omparison of the relative benefits of these assays for use in the
Bcl2 may variably inhibit* or not inhibit's Fas-induced death. evaluation of apoptosis of HIV-infected patients, TUNEL staining
Because members of the Bcl2 family are principally localize®as the most specific and therefore may be the most accurate assay
within mitochondria, their influence may be greatest in forms ¢P Use in this patient populatidf
apoptosis that are associated with mitochondrial activation.
Thus, Bcl2 overexpression may not inhibit death receptor
initiated apoptosis in cells with a type 1 (mitochondria; . . .
independent) Fas pathway, but it may block Fas-initiated dea IV-mediated alterations in molecules that
in type 2 (mitochondria-dependent) ceffs. regulate the apoptotic process
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Cells obtained from HIV-infected patients and cells infected Wi§1
HIV in vitro show changes in the regulation of Fas and Fas ligaad
reviewed ifY). Acute HIV infection of the promonocytic cell I|neo

Physiologic T-cell apoptosis

Healthy subjects orchestrate a physiologic immune response té

§37 is associated with viral replication-dependent apop]ﬂ?s@

foreign antigen by T-cell activation and proliferation.

If th'sthat is characterized by the increased membrane expressma of

T-cell proliferative response were not regulated, each encounf_e‘%oz

and Fasl1%2 by the down-regulation of antiapoptotic proo

with a foreign antigen would lead to unending T-cell expansioReins Bel2 and BcIXL03.204 and by a concomitant increase |r§
Down-regulation of T-cell proliferation occurs by an apoptotig).oapoptotic BcIXS and Ba¥21%The hypothesis that Fas/FasL
program that is initiated after activatibi(Figure 2 top). After  interactions may be responsible for HiV-induced apoptOSIS‘als
T-cell activation, c-FLIP expression is reduced, and the cellgipported by the observation that soluble Fas receptor ded®ys
become susceptible to Fas ligation and to caspase 8-medigigfk HIV-associated death in U937 celf8.This is in marked
apoptosig®® Exposure to a second activation stimulus (eg, CDgontrast to the effects of acute HIV infection of T-cell lines, whi
stimulation in the absence of CD28 costimulation) promotes G€Fas independent despite increased Fas expre$8isiilnterest
novo production of FasL, leading to both autocrine and pargngly, though T cells from HIV-infected patients have alteregl
crine Fas/FasL-mediated T-cell apopto$t§2 1t is important to  expression of Bcl2, the expression of Bax, BclXL, and BcIXS dogs
note that not all physiologic T-cell apoptosis is regulated solelyot differ from that of uninfected controt&®
by Fas/FasL interactions; Fas-deficient cells maintain T-cell T cells from HIV-infected patients exhibit both increased F@
receptor (CD3)-induced apoptosis that is inhibited by TNFeceptor expression and enhanced susceptibility to Fas-medigted
antagonist§3.54 death!!%117FasL is elevated in peripheral blood mononuclear ceds
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Figure 2. T-cell apoptosis. Mechanisms of physiologic
T-cell apoptosis (top) and mechanisms of increased
T-cell apoptosis associated with HIV infection (bottom).
VAD refers to the pan-caspase inhibitor 2-VAD-Fmk.
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Table 2. Assays of apoptosis and their relationship to events of apoptosis
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Event

Assays

Detection

Changes in nuclear morphology:
Chromatin condensation, segmentation,
and formation of apoptotic bodies
Changes in membrane permeability

Changes in membrane composition:
Externalization of phosphatidylserine

Cleavage of nuclear proteins

Mitochondrial function and integrity
Changes in permeability transition (A¥m)
Accessibility to mitochondrial antigens
Release of cytochrome-c
Production of free radicals

Caspase activation
Detection of caspase cleavage product

Detection of active caspase
Detection of caspase activity

DNA degradation

Large fragments

Small fragments

Sub-G1 peak detection
Detection of DNA strand breaks

DNA stains (DAPI)

Vital dyes (PI)
Permeable DNA stains: (DAPI, Hoechst 33258)
Annexin V binding

Poly ADP ribose polymerase

Vital dyes (DiOCg, JC-1)
Apo 2,7 antibody
Anti—cytochrome-c antibody
DPPP/dihydroethidium

