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supershift assays. The results revealed that the NF-xB compo-
nents consist of p50, p65, and RelB (Fig. 1B).

3.2. DHMEQ induces apoptosis of LCLs

To study the significance of NF-«B activation in the growth
of LCLs, we examined the effects of DHMEQ on cell viability.
Results of WST-8 assays showed that DHMEQ treatment
reduced the cell viability of all four LCLs in a dose- and
time-dependent manner (Fig. 2A and B).

NF-«B plays a key role in resistance to apoptosis [18].
Thus, we next examined whether DHMEQ induces apoptosis
of LCLs by analyzing Annexin V reactivity and DNA frag-
mentation. Flow cytometric analysis showed a significant
increase in the number of Annexin V-positive cells after
DHMEQ treatment (Fig. 3A). Fragmentation of the nuclei of
LCLs was clearly demonstrated after DHMEQ treatment by
the TUNEL assay (Fig. 3B and C).

3.3. DHMEQ-induced apoptosis involves activation of
caspases 3, 8, and 9

To confirm that the induction of apoptosis in LCLs by
DHMEQ is caused by activation of the caspase pathway, we
first examined activation of caspase-3/7 by immunostaining,
using an antibody that recognizes a cleaved form of caspase-
3/7. Results clearly showed cleavage of caspase-3/7, con-
firming that DHMEQ-induced apoptosis is associated with
activation of the caspase pathway (Fig. 44, top). To differenti-
ate the membranous and mitochondrial pathways, we next
examined the activation of caspases 8 and 9, which are
upstream of caspase-3/7, by immunostaining. DHMEQ-treated
LCL cells showed activation of both caspase-8 and caspase-9
(Fig. 4A, middle and bottom).

To understand the molecular mechanisms of apoptosis in-
duction of LCLs after NF-kB inhibition by DHMEQ, we
next examined by quantitative RT—PCR the changes in the ex-
pression levels of anti-apoptotic genes c-IAP1, Bfl-1, Bel-XL,
and c-FLIP, reportedly under the control of NF-kB, after
DHMEQ treatment. The results demonstrated down-regulation
of all of these genes (Fig. 4B).

34. DHMEQ shows a potent inhibitory effect on the
growth of LCL cells in NOG mice

Because results in vitro suggested potential efficacy of
DHMEQ for the treatment of patients with EBV-associated
lymphoproliferative diseases, we next examined whether
DHMEQ weatment can suppress the growth of xenografted
LCL cells in a NOG mouse model. The gross appearance of
resected tumors in mice treated with DHMEQ showed reduc-
tion of the tumor mass 1 month after inoculation of LCL cells
(Fig. 5A and B). A decrease in the size of tumors in mice
treated with DHMEQ was demonstrated when compared
with controls [ month after the injection of LCL cells
(Fig. 50).

3.5. DHMEQ inhibits outgrowth of EBV-infected
peripheral blood B-lymphocytes

EBV-infected B lymphocytes under immunocompromised
conditions acquire latency III infection, which may lead to
proliferation and transformation into lymphoproliferative dis-
eases including lymphomas [2,3]. Previous data link NF-xB
activation by LMP-1 to transformation; however, they ‘also
indicate that NF-kB activation is not sufficient for transforma-
tion and should coordinate with other signals like mitogen-
activated protein kinases [19]. Roles of NF-«kB activity in
EBV-infected lymphocytes for their survival during the early
phase of infection are not fully understood. Therefore, to in-
vestigate the roles of NF-«xB activation on the survival of
EBV-infected lymphocytes during the early phase of infection,
we examined the effect of NF-kB inhibition by DHMEQ on
their survival and the EBV viral load in PBMC infected
with EBV. Lymphocytes infected with EBV under immuno-
suppressive conditions already show constitutive NF-«xB acti-
vation as well as LMP! expression. Treatment of these cells
with DHMEQ inhibited translocation of NF-kB into the nu-
cleus (Fig. 6A). DHMEQ treatment also eliminated LMP1-
expressing lymphocytes from PBMC (Fig. 6B). Finally, DHMEQ
treatment prevented the outgrowth of lymphocytes infected

DHMEQ

Control

Fig. 5. DHMEQ inhibited the tumor growth of LCL cells in vivo. NOG mice
were inoculated with LCL cells and administered DHMEQ (12 mg/kg) (n = 5)
or control medium (n = 5) subcutaneously in the post-auricular region three
times a week for up to I month. (A) Photograph of the backs of mice. (B) Pho-
tograph of a tumor at the site of LCL cells inoculation. (C) Subcutaneous tu-
mor volume of mice inoculated with LCL cells and administered DHMEQ or
control medium | month after inoculation.
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Fig. 6. Effects of DHMEQ on PBMC infected with EBV. 8 x 10°/ml of PBMC from a healthy donor infected with EBV using supernatant of B95.8 line were
cultured in RPMI 1640 medium supplemented with 10% FBS and 200 ng/mi cyclosporine A. Cells were harvested 4 days and 14 days after infection and served
for experiments. (A) Inhibition of NF-kB and expression of LMP1 in lymphocytes. At the point of 4 days after infection, cells were treated with or without 10 pg/
ml of DHMEQ for 1 h and immunostained with antibodies for LMP1 and NF-xB p65. DMSO-treated cells served as a control. (B) DHMEQ treatment eliminated
LMP1 expressing cells from PBMC. At the point of 4 days after infection, cells were treated with or without 10 ug/ml DHMEQ for the indicated number of hours.
Cells stained with anti-LMP1 antibody and topro 3 were observed by confocal microscopy. DMSO-treated cells served as a control. (C, D) Photographs of EBV-
infected PBMC and quantification of viral load by real-time PCR. Cells cultured for 4 days were treated with 10 pg/mi of DHMEQ (+) or with DMSO alone (—)
thereafter twice a week. Cells were observed by microscopy at the indicated days (C). Cells were harvested on the indicated days and genomic DNA was isolated.
The viral load was quantified by real-time PCR as described in Section 2. The data are means and standard deviations of triplicate experiments (D). The asterisks
indicate statistical significance.
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with EBV and decreased the EBV viral load in PBMC (Fig. 6C
and D).

4. Discussion

In the present study, we showed that the NF-xB inhibitor
DHMEQ blocked strong and constitutive NF-kB activity, re-
duced viability, and induced apoptosis in LCLs. Induction of
apoptosis by DHMEQ in LCLs is associated with inhibition
of NF-«B, which is followed by down-regulation of NF-xB
regulated anti-apoptotic genes. These observations, com-
bined with our previous study about the mechanisms of ac-
tion of DHMEQ [11], indicate that apoptosis induction of
LCLs by DHMEQ is mediated by inhibitory effect of
DHMEQ against NF-kB. DHMEQ appears to be more spe-
cific to NF-kB pathway compared with IkB kinase (IKK)
inhibitor, Bay 11-7082 wused in the previous studies
[20,21], because DHMEQ inhibits downstream of IKK and
Bay 11-7082 has been reported to be apparently not specific
for NF-«B pathway [22]. Therefore our study provides fur-
ther evidence for the importance of NF-kB in the survival
of LCLs and indicates effectiveness of DHMEQ in the treat-
ment of EBV-infected transformed lymphocytes.

