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Because the persistence of human immunodeficiency virus (HIV) in cellular reservoirs presents an obstacle
to viral eradication, we evaluated whether tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/
Apo2L) induces apoptosis in such reservoirs. Lymphocytes and monocyte-derived macrophages (MDM) from
uninfected donors do not die following treatment with either leucine zipper human TRAIL (LZhuTRAIL) or
agonistic anti-TRAIL receptor antibodies. By contrast, such treatment induces apoptosis of in vitro HIV-
infected MDM as well as peripheral blood lymphocytes from HIV-infected patients, including CD4* CD45RO™
HLA-DR™ lymphocytes. In addition, LZhuTRAIL-treated cells produce less viral RNA and p24 antigen than
untreated controls. Whereas untreated cultures produce large amounts of HIV RNA and p24 antigen, of seven
treated CD4* CD45RO™* HLA-DR™ cell cultures, viral RNA production was undetectable in all, p24 antigen
was undetectable in six, and proviral DNA was undetectable in four. These data demonstrate that TRAIL
induces death of cells from HIV-infected patients, including cell types which harbor latent HIV reservoirs.

Peripheral blood lymphocytes (PBL) isolated from patients
infected with human immunodeficiency virus (HIV), as well as
cells infected with HIV in vitro, exhibit alterations in the phys-
iological mechanisms controlling T-cell apoptosis (3, 35). Al-
though only a minority of CD4 T cells become infected by
HIV, most that are infected undergo apoptotic cell death (29).
Furthermore, a significant number of uninfected CD4 and
CD8 T cells die by apoptosis induced either by immunological
activation, by the effects of HIV proteins, or by elevated levels
of death-inducing ligands produced by infected cells (reviewed
in reference 3). In contrast to the usual fate of HIV-infected T
cells, some cells do not die following direct infection. As well,
in a small fraction of CD4" T cells, infection with HIV does
not result in apoptosis, but in a state of latent infection that
appears to be critical in the persistence of HIV infection (16,
17).

The development of postintegration latency has been pos-
tulated to be a reversion of activated HIV-infected CD4" T
cells to resting memory cells in which viral transcription is
absent (16) and HIV is retained as an integrated provirus.
These infected resting memory (CD4* CD45RO™ HLA-
DR™) T cells have an estimated half-life of more than 6
months (16), and the unique resistance of such latently in-
fected T cells and HIV-infected macrophages to HIV-induced
apoptosis may be the critical step required for the development
of viral reservoirs (17). It is the presence of latently infected
CD4 T cells and HIV-infected macrophages that prevents
complete virus eradication by standard antiretroviral therapies.
Recent attempts to eradicate HIV reservoirs by using agents
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including interleukin-2, an anti-CD45RO immunotoxin, an an-
ti-CD3 antibody, and a therapeutic HIV vaccine (7, 8, 36; M.
Van Praag, J. Prins, 1. Berge, P. Schellekens, and J. Lange,
presented at the Fifth Conference on Retroviruses and Op-
portunistic Infections, 31 January to 4 February 1999, Chicago,
I1l.) have so far been unsuccessful and highlight the need for
novel therapeutic approaches.

TNF-related apoptosis-inducing ligand (TRAIL/Apo2L) is a
member of the tumor necrosis factor (TNF) superfamily and
was identified by sequence homology with Fas ligand (FasL)
and TNF (1). There are five cognate receptors for TRAIL/
Apo2L, yet only two (TRAIL-R1 and TRAIL-R2) contain
death domains that trigger the apoptotic caspase cascade (22).
In contrast, TRAIL-R3, TRAIL-R4, and osteoprotegerin lack
functional death-signaling domains (12, 14, 53). TRAIL/
Apo2L can induce apoptosis in tumor cells and cytomegalov-
irus-infected cells (47) but is not cytotoxic to normal cells and
does not induce tissue injury following injection in murine and
nonhuman primate models (1, 21, 22, 48, 50). The ability of
TRAIL to kill transformed cells, as well as the resistance of
normal cells to TRAIL, has led to its preclinical evaluation as
a potential therapy for selected human malignancies.

The regulation of TRAIL/Apo2L and TRAIL receptors in
HIV infection is undefined. Reports that TRAIL/Apo2L may
contribute to HIV-associated activation-induced cell death
(32, 34) suggest that the regulation of TRAIL and its receptors
may be altered in patients with HIV infection. Furthermore, it
has recently been proposed that TRAIL may be involved in
CD4 T-cell depletion in a Hu-PBL-SCID model (38). In the
present study, we have demonstrated altered regulation of
TRAIL/Apo2L and TRAIL receptor expression in T cells in-
fected with HIV in vitro as well as in T cells from HIV-infected
patients. Therefore, we have evaluated the potential therapeu-
tic utility of TRAIL/Apo2L. Further, TRAIL/Apo2L treat-
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ment in vitro induces apoptosis, significantly reduces the
amount of replication-competent HIV in treated compared to
untreated cells, and significantly decreases the amount of in-
tegrated HIV provirus in resting memory cells, in some cases
to undetectable levels. Thus, TRAIL/Apo2L may offer a new
therapeutic approach toward eradication of HIV in infected
patients.

MATERIALS AND METHODS

Study patients. HIV-infected patients and HIV-negative healthy donors were
recruited from the Ottawa Hospital, General Campus, following informed con-
sent. The study protocol was reviewed and approved by the institutional review
board. For experiments assessing TRAIL sensitivity, HIV patients were ran-
domly selected; some were on therapy, and some had suppressed viral replica-
tion. For coculture experiments, only patients with suppressed viral replication
(less than 50 copies/ml) for >12 months were chosen.