Known caspase substrates; PARP, caspase 3,
caspase 8, DNA-PK, PK-C

Anti—activated caspase 3 antibody

Cleavage of fluorescent or colorimetric
substrate(s)

DNA stains (EtBr, SYBR green)

DNA stains (EtBr)

Radioactivity (C'4)

DNA stains (EtBr)

Radioactivity (C4)

DNA stains (PI, Hoechst)

Terminal dUTP nick end labeling (TUNEL)

Ligation-mediated polymerase chain reaction

Microscopy

Microscopy

Flow cytometry with simultaneous size determination
Flow cytometry

Confocal and epifluorescence microscopy

Western blot

Flow cytometry
Flow cytometry
Flow cytometry, Western blot
Flow cytometry

Western blot

Western blot
Fluorometer, plate reader

Pulse-field gel electrophoresis

Comet

Detection of radio-labeled DNA by filter binding
Agarose gel electrophoresis (DNA ladder)
Detection of radio-labeled DNA by filter binding
Flow cytometry

In situ hybridization

Flow cytometry

Agarose or polyacrylamide gel electrophoresis

(which contain monocyte8y-118119from HIV-infected patients,

immunologic or virologic prognostic marke¥¥ Although little is
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and the plasma level of soluble FasL is increased in HIV-positiv@own of the ability of TNF to induce apoptosis in HIV- |nfecte§
patients and correlates with HIV RNA burd&3The demonstrated cells, HIV-infected macrophage-mediated killing of unlnfectegj
increases in Fas expression, Fas susceptibility, and Fas liga@id4 T-cell blasts (see below) can be partially reduced by e
expression suggest that these molecules may be important in s@dministration of soluble TNFR deco§sand TNF may contribute §
forms (see below) of HIV-induced cell death, though direct T-cetb apoptosis induced by gp120-mediated cross-linking of €D43

killing is independent of Fa¥5-108 (see below). The potential role of TNF as a mediator of HIV dise%e

Intracellular levels of c-FLIP in resting cells from HIV-negativehas prompted trials of anti-TNF therapy to retard HIV diseage
patients decrease after activation, resulting in enhanced sensitiyitpgression. Thalidomide reduces TNF secretidand pentoxifyd
to Fas-mediated apoptosisThis observation, coupled with obser line reduces TNF mRNA half-lifé3® However, clinical trials with
vations that apoptosis in patients infected with HIV occurs irach of these agents have consistently failed to showmproven&ent
activated CD45 RO, HLA-DR™*, CD28 cells?1-124suggests that in either immunologic or virologic outcomé&2-144 Other studies g
decreased c-FLIP expression may be responsible for the enhangsidg soluble TNF antagonists have had similarly disappointiﬁg
susceptibility of cells from these patients to apoptosis. Howevegsultsi4®
c-FLIP expression in bulk peripheral blood lymphocytes (PBL) or There is also relatively little information concerning the poteg-
in purified CD4 or CD8 T cells from HIV-infected patients does notial role of TRAIL/APO 2-L in apoptosis in HIV-infected patients?”
differ from that of HIV-negative patient$>It remains possible that Current data suggest that TRAIL/APO 2-L can bind to 1 of 5 receptors,
defined cellular subsets may have reduced levels of c-FLIP that ZRAIL/APO 2-L-R1, TRAIL/APO 2-L-R2, TRAIL/APO 2-L-R3,
missed in bulk analysis. TRAIL/APO 2-L-R4M6 and osteoprotegeri’ Binding of TRAIL/

