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Viral-Specific Cytotoxic T Lymphocytes Lyse Human Immunodeficiency
Virus—Infected Primary T Lymphocytes by the Granule Exocytosis Pathway

By Premlata Shankar, Zhan Xu, and Judy Lieberman

Cytotoxic T lymphocytes (CTL) lyse antigen-bearing target
cells by two distinct pathways. Whereas granule exocytosis
targets any antigen-bearing cell, fas-mediated cytotoxicity
kills only fas-expressing cells and does not require antigen
expression. Fas pathway activation can potentially lead to
lysis of uninfected bystander cells. We examined the relative
usage of the two pathways by CTL clones and cell lines
directed against four different human immunodeficiency
virus (HIV) proteins in lysing primary HIV-infected targets.
Although fas was expressed on HIV-infected primary CD4+ T
cells, their lysis by antigen-specific CD8* CTL was only by the
granule pathway. Fas ligand (fasL) was not detectable on
antigen-specific CD8 clones, T-cell lines, or circulating HIV-

specific CD8 T cells from HIV-infected donors, stained with a
tetrameric HLA-A2-HIV-peptide complex. FasL expression by
HIV-specific CTL clones was not activated by exposure to
HIV-presenting cells, but was after unphysiological stimula-
tion with phorbol myristate acetate (PMA). CTL clones did
not lyse bystander Jurkat cells, but HIV-infected primary
CD4* T cells lysed uninfected bystander cells by the fas-
mediated pathway. These results suggest that HIV-specific
CD8* CTL do not cause HIV immunopathology by lysing
bystander cells. On the contrary, fas-mediated lysis of unin-
fected cells by HIV-infected cells may contribute to CD4
decline.

© 1999 by The American Society of Hematology.

UMAN IMMUNODEFICIENCY virus (HIV) infection which induce apoptos#®:?® The calcium-dependent granule
stimulates a vigorous cytotoxic T-lymphocyte (CTL) exocytosis and the calcium-independent fas-mediated pathways

response, which may play an important role in host defenséave been shown to account for essentially all T-cell-mediated
against the virus. Evidence for a protective role of antiviral CD8 cytotoxicity25>2” The granule exocytosis pathway induces the
T lymphocytes comes from a variety of in vitro and clinical migration of preformed cytolytic granules to the region of CTL
studies'® However, in most untreated infected individuals, apposition to the target cell and release of granule contents into
viral replication and CD4 T-cell decrease continue despite ahe intercellular space between the CTL and its target. Degranu-
strong CTL response, ultimately with progression to symptom-|ation releases a pore-forming protein perforin and a group of
atic acquired immunodeficiency syndrome (AIDS). Because theserine proteases termed granzymes, which induce rapid death of
decline in CD4 numbers in the course of HIV disease istarget cell£%-3! Fas-mediated CTL lysis is associated with
disproportional to the number of Circulating infected CD4 T Synthesis of fasL in CTL after TCR engagement_ FasL expres-
cells, it has been postulated that indirect mechanisms likesjon on CTL leads to target cell lysis by interaction with fas
apoptosis of uninfected T cells may contribute to CD4 T-cell expressed on a variety of susceptible target 38#The HIV
loss? Histological studies of lymph nodes also suggest thatgn120 and tat proteins have been shown to induce fas expres-
apoptosis occurs predominantly in uninfected céllEssue  sjon on CD4 T cells in vitro and elevated levels of fas have
damage could result from cytokine release, as well as from lysig)gen reported on CDAT cells in HIV-infected individual$4-37
of uninfected bystander cells by CPLI°Recent studies in HIV In the present study, we have examined the relative contribu-
infection. have showr.1 thgt a high level of circulating CD8 T cel!s tions of granule- and fas-mediated pathways to the lysis of HIV
expressing the activation markers CD38 and HLA-DR is gntigen-presenting B lymphoblastoid cell lines (BLCL) and
gssouated with poor prognoéi'_sl.5 This could reflec_t an  H\tinfected primary CD4 T-cell targets. We also used
immunopathogenic role for activated CD8 T cells in HIV 5o sonsitive Jurkat as indicator cells for bystander lysis during
disease. CTL have been shown to play a central role in bo”éntigen-specific killing by CTL. Our results do not show a

viral clearance and immune-mediated tissue damage in Otherlﬁajor role for fas-based cytotoxicity in CTL lysis of infected

; iral i i0ri6-24
human and murine viral infectioris: . . targets or in bystander lysis of uninfected cells.
CTL recognition of target cells via their T-cell receptor

(TCR) activates 2 distinct mechanisms of cell lysis, both of
MATERIALS AND METHODS