In vitro Jurkat HIV infection. Jurkat T cells (American Type Culture Collec-
tion [ATCC]) were maintained in RPMI 1640 containing 10% heat-inactivated
fetal bovine serum and 2 mM (each) L-glutamine, penicillin, and streptomycin.
All cell culture products were purchased from Canadian Life Technology (Mon-
treal, Quebec, Canada) unless otherwise stated. Cells were either infected with
100 ng of HIVyyp (National Institutes of Health [NIH] AIDS Research and
Reference Reagent Program)/ml (2) or mock infected in the presence of 10 ng
of Polybrene/ml for 4 h, washed twice in complete medium, and incubated at
37°C in a humidified 5.0% CO, environment.

Cell culture. Peripheral blood mononuclear cells (PBMC) were isolated by
centrifugation in Ficoll (Pharmacia, Toronto, Ontario, Canada), washed once
with phosphate-buffered saline (PBS), and resuspended in medium containing
RPMI 1640 supplemented with 10% heat inactivated AB serum (Sigma, Grand
Island, N.Y.) and 2 mM (each) L-glutamine, penicillin, and streptomycin. To
obtain PBL, monocytes were depleted by adherence for 1 h. Cells were kept at
37°C in a humidified 5% CO, environment. Where indicated, cells were treated
with recombinant gp120 (1 wg/ml) (NIH AIDS Research and Reference Reagent
Program).

Detection of TRAIL receptor mRNA expression by RT-PCR. Total mRNA was
isolated using the RNeasy Mini Prep (Qiagen, Toronto, Ontario, Canada) and
quantified by UV spectrophotometry (Becton Dickinson, Toronto, Ontario, Can-
ada). cDNA synthesis was performed by using Superscript reverse transcriptase
PCR (RT-PCR) (Canadian Life Technology) with conditions and primers de-
scribed and used previously for estimation of message intensity (24, 47). Prior to
our experiments, we confirmed that these conditions allow detection of the PCR
product within the linear range of the assay (24, 47). Samples were resolved on
a 1.0% agarose gel and visualized by ethidium bromide. Surface expression of
TRAIL receptors was determined by flow cytometry and analyzed using 1.0 ng
of mouse monoclonal antibodies (MAbs) to TRAIL-R1 (clone M271, immuno-
globulin G2a [IgG2a]), TRAIL-R2 (clone M412, IgG1), TRAIL-R3 (clone
M430, IgG1), and TRAIL-R4 (clone 445, IgG1) (all from Immunex Corpora-
tion) (21). A total of 10° cells were incubated with primary MAbs in PBS-1%
bovine serum albumin (BSA) for 1 h on ice, washed, and stained sequentially,
first with 1:100 biotinylated goat-anti-mouse IgG1/IgG2a (Immunotech, To-
ronto, Ontario, Canada) and then with 1:500 streptavidin-phycoerythrin (PE)
(Pharmingen, Toronto, Ontario, Canada). For each sample, isotype IgG1/1gG2a
(Immunotech)-matched controls were used. For detection of TRAIL receptors
on macrophages, culture medium was poured off, followed by the addition of 10
ml of ice-cold PBS. Macrophages were scraped off T75 flasks, and 10° cells were
used for isolation of RNA or flow cytometry. RT-PCR assessment of macro-
phage expression of TRAIL receptors was performed as described above for T
cells, and flow cytometry of TRAIL receptor expression was performed as de-
scribed above with the following modification: prior to primary antibody staining,
monocyte-derived macrophages (MDM) were incubated in PBS-10% AB serum
for 30 min at 4°C.

Preparation of MDM. PBMC were isolated from healthy donors, and mono-
cytes were isolated by adherence in T125 flasks for 2 h in RPMI 1640 containing
10% heat-inactivated AB serum. Cells were scraped and counted, and 10° cells
were then plated on microslides (Nalge, Naperville, IlL.). Fifty percent of the
medium was changed every 3 days. On day 6, cells were either mock infected or
infected with 100 pg of HIVy,, (NIH AIDS Research and Reference Reagent
Program)/ml, and on day 16, where appropriate, 100 ng of granulocyte-macro-
phage colony-stimulating factor (GM-CSF)/ml was added to each culture. One
microgram of leucine zipper human TRAIL (LZhuTRAIL) was added on day
17, and apoptosis was measured 12 h following treatment by using terminal
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deoxyuridine nucleotide end labeling (TUNEL) (Intergen, Purchase, N.Y.) ac-
cording to the manufacturer’s instructions. Three hundred cells from each con-
dition were counted individually by three different laboratory personnel, all of
whom were unaware of the treatment conditions, and the average scores were
used for data analysis.

LZhuTRAIL treatment. MDM or PBL were treated for 12 h with LZhuTRAIL at
1 ng/ml unless otherwise stated (Immunex Corporation). LZhuTRAIL is a re-
combinant preparation of human TRAIL that forms trimers due to a terminal
leucine zipper motif (49, 50). For studies using agonistic MAbs to induce apo-
ptosis, 1.0 ng of the MAD or isotype control (Immunotech) was plated in 24-well
culture dishes in PBS for 1 h at 4°C and washed twice with PBS before addition
of cells.