We also showed that DHMEQ inhibits constitutive NF-xB
activation in B lymphocytes expressing LMPI, eliminates
these cells from PBMC, and inhibits the outgrowth of lympho-
blastic cells. The results indicate that B lymphocytes become
dependent on NF-kB for proliferation and survival within sev-
eral days after EBV infection. Although previous data indicate
that not only NF-«xB but also other signals like mitogen-acti-
vated protein kinases are involved in transformation of lym-
phocytes to LCL cells [19], the results in this study indicates
that abrogation of constitutive NF-kB activity appears to be
sufficient to prevent transformation of EBV-infected lympho-
cytes. Previous reports underscored constitutive NF-kB activ-
ity as a molecular target in LCL cells [20,21,23]. Our study
shows a new insight that constitutive NF-«B activity is a com-
mon molecular target in EBV-infected transformed and un-
transformed lymphocytes.

Recent reports showed that EBV viral load is a useful
marker for disease status of lymphoproliferative diseases or
lymphomas in patients with immunosuppression [24]. We
showed that DHMEQ treatment prevented the increase of
EBYV viral load in PBMC. The reduction of EBV viral load
in PBMC by DHMEQ indicates not only that the elimination
of lymphocytes infected by EBV contributes to the reduction,
but also that the replication of EBV virus may depend on
NF-«B activity. However, previous studies showed that NF-
kB activity does not promote replication of EBV virus, but
rather inhibits its replication [25]. Therefore, reduction of viral
load in lymphocytes infected with EBV treated with DHMEQ
appears to be due to the elimination of lymphocytes infected
with EBV. Collectively, early detection of the increase of
EBV viral load and purging infected cells under transforma-
tion by a NF-«B inhibitor may contribute to the preventive
intervention against lymphoproliferative diseases in patients
with profound immunosuppression.

Our results suggest that the effects of DHMEQ depend on
the down-regulation of NF-kB-dependent genes that control
apoptosis. Down-regulation of ¢-FLIP, involved in anti-apo-
ptosis blocking caspase-8, as well as Bfi-1, Bcl-XL and c-
IAP, involved in the anti-apoptosis blocking caspase-9, by
DHMEQ may result in activation of membranous and mito-
chondrial pathways, respectively [26]. This implies the possi-
bility that in EBV-infected lymphocytes, the induction of
anti-apoptotic genes is counteracting the apoptotic pressure
and preventing these cells from undergoing apoptosis.

The mice treated with DHMEQ in 1% DMSO did not show
any relevant signs of toxicity such as body weight loss in this ex-
periment. The dose of DHMEQ administered in this experiment
was 12 mg/kg three times a week, far less than the LDsq of
DHMEQ, 180 mg/kg (Naoki Matsumoto, K.U., unpublished ob-
servation, July 1999). Results of our in vivo model suggest that
DHMEQ may be feasible and less toxic at an effective dose, al-
though the pharmacokinetics has not yet been elucidated. In our
NOG mice model, the results indicate that local administration
of DHMEQ can prevent primary tumor growth without signifi-
cant signs of toxicity. Additional experiments, which include in-
traperitoneal and intravenous administration of DHMEQ, will
further confirm efficacy of DHMEQ against LCLs in vivo.

Our recent study also indicates that DHMEQ has little ef-
fect on the viability of PBMC or purified B cells in vitro under
almost the same experimental condition as this study [27].
These in vitro and in vivo results suggest a favorable toxic pro-
file and potent NF-«B inhibitory effect by DHMEQ. Thus,
DHMEQ appears to be a candidate for the treatment of
EBV-associated lymphoproliferative diseases as well as for
their chemoprevention.

In conclusion, our study indicates that the unique NF-«B
inhibitor DHMEQ is a potential compound that targets consti-
tutive activation of NF-kB in EBV-infected transformed and
untransformed B cells. Because EBV-associated lymphoproli-
ferative diseases are life-threatening and the prognosis of
AlIDS-associated lymphomas is extremely unfavorable, our re-
sults support preventive intervention with a NF-«B inhibitor as
a new strategy in patients with immunosuppression.
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Abstract

Latent infection of human immunodeficiency virus type | (HIV-1) represents a major hurdle in the treatment of acquired immunodeficiency
syndrome (AIDS) patients. Statins were recently reported to suppress acute HIV-1 infection and reduce infectious virion production, but the
precise mechanism of inhibition has remained elusive. Here we demonstrate that lypophilic statins suppress HIV-1 virion release from tumor
necrosis factor alpha-stimulated latently infected Ul cells through inhibition of protein geranylgeranylation, but not by cholesterol depletion.
Indeed, this suppression was reversed by the addition of geranylgeranylpyrophosphate, and a geranylgeranyltransferase-1 inhibitor reduced
HIV-1 production, Notably, silencing of the endogenous Rablla GTPase expression in Ul cells by RNA interference destabilized Gag and re-
duced virion production both in vitro and in NOD/SCID/yc™!" mice. Our findings thus suggest that small GTPase proteins play an important role
in HIV-1 replication, and therefore could be attractive molecular targets for anti-HIV-1 therapy.

© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Infection with human immunodeficiency virus type 1
(HIV-1), the causative agent of acquired immunodeficiency
syndrome (AIDS), is characterized clinically by a long
asymptomatic period of latency preceding the development
of AIDS. Even during this period of latency, the virus is con-
tinuously replicating and causing de novo infection. Recent
studies using combination anti-retroviral therapy have re-
vealed a population of latently infected cells that are refrac-
tory to antiviral therapy, which is believed to be a leading
cause of the persistence of infection [1]. Although patients

* Corresponding author, Tel.: +81 3 5803 5181; fax: +81 3 5803 0124.
E-mail address: shojmmb@tmd.ac.jp (S. Yamaoka).

1286-4579/$ - see front matter © 2008 Elsevier Masson SAS. All rights reserved.
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treated successfully with the highly active anti-retroviral ther-
apy (HAART) achieved undetectable levels of virus load, vi-
remia recurred in almost every patient when the drug therapy
was stopped, because latent virus in reservoir cells is not sus-
ceptible to this anti-retroviral therapy or host immune re-
sponses [2,3]. Thus, HIV-1 infection remains incurable and
new therapeutic approaches need to be developed.