Isolation of HIV-specific CTL clones.HIV-specific CTL clones
From The Center for Blood Research, Harvard Medical School, Were isolated from Ficoll-Hypaque (Sigma, St Louis, MO)-separated
Boston, MA. peripheral blood mononuclear cells (PBMC) obtained from HIV-
Submitted April 6, 1999; accepted June 29, 1999. seropositive subjects 307 (stage B2) and 352 (stage A1) with informed
Supported by Grants No. Al-38819 (to P.S.), Al-36611 (to J.L.), andconsent. PBMC were cultured in 96-well plates at 5 cells per well in the
Al-45406 (to J.L.) from the National Institutes of Health. presence of X 1P allogeneic irradiated feeder cells and 0.1 pg/mL
Address reprint requests to Judy Lieberman, MD, PhD, The CentetCD3 monoclonal antibody (MoAb) 12F6 in RPMI 1640 supplemented
for Blood Research, 800 Huntington Ave, Boston, MA 02115; e-mail:with 15% heat-inactivated fetal calf serum (FCS) and 600 IU/mL of
lieberman@cbr.med.harvard.edu. recombinant interleukin-2 (rlL-2; a kind gift of Chiron Oncology,
The publication costs of this article were defrayed in part by page Emeryville, CA). After 2 to 3 weeks, clones were transferred to 24-well
charge payment. This article must therefore be hereby méideder- plates and restimulated with anti-CD3 MoAb and allogeneic feeder
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate cells. CTL activity of the clones was tested against autologous B-LCL
this fact. targets infected with vaccinia virus expressing HIV env, gag, reverse
© 1999 by The American Society of Hematology. transcriptase (RT), and lacZ control as descritfetd. HIV-specific
0006-4971/99/9409-0016$3.00/0 clones were expanded and maintained in culture by periodic restimula-
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tion. The cytolytic activity and specificity of the clones was stable for at NC1) or isotype-matched IgG-FITC and IgG-PE antibodies (Immuno-
least 6 months. tech). After incubation for 30 minutes at 4°C, cells were washed and
Cell lines. Epstein-Barr virus (EBV)-transformed BLCL were resuspended in FACS buffer with 1% formaldehyde for analysis.
established from peripheral blood lymphocytes (PBLs) by standardFluorescent staining was analyzed on a FACScalibur with Cell Quest
methods. The HIV-expressing T1-nPLAP cell line was derived by software (Becton Dickinson).
transfection of the TxB hybrid cell line T1, with a molecular clone of  FasL and granzyme A expression in HIV-gag peptide tetramer-
HIV, HXB-nPLAP, which expresses a placental alkaline phosphatasestained PBMC. Bir A modified HLA-A2 heavy chain an@2 micro-
(PLAP) selection marker in place of the nef g¢#é2The cell line was  globulin were synthesized and purified from plasmids (obtained from
monitored regularly for HIV-1 expression by flow cytometry using M. Davis [Stanford University, Palo Alto, CA] and D.C. Wiley [Harvard
FACScalibur (Becton Dickinson, San Jose, CA) with fluorescein University, Cambridge, MA], respectively) and refolded with an
isothiocyanate (FITC)-conjugated KC57 p24 MoAb (Coulter, Miami, A2-restricted HIV-gag epitope peptide (SLYNTVATE)to produce
FL). BLCL lines, Jurkat, Molt 1, YT-Indy, T1, and T1-nPLAP cell lines tetramers as describé®l*” To assess fasL expression in circulating
were maintained in RPMI 1640 supplemented with 10% FCS. Bulktetramer-positive cells, & 10° PBMCs from 2 A2-expressing seroposi-
T-cell lines were generated from HIV-infected donors by stimulation tive subjects, 350 (stage Al) and 606 (stage A2), were resuspended in
with 2 pg/mL PHA-P (DIFCO, Detroit, MI) or with 5 pg/mL of an 500 pL FACS buffer and stained with 0.5 pg/mL of Streptavidin
immunodominant gag epitope peptide (VHQAISPRTLNANVKVVEEKS phycoerythrin (PE)-conjugated tetramer for 40 minutes at 4°C. Cells
and were grown in RPMI 1640 supplemented with 600 IU/mL rhulL-2 were stained for fasL and CD8-Cy5 as described above. For granzyme A
and 15% FCS. staining, a separate aliquot of tetramer-stained cells was permeabilized
Vaccinia vectors. Vaccinia vectors encoding lacZ (vSC8), gp160 of using the Caltag Laboratories Fix and Perm kit and stained successively
the BH8 isolate of HIV-}z (VPEL6), gag of the HXB.2 subclone with 3 pL granzyme A-specific MoAb CB9 and FITC-conjugated
(vDK1), and all but the last 22 residues of HXB.2 RT (vCF21) and nef F(ald), goat anti-mouse Ig (Immunotech). Cells were then washed
(VNEF) were used to screen for HIV-1 specific cytotoxicity as de- twice, resuspended in 50 pL FACS buffer, and stained with 2 pL of
scribed38:39 CD8-Cy5 for 30 minutes at 4°C. After another wash, cells were
HIV-infected primary CD4 T cells. To obtain uniformly HIV- resuspended in FACS buffer with 1% formaldehyde for flow cytometric
infected primary CD4 T-cell targets, autologous PBMC were depleted analysis.
of CD8 T cells, stimulated with phytohemagglutinin (PHA) (2 pg/mL)  Cytotoxicity assay. Log-phase BLCL target cells were infected with
for 2 days and infected with viral supernatant from the T1-nPLAP cell 5 pfu/cell recombinant HIV-vaccinia virus or the lacZ control and
line. After overnight incubation, cells were washed and cultured inincubated at 37°C for 16 hours. Cells were then labeled with 100 pCi of
RPMI 1640 with 10% FCS and 60 IU/mL IL-2. On day 4 after infection, 51Cr for an hour, washed 3 times in RPMI 1640 medium with 10% FCS,