The regulation of TNF, TNF receptors, or both is fundamentallsPO 2-L to TRAIL/APO 2-L-R1 or R2 transduces apoptotic
altered in HIV-infected patient$5-12°Both cognate receptors for signals, whereas binding to TRAIL/APO 2-L-R3 or TRAIL/APO
TNF, p75 TNFR and p55 TNFRare expressed in a variety of cell2-L-R4 does not. The effects of TRAIL/APO 2-L binding to
types. However, only ligation of the p55 TNF receptor leads tosteoprotegerin are unknown. Although it has been suggested that
apoptosigs17.53.131132F|levated serum TNF levels are seen irthe relative expression of TRAIL/APO 2-L-R3 and TRAIL/APO
symptomatic HIV-infected patierd&-12°but not in asymptomatic 2-L-R4 to TRAIL/APO 2-L-R1 and TRAIL/APO 2-L-R2 influ-
patientst33134 Furthermore, (1) HIV infection of lymphocytes orences susceptibility to TRAIL/APO 2-L-mediated killiAf;15°
monocytes results in TNF productié#f;1%6and (2) TNF activates recent studies do not support this hypothesis. Rather, intracellular
the transcription factor NFkB, which, in turn, activates HIVlevels of c-FLIP may correlate with the sensitivity or resistance to
transcriptiont37138jnitiating an autocrine loop that results in highTRAIL/APO 2-L-induced apoptosis in target celfd.152
levels of TNF production and increased levels of HIV transcription. Although no studies to date have evaluated the relative expres-
In addition, elevated serum levels of soluble p75 TNFR argon of TRAIL/APO 2-L receptor(s) or TRAIL/APO 2-L expres-
predictive of HIV disease progression, independent of otheion in patients infected with HIV, it has been observed that (in
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contrast to cells from HIV-uninfected patients) cells from HIVis suggested by observations that Tat is readily secreted by infected
infected patients are susceptible to TRAIL/APO 2-L-mediatecklls'’® and cellular or humoral immunity to Tat may have
killing.%® This finding, together with the fact that activation-protective effects against HIV disease progression.

induced cell death in patients with HIV infection may be partially Because Nef is essential for viral pathogenicity, HIV-encoded
inhibited using antagonistic TRAIL/APO 2-L—specific antibodNef has been suggested as a potential mediator of apoptéEius
ies!54suggests that TRAIL/APO 2-L and TRAIL/APO 2-L recep proposal is supported by the following findings: (1) human
tor dysfunction may contribute to HIV pathogenesis. infection with naturally occurring Nef deletion mutants leads to
less rapid CD4 T-cell depletion (compared to strains with Nef)&0
though the differences may be related to the decreased efficiency of
viral replicatiort®1-184 (2) Nef synergistically enhances the activat
ing effects of T-cell receptor ligatiof#>-187 though this enhanee
ment may be stimulus depend&it®% (3) Nef-expressing T cells

92 i A
HIV infection is associated with enhanced apoptosis in CD4 T ceff9EXPress Fast’? as do infected T cells from Siv |_nfec§eo_|
infected by HIV and in uninfected T cells. In this section we revied'2cadues but not T cells from macaques infected with similar
proposed mechanisms of CD4 T-cell apoptosis, focusing Strains of SIV that contain mutations within the Nef gE¥Réthe

whether the proposed mechanisms affect infected cells, uninfecfBgchanism(s) by which Nef results in activation and FasL prodge-
cells. or both. tion remain unclear, yet mutational analysis indicates that éﬁe

carboxy terminus of the CD4 receptor associates with both Nef &nd
p56LCK%; lastly, (4) Nef may exert an apoptotic effect 0|§
uninfected CD4 T cells by binding to unidentified recepto%?é),g
Gp120 is an HIV viral envelope glycoprotein that can bind to antesulting in Fas-independent death.in this regard, Nef may 2
cross-link the CD4 receptor and the chemokine coreceptoigduce apoptosis of infected and uninfected cells. g