Recent studies have suggested that lypophilic statins have
direct anti-HIV effects. del Real et al. showed that lovastatin
reduced acute infection by HIV-1 NL4-3.Luc.R.E. pseudo-
typed with HIV-R5 or X4 envelopes, but not that by the virus
pseudotyped with the vesicular stomatitis virus glycoprotein
(VSV-G) envelope. Lovastatin treatment of HEK 293T pro-
ducer cells also reduced HIV-1-X4-enveloped infectious virus
production, but not that of VSV-G-pseudotyped virus. The
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proposed mechanism was that statins targeted Rho GTPases
and affected the actin cytoskeleton re-arrangement necessary
for virus entry or budding [4,5]. It was also reported that sta-
tins suppressed virion-associated intercellular cell adhesion
molecule 1—leukocyte function antigen 1 interactions that
are required for viral entry [6]. Audoly et al., using inhibitory
toxins, proposed that small GTP-binding proteins are involved
in the assembly of HIV-1 Gag in their acute infection model
[7]. Quite recently, Nabatov et al. reported that statins disrupt
CCR5 and RANTES expression levels in CD4+ T lympho-
cytes in vitro and preferentially decrease infection of R5 ver-
sus X4 HIV-1 [8]. However, the effect of statins in chronically
HIV-1-infected cells and its precise mechanism remain to be
uncovered.

Statins, which are used to treat hypercholesterolemia, in-
hibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, the rate-limiting enzyme in cholesterol biosynthesis
in the liver catalyzing the conversion of HMG-CoA to meva-
lonic acid [9,10]. In addition to inhibiting cholesterol synthe-
sis, statins also block the synthesis of isoprenoid intermediates
such as famesylpyrophosphate (FPP) and geranylgeranylpyro-
phosphate (GGpp). Both FPP and GGpp serve as important
lipid attachments for the post-translational modification of va-
riety of proteins, including heterotrimeric G proteins and small
GTP-binding proteins such as the Ras, Rho, Rap, and Rab
GTPase family proteins [11,12]. This modification, called pro-
tein prenylation, is a common mechanism for membrane asso-
ciation of approximately 0.5% of all intracellular proteins.
Prenylation consists of the covalent attachment, via thioether
linkage, of a C15 (farnesyl) or C20 (geranylgeranyl) isopre-
noid group to a C-terminal cysteine residue in the context of
a ‘prenylation motif’. Farnesyl and geranylgeranyl moieties
can bind covalently to several low molecular weight GTPase
proteins, and this binding is catalyzed by three prenyltrans-
ferases: famesyltransferase (FTase), geranylgeranyltransfer-
ase-1 (GGTase-I) or geranylgeranyltransferase-2 (GGTase-2,
also called Rab GGTase). Thus, inhibition of the mevalonate
pathway or geranylgeranyltransferases leads to impairment
of protein prenylation.

Protein prenylation is critical for intracellular localization
and function of small GTPase proteins. In general, modifica-
tion with FPP is necessary for proper localization of Ras fam-
ily proteins, whereas GGpp is required for Rho, Rab, and Rap
family proteins. Among them, Rab GTPase proteins form the
largest family within the Ras-like GTPase superfamily
{13,14]. More than 50 Rab proteins have been identified in
mammalian cells. Each Rab is believed to be localized to a spe-
cific subcellular compartment, reflecting the complexity and
variety of trafficking events found in mammalian cells, Rab
proteins, unlike other small GTPases, exhibit a variety of pre-
nylation motifs at their C-termini, containing either one or
more frequently, two cysteine residues, both of which are
modified by geranylgeranyl groups [15]. It was recently re-
ported that siRNA-mediated silencing of Rab9 expression in
JC53 HeLa-derived indicator cells inhibited HIV replication,
as did silencing expression of other genes that facilitate
the late-endosome-to-frans-Golgi vesicular transport [16].

Interestingly, acute HIV-1 replication in JC53 cells was also
affected, although less profoundly, by silencing expression
of Rabl1a. It has been well documented that Rab11a is mainly
located on pericentriolar recycling endosomes and plays a key
role in regulating vesicle trafficking through recycling endo-
somes to the plasma membrane as well as in exocytosis
[17,18].

Here we investigated the effect of statins on virus produc-
tion in chronically HIV-l-infected promonocytic Ul cells,
and showed a critical role for protein prenylation in the late
phase of HIV-1 replication.

2. Materials and methods
2.1. Reagents and cells

Simvastatin and lovastatin were purchased from LKT Labo-
ratories, Inc. (MN, USA), and activated by dissolving in ethanol
and treatment with 0.1 M NaOH. The pH was then adjusted to
7.0 with HCl. GGTI-298 and FTI-277 were purchased from
Calbiochem (Darmstadt, Germany). Anti-Rab11a monoclonal
antibody was purchased from BD transduction laboratories
(Japan). The serum derived from an HIV-l-infected patient
was described previously [19]. Anti-mouse IgG (H&L), anti-
human rabbit HRP-linked antibody was obtained from Ameri-
can Qualex manufactures (CA, USA). DMRIE-C reagent for
transfection was purchased from Invitrogen (CA, USA). All
other reagents including anti-tubulin (T-9026) monoclonal
antibody, squalene, GGpp, cycloheximide, TNF-« and phor-
bol-12-myristate-13 acetate (PMA) were purchased from
Sigma (MO, USA). Ul and HEK 293T cells were grown in
RPMI 1640 and DMEM, respectively, supplemented with
10% heat-inactivated fetal bovine serum, 100 U/ml of penicillin
and streptomycin at 37 °C.

2.2. Treatment and stimulation of cells

Cells were treated with or without simvastatin or lovastatin
for 2 days and equivalent numbers of viable cells were stimu-
lated with TNF-o. or PMA for additional 2 days in the pres-
ence or absence of statins, and then intracellular and
extracellular Gag (p24 and p55) antigen was quantified.
More than 80% of cells were found viable after treatment
with 1 uM of simvastatin, and we normalized the levels of
Gag protein (p24 and p55) based on the number of viable cells
in each sample. The amount of Gag per viable cell was calcu-
lated by dividing the Gag value with the number of viable
cells. In some of the experiments, GGpp (1 uM), squalene
(50 pg/ml) or GGTI-298 (1 uM) was added during the entire
course of the experiment.

2.3. HIV-1 Gag quantification

Culture supernatant was collected after centrifugation and
subjected to quantification of the HIV-1 Gag (p55 and p24) an-
tigen by automated enzyme-linked immunosorbent assay
(ELISA) (Fuji Rebio Inc., Tokyo, Japan). Cell pellets were
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washed three times with PBS, re-suspended with the p24 lysis
buffer (0.5% Triton X-100 in PBS), put on ice for 30 min, and
then the Gag antigen was quantified by using auto-ELISA sys-
tem. The amount of Gag was normalized by dividing the Gag
value with the number of viable cells. The relative amounts of
Gag were expressed as percentages of that for cells simply
stimulated with TNF-o. or PMA (arbitrarily set at 100%).
The ratio of Gag amount in culture supernatant to that in cells
was calculated by dividing the normalized Gag amount in
supernatant with that in cell lysate.