nPLAP-expressing cells were selected immunomagnetically with anand resuspended at I@L. Labeled targets () were added to
IgG2a MoAb against PLAP (DAKO, Carpenteria, CA) and anti-mouse triplicate wells of U bottom microtiter plates. Effector cells suspended
IgG2a Miltenyi bead$? HIV expression in the selected cells was at various E:T ratios in 100 pL were added to target cells and the plates
confirmed by flow cytometry before their use as targets in cytotoxicity incubated at 37°C over GQor 6 hours. Supernatants (35 pL) were
assays. To test the nef-specific CTL clone, CO4ells were positively  counted on a Top Count (Packard, Meriden, CT) microplate reader and
selected withhCD4 Miltenyi beads and activated with PHA. Two days percent specific cytotoxicity was calculated from the average cpm as:
later, cells were infected with HI\g virus at a multiplicity of infection ([Average cpm— Spontaneous Release]/[Total Releas8pontaneous
(MOI) of 0.1. Infected cells were selected by the method described byRelease])x 100. Cytotoxicity assays with HIV-infected cells were
Ferrari et ak* which is based on the downmodulation of CD4 on performed in the same way except that 60 IU/mL IL-2 was present in the
HIV-infected cells. After culture for 4 to 7 days, uninfected cells, which culture medium during the assay.
continue to express CD4, were removed by negative selection with Inhibition of perforin and fas-mediated pathways of cytolysisio
CD4-Dynal beads as per the manufacturer’s instructions. The negaevaluate the role of perforin in CTL-mediated cytotoxicity, target cells
tively enriched population was analyzed for p24-expression and used asere pretreated with 2 mmol/L EGTA-Mgg&for 30 minutes and the
targets in cytotoxicity experiments. cytotoxicity assay was also performed in the presence of EGTA. To
Flow cytometry. For p24 staining, cells were resuspended in 50 pL evaluate the role of fas in CTL-mediated cytotoxicity, target cells were
Hanks’ balanced salt solution (HBSS) and permeabilized using thereated with 5 pg/mL of ZB4 (Coulter), a fas-blocking MoAb for 30
Caltag Laboratories (Burlingame, CA) Fix and Perm kit according to minutes, and assayed for cytotoxicity in a 6-hour assay in the presence
the manufacturer’s protocol. Fixed cells were incubated for 15 minutesof antibody. In some experiments, Brefeldin A (Sigma, St Louis, MO)
at RT with 2 pL p24 MoAb KC57 conjugated to FITC. After washing and Concanamycin A (CMA; Calbiochem, La Jolla, CA) were used as
with 5 mL of HBSS, cells were resuspended in phosphate-bufferedselective inhibitors of fas-mediated and granule-mediated cytotoxicity,
saline (PBS) with 1% formaldehyde for analysis. FasL expression orrespectively. Effector CTL clones were preincubated with 10 umol/L
CTL lines and clones was evaluated after overnight culture in theBrefeldin A or 100 nmol/L CMA for 2 hours as described by Kataoka et
presence of 10 pmol/L of the metalloprotease inhibitor KB8301 al*® and assayed for cytotoxicity in the presence of the drugs.
(Pharmingen, San Diego, CA) to prevent release of surface fasL. To Bystander lysis. Bystander cytotoxicity during HIV-specific CTL-
assess fas and fasL expression, cells were suspended in 50 phediated cytolysis was assessed using fas-expressing Jurkat cells.
fluorescence-activated cell sorting (FACS) buffer (2% FCS, 0.02%Jurkat cells were labeled witHCr as above, resuspended ax210°
NaN, in PBS) to which 2 pL anti-fas MoAb ZB4 (Immunotech, cells/mL and distributed (50 pL) into microtiter U-bottom wells. Fifty
Westbrook, ME) or 5 pL anti-fasL MoAb (Pharmingen) was added. microliters of unlabeled HIV-infected primary CD4T cells or unin-
After incubation for 30 minutes at 4°C, cells were washed twice with 1 fected control CD4 T cells at 2x 10°/mL was added to each well. The
mL of FACS buffer and stained for 20 minutes with a 1:50 dilution of effector CTL clone was added to triplicate wells at an E:T Ratio of 5:1.
FITC-conjugated F(al, goat anti-mouse Ig (Immunotech). Cells were Cells were incubated at 37°C in a humidified g@cubator for 4 hours.
washed with 1 mL FACS buffer and resuspended in FACS buffer with Supernatants were collected and assessed for cytotoxicity as described
1% formaldehyde for analysis. For phenotypic analysis, CTL clonesabove. In some experiments, bystander lysis of fas nonexpressing Molt
were resuspended at2 1P cells/mL in FACS buffer and 50 pL of the 1 cells or fas-expressing BLCL targets was also tested.
suspension was stained with 2 uL CD4-FITC (MoAb 13B8.2), CD8-PE  RT-polymerase chain reaction (PCR)The CTL clone 352-En52
(MoAb B9.11), CD28-PE (MoAb CD28.2), and CD57-FITC (MoAb was cultured for 6 hours in the presence of HIV-vaccinia or lacz-
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vaccinia—infected BLCL or stimulated with 10 ng/mL PMA. Total 80 —
cellular RNA was extracted from X 10 cells using Tri Reagent
(Molecular Research Center, Inc, Cincinnati, OH) according to the
manufacturer’s instructions. RNA (100 ng) was reverse-transcribe
using Moloney murine leukemia virus (M-MuLV) RT (Promega,
Madison, WI). cDNAs were amplified for 40 cycles using primers
specific for fasL angs-actin and conditions described in Montel ef4l,