©

Cross-linking of CD4 T cells by gp120 causes the induction of HIV-encoded vpr also has the ability to induce apoptosis
enhanced susceptibility to Fas-mediated kill#gin previously through transfection and exogenous treatment. Proposed mefgha-
activated cells, gp120 cross-linking results in apopt®%{possibly nisms include the induction of G2/M cell cycle arféét%and a @
mediated by IFNy, TNF, or botf®7), down-regulation of Bcl-2 direct effect on mitochondrial permeabil2 Vpr also influences &
expressiont® and activation of caspase'®. The apoptotic re viral LTR transcriptior?%%2%L cellular activation, and differentia 8
sponse to gp 120 is almost completely inhibited by soluble CQibn,202203syggesting a role in the development of HIV reservoir%.
and by anti-gp120 antibodié&’ Further evidence for the specific The seeming paradox of inducing apoptosis while promoting vigal
ity of this interaction is provided by the observation that a poireservoirs is elucidated by data that vpr may, in certain situatiogs,
mutation in the V3 loop of gp120 inhibits the induction ofinhibit apoptosi€?4-26The observation that virion-associated vp@
apoptosis in CD4 T cell¥! Finally, this interaction must also acts as an immediate early viral protein to induce apop@3ss &
involve CD4 signaling because deletion or mutation of thgconsistent with the apparent requirement that viral replicatign
intracytoplasmic portion of CD4 also abrogates the apoptotifust occur before the onset of infected T-cell apoptosis. &n
responsé®2.163 addition, the finding that direct HIV-induced T-cell apoptos%
Most of the experiments involving gp120-induced apoptosisccurs in all phases of the cell cy&brings into question the roles
evaluate apoptosis that occurs after several days. However, re®pr in direct infection apoptosis. Vpr is more likely to bé
reportd®+1%show that gp120 cross-linking of CD4 and CXCR4pyolved in regulation of latency, control of replication, ang

R}

chemokine receptor results in nonapoptotic death within sevefgkisiance to antiretroviral agenrts g
hours of stimulation by a mechanism that appears to be indePen‘KnowIedge that HIV-encoded protease is a cytotoxic protén

dent of pSELCK;** g-protein—coupled signaling? Fas, or TNF ¢ leads to apoptosis in human and bacterial cells after transfec-
receptor_§.65The administration of CXCR4 antagonists blocks thlﬁonzog,mhas been exploited as a method of screening compou%ds
apc;p_tosns reslponse to thlf HIVlevaeIéﬁé. bl hani for potential HIV protease inhibitory activii}> However, the g
Cthll'Is' apﬁ’ﬁa Irt]r? _to |n\;_o ? 9p ¢ Ota(;s a'trr? ﬁ’lc\’/nsl € mec_t SS:Sm fr%rlevance of HIV protease to HIV-infected T-cell death in vitro argd
-cetl death In patients intected wi ecause | in vivo is unknown. HIV protease expression (by Western blotting)

depend on the infection of all cells that become apoptotic and(:'EJrreIates with the presence of apoptosis in vitro and in #¢o.

does not require the presence of viable virions. Circulating immurlyerther studies demonstrate that HIV protease directly cleaves

complexes and replication-incompetent viruses that contain gplzld 4 o - .
can induce death in a similar manAgFi70 Caspase 84 and modifies cellular susceptibility to apoptosis by

virtue of proteolytic degradation of the antiapoptotic protein
Bcl2.215 Together these findings indicate that HIV protease may
also play a role in the death of HIV-infected T cells. There are no

Transfection experiments demonstrate that the ectopic expressigi@ t0 suggest that HIV protease may influence the death of
of HIV Tat induces apoptosis. Further, gp120/160-deleted Hiyninfected cells.

maintains its ability to induce infected cell apoptosis, potentially

because of the Tat-directed up-regulation of casptid@Bbecause |ngirect mechanisms of HIV-associated apoptosis

of Fas ligand-’2 Importantly, Tat has also been implicated as an

inducer of apoptosis in uninfected T cells, potentially by Fadn addition to apoptosis induced directly by HIV proteins, HIV
dependent mechanisms, superoxide dismutase inhibition, or actiidection mayinduce T-cell apoptosis through indirect mechanisms,
tion of cyclin-dependent kinasé&17>The ability of Tat to induce including activation-induced cell death and autologous infected cell—
uninfected cell death has also been demonstrated in vitro fimediated killing. The indirect mechanisms ef@ll death mediate the
neurons, lymphocytes, and CD4 T-cell lines. Its clinical relevanaieaths principally of uninfected T cells (Figure 2).