2.4. Western blotting

Cells were lysed in a lysis buffer (20 mM Tris—HCI [pH
8.0], 150mM NaCl, 1% Triton X-100, 10% glycerol,
0.5 mM dithiothreitol, 0.5 mM phenylmethanesulphonylfluor-
ide (PMSF), 0.1% aprotinin, and 0.1% leupeptin) for prepara-
tion of whole-cell extracts. Thirty micrograms aliquots of
protein, determined by the Bradford assay, were resolved by
SDS—PAGE and detected by standard immunoblotting proce-
dures using the specific primary antibodies.

2.5. Transmission electron microscopy

Cells were fixed with 2.5% glutaraldehyde in PBS for 2 h,
washed and fixed overnight at 4 °C in the same buffer and
post-fixed with 1% OsO, buffered with PBS for 2 h. The cells
were then dehydrated in a graded series of ethanol and embed-
ded in Epon 812. Ultrathin (90 nm) sections were cut on an ul-
tracut S microtome (Reichert, Vienna, Austria), double-stained
with uranyl acetate and lead citrate, and then examined by
transmission electron microscopy (H-7100, Hitachi, Hitachi-
naka, Japan).

2.6. Lentivirus vectors

Annealed oligonucleotides containing the targeting rablla
(5'-GAGCGATATCGAGCTATAA-3') or Renilla luciferase
(5'-GTAGCGCGGTGTATTATAC-3') sequence were first in-
serted immediately downstream of the H1 promoter of the
pSuperRetro vector (Oligoengine), generating pSR-Rabl la-i
and pSR-Ctrl-i, respectively. The shRNA expression cassettes
were then transferred to a newly constructed lentivirus vector,
pCS-puro-PRE, carrying a puromycin resistance gene ex-
pressed under the control of the phosphoglycerate kinase
(PGK) promoter. Construction details for pCS-puro-PRE
will be described elsewhere (Saitoh et al., unpublished).
EcoRI—Xhol fragments containing the H1 promoter and tar-
geting sequence from pSR-Rablla-i or pSR-Ctrl-i were
inserted between the EcoRI and Xhol sites of pCS-puro-
PRE, generating pCS-puro-Rablla-i and pCS-puro-Ctrl-i,
respectively.

2.7. Transfection and infection

The VSV-G-pseudotyped lentivirus was produced by co-
transfection of HEK 293T cells with pCS-puro-Rablla-i or

pCS-puro-Ctrl-i, pHCMV-VSV-G encoding the vesicular
stomatitis virus glycoprotein (VSV-G) and a packaging con-
struct pPCMVARS.2 (a kind gift from ISY Chen, USA), using
FuGENE 6 (Roche Diagnostics, IN, USA) according to the
manufacturer’s instructions. Culture supernatants of 293T
cells were collected 48 h post-transfection, filtered through
0.20-um pore-size filters, supplemented with polybrene
(10 pg/ml), and used immediately for infection of Ul cells.
Infected cells were selected in the presence of 3 pg/ml of
puromycin.

2.8. Animal experiments

NOD/SCID/yc™! (NOG) mice were obtained from the
Central Institute for Experimental Animals (Kawasaki, Japan).
All mice were maintained under specific pathogen-free condi-
tions in the animal center of Tokyo Medical and Dental Uni-
versity (Tokyo, Japan). The Ethical Review Committee of
the Institute approved the experimental protocol. NOG mice
were inoculated intraperitoneally ~with —approximately
2.5 x 10° Rablla-depleted or control Ul cells per mouse as
described previously [20]. Blood and ascites were examined
for HIV-1 p24 amount 2 weeks after cell inoculation.

3. Results
3.1. Statins suppressed HIV-1 release from Ul cells

We used Ul cells that do not constitutively produce or
release HIV-1 virions to the culture supernatant. U1 cells are
derived from U937 promonocytic cells that survived the cyto-
pathic effect associated with the acute infection by HIV-1 LAY/
IIIB. U1 cells contain two integrated copies of proviral HIV-1
DNA and are characterized by low constitutive levels of virus
expression that can be up-regulated by several cytokines and
phorbol esters. Upon stimulation of Ul cells with PMA or
with cytokines such as TNF-o., a dramatic increase in HIV-1
gene expression and robust virion release can be induced. Vi-
rions were shown to be released from Ul cells in a manner
similar to that for cells of monocytic lineage [21,22]. U1 cells
were treated with or without simvastatin for 48 h and then
stimulated with TNF-c.. We found that treatment of Ul cells
with 1 pM of simvastatin, which is within the clinically rele-
vant range, suppressed TNF-u-induced release of p24 to cul-
ture supernatant (Fig. 1A). Conversely, intracellular Gag
protein (including both p55 and its processed form p24) was
increased after the treatment with simvastatin and TNF-o.
As a result, the ratio of Gag in culture supernatant to Gag in
cell lysate was reduced (Fig. 1B). The release of p24 from
cells treated with simvastatin and PMA (Fig. 1A,B) was not
profoundly suppressed, but this treatment increased intracellu-
lar level of Gag. Essentially similar results were obtained with
another lipophilic statin lovastatin (Fig. 1C,D), but not with
hydrophilic paravastatin (data not shown), suggesting that
lypophilic statins, such as simvastatin and lovastatin, success-
fully entered cultured cells and worked as HMG-CoA reduc-
tase inhibitors.
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Fig. 1. Statins reduced virus release and increased intracellular Gag in Ul cells. Ul cells were treated or not with simvastatin (A) or lovastatin (C) for 2 days,
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Results shown are mean =+ SD values of three independent experiments.

3.2. Geranylgeranylation is required for HIV-1
replication in Ul cells

A previous report showed that treatment of 293T cells with
lovastatin reduced production of wild type, but not VSV-G-
pseudotyped HIV-1, and that this inhibition was reversed by
the addition of GGpp [4]. To examine if the reduced p24
release from Ul cells treated with simvastatin resulted from
impaired production of geranylgeranyl, we treated U1 cells
with simvastatin and TNF-a. in the presence of 1 pM GGpp
(Fig. 2A). No cytotoxicity was observed after the treatment
with GGpp. Addition of GGpp restored the p24 release to
the level for control cells stimulated with TNF-o.. In contrast,
the amount of Gag in cells treated with simvastatin and TNF-
o in the presence of GGpp remained higher than that in cells
treated with simvastatin and TNF-a. Squalene, one of the
metabolites in the cholesterol biosynthesis from FPP, did not
interfere with simvastatin-induced inhibition of virion release
or intracellular Gag protein accumulation (Fig. 2B). To further
investigate the importance of protein prenylation in HIV-1 rep-
lication in U1 cells, we tested if geranylgeranyltransferase-1
inhibitor (GGTI) could inhibit virus replication. GGTI was
not toxic to Ul cells at 1 pM, whereas farnesyltransferase in-
hibitor (FTI) was too toxic to be tested in Ul cells (data not
shown). GGTI reduced both p24 release and intracellular
Gag in TNF-a-stimulated U1 cells (Fig. 2C), suggesting that

geranylgeranylation of small GTPase proteins plays a critical
role in HIV-1 production.