analyzed by electrophoresis on 10% polyacrylamide gels, and visual &
ized by SyBR Green (Molecular Probes, Eugene, OR) staining. RNAE g - a

ecific cyt8toxicity

extracted from the fasL-expressing natural killer (NK) cell line YT-Indy g
(a I_(ind gift of Z. Brahmi, Indiana_L_Jniversity School of Med_icine, 61_) | A’\‘ﬂ/A
Indianapolis, IN) was used as a positive control for these experiments. 0 - e = — — —
1.25:1 2.5:1 51 1.25:1 2.5 5:1
RESULTS E:T Ratio
Characterization of HIV-specific CTL clonesCTL clones 80 40
were derived from 2 HIV-seropositive subjects by limiting C D

dilution culture of PBMC stimulated witaCD3 in the presence

of IL-2 and irradiated allogeneic PBMC feeder cells. CTL
activity of expanded clones was tested against autologou
BLCL targets infected with recombinant vaccinia virus express-
ing HIV-gag, env, nef, and RT. Clones from both subjects were
directed against multiple proteins of HIV. Clones from subject
352 directed against HIV-envelope (352-env52), gag (352-
gag27), and nef (352-nef26) and an RT-specific clone BR21
from subject 307 were used in this study. Clone BR21 recog-

60

40

Percent specific cytotoxicity

nized a novel A2-restricted RT epitofeAs shown in Table 1, 352-nef26  307-BR21 lacZz gp160 gag  nef
lysis of primary HIV-infected CD4 T cells by each of the clones Clone Target Protein
was comparable to their lysis of recombinant-HIV—vaccinia-

infected BLCL targets. All clones were CD&DS8" by flow Fig 1. Lysis of recombinant HIV-vaccinia-infected BLCL by CTL

clones and a T-cell line is inhibited by calcium chelation, but not by
cytometry (data not shown). The clones were heterogeneous Igts—blocking antibody. Autologous BLCL targets were infected over-

their expression of activation markers and were representativgight with HIV env (A) or gag (B) expressing-vaccinia or with control
of expanded populations of activated CD8 T cells in PBMC of lacZ-vaccinia (O0) and labeled with 5'Cr. HIV-expressing target cells
HIV-infected donors (Table 1). Two of three clones tested for'ere pretreated with medium (<), EGTA-MgCl; (A) or fas blocking
cell-surface expression of CD28 and CD57 were predominantlya ntibody (©) before adding either the env-specific clone 352-env52 (A)

. or the gag-specific clone 352-gag27 (B). (C) The nef-specific clone
CD57" and CD28. The third clone was mostly CD5@and had  352.nef26 and the RT-specific clone 307-BR21 were tested similarly at
mixed CD28 expression. In HIV infection, CD57 expression an E:T ratio of 5:1 against control vaccinia-infected targets (CJ) or
may be a marker for end-stage effector CTLs that are unable toI\V-vaccinia (nef or RT) infected targets in the presence of medium

undergo clonal expansion in the absence of i3 CcD3g (. fas-blocking antibody (\) or EGTA (). (D) Cytotoxicity by a
. hcl h h PHA-stimulated bulk T-cell line from subject 352 was tested against
expression by each clone was heterogeneous (data not s OW%)Jtologous BLCL targets infected overnight with HIV-expressing

All clones were maintained for over 6 months without 10Ss of vaccinia or with control lacZ-vaccinia. Target cells were pretreated

specific cytotoxicity. with medium (M) or fas-blocking antibody (N) for use in a 6-hour
cytotoxicity assay at an E:T ratio of 25:1.

Table 1. CTL Lysis of HIV-Infected Primary CD4 T Cells Is Comparable
to Lysis of Recombinant HIV-Vaccinia—Infected Autologous BLCL

Percent Specific HIV-specific lysis of BLCL target cells by CTL is granule-
el Cytotoxicity Versus mediated. To evaluate the role of the fas-mediated and perforin-
P mossing | Vaccinia HIv mediated pathways iantigen-specific lysis of recombinant HIV
Clone - - Infected Infected P e
T Cells Specificity  CDZ8 a7 BLCL o4 vacunla_\-lnfected BLCL targets, cytoto?u(:lty assays were per-
formed in the presence of the fas blocking antibody ZB4 and in
BR21 RT 61 13 61 4l the presence of 2 mmol/L Mg&lplus 2 mmol/L EGTA, a
352-env52 env 2 I 62 63 calcium chelating agent known to inhibit the calcium-dependent
352-gag27 gag 32 74 31 50 9ag P

352-nef26 nef ND ND 21 23 granule exocytosis pathway. Antigen-specific lysis of BLCL
targets by CTL clones directed against envelope, gag, nef, and
RT proteins was minimally affected by the fas blocking
against either HIV-vaccinia infected autologous BLCL or immunomag- anthOdy'.Flgure 1A and B depict the results OpFamEd with
netically selected HIV-infected primary autologous CD4 T cells. Back- gag-specific Clo_n_e 352_g_ag_27_ and envelope-speuﬂp clone 352-
ground lysis of the lacZ-vaccinia infected target or of the uninfected er.]V.SZ' Cytotoxicity was 'nhlblteq by EGTA at a!llratlos tested.
CD4 T cell blasts was less than 5% in all cases. The CTL clones were Similar results were obtained with the RT-specific clone BR21
also analyzed by flow cytometry for expression of CD28 and CD57. and the nef-specific clone 352-nef26 (Fig 1C). No fas-
Abbreviation: ND, not done. dependent cytotoxicity of HIV-vaccinia—infected BLCL targets