Detection of apoptosis. Apoptotic cell death was determined using Hoechst
33342 (Molecular Probes, Eugene, Oreg.) or TUNEL (Intergen) staining. For
Hoechst staining, cells were washed in ice-cold PBS, resuspended in PBS-1%
BSA, and stained for 20 min at 4°C in 5 pl of various antibody combinations as
follows (unless otherwise stated, all antibodies were purchased from Becton
Dickinson, Oakville, Ontario, Canada): anti-CD4-PE/Texas Red (Coulter), anti-
CDS8-PE (Immunotech), anti-CD45RO allophycocyanin (APC), anti-CD62L~
fluorescein isothiocyanate, anti-CD45RA-fluorescein isothiocyanate allophyco-
cyanin (APC), and anti-HLA-DR-PE APC. Stained cells were washed with
ice-cold PBS and incubated with 1 pg of Hoechst stain for exactly 7 min (2, 28).
After two washes with ice-cold PBS, cells were analyzed by flow cytometry
(Coulter Epics Altra). For apoptosis detection using TUNEL (ApopTag Plus
Fluorescein In Situ Apoptosis Detection Kit; Intergen), all assays were per-
formed according to the manufacturer’s instructions with the following modifi-
cations. Cells were fixed and permeabilized using Fix and Perm reagent (Cedar-
line Products) according to the manufacturer’s specifications. Data are expressed
as median TRAIL-specific apoptosis (TSA), calculated as percent apoptosis
following TRAIL/Apo2L treatment minus percent apoptosis in the control sam-
ple.

Isolation of latently infected CD4* T cells. Resting memory CD4" HLA-DR ™
CD45RO™ T cells were isolated from PBMC using magnetic bead separation
(Miltenyi Biotec) as described elsewhere (16). All antibodies for magnetic bead
separation were purchased from Becton Dickinson. A second purification step
was performed by sorting flow cytometry using anti-CD4-ECD (Coulter) and
anti-HLA-DR-PE (Becton Dickinson, Oakville, Ontario, Canada). The purity of
final CD4* HLA-DR™ CD45RO™ cell suspensions was =98%.

Quantitative micrococulture assay. To determine the frequency of latently
infected cells, highly purified resting memory cells were subjected to a high-input
quantitative micrococulture assay as previously described (7). We used the max-
imum available number of cells in each coculture for each patient. The starting
cell concentrations ranged from 3.4 X 10° to 5.0 X 107 cells. Following overnight
LZhuTRAIL (or mock) treatments, cells were washed three times and then
coincubated with irradiated feeder cells for 14 days. For the macrophage cocul-
ture, we isolated MDM from healthy donors and mock- or HIVy,-infected
samples on day 6 following isolation. The following day, cells were treated with
1 pg of LZhuTRAIL overnight, washed three times, and resuspended in culture
medium. On day 14, p24 and viral RNA levels were measured. p24 antigen was
measured in duplicate using a commercial enzyme-linked immunosorbent assay
(NEN, Life Sciences Products, Boston, Mass.). In independent experiments we
determined that LZhuTRAIL treatment does not impair the ability of resting T
cells to become activated (data not shown).

HIV viral load testing. Tissue culture supernatants were processed and stored
at —80°C until the time of testing. Testing was performed either by the Amplicor
assay for studies involving MDM or by the Quantiplex bDNA assay for studies
using PBL or sorted cells from HIV-infected patients.

(i) Amplicor assay. The Amplicor HIV monitor 1.5 assay (Roche Diagnostics,
Laval, Quebec, Canada) was performed according to the manufacturer’s instruc-
tions, and all samples were run singly following a three-step workflow: specimen
preparation (including viral lysis, RNA precipitation, RNA washing, and suspen-
sion of purified RNA in buffer), amplification, and detection. This assay has a
range of sensitivity from 400 to 750,000 HIV RNA copies/ml.

(ii) Quantiplex assay. The Quantiplex bDNA 3.0 assay (Bayer Diagnostics,
Markham, Ontario, Canada) was performed in conjunction with the semiauto-
mated Quantiplex 340 system according to the manufacturer’s instructions, and
all samples were run singly. Samples with values between 50 and 500,000 RNA
copies/ml were within the limit of quantitation for this assay.

Detection of proviral HIV DNA. (i) DNA extraction from cell pellets. DNA was
extracted from cell pellets using the extraction reagent from the Amplicor Whole
Blood Specimen Preparation Kit (Roche Diagnostics). Two hundred fifty micro-
liters of extraction reagent was added to each pellet, and the pellets were
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incubated in a dry-heat block for 30 min at 100°C. The samples were vortexed
briefly and stored at —20°C until further use.