3.3. Simvastatin enhances intracellular Gag
accumulation in Ul cells

We next examined how simvastatin modifies expression of
intracellular HIV-1 Gag-related proteins, p55 and its processed
form p24. Immunoblotting with anti-HIV-1 Gag antiserum that
detected both p55 and p24 revealed that p24 was increased in
the presence of simvastatin, while the amount of p55 remained
almost unchanged (Fig. 3A). Since the results shown in
Fig. 2A suggested the importance of geranylgeranylation, we
examined the prenylation status of Rablla, one of the Rab
family small GTPases known to be involved in trafficking of
recycling endosomes and exocytosis. As shown in Fig. 3A,
treatment with 1 uM simvastatin resulted in almost complete
upward shifting of the Rabl1a band, indicating accumulation
of the non-prenylated form of Rab!1a. Besides, GGpp coun-
teracted the simvastatin effect on the prenylation of Rablla
(Fig. 3B). This suggests that simvastatin inhibited the biosyn-
thesis of geranylgeranyl, leading to impaired prenylation of
small GTPases involved in intracellular vesicle trafficking.
To further gain insight into the effects of simvastatin on
HIV-1 replication, we performed transmission electron micro-
scopic (TEM) analysis. Many virus particles were found to be
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released from TNF-a-stimulated Ul cells in the mature form
(Fig. 4A,B), but only a few from simvastatin- and TNF-u-
treated U1 cells. In contrast, many mature virus particles could
be seen in intracellular vesicles of Ul cells treated with sim-
vastatin and TNF-a, whereas it was difficult to find mature
virions in vesicles of Ul cells treated with TNF-o alone
(Fig. 4C,D). These results suggested impaired release or intra-
cellular trafficking of virions.

3.4. Rablla mediates HIV-1 replication in Ul cells

In order to further investigate the role of Rablla in HIV-1
replication in Ul cells, we suppressed the expression of en-
dogenous Rab11a by RNA interference. Immunoblotting anal-
yses (Fig. 5A) demonstrated that the level of Rablla
expression was reduced by ~80—90% in cells expressing
Rab11a-specific shRNA (Rab11a-i) compared to cells express-
ing control shRNA (Ctrl-i). While Rablla depletion did not
affect the growth of Ul cells (data not shown), it reduced
the release of p24 as well as intracellular Gag expression in-
duced by TNF-« (Fig. 5B). Immunoblotting analyses revealed
that both p24 Gag and p55 Gag are decreased in Rab1la-de-
pleted cells compared to control cells (Fig. 5C). These findings
indicate that HIV-1 requires Rabl11a for its efficient replication
in Ul cells. We next examined if Rabl1a depletion affects the
stability of Gag, using a protein synthesis inhibitor cyclohex-
imide. As shown in Fig. 5C, the levels of p55 Gag and p24
Gag in Rabl1la-depleted cells were generally lower than those
in control cells. Importantly, while the expression of p55 Gag
remained almost unchanged up to 12 h after CHX treatment in
control cells, p5S5 Gag in Rablla-depleted cells rapidly de-
creased with a half-life of ~6 h (Fig. 5D,E). The expression
of p24 Gag in Rablla-depleted cells was lost even more rap-
idly following cycloheximide treatment, while p24 Gag was
only marginally reduced in control cells. These results indicate
that Rabl 1a depletion reduced the stability of Gag, which led
to inefficient viral replication in U1 cells.

3.5. Rablla depletion affects HIV-1 replication
in NOG mice

The significant suppression by Rabl 1a depletion of TNF-a.-
induced HIV-1 replication in cultured Ul cells prompted us to
examine whether depletion of Rabl1a in Ul cells can also sup-
press virus replication in NOG mice. We inoculated Rabl la-
depleted or control Ul cells in the peritoneal cavity of im-
mune-deficient NOG mice. Blood and ascites were recovered
2 weeks after inoculation, and then the Gag amounts were de-
termined. Knockdown of Rablla expression in Ul cells did
not apparently influence the growth of cells in mice, but effi-
ciently suppressed HIV-1 replication in vivo as revealed by
Gag amounts in both serum and ascites (Fig. 6A,B).

4. Discussion

The inhibition of HIV-1 replication by statins was previ-
ously reported in acute HIV-1 infection models, and three
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different mechanisms were proposed. First, inhibition of
HMG-CoA reductase activity resulted in impaired synthesis
of GGpp required for prenylation of a small GTPase protein
Rho [4]. Second, direct binding of statins to lymphocyte-func-
tion-associated antigen 1 (LFA-1) diminished HIV-1 attach-
ment to target cells by preventing the interaction between
virion-associated host intercellular adhesion molecule 1 and
its natural cell surface ligand LFA-1 [6]. Third, statins disrup-
ted CCRS and RANTES expression [8]. In this report, we
showed statin-induced increase in intracellular Gag and de-
crease in virus release from chronically HIV-1 infected cells,
and defined diminished geranylgeranylation as a principal
mechanism of statin-induced inhibition of virus release. The
inhibition was associated with nearly a complete loss of preny-
lation of a small GTPase protein Rablla, which facilitates

vesicle trafficking to the plasma membrane from both the
trans-Golgi network and recycling endosomes. Indeed, RNA
interference-mediated silencing of Rablla expression also
led to a marked reduction in both intracellular and secreted
Gag protein. These observations are not limited to TNF-o-
induced HIV-1 production in vitro, because the silencing of
Rablla expression also reduced p24 release from Ul cells
inoculated in immune-deficient mice.

The effects of simvastatin on HIV-1 replication in U1 cells,
increase in intracellular Gag and decrease in virus release, can-
not solely be explained by the loss of functional small
GTPases involved in vesicle trafficking, because supplement-
ing GGpp in the presence of simvastatin, indeed, restored virus
release, but did not normalize the level of intracellular Gag.
The increase in intracellular Gag by simvastatin treatment
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Fig. 4. Transmission electron microscopic (TEM) images of Ul cells. (A) TNF-a-stimulated U1 cell. Many HIV-1 particles are visible at the cell surface. Bar
indicates 500 nm (10,000x). (B) Higher magnification of the area indicated by the square in (A). The cone-shaped core structure is evident. Bar indicates
100 nm (60,000x). (C) Ul cell treated with simvastatin and TNF-o. Large vesicles near the Golgi zone contain maturated HIV-1 particles. Bar indicates
500 nm (10,000x). (D) Higher magnification of the area indicated by the square in (C). Bar indicates 100 nm (60,000x).