CTL clones of diverse phenotypes recognizing 4 different HIV
proteins were tested for specific cytotoxicity at an E:T ratio of 5:1
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shows representative flow cytometric analysis of fas expression
B for each target cell type. Target cells were also exposed to the
fas agonistic antibody CH11 to determine their sensitivity to
fas-mediated apoptosis. All of the target cell lines examined
were lysed by the antibody and the lysis was inhibitable by the
fas blocking antibody ZB4 (Fig 4A). Comparable lysis was
observed for uninfected CD4 PHA blasts, Jurkat, and BLCL
targets. HI\jgz-infected CD4 T-cell blasts>80% cells in-
fected) had higher levels of fas expression (mean fluorescence
oF 4 intensity [MFI] uninfected 5% infected 111) and were slightly
more susceptible to fas-mediated lysis than uninfected targets.
p24 FITC The perforin pathway predominates in the lysis of HIV-
infected primary CD4 T cells by HIV-specific CTL clones.
Fig 2. Flow cytometric analysis of intracellular p24 expression in Because fas expression is upregulated on CD4 T cells of
permeabilized primary CD4 T cells after infection with HIVy (A) or HIV-infected subjects? we examined the relative importance
HXB-nPLAP (B) and immunomagnetic selection as described.*244 The : s e .
unfilled histogram depicts uninfected control CD4 PHA blasts and the _Of the fas-ff’is-l‘ pathway in the antigen-specific lysis of HIV-
filled histogram, the selected infected cells. infected primary CD4 T-cell targets. Although fas was ex-
pressed on infected and uninfected CD4 PHA blasts, the lysis of

was present even when a PHA-stimulated bulk T-cell Iinethese targets by CTL directed against 4 different HIV proteins

generated from subject 352 was used as effector cells (Fig 1D3’(§a5t;‘°t ?:ectﬁd zy th? Ias.blltocklng.a?t:jb(;dytéFlg 4? and C).
Fas is expressed on HIV-infected primary CD4 T-cell targets n the other hand, cytotoxicity mediated by these clones was

used for CTL assays.Technical problems associated with compl.etely abfoga‘e‘j by EGTA. )
obtaining a uniform and viable population of HIV-infected Lysis of peptide-pulsed and HIV-infected T1 cells by the

primary target cells have hampered studies of CTL recognitiorf*2-restricted RT-specific clone BR21 is blocked by CMA but not
of primary infected cells. We developed a simple method toPY Brefeldin A. - Pretreatment of effector CTL with Brefeldin A

prepare uniformly HIV-infected primary T cells by immunomag- ©F CMA selectively blocks the fas or granule-mediated path-
netic selection after infection with a molecular clone of HIvV Ways, respectively. Brefeldin A selectively inhibits fas-based

expressing placental alkaline phosphatase (HXB-nPLAPYr cytotoxicity by inhibition of intracellular glycoprotein trans-
testing HIV-nef-specific clones, because the nPLAP gene €0 whereas CMA inhibits granule-mediated lysis by blocking
inserted in place of nef, we used the depletion method describethe granule proton pumfs.To confirm further the lack of a
by Ferrari et af* HIV-infected T cells, which downmodulate role of the fas pathway in HIV-specific CTL lysis, the A2-
CDh4 expression’ were enriched by immunomagnetic dep|etioﬁestricted RT-SpeCifiC clone BR21 was pl’eincubated with Brefel-
of CD4-expressing uninfected cells. As shown in Fig 2, a highlydin A or CMA and assayed for cytotoxicity against RT
enriched population of HIV-infected cells could be obtained by Peptide-pulsed or HIV-infected A2.1-expressing TxB hybrid T1
both methods. Cell viability was not a problem when infected cell targets. Although Brefeldin A preincubation did not block
cells were used for CTL assays on the day of selection, provide¢he cytotoxicity against HIV-expressing T1 cells, specific
IL-2 was added to the CTL assay medium. Spontaneous releagtotoxicity was effectively blocked by pretreatmevith CMA
was within the acceptable limit of 15% to 20%. or EGTA (Fig 5).

To address the mechanisms involved in lysis of primary Lack of bystander lysis during antigen-specific lysis by HIV-
infected cells by HIV-specific CTL, we first examined fas specific CTL. Because Jurkat cells are sensitive to the agonis-
expression on HIV-infected primary CD4 T cells and on othertic anti-fas antibody, we used them as indicator cells fGx
targets used in this study. Cell-surface expression of fas waselease assay to evaluate the contribution of CTL to bystander
detected on Jurkat cells, BLCL lines, and on autologouslysis during interaction with HIV-infected primary CD4 T cells.
uninfected and HIV-infected CD4 PHA blast targets. Figure 3The env-specific CTL clone 352-env52 did not lyse Jurkat cells
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Fig 3. Flow cytometric analysis of fas expression on target cells. T1, Jurkat, 352-BLCL, and uninfected and HIV,g-infected CD4 T-cell blasts
(negatively selected for CD4 expression) were stained with fas antibody ZB4 and FITC-conjugated anti-mouse IgG. The unfilled histogram depicts
staining with isotype-matched control antibody. Fas expression is upregulated on HIV-infected CD4 T-cell blasts compared with uninfected
blasts.

o

1 4

102 1% o



3088 SHANKAR, XU, AND LIEBERMAN

Target e
HIv-infected ) B
CD4 blasts x
8
S 60
19 uninfected &
CD4 blasts g
O 404
g
BLCL @
=
8 204
Jurkat e
S N
0 10 20 30 40 1.25:1 2,511 5:1
Percent specific cytotoxicity E:T Ratio Effector clone