Apoptosis of uninfected and infected T cells
induced by HIV proteins

Gpl20-induced apoptosis

P!

q

Apoptosis induced by other HIV proteins
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Activation-induced cell death autologous infected cel®122-124,154,216,227,240,244,247¢4%he CD8

. . . T-cell count is not significantly reduced in these patients. This
T cells qbtalned from HiV-infected patients undergo spontanqu parent paradox may be resolved by observations in SIV-infected
apoptosi 22 2?9 greater rate than ce!ls fro”ﬁ HIV—seronegat% imates receiving total body irradiation, in which it was observed
subjects.- 2129 Furthermore, the ex vivo activation of CD4 Tthat CD8 T-cell recovery significantly precedes the recovery of

cells from HiV-infected patients (using a variety of stimull)cpy 1 ceyis250 similar delay in CD4 repopulation is also seen in

consistently enhances apoptosis compared with cells from unmj L ;
. X o mans receiving high-dose chemother&y>>These data have
fected subject§t!122.124.217-21Fhjs phenomenon, termed activation gng vy

. . ‘several potential interpretations, yet they demonstrate that CD8
mduc_:ed cell o_leath (A|CD)‘. occurs only in cell_s th_at have beeF—cell rebound occurs earlier than CD4 T-cell rebound after PBL
previously activated; *and it may represent the in vitro model Ofdepletion. In HIV-infected patients, it may therefore be expected
the effects of repeated antigenic stimulati:2?022 Naive o i rates of CD4 and CD8 T-cell loss were equal, the steady
peripheral blood T cells from HIV-negative patients, when Stimus'tate CD8 number may be greater than the CD4 nurhber because

lated through the T-cell receptor, undergo proliferation, cytokingf the quicker recovery times. Further, HIV-associated apopto-

secretiorfz>2%and the development of susceptibility to aIOOptOSi§is may lead to greater absolute numbers of CD4 T-cell apoptosis
induced by Fas ligatioff:>222022Subsequent stimulation results iny, ., cpg T.cel| apoptosis, because direct infection and gp120-
AICD _by the de novo productlogzzoofzzf asL, .Wh'.Ch med.'ate%ediated apoptosis selectively target cells that express CD4,
autocrine and paracrine apopto$s?2=02=Both in vivo and in o0 gp120 does not bind to (and thus cross-link) CI38.
vitro, HIV infection is associated with an activated T-cell phenONonetheIess it has recently been proposed that macrophgge-
type??7-23lincreased expression of Fas, enhanced susceptibility 19 i~ +o g g;p120 may mediate CD8 T-cell apoptosis throdgh

- i illi 11,115,116,174,232,233. i - — . . . . . .
Fas medlcﬁ:ed Lk”fltmé"l' | ) fancnll éncrsciased 'I;.cell interaction with CXCR453 Alternative potential mechanisms mag
expressed FasL after T-cell receptor stimulaif**suggesting a s o6 involved (see below), z

role for Fas/FasL in HIV-associated AICD. Findings that retinoic The fact that CD8 T cells from patients with HIV infection ar§

acid inhibits FasL expression and resultant apoptosis in¢ttemd - i ated than are similar cells from HIV-uninfected pei-

that retinoic acid therapy in HIV-infected patients reduces CDS40n§27~254'257suggests that the enhanced state of susceptibility%to

T-cell deplet!oﬁ35support a causal role for Fas/FasL interactions ionptosis is present in CD8 and in CD4 T cells and that CD8 T célls
T—cglll deatr:jllnducled fby HIV. . f . .. would be expected to die by apoptosis after exposure to ano‘%er
. evated levels of apopto&s are seen after mltoger_u_c Stlmu?‘étivation stimulus or with a preformed apoptosis-inducing ligagd
tion or TCR cross-linking of PBL from HIV-seropositive pa-(eg’ macrophage-associated FH8L Furthermore, CD8 T cells&

i 124,154,216-218,227,236,2 i i X ) :
tients: *The molecular signals responsible forexEress the CD4 receptor after activation, thereby rendering trg’em

apoptosis in these patients are unclear, but the administrationsg ceptible to direct infection by the virg&:259In addition, the &