might simply be a result of accumulation of virions due to im-
paired virion release, but the results of more specified inhibi-
tion by GGTI or gene silencing indicate that loss of
prenylation or depletion of Rabl1a GTPase reduces both intra-
cellular and extracellular Gag. Thus, simvastatin appears to
have yet unknown actions to increase intracellular p24 in Ul
cells. In this regard, simvastatin may potentially enhance pro-
duction of Gag as lovastatin was previously reported to aug-
ment HIV-1 LTR-directed transcription in Jurkat cells [4].
The inhibition of virus release by simvastatin would, therefore,
be due to loss of prenylation of a yet unidentified protein.
Recent reports support a model of intracellular Gag traffick-
ing common to a variety of cell types in which Gag localizes
initially to perinuclear clusters, and then to late endosomes
and MVBs and/or MVB-like compartments [23,24]. Both in
macrophages and dendritic cells, HIV-1 Gag can be detected
in CD63-positive late endosomes and viral exit proceeds
through TSG101-dependent budding into the lumen of late en-
dosomes to form multivesicular bodies, followed by the export
of viral particles as exosomes [25—28]. However, the transport
mechanism of endosomal compartments or MVBs to the cell
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surface during the course of viral maturation and budding
remains to be fully elucidated. Small GTPase proteins have
been reported to be involved in vesicle trafficking and actin po-
lymerization. It should be noted that Rab11a is mainly located
on pericentriolar recycling endosomes and regulates vesicle
trafficking through recycling endosomes to the plasma mem-
brane as well as release of exosomes [29]. In the present report,
depletion of Rablla resulted in an obvious destabilization of
Gag p55 and p24, suggesting that Gag failed to traffic through
the endosomal compartments or MVBs and could be directed
to lysosomal degradation.

Since lipophylic statins cannot be used for HIV-1 infected
patients due to its pharmacokinetic interaction with protease
inhibitors, inhibiting prenylation of small GTPases involved
in Gag trafficking by GGTIs could represent an alternative
strategy for effective anti-HIV-1 therapy. GGTI used in this
study was previously reported to arrest human tumor cells in
GO/G1 and induces pZIWAFUCIPUSD“ expression in a p53-
independent manner and was considered potentially useful in
cancer therapy [30]. Perhaps, specific inhibition of individual
GTPases involved in HIV-1 replication such as Rablla would
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serum (A) and ascites (B) were quantified 2 weeks after cell inoculation.

be therapeutically more beneficial, because GGTIs do not
work specifically on particular GTPases.

In summary, the present study revealed a critical role for pro-
tein geranylgeranylation in HIV-1 virion release from chroni-
cally HIV-1-infected promonocytic cells, and suggest that
geranylgeranyltransferase-1 or its substrates, small GTPases in-
volved in Gag trafficking, could be attractive molecular targets
for controlling HIV-1 replication.
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Enhancement of OX40-Induced Apoptosis by TNF
Coactivation in OX40-Expressing T Cell Lines in Vitro
Leading to Decreased Targets for HIV Type 1 Production

YOSHIAKI TAKAHASHI,»* REIKO TANAKA,! NAOKI YAMAMOTO,? and YUETSU TANAKA!

ABSTRACT

0X40, a member of the tumor necrosis factor receptor (TNF-R) superfamily, has been shown to play an im-
portant role in the survival of antigen-specific CD4* T cells. We have previously reported that stimulation of
the OX40-expressing and HIV-1 chronically infected T cell line, ACH-2/0X40, with either OX40 ligand
(OX40L)-expressing cells or with TNF resulted in the activation of HIV-1 followed by apoptotic cell death. In
the present study we found that costimulation via OX40 and TNF-R in OX40-expressing HIV-1-infected T
cell lines leads to a marked reduction of HIV-1 production associated with rapid cell death. Since HIV-1-neg-
ative OX40™" T cell lines underwent rapid apoptotic cell death after OX40L and TNF stimulation, it was rea-
soned that the ACH-2/0X40 cell death was unlikely to be due to HIV-1 infection. Furthermore, we found that
the OX40-mediated apoptosis of the CD4* T cell line, Molt-4/CCR5-0X40 (M/R5-0X40), required (1) signals
mediated via the cytoplasmic tail of 0X40, (2) activation of the caspase cascade, including caspase-8 and cas-
pase-3, and (3) induction of endogenous TNF-«, but not of TNF-g, FasL, or TNF-related apoptosis-inducing
ligand (TRAIL), suggesting that this apoptosis occurred indirectly via the TNF/TNF-R system. Finally, a frac-
tion of primary activated CD4* T cells, expressing high levels of 0X40, underwent apoptosis, as revealed by
annexin V staining, after cocultivation with OX40L* cells. These results suggest a new biological role of the
OX40L/0X40 system in controlling the fate of activated CD4* T cells and of controlling HIV-1 infection in
inflammatory environments.

INTRODUCTION

X40 (CD134) 1s a 50-kDa TRANSMEMBRANE PROTEIN that

serves as a marker of activated T cells. It is a member of
the tumor necrosis factor receptor (TNF-R) superfamily, a fam-
ily that also includes TNF-R1, TNF-R2, CD30, CD40, CD27,
CD95 (Fas), TNF-related apoptosis-inducing ligand receptor
(TRAIL-R) 1, and TRAIL-R2.!-3 Its ligand, in humans, OX40L
(CD252), was originally identified on human T cell leukemia
virus type-1 (HTLV-D)-infected T cell lines and was termed
gp34.4% OX40L belongs to the tumor necrosis factor (TNF) su-
perfamily® and is expressed predominantly on normal activated
dendritic cells (DCs),” B cells,3? vein endothelial cells,!® and
stimulated monocytes.!! OX40-mediated costimulation of
CD4* T cells by OX40L induces nuclear factor-kappa B (NF-

«B) activation through TNF-R-associated factor (TRAF)2 and
TRAF5,!2 and is associated with a number of immune function
activities. These include the enhanced synthesis of T helper (Th)
2 responses from naive CD4* T cells,!3~!% the production of
both Th1 and Th2 cytokines,!6-18 the development and survival
of memory CD4™* T cells,!” the prevention of peripheral CD4™*
T cell tolerance,'® and the ability to block the inhibitory activ-
ity of CD4* CD25* T regulatory cells.?’ Ligation of OX40L
on activated B cells and on immature DC, in vitro, results in
enhanced immunoglobulin production® and maturation of DC,’
respectively. In addition to these costimulatory functions, ad-
ditional OX40/0X40L functions include not only the promo-
tion of cell-to-cell adhesion between activated or HTLV-I* leu-
kemic CD4* T cells and OX40L™* vein endothelial cells,?! but
also the migration of CD4™ T cells to B cell follicles in pe-
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ripheral lymph nodes.?* The failure to properly control OX40/
OX40L interaction has been suggested to cause immune ab-
normalities such as autoimmune diseases,?*?5 allergy,2627 or
defective protection against pathogens, 15-28-30