Fig 4. Lysis of HIV-infected primary CD4 T cells is mediated by the perforin pathway and is not blocked by fas-blocking antibody. (A)
Fas-expressing target cells are sensitive to cytotoxicity induced by fas agonistic antibody CH11. 5'Cr labeled Jurkat cells, 352-BLCL, uninfected
PHA-stimulated CD4 blasts, and HIVg-infected and selected CD4 blasts were exposed to fas agonistic MoAb CH11 in the absence (W) or presence
(1) of fas-blocking antibody ZB4. Cytotoxicity was assayed after 6 hours. (B and C) Autologous HIV,z or HXB-nPLAP-infected CD4 T-cell blasts
(cultured for 3 days and selected immunomagnetically for HIV expression) and uninfected CD4 T-cell blasts were used as targets for CTL clones
directed against the env, gag, nef, and RT proteins of HIV. Target cells were preincubated with EGTA-Mg to block granule-mediated lysis or with
fas blocking antibody. Cytotoxicity was assayed at various E:T ratios for clone 352-env52 (B) and at 5:1 for the other clones (C). In (B) the targets
are uninfected (OJ) or infected and incubated with medium (<), fas blocking antibody (O), or EGTA-MgCI, (A). In (C), targets are uninfected (OJ) or
infected and incubated with medium (M), fas blocking antibody (N) or EGTA ().

by the fas pathway in the absence of infected targets. Howeveryere found when the gag-specific clone 352-gag27 and the
in the presence of autologous infected targets, a proportion ofief-specific clone 352-nef26 were substituted for the env-
the labeled Jurkat bystander cells was lysed by the fas-mediatespecific clone (data not shown). In addition, radiolabeled Molt 1
pathway. Surprisingly, comparable lysis was present even wheand BLCL were also not lysed as bystanders during CTL lysis
no CTL were added. Thus, HIV-infected CD4 blasts, but nothy the env-specific clone (data not shown). However, after
uninfected blasts, lysed the bystander Jurkat cells. This bystimulation with PMA + anti-CD3 antibody, the envelope-
stander effect was blocked by the fas blocking antibody andspecific clone 352-env52 could be induced to lyse Jurkat cells
occurred within 6 hours, before productive HIV infection of the 1,y the fas pathway, as lysis was inhibited by fas-blocking
bystander Jurkat cells could occur. This suggests that "“V'antibody (Fig 6B).

infected primary T cells may lyse uninfected bystander cellsby a5 is upregulated in HIV-specific CTL clones after PMA
the fas pathway, implying a possible role for infected Ce”Sintheexposure, but not after exposure to antigeffhe lack of
lysis of uninfected bystander CD4 cells (Fig 6A). Similar results fas-mediated cytotoxicity and bystander lysis might be due to

lack of expression of fasL by the T-cell line and clones used in
6 this study. FasL was not detected above background by flow
A B cytometry on PBMC and PHA-stimulated T-cell lines from
% HIV-infected donors and the 4 clones used in this study, even
when staining was performed in the presence of a metallopro-
teinase inhibitor to inhibit release of surface fasL and enhance
detection sensitivity? However, upregulation of fasL expres-
sion was observed after nonspecific stimulation with PMA. A
representative flow cytometric analysis with a gag-specific CTL
% line is depicted in Fig 7. We also used a more sensitive RT-PCR
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amplification to measure fasL mRNA in 1 of the clones (Fig

S

0 . 7z 1 IR 7F). As fasL expression is upregulated after T-cell activation,
6.25:1 12.5:1 25:1 Peptide-pulsed HIV llig-infected we looked for fasL expression 6 hours after stimulation with
E:T Ratio Targets HIV-vaccinia infected autologous BLCL or PMA. Although

PMA activated fasL expression by the env-specific clone that
~ Fig 5. CTL-mediated cytolysis of cognate-peptide pulsed or HIV-  was able to lyse bystander Jurkat cells after PMA induction,
infected T1 cells is blocked by EGTA or CMA, but not by Brefeldin A oy hosyre to HIV-presenting cells did not. Therefore, HIV-
(A) The RT-specific CTL clone BR21 was tested for cytotoxicity against if . hvsiological
peptide-pulsed T1 cells that were either untreated ((J) or pretreated specitic CTL can be activated by suprapnysiologica m_eans to
with EGTA (O). Cytotoxicity was also measured during fas pathway ~ express fasL, but they do not upregulate fasL expression after
blockade by pretreating the CTL with Brefeldin A and performing the antigen-specific stimulation. The pattern of fasL expression
assay in the presence of Brefeldin A (¢). (B) CTL clone BR21 was ; ;

rrel with what woul redi n the results of
treated with medium (E), CMA (X)), Brefeldin A (1), or EGTA (M) and correlates wit at would b? pred Ct?d base_d 0 _t e results o
assayed in the presence of drugs for cytotoxicity against cognate the CTL and byStander |ySIS experiments in FIgS 1 and 4

peptide-pulsed or HIV,g-infected T1 cells. through 6.
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Fig 6. HIV-specific CTL clone 352-env52 does not lyse bystander cells in the presence of specific target cells, but HIV-infected CD4 T-cell blasts
do. Fas-mediated cytolysis can be induced by stimulation with anti-CD3 and PMA. (A) Uninfected fas-sensitive Jurkat cells were labeled with 5Cr
and used as indicator target cells for bystander lysis by CTL. Combinations of the unlabeled CTL clone, uninfected and magnetically selected
HIV,z-infected CD4 T-cell blasts were added to the indicator cells. Five times as many CTL were added as CD4 T cells to give an effective E:T ratio
of 5:1. The fas agonist antibody CH11 was used as a positive control for fas-mediated Jurkat cell lysis. Assays were performed either without (H)
or with (N) fas blocking antibody pretreatment of the radiolabeled indicator cells. (B) PMA activation induces fas-mediated cytotoxicity by clone
352-env52. The clone was treated with medium or was stimulated with PMA and anti-CD3. After 2 hours of culture, the washed CTL were added
to 5ICr-labeled Jurkat cells at an E:T ratio of 2:1. Cytotoxicity was assessed against both untreated (M) or fas blocking antibody-pretreated (N)
targets.