Fas, TRA.IL/APQ 2-L, or TNF antagcz)gsts reduges AICD In CeII%nhanced expression of CD4 antigen on CD8 T cells would ;i?)e
fr.om patients infected with HIV:* suggestmg that all 3 expected to render these double-positive cells more susceptibl§ to
signals—Fas, TNF, and TRAIL/APO 2-L—may be involved. the effects of gp120 cross-linking and subsequent apoptoSis.
Despite the several possible pathways that may be responsibléfor
CD8 T-cell apoptosis in HIV-infected patients, chronic antiger@:
Macrophage?2140 monocyte$13.238.239 peripheral blood mono Stimulation most likely contributes to CD8 T-cell apoptosis. T@
nuclear cell£/ CD4 T cells?*: and CD8 T cell*2 derived from relative role of direct infection leading to CD8 T cell death reg

HIV-infected patients may induce the death of uninfected CD4 fpains untested.

lymphocytes. Autologous infected cell-mediated killing may in-

volve gp120 interactions (see below), the Fas/FasL system, or both.

Macrophages express basal levels of FasL that are significan\gsociations of apoptosis with HIV disease

up-regulated after infection with HI%¥? and monocytes from rogression and response to therapy
HIV-infected patients have significantly increased FasL expressign

compared with monocytes from HIV-negative cont®@sHIV-  Clinical studies in patients infected with HIV measure spontanegus
infected macrophages (and, to a lesser extent, uninfected magfgoptosis, Fas ligation-induced apoptosis, and apoptosis occuféing
phages) have been shown to kill Fas-sensitive T-cell tdffétsa  in response to mitogenic activation or TCR cross-linking.
major histocompatibility complex—unrestricted and Fas/TNRelation to the various mechanisms of apoptosis outlined above,
dependent mannét? Macrophage-mediated killing appears to b&pontaneous apoptosis may reflect infected cell apoptosis or
selective for uninfected T celfs} as opposed to the mechanismgyp120-induced apoptosis; Fas-induced apoptosis may reflect autolo-
involved in infected T-cell death described above. Macrophaggous cell-mediated killing of uninfected bystander cells or AICD;
mediated CD4 T-cell apoptosis has implications in vivo becauggoptosis in response to mitogen or CD3 ligation reflects AICD. In
levels of tissue apoptosis directly correlate with levels of macretudies in which tissue apoptosis has been meagfftée?, few
phage-associated Fast®. Thus, FasL may be the mediator ofapoptotic cells are found to be physically infected by viis,
uninfected CD4 T-cell death by monocytes, macrophdtfed?and  suggesting that tissue apoptosis reflects the killing of uninfected
CD8 T cells?42246 cells by gpl20-induced or autologous cell-mediated killing of
uninfected cells.

The magnitude of apoptosis observed in HIV-infected patients
CD8 T-cell apoptosis correlates well with the stage of HIV disease in longitudinal and

cross-sectional analysé&®:2%5Spontaneous apoptosis is greater in

Although levels of CD8 T-cell apoptosis are consistently elevatddlV-infected patients with progressive disease than in uninfected
in patients infected with HIV (whether this occurs spontaneouslgatients?56:267|n addition, spontaneous apoptosis in patients with
in response to activation stimuli [AICD] or after coincubation witHong-term nonprogressive HIV infection are similar to those of