(ii) DQ-a or DQ-y gene amplification. The presence and quality of the DNA
were determined by PCR amplification of the human DQ-y gene by the method
of Ehrlich et al. (13). Briefly, PCR mixtures contained, per 50 pl, 5 pl of 10X
PCR buffer (Perkin-Elmer, Mississauga, Ontario, Canada), 200 uM each de-
oxynucleoside triphosphate (Perkin-Elmer), 1 pM (each) primer GH26 (5'-GT
GCTGCAGGTGTAAACTTGTACCAG-3') and primer GH27 (5'-CACGGAT
CCGGTAGCAGCGGTAGAGTTG-3'), 1 U of AmpliTaq DNA polymerase
(Perkin-Elmer), and 12.5 pl of sample. Samples were amplified for 35 cycles
(96°C for 30 s, 60°C for 30 s, and 72°C for 30 s). Amplified PCR products (243
bp) were separated by 1% agarose gel electrophoresis for 30 min at 100 V and
visualized by ethidium bromide staining and UV transillumination of the gel.
Amplification and detection of HIV-1-specific samples were analyzed using the
Amplicor HIV-1 amplification and detection kits (Roche Diagnostics) according
to the manufacturer’s instructions. As a positive control, and to assess the
sensitivity of the assay, 8ES cells which contain 1 proviral copy/cell were used.
Limiting-dilution analysis revealed a sensitivity of 2 copies in this PCR. To
eliminate the possibility of false-negative results, all negative results from the
Roche assay were subjected to nested PCR using primers specific to the pol
region (18). PCR mixtures contained, per 50 pl, 5 pl of 10X PCR buffer (Perkin-
Elmer), 200 pM each deoxynucleoside triphosphate (Perkin Elmer), 1 pM each
primer, 1 U of AmpliTaq DNA polymerase (Perkin-Elmer), and 2.25 mM MgCl,
(Perkin-Elmer). The outer primer pair consisted of HPOL4235 (5'-CCCTACA
ATCCCCAAAGTCAAGG-3') and HPOL4538 (5'-TACTGCCCCTTCACCTT
TCCA-3'), and 12.5 pl of sample was used in the first-round reaction. Two
microliters of the first-round product was added to the second-round PCR
mixture using the inner primers HPOL4327 (5'-TAAGACAGCAGTACAAAT
GGCAG-3') and HPOLA4481 (5'-GCTGTCCCTGTAATAAACCCG-3"). In
both the first and second rounds, samples were amplified for 35 cycles (96°C for
305, 65°C for 30 s, and 72°C for 30 s). Second-round PCR products (175 bp) were
separated by 1% agarose gel electrophoresis for 30 min at 100 V, followed by
ethidium bromide staining and UV transillumination of the gel. Limiting-dilution
analysis reveals a sensitivity of 1 copy of the 8E5 gag DNA, as previously
described (31).

Statistics. Infectious units per million (IUPM) were estimated, using data
from limiting-dilution cocultures, according to maximum-likelihood methods
(39). Statistical comparisons between treatment groups and control groups were
performed using a standard Student’s ¢ test. The 95% confidence intervals for
individuals determinations spanned 1.1 log units.

RESULTS

TRAIL/Apo2LL and TRAIL receptor expression are altered
following HIV infection in vitro and in vivo. To evaluate
whether HIV-infected T cells demonstrate changes in TRAIL/
Apo2L and/or TRAIL receptor expression, Jurkat T cells were
infected with HIV ;5 (2) and expression of mRNAs specific
for TRAIL receptors 1, 2, 3, and 4 and for TRAIL/Apo2L was
determined by RT-PCR (24, 47). The relative band intensities
of amplified products for each receptor and TRAIL were mea-
sured and normalized to the intensity of amplified B-actin
message. The relative band intensities of TRAIL-R2 (P < 0.04;
n = 3) and -R3 (P < 0.04; n = 3) mRNAs were significantly
increased (2.1- to 2.5-fold) in infected cells over those in mock-
infected cells, while those of TRAIL-R1 (P = 0.1; » = 3) and
TRAIL-R4 (P < 0.1; n = 3) mRNAs were unchanged (Fig. 1A,
top panel). No differences in TRAIL/Apo2L. mRNA expres-
sion were observed between infected and uninfected cells.

Next, using RT-PCR, we examined TRAIL/Apo2L and
TRAIL receptor expression in PBL from patients infected with
HIV. RNAs for all four receptors as well as TRAIL were
detected, and significant differences were found between HIV-
positive and HIV-negative samples. Densitometric analysis of
the PCR products from PBL of four HIV-infected donors
compared to those for four uninfected individuals revealed a
consistent 2.0- to 2.4-fold increase in the mRNA expression
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level of TRAIL-R2 (P = 0.001), TRAIL-R4 (P = 0.01), and
TRAIL/Apo2L (P = 0.02) (Fig. 1A, bottom panels). However,
levels of TRAIL-R1 (P = 0.690) and TRAIL-R3 (P = 0.286)
mRNAs in HIV-infected and uninfected individuals were sim-
ilar. We also analyzed mRNA expression in MDM that were
mock infected or infected with HIVy,, in vitro. In comparison
to mock-infected MDM, HIV-infected MDM had increased
expression of all four TRAIL receptors and TRAIL/Apo2L
(n = 3; P < 0.01) (Fig. 1A, center panel).

The cell surface expression of all four TRAIL receptors was
also evaluated by flow cytometry using TRAIL receptor-spe-
cific antibodies (23). In accordance with the RT-PCR results,
the cell surface expression of TRAIL-R2 (mean channel fluo-
rescence [MCF], 3.0 for uninfected and 9.6 for infected CD4™*
T cells [P < 0.001] and 0.6 for uninfected and 1.8 for infected
CD8"* T cells [P < 0.001]) and TRAIL-R4 (MCF, 1.7 for
uninfected and 11.2 for infected CD4 " T cells [P < 0.001] and
0.2 for uninfected and 2.1 for infected CD8* T cells [P <
0.001]) was increased on both CD4™ T cells (Fig. 1B) and
CD8™" T cells (data not shown) from 7 HIV-infected patients
compared to those from 19 HIV-negative donors tested,
while levels of TRAIL-R1 and TRAIL-R3 were not signifi-
cantly altered. In mock- or HIVg,-infected MDM (data not
shown), in vitro infection was associated with increased levels
of TRAIL-R1 (n = 3; MCF, 2.4 for uninfected and 5.8 for
infected cells [P = 0.01]), TRAIL-R3 (n = 3; MCEF, 4.1 for
uninfected and 13.2 for infected cells [P < 0.004]), and
TRAIL-R4 (n = 3; MCF, 2.7 for uninfected and 9.6 for in-
fected cells [P = 0.006]), while TRAIL-R2 expression was not
significantly changed (n = 3; P < 0.1).