In addition to its ability to induce cell activation, the TNF-
R superfamily is also associated with promoting cell death. One
group of the TNF-R superfamily, consisting of Fas, TNF-R1,
TRAIL-R1, and TRAIL-R2, mediates cell death through their
intracytoplasmic death domain (DD). A second group, consist-
ing of the DD-lacking receptors, TNF-R2, CD27, CD30, CD40,
4-1BB, and OX40, is capable of inducing cell death under cer-
tain conditions. Thus, for example, activation of TNF-R2 trig-
gers apoptosis of a rhabdomyosarcoma cell line and of HelLa
cells.3! The activation of CD27 induces apoptosis of B cell
lines? and the activation of CD30 by specific antibody medi-
ates apoptosis of an anaplastic large cell lymphoma3? and of a
T cell hybridoma costimulated with anti-T cell receptor
(TCR).>* In addition, the activation of CD40 by antibody in-
duces apoptosis in transformed cell lines and in normal acti-
vated CD4* T cells costimulated with anti-CD3 antibody.3!-3
The precise mechanisms of cell death induced by the DD-lack-
ing TNF-R superfamily remain to be elucidated. Recently, it
has been shown that TNF-R2 stimulation causes TNF-RI-de-
pendent apoptosis by the depletion of the antiapoptotic proteins
TRAF2 and IAP.3637 We have previously shown that OX40
stimulation activates human immunodeficiency virus type-1
(HIV-1) production in the chronically HIV-1-infected T cell
line ACH-2/0X40 through the activation of NF-«B.3® This
mechanism is consistent with another member of the TNF-R
superfamily, CD30.%° Following stimulation with either OX40L
or TNF, ACH-2/0X40 cells undergo not only HIV-1 activation
but also apoptotic cell death within 48 h.38

In the present study, we examined the fate of cells follow-
ing either OX40 stimulation alone or stimulation with OX40 in
combination with TNF. Surprisingly, costimulation resulted in
a marked decrease of HIV-1 production, as a consequence of
rapid cell death of the T cell line. The cell death was reasoned
not to be secondary to HIV-1 infection since OX40 stimulation
alone and/or costimulation with TNF also induced cell death of
HIV-1-negative T cell lines. Furthermore, the cell death in the
T cell lines via OX40 stimulation was mediated indirectly by
the TNF/TNF-R system. These observations suggest a new im-
munological role of 0X40.

MATERIALS AND METHODS

Reagents

The medium used consisted of RPMI 1640 medium (Sigma,
St. Louis, MO), supplemented with 10% fetal calf serum (FCS;
Sigma), 100 U/ml of penicillin, and 100 wg/ml of streptomycin
(hereinafter called RPMI medium). Antihuman (h) CD3 (clone
OKT-3) and anti-hCD4 (clone OKT-4) monoclonal antibodies
(mAbs) were purchased from the American Type Culture Col-
lection (Rockville, MD). Anti-hOX40 mAb (clone B-17D8;
mouse IgG2b, k) was newly generated by a previously de-
scribed method.®® Anti-hTNF-e, anti-hTNF-8, and anti-
hTRAIL mAbs, for neutralization, were purchased from R&D
(Minneapolis, MN). Anti-hFasL neutralizing mAb was pur-
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chased from BD Pharmingen (San Diego, CA). Anti-hCaspase-
8 and anti-hCaspase-3 mAbs were purchased from Cell Sig-
naling (Danvers, MA) and horseradish peroxidase (HRPO)-con-
jugated goat antimouse immunoglobulin G (IgG) Ab was
purchased from Chemicon (Temecula, CA). Anti-hOX40L neu-
tralizing mAb (clone 5A8)*C and isotype control mouse IgG1
(mlIgG1), anti-HTLV-I Tax mAb (clone TAXY-8),*! have been
described previously. Isotype control mIgG2a and migG2b
were purchased from BD Pharmingen and ImmunoTools
(Friesoythe, Germany), respectively. Recombinant human
TNF-a (thTNF-«), TNF-o« (thTNF-8), interleukin-4 (rhIl-4),
and rhIL-12 were purchased from Peprotec (London, UK). rhIL-
2 was purchased from Shionogi Pharmaceutical (Osaka, Japan).
The broad-spectrum caspase inhibitor, z-VAD-fmk, was pur-
chased from MBL (Nagoya, Japan), dissolved in dimethyl sul-
foxide and diluted in medium prior to use. Apoptosis was as-
sessed by the annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI) staining kit (Sigma and R&D). The
hTNF-a sandwich enzyme-linked immunosorbent assay
(ELISA) kit was purchased from R&D. The advanced protein
assay reagent was purchased from Cytoskeleton (Denver, CO).

Cells

The hOX40-transfected and the HIV-1 chronically infected
human T cell line cells, ACH-2/0X40 (cell groups 4 and 10),
and its. vector control, ACH-2/control (mock), and the hOX40L-
tranfected mouse SV-T2 cell line, SV-T2/0X40L (gp34), and
its vector control, SV-T2/control (mock), have been previously
described.® The cell lines utilized for transfections of 0X40,
OX40L, and control vector were the human T cell lines Molt-
4/CCR5*? [Molt-4/CCR5-0OX40 (M/R5-0X40), -OX40L, and -
control], CEM (CEM/0X40, /OX40L, and /control), Jurkat (Ju-
rkat/OX40, /OX40L, and /control), and HIV-1 productively
infected human T cell line Molt-4/IIIB [Molt-4/11IB-OX40
(M/IIIB-0X40), -OX40L, and -control], the human promono-
cytic cell lines U937 (U937/0X40, /OX40L, and /control),
THP-1 (THP-1/0X40, /OX40L, and /control), and HIV-1
chronically infected human promonocytic cell line Ul
(U1/0X40, /0X40L, and /control), and the human B cell line
BJAB (BJAB/OX40, /OX40L, and /control). Aliquots of each
of these cell lines were transfected by electroporation of 10-15
g of the individual plasmids, pCAGIPuro/0OX40, pCAGIPuro/
OX40L, and control pCAGIPuro, as previously described.?® In
addition, the Molt-4/CCRS5 cell line was also transfected with
an expression vector containing the OX40 cytoplasmic tail-
deleted mutant, pCAGIPuro/OX40-del(6-725), constructed as
previously described,’® to generate Molt-4/CCRS-OX40del
cells. For the selection of transfectants, 1 wg/ml puromycin
(Wako, Osaka, Japan) was added to the culture media. Expres-
sion of OX40 or OX40L in selectively grown cells was deter-
mined by flow cytometric analysis, as previously described.?®

Detection of cell death and apoptosis

SV-T2/0X40L and SV-T2/control stimulator cells were
fixed with 4% paraformaldehyde (PFA) for 15 min and washed
three times in phosphate-buffered saline (PBS) prior to use. The
0X40-expressing responder cells, at 4 X 10 cells/ml, were co-
cultured with various ratios of PFA-fixed stimulator cells in.
RPMI medium in the presence or absence of thTNF-« (2 ng/ml)
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or in the presence or absence of thTNF- (10 ng/ml) in 48-well
culture plates (0.5 ml/well). The cocultures were incubated
overnight, or for the indicated periods, at 37°C in 5% CO, hu-
midified atmosphere. For blocking of the OX40-OX40L inter-
action, anti-hOX40L mAb (5A8) was added at a final concen-
tration of 10-40 wpg/ml at 37°C for 1 h prior to coculture. In
some cases, anti-hTNF-q, anti-hTNF-3, anti-hTRAIL, and anti-
hFasL blocking mAbs were added at a final concentration of
30-100 pg/ml at 37°C for 1 h prior to coculture. For inhibition
of the caspase-dependent pathways of apoptosis, z-VAD-fmk
was included in the culture medium at concentrations of 100
M. The viability of the responder cells was determined, in
triplicate, using a hemocytometer after staining with 0.1%
eosin-Y (Wako, Osaka, Japan). The eosin-Y-stained PFA-fixed
stimulator SV-T2/0X40L or SV-T2/control cells could be eas-
ily distinguished from dead responder cells by their distinct
morphology. Apoptotic and necrotic cells were detected by
staining with annexin V-FITC and PI, according to the manu-
facturer’s instructions, utilizing a FACSCalibur (Becton Dick-
inson, San Jose, CA). The data obtained were analyzed using
CellQuest software (Becton Dickinson).