dn

Autologous infected cell-mediated killing

20 uojsenb Aq ypd-LG62




BLOOD, 1 NOVEMBER 2000 + VOLUME 96, NUMBER 9 MECHANISMS OF HIV-ASSOCIATED LYMPHOCYTE APOPTOSIS 2957

HIV-negative patient3®® Thus, the rate of apoptosis correlatedlood mononuclear cells from HIV-infected patients with IL-15
inversely with CD4 T-cell depletion. Because recent advances liesults in enhanced production of the Th1 cytokine H;R¥ CD8
HIV therapy have resulted in sustained increases in CD4 T c@Hcell activation, increased numbers of CD8 T céffsenhanced
number, if enhanced apoptosis causes CD4 T-cell depletion tHgmphoproliferative responsé&] and decreased spontaneous T-
apoptosis must decrease during therapy. cell apoptosigg possibly mediated by increases in Bcl-2 expres
Numerous studies have shown that apoptosis in lymph nods&n?288 It is significant that although IL-2 increases HIV replica
rectal mucosa, and PBL subsets from patients infected with Hi6n, IL-15 does not share this effett:2%8Finally, IL-16 may have
decreases dramatically in response to protease inhibitor-based H€rapeutic implications for HIV-associated apoptosis.
treatment25269-274Thjs effect is seen for spontaneous apoptosis, IL-16 is a chemoattractad¥ that inhibits lymphocyte activa
apoptosis in response to T-cell receptor ligation, apoptosis tion?°°and may also inhibit HIV replicatiof?! Possibly because of
response to mitogenic stimulation, and apoptosis in response to Easantiproliferative effects, IL-16 treatment in vitro decreases
receptor ligatiort?5271.272.27The decrease in apoptosis is rapid antevels of anti-CD3- or anti-Fas—induced apoptosis in lymphocytes
is seen as early as 4 days after protease inhibitor therapyfriem HIV-infected patient3??2 However, the inhibitory effects of
initiated!25, it occurs in all patients within 14 dayg-274Because IL-16 on apoptosis are not seen in the context of spontaneous
the decrease precedes significant changes in viral replication, it a@®ptosig?
been suggested that protease inhibitors may be antiapopteti€,
possibly by virtue of inhibiting the activity of effector proteases

involved in apoptosis. T-cell regeneration in response to therapy

1} papeojumoq

=

The institution of highly active antiretroviral therapy (HAART) ha§
Effects of cytokines on witnessed a majgr impfact orll immune recolrllstitution: s%stait:%ed
. . increases in numbers of circulating CD4 T cells associated witly a
HIV-associated apoptosis rapid drop in plasma viral RNA levels. The mechanisms proposed
fo explain the increase in numbers of CD4 T cells include cellugﬁr
ﬁeldistribution from lymphoid tissu€? cellular proliferation of the g
peripheral T-cell poot?* new T-cell synthesis from a thymic3
source2%:2%and reduced levels of apoptosis (see above). We hgve
@éﬁviously demonstrated that HAART therapy rapidly reducés
apoptosis in lymphoid tissé€ and significantly decreases apoptog
sis in PBL125273The decrease in apoptosis occurs before signgi
peant changes on plasma viral RNA levels and when patients iére
{gceiving only the protease inhibitor component of the HAAF§

recall antigens in HIV-infected patients. Because of the pervasi_(}%g_'n_wm25 This finding ha_s led 1o the prqpqsal that_ proteage
effects of cytokines in modulating apoptosis and apoptosis susc libitors hgve an effect on immune reconstlt_utlozr;;r;;t IS |_ndep%1-
tibility, cytokine-based therapy may result in changes in apoptos ent of the_lr ability to SUppress HIV replicatigff:27®2%7In vitro ¢
Indeed, it has been reported that resistance to apoptosis in HIV éﬁarapy.wnh protease inhibitors has been shown to reduce %he
SIV infection is associated with a predominance of a Thl phenggpressmn of selected caspases in trt_agted cell_s and to reducg the
type?® arguing that chronic immune activation and a Th2 shiftt® of caspase 3 activatiéff:2” Additional evidence for an §
may promote apoptosis. Consistent with this hypothesis, spontaH]éj-'reCt prOtgase mhlbltpr eff_ect comes from StUd'e.S that d_emg;r?-
ous apoptosis in cells from HIV-infected patients is blocked by th%trate sustained CDA4 rises n F’a“ems who experience V'r_OI_(E'C
administration of IL-12, IFNy, anti—IL-4, anti—IL-10, and antilym- fallure298'3°1_and who are receiving protease |nh|b|tor-conta|n|r§g
photoxin, but not by anti-IL-12 thera$? Furthermore, IL-12 HAART regimens. g

protects against the enhanced sensitivity to Fas-mediated apoptosid "€ €arly rise (2 weeks) in CD4 cells attributable to a reductign
and enhanced sensitivity to AICD seen in HIV-infected patiéts. In apoptosis appears to be followed by a phase of CD4 cell incregse

Apoptosis in patients with HIV infection is modulated bydue to cellular redistribution and proliferation of predomlnategl