To investigate potential mechanisms involved in TRAIL-R2
upregulation, we treated both Jurkat T cells and primary T
cells from uninfected donors with either HIV gp120 or a con-
trol (BSA). Following 16 h of treatment, cells were analyzed by
flow cytometry. Significant increases in TRAIL-R2 expression
were observed following gpl120 treatments, but not control
treatments, in both Jurkat T cells and primary T cells (Fig. 1C).

These data demonstrate significant dysregulation of TRAIL
receptor expression in cells from patients infected with HIV
and following HIV infection or gp120 treatment in vitro, and
they suggest that both HIV-infected and uninfected cells from
HIV-infected patients are sensitive to TRAIL receptor liga-
tion.

Cells from HIV-positive patients undergo cell death follow-
ing in vitro treatment with LZhuTRAIL and agonistic TRAIL
receptor antibodies. Previous studies have shown that surface
expression of TRAIL receptors is insufficient to predict the
sensitivity of cells to TRAIL-induced killing (21, 30). There-
fore, PBL from HIV-infected individuals with various treat-
ment histories and viral loads were cultured in vitro with
LZhuTRAIL and analyzed for TRAIL-mediated killing. Dose-
dependent death of PBL (Fig. 2) and CD4™" T cells (data not
shown) was observed in cells from HIV-positive patients
treated with increasing amounts of LZhuTRAIL but not in
cells from HIV-negative donors (data not shown). Similarly,
cells treated with gp120, but not cells treated with a control
protein, developed a dose-dependent sensitivity to TRAIL-
mediated Kkilling (data not shown). By Hoechst staining, the
median TSA in PBL from HIV-infected patients was 10.0%
(n = 26), compared to 0.70% (n = 5) in PBL from healthy
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FIG. 1. (A) Analysis of TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4, and TRAIL mRNA expression by RT-PCR. (Top) HIV-infected

Jurkat T cells show increased message for TRAIL-R2, TRAIL-R3,
B-actin). (Center) HIV-1y,-infected MDM show increased message

and TRAIL/Apo2L compared to mock-infected controls (normalized to
for all TRAIL receptors and TRAIL/Apo2L. compared to mock-infected

controls. (Bottom) PBL from four HIV-1-positive individuals show increased message for TRAIL-R2, -R3, and -R4 or TRAIL/Apo2L compared
to PBL from four HIV-1-negative individuals. (B) Cell surface expression of TRAIL-R1, -R2, -R3, and -R4 in CD4" T cells from HIV-infected

patients and healthy controls. Open histograms with dotted lines, cell

s from HIV-infected patients stained with an isotype control MAb; shaded

histograms, cells from HIV-1-infected patients stained with anti-TRAIL receptor MAbs; open histograms with solid lines, cells from healthy

controls stained with anti-TRAIL receptor MAbs. (C) Jurkat T cells (
or a control (BSA) as indicated and analyzed by flow cytometry for TR

top) or PBL (bottom) from HIV-negative patients were treated with gp120
AIL receptor expression. Open histograms with dotted lines, isotype control

staining; open histograms with solid lines, cells treated with BSA and stained with the indicated anti-TRAIL receptor antibody; shaded histograms,

cells treated with gp120 and stained with the indicated anti-TRAIL r

donors (P < 0.0001) (Fig. 3). The median TSA observed in
CD4" T cells from HIV-infected patients was 13.3% (n = 26),
compared to 0.3% for healthy donors (n = 5; P = 0.0001) (Fig.
3), while the median TSA in CD8" T cells was 8.5% (n = 26),
compared to 0.3% (n = 5; P < 0.0001) (Fig. 3) for controls. To
confirm the results obtained by Hoechst staining, we also an-
alyzed apoptosis following TRAIL/Apo2L treatment in speci-
mens obtained from an additional 10 HIV-infected and 5 un-
infected patients using TUNEL. In confirmation of the results
obtained by Hoechst staining, the median TSA in HIV-positive

eceptor antibody.

PBL was 4.65% (n = 10), whereas that for HIV-negative do-
nors was only 0.7% (n = 5; P < 0.0001) (data not shown). The
median TSA in HIV-positive CD4" cells was 8.3% (n = 5),
while the median TSA for healthy controls was 0.3% (n = 5;
P = 0.001); the median TSA in HIV-positive CD8" cells was
4.7% (n = 5), in contrast to controls, where the median TSA
was 0.3% (n = 5; P = 0.004). Further, agonistic MAbs directed
against TRAIL-R1 (clone M271) and TRAIL-R2 (clones
M412 and M413) (23) induced apoptosis in PBL (the median
TSA was 38.3% for controls [n = 7], 64.3% with M271 [n = 7;
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FIG. 2. Sensitivity of PBL from HIV-1-infected donors to titrated
doses of LZhuTRAIL. Cells were isolated from HIV-1-infected donors
and incubated with increasing concentrations of LZhuTRAIL as indi-
cated. Cell death was measured by Hoechst staining. Data are repre-
sentative of three independent experiments. Spontaneous levels of
apoptosis are indicated by asterisks.