HIV-1 production assay

Production of HIV-1 was determined by the measurement of
HIV-1 core p24 levels using a commercial ELISA kit (Zep-
toMetrix Corporation, Buffalo, NY). Data were analyzed by the
Student’s r-test. To examine the effect of OX40L and/or TNF
stimulation on HIV-1 acutely infected T cell lines, M/R5-0X40
and M/R5-control were infected with the HIV-1 molecular
clone NL4-3%3 at a multiplicity of infection (MOI) of 0.01 in
0.1 ml for 3 h at 37°C, as previously described.** The infected
cells were subsequently washed twice and cultured at 2 X 10°
cells/ml for 24 h in 48-well culture plates (0.5 ml/well). The
infected cells were cocultured with PFA-fixed SV-T2/0X40L
or with PFA-fixed SV-T2/control cells at a cell-to-cell ratio of
2:1 in the presence or in the absence of thTNF-a (2 ng/ml), for
an additional 3 days. Cell-free supernatant fluid was collected
and the levels of p24 were quantified.

Western blotting

Western blot analysis was performed as previously de-
scribed.3® Briefly, M/R5-0X40 cells (4 X 10° cells/well) were
stimulated by PFA-fixed SV-T2/0X40L or by PFA-fixed SV-
T2/control cells (2 X 10° cells/well) for 6 h in 12-well plates.
Cell lysates were obtained by lysis of 2.5-4 X 107 cells in 1 ml
of a lysis buffer (10 mM Tris-HCI, pH 8.0, 140 mM NaCl, 3
mM MgCly, 2 mM phenylmethylsulfonyl fluoride, 0.5% Non-
idet P-40) on ice for 20 min, followed by centrifugation at
13,000 X g for 10 min at 4°C. The cell lysates (6 pg pro-
tein/lane) were treated with an equal volume of 2X sample
buffer [125 mM Tris-HCI, pH 6.8, 4% sodium dodecyl sulfate
(SDS), 20% glycerol, 0.1% bromophenol blue] without 2-mer-
captoethanol, separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE), using a 12.5% gel, and then transferred to
Immobilon-P Transfer Membrane (Millipore, Bedford, MA).
The membrane was blocked with a blocking buffer [1% bovine
serum albumin (BSA) in PBS] at 4°C overnight and incubated
with the primary anti-hCaspase-8 and anti-hCaspase-3 mAbs
(1:1000) according to the manufacturer’s instructions. Mem-
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FIG.1. Marked reduction of HIV-1 production and induction
of rapid apoptosis by dual stimulation of ACH-2/0X40 cells
with OX40L and TNF. ACH-2/0X40 cells (cell group 10) were
cocultured with PFA-fixed SV-T2/0X40L (OX40L) or with
PFA-fixed SV-T2/control (Control) cells in the presence or in
the absence of TNF-« at 2 ng/ml for 24 h. (A) The kinetics of
HIV-1 production, as determined by the level of HIV-1 p24 in
the culture supernatants, (B) microscopic observation of mor-
phological changes, (C) the kinetics of cell death as determined
by an eosin-Y dye exclusion assay, and (D) the kinetics of apop-
tosis as determined by annexin V/PI staining. Morphological
changes were examined under an inverted microscope at 100X
original magnification. The cell viability was shown as per-
centage of control. Representative results from three indepen-
dent experiments are shown. The data presented are the mean
values = SD of triplicate determinations.
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FIG. 2. Reduction of HIV-1 production in various HIV-1-infected cell lines. Several OX40-expressing cell lines were cocul-
tured with PFA-fixed SV-T2/OX40L (OX40L) or with PFA-fixed SV-T2/control (Control) cells in the presence or absence of
TNF-a (2 ng/ml) for 24 h. The levels of HIV-1 p24 produced in the culture supernatants were determined by ELISA. (A) Rep-
resentative data was obtained using the HIV-1 chronically infected ACH-2/0X40 cells (cell group 4), the HIV-1 productively in-
fected Molt-4/IIIB-0X40 cells (M/IIIB-0X40), and the HIV-1 chronically infected U1/0X40 cells. (B) The blocking effect of
the anti-OX40L mAb (Anti-OX40L, 10 pg/ml for ACH-2/0X40 and 40 wg/ml for M/IIIB-0X40), negative control mAb (Cont.
mADb, the same conditions as above) or of PBS was determined using ACH-2/0X40 and M/IIIB-OX40 cells. (C) The Molt-
4/CCR5-0X40 cells (M/R5-0X40) were acutely infected with HIV-1n14.3 at an MOI of 0.01, were precultured for 24 h, and
were stimulated with OX40L and/or with TNF for an additional 72 h. The blocking effect of equal volumes of anti-OX40L mAb
(Anti-OX40L, 10 wg/ml), negative control mAb (Cont. mAb, 10 ug/ml), or of PBS was determined. The data presented are the
mean values & SD of triplicate determinations. Representative results from three independent experiments are shown.
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FIG. 3. Cell type-dependent induction of cell death by stimulation with OX40L alone or by combined activation with OX40L
and TNF. Cell viability was determined by an eosin-Y dye exclusion assay, 24 h after stimulation by coculture with PFA-fixed
SV-T2/0X40L (OX40L) or with PFA-fixed SV-T2/control (Control) cells in the presence or absence of TNF-a (2 ng/ml or graded
concentrations). (A) The three CD4% T cell lines, Molt-4/CCR5-0X40 (M/RS5-0X40), CEM/0X40, and Jurkat/OX40, the two
promonocytic cell lines U937/0X40 and THP-1/0X40, and the B cell lines BIAB/OX40 were examined. (B) The blocking ef-
fect of anti-hOX40L mAb (Anti-OX40L, 10 ug/ml) on cell death of OX40-expressing CD4™ T cell lines was determined. (C)
The cell death of OX40-expressing CD4*1 T cell lines was induced by the addition of various concentrations of TNF-a, up to 2
ng/ml, and by various ratios of stimulator to responder cell. Data presented are the mean values + SD of triplicate determina-
tions. Representative results from three independent experiments are shown.
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