2-306 i i i N
exogenous cytokines or cytokine antagonists that promote a TREMOrY CD4 T cel® (Figure 3. A possible third phaseX
helper cell phenotype and by cytokines that promote T-cell

One hallmark of infection with HIV is progressive T-helper-cel
dysfunction. As HIV disease progresses, the balance of T
cytokines (IL-2 and IFNy) that enhance cellular immunity eventu-
ally shift to a Th2 cytokine profile (IL-4, IL-5, IL-6, and IL-10) that
promotes humoral responses. The suggestion that helper
dysfunction is central to the pathogenesis of HIV infectiéns

supported by observatiot{§28that the Thl-promoting cytokine
IL-12, or the use of antagonistic antibodies specific for the T
cytokines IL-4 and IL-10, restores T-cell proliferative responses

proliferation. IL-2 therapy in patients infected with HIV resu_lts iq {Initiation of Pl-based HAART
increased CD4 T-cell numbers unrelated to decreases in viral | ]

replication. Thus, IL-2 may modulate CD4 T-cell survival directly, Decreased

possibly through an antiapoptotic mechanism, a hypothesis sup- Apoptosis | Redistribution Repopulation

ported by in vitro studies in which clinically relevant concentra-

tions of IL-2 significantly reduce spontaneous apoptosis in €D4

T cells from HIV-infected patients but not from HIV-uninfected

patients?83 Acpa
IL-15 is a T-cell growth factor whose effects include T-cell

proliferation, enhanced cytotoxicity of T cells and natural killer

cells, B-cell proliferation, and immunoglobulin secreti§h.The

effects of IL-15 on T cells are related to its ability to bind to a i

trimeric receptor consisting of the IL-15Rsubunit and the shared Time

”—'ZRB and IL'ZRV subunits. Thg_s, many_ phySic_)IOQiC ?ﬁeCts OfFigure 3. Kinetics of change in CD4 T-cell number after the initiation of protease
IL-15 parallel those of IL-2. In addition, the incubation @éripheral inhibitor (P)-based HAART.
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consists mainly of new T-cell synthesis characterized by cells wigitoductively infected phenotype. Indeed, latently infected CD4 T
a naive phenotyp®&” This third phase of T-cell regeneration iscells have a markedly prolonged half-life (estimated at 6 months),
characterized by the presence of circular DNA elements formedhich limits the probability that viral reservoirs can be eliminated
after the rearrangement of possible T-cell receptor alleles, therdbyinterference in viral replication alorié&* In fact, recent estimates
indicating that these are newly produced T cells that have maturgaksed on the half-life of latently infected cells suggest that 60 years
in the thymug952% of viral suppression would be required to eliminate viral reser-
voirs 311 A possible way to achieve viral eradication is to target
infected macrophages and latently infected CD4 T cells to undergo
apoptosis after infection. Along these lines, it has recently been
proposed that treatment with a pro—caspase 3 analogue, which
contains an HIV protease—specific sequence in its prodomain, may
If CD4 T-cell depletion in HIV infection results from enhancedcause apoptosis of all infected celi8.Additional research is
apoptosis, then the prevention of apoptosis might be expectedréguired to evaluate the clinical usefulness of this and other
modify the course of HIV disease. In vitro studies using apoptosipproaches designed to enhance the apoptosis of cells that nor-
inhibitors (with no intrinsic antiviral properties) on PBL frommally function as reservoirs for HIV. The concept of enhancing
HiV-infected patients cause increased viral production and ikV-associated apoptosis is, however, a potentially significant sgep
creased cell surviva@f® These findings suggest that non-apoptoticforward in attempts to modify apoptosis for the benefit of patleris
infected cells serve as viral reservoirs and that it is unlikely thidfected with HIV. It further underscores the need for contmuéld
phenotypic and functional abnormalities of infected cells will befforts to understand the regulation of apoptosis induced by |—&V

Alteration of apoptosis as a therapeutic
approach in HIV infection

reversed by merely inhibiting apoptosis. Thus, blocking apoptosisection.
alone fails to meet 2 objectives of effective HIV therapy: it does not
decrease viral replication or decrease viral reservoirs, and it does

not increase cellular immune competence.
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