FasL is not expressed by freshly isolated HLA-A2 HIV- SLYNTVATL.4® Uncultured tetramer positive CD8T cells
tetramer positive T cells in the blood.To assess whether the expressed granzyme A, an effector molecule for granule-
results observed with CTL lines and clones cultured in vitro alsomediated lysis, but did not express fasL. Representative data
hold for circulating HIV-specific CTL, gag-specific CTL in from 1 subject is shown in Fig 8. Tetramer positive cells failed
PBMCs of 2 A2-expressing HIV-seropositive subjects wereto express fasL even after brief culture in the presence of
stained with a major histocompatibility complex (MHC)-gag metalloprotease inhibitor (data not shown). This suggests thatin
tetramer for a frequently recognized A2-restricted gag epitopevivo HIV-specific CTL are also likely to use the granule-

Counts
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Fig 7. FasL is upregulated in an HIV-specific CTL line after PMA exposure, but not after exposure to antigen. Surface expression of fasL was
evaluated in a representative gag-specific CTL line from stage A2 HIV-seropositive subject 606 by flow cytometry after overnight culture and
stimulation with unpulsed (C) or cognate peptide pulsed (D) autologous BLCL or 10 ng/mL PMA (E) in the presence of metalloprotease inhibitor
KB8301. (A) and (B) depict the negative and positive control cell lines for fasL expression (A:BLCL, B:YT Indy). The unshaded histograms represent
control antibody stained cells; the shaded histograms, cells stained for fasL. The percentage of fasL-expressing cells is indicated. (F) RT-PCR
analysis of FasL expression by HIV-specific CTL clone 352-env52 after stimulation with antigen or PMA. The CTL clone was incubated for 6 hours

with autologous lacZ- or HIV-vaccinia infected BLCL at an E:T ratio of 10:1 or with 10 ng/mL PMA. Total RNA was extracted and reverse
transcribed. cDNAs amplified with fasL and B-actin primers were electrophoresed and visualized by SyBer Green staining.
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Fig 8. Fas-L is not expressed in HIV-gag-tetramer positive circulating CD8* T cells, but granzyme A is. Representative results from an
A2-expressing seropositive subject are shown. PBMC were costained with Streptavidin PE-conjugated HLA-A2-gag tetramer, CD8-Cy5 and fasL
or granzyme A MoAbs. The first 3 panels depict staining of gated CD8 bright lymphocytes; the last panel depicts all cells in the lymphocyte gate
to show that most CD8~ lymphocytes do not stain for granzyme A. The percent of dually positive cells is shown.