P =0.004], 46.6% with M412 [n = 7; P = 0.03], and 66.6% with
M413 [n = 7; P = 0.03]), CD4" (median TSA, 3.2% for
controls [n = 7], 16.2% with M271 [n = 7; P = 0.02], 6.4% with
M412 [n = 7; P = 0.01], and 13.7% with M413 [n = 7; P =
0.02]), and CD8" (median TSA, 3.0% for controls [n = 7],
17.2% with M271 [n = 7; P = 0.004], 6.5% with M412 [n = 7,
P = 0.01], and 14.5% with M413 [n = 7; P = 0.02]) T-cell
subsets, similar to that observed with LZhuTRAIL.
Together, these data indicate that LZhuTRAIL and agonis-
tic MAbs to TRAIL-R1 and -R2 specifically and selectively
induce apoptosis in CD4* and CD8" T cells from HIV-in-
fected patients, but not in cells from uninfected controls.
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FIG. 3. LZhuTRAIL induces apoptosis in cells from HIV-1-in-
fected patients. PBL from 26 randomly selected HIV-1-infected pa-
tients or 5 uninfected controls were treated with 1 pg of LZhuTRAIL
and analyzed for apoptosis by Hoechst staining, as were CD4 " T cells
and CD8™" T cells.
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FIG. 4. Induction of apoptosis in macrophages by LZhuTRAIL.
MDM from 11 HIV-1-negative donors were mock or HIV-1g,, infect-
ed with or without GM-CSF. Fourteen days following infection, cells
were treated with LZhuTRAIL and analyzed by TUNEL to determine
the levels of apoptosis.

LZhuTRAIL induces selective apoptosis of MDM infected
with HIVy,,. In view of the important role played by macro-
phages in the pathophysiology of HIV disease (37, 43), we in-
vestigated whether TRAIL/Apo2L induces apoptosis in mac-
rophages. MDM from 11 donors were mock or HIVy,, infected
and 14 days later were treated with 1 pg of LZhuTRAIL/ml
for 12 h and assessed for apoptosis by TUNEL staining.
LZhuTRAIL induced significant apoptosis in HIV,, cultures
(the median TSA was 20.47%, versus 7.96% in mock-infected
cultures [P < 0.001]), indicating that TRAIL/Apo2L triggers
cell death in in vitro-infected macrophages (Fig. 4). Since it has
been previously reported that GM-CSF increases the sensitiv-
ity of MDM to TRAIL/Apo2L-induced cell death (47), we also
treated MDM with GM-CSF and assessed them for apoptosis
induced by TRAIL/Apo2L. Addition of GM-CSF did not sig-
nificantly alter the sensitivity of HIV-positive or -negative
MDM to TRAIL/Apo2L (Fig. 4).

LZhuTRAIL induces apoptosis of resting memory CD4 T
cells from patients infected with HIV. To determine whether
TRAIL/Apo2L has cytotoxic effects on those cells that repre-
sent the principal HIV reservoir in vivo, we treated PBL from
14 HIV-positive patients receiving highly active antiretroviral
therapy (HAART) who had suppressed viral replication (<50
copies of viral RNA/ml for more than 12 months) with 1 g of
LZhuTRAIL/ml and assessed cell death in CD4 T cells with
phenotypic markers which predict the latently infected CD4 T
cell pool. Several groups have established that latently infected
T cells have a CD4" HLA-DR™ CD45RO™" or CD4" HLA-
DR~ CD62L" phenotype; however, only a small fraction of
these cells are latently infected (6, 9, 15, 17, 42). The median
TSA for LZhuTRAIL-treated cells with a CD4"HLA-DR™
CD62L" phenotype was 3.6%, compared to 1.2% for un-
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FIG. 5. LZhuTRAIL reduces viral gene expression in infected cells. CD4/DR™ RO™ cells were isolated from seven HIV-1-infected patients,
treated with LZhuTRAIL or agonistic TRAIL receptor antibodies (or isotype controls), and analyzed for p24 antigen production (A) and for the
presence of integrated proviral DNA. (B) Viral RNA in culture supernatants. (C and D) Unfractionated cells from four HIV-1-infected patients
with suppressed plasma viremia for more than 12 months were treated with or without LZhuTRAIL or agonistic MAbs to TRAIL-R2 (or isotype
controls) and tested for p24 antigen (C) or viral RNA in culture supernatants (D).

treated cell cultures (n = 14; P = 0.01). CD4" HLA-DR™
CD45RO™ cells from HIV-infected patients had a median
TSA of 3.41% (n = 14) in cultures treated with LZhuTRAIL,
in contrast to 1.4% for untreated cultures (n = 14; P = 0.005).
These findings suggest that LZhuTRAIL induces apoptosis in
a variety of cell types, including latently HIV infected CD4* T
cells.

In vitro treatment of cells from HIV-infected patients re-
duces HIV production and reduces the proportion of latently
infected cells. Isolated CD4 " HLA-DR ™~ CD45RO™ cells from
seven HIV-infected patients receiving HAART whose plasma
viral load remained below the level of detection (<50 copies/
ml) for more than 12 months were assessed for detectable HIV
following treatment with TRAIL. By micrococulture, un-
treated cultures produced a mean of 94.35 pg of p24 antigen/ml
(standard deviation [SD] = 39.28 pg/ml). In contrast, we could
not detect p24 antigen production from six of seven cultures
treated with LZhuTRAIL (P < 0.001), where the limit of
detection in this assay is 11.4 pg/ml (Fig. 5A, patients 1 to 7).
We also measured viral RNA levels in the culture supernatants
and found similar results: untreated cultures had significant