mediated pathway, but not the fas pathway, to lyse virus-ment and PMA stimulatiof? The former pathway requires P13
infected cells. kinase to induce fasL expression, whereas induction by PMA is
dependent on PMA-sensitive protein kinase C (PKC) iso-
DISCUSSION forms®3 A recent study found that a viral epitope activated the
The role of the granule and fas-based pathways in CTL-perforin mechanism of killing in a CTL clone, whereas expo-
mediated lysis of virus-infected targets has been a subject o$ure to a homologous self-epitope peptide induced only fas-
debate?>28 Naive CD8 T cells cannot kill by either pathway. mediated lysis in the same cloffeThis suggests that selective
After TCR engagement, the molecules required for CTL lysisTCR signaling induced by different affinity ligands might
by the granule pathway (granzymes and perforin) and formodulate the immune response. Differences in accessory mol-
fas-mediated lysis (fasL) are expressed. Although antigenecule requirement have also been suggested to play a role in
specific CD8 CTL can upregulate fasL expression after activastudies with CD8 CTL clones. Clones that kill only by the
tion and lyse fas-expressing compliant targets by the fasperforin pathway require CD8 engagement, while clones that
mediated pathway, the granule exocytosis pathway has beekill by the fas pathway appear to require a leukocyte function
shown to be the major pathway used by CDETL for associated molecule-1 (LFA-1)/intercellular adhesion molecule
elimination of lymphocytic choriomeningitis virus (LCMV)- (ICAM)-1 interaction%®
infected cells and melanoma celfs26On the other hand CD4 Although cytotoxic T lymphocytes provide a major host
cytotoxic T cells have been thought to lack perforin expressiondefense against viral infection, they have also been implicated
and lyse target cells by the fas-fasL—mediated pattitapne in immunopathogenesis of several viral and autoimmune dis-
importance of granule-mediated killing in clearing virally eased$524 Despite being highly directional, CTL can mediate
infected targets was shown in perforin knockout mice, whichtissue damage during antigen-specific killing by lysis of by-
succumbed to LCMV infectiof®5° A recent study of human stander cells or by the release of soluble mediators like tumor
mycobacteria-specific CTL clones showed that lysis of infectednecrosis factorr (TNF-a).%10 FaslL-based mechanisms are
target cells by class | restricted CD&TL was exclusively  more likely to result in bystander lysis than granule-mediated
perforin-mediated’ In another study, tumor killing by human mechanisms, because in the effector phase, fasL-expressing
melanoma reactive CD8 as well as CD4, CTL clones CTL can potentially lyse any fas-expressing targets, including
isolated from tumor lesions was also exclusively by theuninfected cell$® In murine LCMV infection, an infectious
granule-dependent, fas-fasL—independent pati¥vilye have  model with significant parallels to HIV disease, CTL have been
found similar results for lysis of HIV-infected CD4T cellsby ~ shown to play a central role in both viral clearance and
CD8T cells. Lysis of both HIV-vaccinia—infected BLCL targets immune-mediated tissue damagé7-53-556¢CTL present among
and primary HIV-infected CD4 T-cell targets by cytotoxic T-cell the liver infiltrating lymphocytes in chronic hepatitis due to
clones directed against 4 different HIV proteins is granule-hepatitis B and C infections are thought to actively contribute to
mediated, despite the expression of fas on target cells. liver damagé®1® A potential pathogenic role for hepatitis B
Fas or fasL deficiency in mice and in humans result invirus (HBV)-specific CTL in liver injury is supported by the
lymphoproliferation and autoimmunity, but not increased suscepobservation that adoptive transfer of murine CD8IBV-
tibility to viral infections38-62 Because of these results, fas- specific CTL mediate liver cell necrosis in a transgenic mouse
based apoptosis has been thought to be important in regulatingodel of HBV infection2® In chronic hepatitis C infection, fas
lymphocyte homeostas?é>2 Although both granule and fas- expression is upregulated on hepatocytes, and fasL-expressing
based pathways are activated after TCR stimulation, it is noCTL present in the liver can lyse bystander hepatocytes by the
clear if these two pathways are mutually exclusive in clonalfas-mediated pathwé.?1-23
populations of CTL or modulated differentially for lysis of It has been speculated that CTL may play a similar role in
intracellular pathogens versus homeostatic regulation of lymphoHIV infection because the degree of CD4 loss in HIV infection
cytes. We found that after stimulation with PMA, CTL clones is disproportional to the number of circulating infected CD4 T
could be induced to express high levels of fasL and lyse Jurkatells6-6°and apoptosis is considered to contribute significantly
cells by the fas pathway (Fig 6B). Thus, fas-based cytotoxicityto CD4 loss’%6 Fas expression on CD4T cells is upregulated
can be selectively induced in CTL under certain conditions.by CD4 cross-linking by HIV-gp120 in vitré*3537In a recent
Signaling pathways for fasL induction differ after TCR engage- study, a nef-specific CTL line was able to lyse uninfected Jurkat
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cells in a calcium-independent manner, suggesting lysis by and chemokines. Alternatively, the view we favor is that
granule-independent pathw&y.However, we did not find antiviral CTL are not pathogenic and that a high level of
significant bystander lysis of fas-sensitive bystander Jurkat cellsictivated CTL is an indicator of ongoing viral production. In
with any of the CTL clones or lines that we tested. Moreover, fact, there may be qualitative defects in the ability of circulating
these results were found even with an env-specific cloneCTL to lyse HIV-infected cells in vivo, despite efficient lysis of
Uninfected CD4 Jurkat cells, which might have internalized recombinant-vaccinia and HIV-infected target cells in vifé7*
soluble gp120, might have been recognized by the env-specific On the other hand, we found that HIV-infected primary CD4
clone, but were not. Although all of the antigen-expressingT cells contributed significantly to bystander lysis of Jurkat cells
target cell lines, as well as uninfected primary CD#-cell via the fas-mediated pathway. Viral nef induces fasL upregula-
blasts, expressed fas and could be readily lysed by the faion on simian immunodeficiency virus (SIV)-infected CD4 T
agonist antibody CH11, none of these targets were killed bycells’? HIV-infected macrophages have also been shown to
CTL in a fas-dependent manner. participate actively in inducing apoptosis of CDZ cells by
These results were obtained with a bulk CTL line and 4 CTLfasL- and TNFe—dependent mechanisrfisThus, it is likely
clones of different specificities that expressed a range othat the dominant fasL-expressing effector cells for lysis of
cell-surface activation phenotypes. Therefore, it is reasonable téas-bearing cells in HIV infection are infected CD#% cells and
suspect that similar results would be true of CD8 cells in vivo. macrophages rather than CTL.
In support of that conclusion, we were unable to detect fasL In summary, our study of the lytic mechanism used by CTL
expression on freshly isolated HIV-gag tetramer staining CD8 Tagainst HiV-infected targets suggests that granule-mediated
cells from HIV-infected PBMC, even when cells were incu- lysis is the major CTL Iytic pathway in the CD8 T-cell response
bated with a metalloproteinase inhibitor to block fasL rel¢dse. against the virus. Our studies do not suggest a role for
Moreover, fasL expression was undetectable or barely detectel@s-mediated cytotoxicity as an important effector mechanism
even with 40 cycles of RT-PCR amplification when a represendn HIV-specific lysis by CD8 T cells. However, HIV-infected
tative clone was specifically activated by HIV-presenting BLCL CD4 T cells themselves may contribute significantly toimmuno-
stimulator cells infected with recombinant vaccinia virus. The depletion of CD4 cells and other bystander cells, as they can
observed fasL independence of antigen-specific lysis by HIvlyse uninfected bystander cells by the fas-mediated pathway.
specific CTL was not due to a general inability of these cells to
upregulate functional fasL, as the molecule could be upregu-

lated with resultant lysis of fas-sensitive Jurkat cells by We thank B. Chenand D. Baltimore for HXB-nPLAP, Z. Brahmi for
unphysiological stimulation with PMA. YT-Indy, M. Davis and D. Wiley for plasmids used to synthesize the
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