levels of HIV RNA (mean, 2.45 X 10° copies/ml), whereas
HIV RNA was undetectable in all seven culture supernatants
from cells treated with LZhuTRAIL (P = < 0.002) (Fig. 5B,
patients 1 to 7). Amplification of HIV DNA was also per-
formed, using a commercial assay specific for the gag region of
HIV with a detection limit of 2 copies of DNA. By this mea-
sure, HIV DNA could not be detected in four of seven treated
samples. To eliminate the possibility of a false-negative result
from the commercial assay, the four samples which tested
negative were retested using a nested PCR with a different set
of primers specific for the pol region of HIV (18). This as-
say has a detection limit of 1 copy of DNA (31). These sam-
ples also tested consistently negative for HIV DNA (Fig.
5A). Treatment and control groups were also compared using
maximum-likelihood estimates of IUPM. By this estimate
LZhuTRAIL significantly reduced the HIV burden of resting
memory cells (P = 0.03) (Table 1). Similar experiments were
conducted using agonistic MAbs to TRAIL-R2. All three PBL
cultures treated with a TRAIL-R2-specific MADb had undetect-
able levels of viral p24 antigen production (P = 0.04) (Fig. 5A,
patients 8 to 10) and undetectable levels (<50 copies/ml) of
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TABLE 1. Effect of treatment with LZhuTRAIL or
agonistic anti-R2 antibodies on [UPM

TUPM in:
Treatment and cell type Patient Control ~ Treated

cells cells

LZhuTRAIL, resting memory cells” 1 0.41 0.02
2 2.29 0.02

3 0.08 0.01

4 2.29 0.08

5 0.41 0.01

6 0.41 0.01

7 0.41 0.01

LZhuTRAIL, PBL? 1 0.41 0.41
2 0.41 0.01

3 0.41 0.01

4 0.41 0.01

Anti-TRAIL-R2, resting memory cells® 1 2.29 2.29
2 2.29 2.29

3 7.18 2.29

4 7.18 2.29

Anti-TRAIL-R2, PBL? 1 2.29 0.41
2 0.41 0.01

3 2.29 2.29

4 2.29 2.29

“ P = 0.03 for the difference between control and treated cells.
b P = 0.02 for the difference between control and treated cells.
¢ P = 0.13 for the difference between control and treated cells.
4 p = (.49 for the difference between control and treated cells.

supernatant HIV-specific RNA (P < 0.001) (Fig. 5B, patients
8 to 10), whereas untreated cultures produced high levels of
virus as measured by p24 antigen production (mean * SD,
58.15 = 4.97 pg/ml) and supernatant viral RNA (mean * SD,
2.05 X 10° = 0.58 X 10° copies/ml) (P < 0.001). In contrast to
treatments with LZhuTRAIL (where viral DNA was undetect-
able in four of seven samples), HIV DNA was detected in
three of three samples treated with agonistic TRAIL-R2 anti-
bodies, and IUPM in treated and untreated cells were not
significantly different (Table 1).

Finally, to determine whether all cell types capable of pro-
ducing virus that were present in the peripheral blood of in-
fected patients were killed by TRAIL/Apo2L treatment, we
subjected unfractionated PBL to microculture following treat-
ment with either LZhuTRAIL or a MAb to TRAIL-R2
(M412). In PBL cultures treated with LZhuTRAIL, p24 anti-
gen production was undetectable in four of four samples,
whereas untreated samples produced a mean of 69.13 pg of
p24 antigen/ml (SD = 10.17 pg/ml; P < 0.001) (Fig. 5C, pa-
tients 1 to 4). Among the same samples, supernatant viral
RNA levels were 2.65 X 10° copies/ml in untreated samples
versus 280 copies/ml in LZhuTRAIL-treated samples (P = <
0.001). Although viral DNA was still detectable in all samples,
IUPM were significantly reduced in LZhuTRAIL-treated sam-
ples (P = 0.02) (Table 1). Agonistic TRAIL-R2 antibodies had
a similar effect in PBL cultures: untreated cultures produced
significant amounts of p24 antigen (mean = SD, 72.31 *= 6.06
pg/ml; n = 4) (Fig. 5C, patients 5 to 8) and of viral RNA
(mean = SD, 2.97 X 10° = 1.7 X 10° copies/ml) (Fig. 5D,
patients 5 to 8), whereas treated samples had undetectable
levels of p24 antigen production (P < 0.001) and a mean viral
load of <50 copies/ml (P = 0.01), but viral DNA was still
detectable. In these assays using an agonistic anti-TRAIL R2
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antibody, IUPM did not differ between treatment groups (Ta-
ble 1).

DISCUSSION

Despite successful control of HIV replication in patients
receiving HAART, the prolonged life span and slow rate of
decay of latently infected CD4" T cells provide a long-lasting
cellular reservoir for HIV (8, 10, 15, 45). Indeed, independent
projections estimate the time required to fully eliminate HIV
in patients on completely suppressive HAART alone to be 10
to 60 years (9, 15, 16, 52). Latently infected resting memory
CD4" T cells contain integrated DNA provirus yet are tran-
scriptionally inactive and may therefore escape both immune
recognition and the antiviral effects of HAART regimes which
affect only viral RNA species (10). Since current therapies for
HIV are ineffective in eradicating latently infected cell popu-
lations, control of these populations depends on the interplay
of cellular half-life and the ability to suppress viral replication
in order to prevent repopulation of the latent reservoir (25).
The importance of this reservoir (17) is underscored by obser-
vations of viral rebound following withdrawal of HAART (11).
Thus, in order to eradicate HIV, it is critical to develop strat-
egies to eliminate latently infected cells. Here we demonstrate
that TRAIL/Apo2L treatment in vitro induces death of cells
including the relevant latently infected cell populations that
are principal HIV reservoirs in vivo.

While both FasL and TNF have been shown to induce apo-
ptosis of cells from HIV-infected patients (3, 35), the nonse-
lective induction of apoptosis and toxicity related to activation
limit their clinical utility as potential therapies for HIV infec-
tion. By contrast, systemic administration of TRAIL/Apo2L to
healthy mice and nonhuman primates has been shown to be
safe and to lack cytotoxic effects (1, 5, 19, 20, 23, 40, 50). In
models utilizing animals engrafted with human tumors, treat-
ment with TRAIL/Apo2L induces significant tumor-specific
apoptosis, tumor regression, and improved survival (1, 50),
with no identifiable toxicity.

The first goal of this study was to determine whether TRAIL
receptor expression changes during HIV infection. Jurkat T
cells and MDM infected with HIV in vitro and both CD4" and
CDS8* T cells from HIV-positive patients are associated with
dysregulation of TRAIL and TRAIL receptor expression. Im-
portantly, these effects are seen with HIV ;5 and HIVy,, as
well as clinical isolates. In addition, LZhuTRAIL kills HIV-
infected cells as well as bulk PBL, CD4 T cells, CD8 T cells,
CD4" CD62L" HLA-DR™ cells, and CD4" HLA-DR™
CD45RO™ cells from HIV-infected patients. Together these
data lay the foundation for the hypothesis that TRAIL/Apo2L
may induce apoptosis of a variety of cells (including latently
infected cells) from HIV-infected patients and may therefore
be of clinical utility.

In order to explore this hypothesis, we evaluated the ability
of TRAIL/Apo2L to eradicate cells capable of producing HIV
by analyzing (i) p24 antigen production, (ii) viral RNA pro-
duction and (iii) HIV viral DNA production (i.e., both provirus
and unintegrated DNA) in cells treated with LZhuTRAIL, and
(iv) TUPM. Following LZhuTRAIL treatment, cells were ex-
tensively washed, cocultured for 14 days with irradiated feeder
cells, and assayed for viral production. In six of the seven
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cultures of CD4" HLA-DR™ CD45RO™ cells treated with
LZhuTRAIL and in three of three cultures treated with ago-
nistic MAbs to TRAIL-R2, p24 antigen production was not
detected. In all cultures of CD4" HLA-DR™ CD45RO™ cells
treated with LZhuTRAIL or with the agonistic antibody, no
viral RNA was detected, thus demonstrating the antiviral ef-
fects of TRAIL/Apo2L on these cells. Of particular interest,
HIV DNA was not detected in four of seven cultures of CD4"
CD45RO* HLA-DR™ cells treated with LZhuTRAIL, sug-
gesting an ability to eradicate latently infected cells. Further, in
these experiments LZhuTRAIL reduced IUPM in both sorted
resting memory cells and bulk PBL. Together these findings
indicate that TRAIL/Apo2L in vitro can induce significant
apoptosis in cells from HIV patients, including latently in-
fected CD4 T cells and HIV-infected macrophages.

It is noteworthy that our cumulative data suggest that both
infected and uninfected cells die following TRAIL receptor
stimulation. In bulk assays, up to 20% of cells die following
LZhuTRAIL treatment, which is significantly more cells than
are physically infected by the virus. Further, limiting-dilution
coculture assays demonstrate that infected cells are killed by
such treatments. Thus, uninfected cells and latently infected
cells (which do not express HIV proteins) die following treat-
ment. Insight into how cells that do not express HIV proteins
can have altered TRAIL receptor expression as well as altered
sensitivity to TRAIL-mediated killing is provided by our data
demonstrating that soluble gp120 (or whole inactivated HIV)
can exert these effects. While gp120 induced changes in
TRAIL receptor regulation, it is likely not the only possible
mechanism for rendering an uninfected (or latently infected)
cell susceptible to TRAIL. These data demonstrate that a
soluble mediator(s) is involved.

Thus, in addition to the evidence that TRAIL/Apo2L is
cytotoxic to transformed or cytomegalovirus-infected human
cells, we have shown that cells from HIV-infected patients are
similarly sensitive to TRAIL-mediated apoptosis. These data
provide a basis for future evaluation of TRAIL/Apo2L as ther-
apy for humans, particularly in view of the encouraging safety
results of in vivo administration of TRAIL/Apo2L to mice and
nonhuman primates. A note of caution has been raised by a
recent study, using human hepatocytes from livers harvested
but not used for transplantation, that demonstrated TRAIL-
induced apoptosis in these cells (33). However, not all of the
different TRAIL/Apo2L preparations or agonists possess this
activity (46), and whether TRAIL induces apoptosis of freshly
isolated hepatocytes or hepatocytes in vivo remains to be de-
termined.

Our findings are the first to demonstrate that TRAIL/Apo2L
selectively induces cell death in cells from HIV patients, in-
cluding latently infected CD4™" T cells and macrophages, with-
out deleterious effects on cells from uninfected patients. Based
on these findings, we propose that patients with prolonged viral
suppression be treated with TRAIL agonists. In such patients,
prolonged viral suppression has been associated with eradica-
tion of >99.9% of lymphoid (and thus macrophage-associated)
virus (4, 26, 27, 41, 44), and persistence of HIV chiefly within
CD4* CD45RO* HLA-DR™ T cells (6, 8, 9, 16, 51, 52), some
of which are latently infected. Further, as single-dose in vitro
therapy with LZhuTRAIL can eradicate provirus and induc-
ible virus production in slightly more than half of the cultures
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tested, multiple cycles of therapy must be considered. Further
studies on LZhuTRAIL are therefore warranted to address
such issues as safety, tolerability, and in vivo effects on viral
reservoirs and viral turnover.
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