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Abstract |

MECHANISMS OF y-LINOLENIC ACID INDUCTION OF APOPTOSIS IN T CELLS
CHRONICALLY INFECTED WITH HIV-1

By Onesmo Mpanju

Chairperson of the Supervisory Committee: Brian Conwajf, MD

BACKGROUND: The polyunsaturated fatty acid (PUFA) gamma-linolenic acid (GLA) kills HIV-1-
infected cells at concentrations that are relatively harmless to uninfected cells. The mechanism of this
effect is unclear but evidence implicates oxidative stress. The aim of this study was to define
mechanisms of GLA cytotoxicity in HIV-infected T cells. -

METHODS: The test model comprised uninfected A3.01 and HIV-1-infected 8E5 T cells. Cell
proliferation was measured using WST-1 and Trypan blue dye-exclusion assays. Colorimetric analysis
~ for lipid peroxidation, and supplementation with antioxidants and lipoxygenase (LOX) or
cycdooxygenase (COX)-mediated PUFA metabolism inhibitors probed for involvement of oxidative

- - stress. Apoptosis was assayed flow cytometrically using FITC-conjugated Annexin V and

bromodeoxyuridine. We examined cells for specific apoptosis signaling using caspase inhibitors, and by
ribonuclease protection and immunoblot assays. Propidium iodide staining helped to investigate
association of apoptosis and cell cycling. As validation, GLA effects were assessed in CD4* cells
infected denaowith isolates of HIV-1, or freshly isolated from HIV* patients.
RESULTS: GLA was more cytotoxic to 8E5 cells (ICso = 14.5 pg/ml) than A3:01 cells (ICso = 43.0
pug/ml).-GLA-induced cytotoxicity in 8ES was associated with a four-fold increase in concentration of
lipid peroxidation metabolites. The thiol antioxidant, 2-mercaptoethanol, and glutathione peroxidase-
mimic, ebselen, inhibited GLA actions. Concentration-specific inhibition was also achieved with LOX
and COX inhibitors. Flow cytometric analysis with Annexin V-FITC and BrdU-FITC, and inhibition
by caspase inhibitor. BD.fmk confirmed occurrence of apoptosis in GLA- treated cells. The majority of
apoptotic cells were found in the Go/G cell cycle-phase. Immunoblot analysis demonstrated cleavage
- of caspase3 and poly (ADP-ribose) polymerase (PARP). Differential GLA cytotoxicity was also
observed in cells acutely infected with HIV-1ys but not in cells infected with other isolates. There was
" a negative correlation between GLA ICso in CD4* cells from HIV* patients and plasma viral load.
CONCLUSION: GLA induces apoptosis in 8E5 cells through a mechanism that involves lipid
peroxidation and cleavage of caspase-3 and PARP. GLA cytotoxicity against CD4* cells of HIV+
" patients increases with viral load. Therefore, GLA and its homologues deserve further study in the
search for compounds that target HIV- infected cells for selective killing. ’
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Chapter 1

' INTRODUCTION

The polyunsaturated fatty acid (PUFA) y-linolenic acid (GLA) was shown in previous studies

to induce differential cytotoxicity of T cells chronically infected with human irmnuhodeﬁcieﬁcy o

virus type-1 (HIV-D [70/. In a study of the H9/H9,, model of chronic HIV infection; authors

repotted a 90% killing of theéhrdrﬁmlly vand productively HIV-1 infected H9/ HTLV-III;, cell

line by GLA compared to 20% of the uninfected parental H9 cell line during four«.‘days,of
" culture. This GLA - induced cytotoxicity correlated with lipid perd)ddatiOn and was
preventable by preincubating cells with the antioxidant vitamin E (d-tocopherol). Previously,
- we demonstrated preferential cytotoxicity of GLA in the productively HIV-1 infected 8E5 cell
- line when compared to its uninfected parental A3.01 cell line /85/. Moréover, GLA has been
demonstrated to induce‘ differential cytotoxicity in cells infected with viruses such as Herpes
simplex virus type-1 (HSV-1) and HSV-2 /116]. | |

, Mechanisms of GLA-induced Cytotoxicity
Besides its effects in virally infected cells, GLA is also known to induce selective cytotox1c1ty in -

a number of malignant cells relative. to normal cells /4, 9 1_0, 32 66, 100/. The exact
mechanism by which GLA exerts its éffects is still unclear. Although'there are a number of
potential biochernical pathways that may lead to GLA-induced cell death, the majority of
published data suggest incréased levels of oxygen free radicals or reactive oxygén speqes
(ROS). This is caused by a state of altered oxidative metébolism in malignant and certain Virally
infected cells /70, 126]. Mammalian cells are naturally incapable of de nwo biosynthesis of

essential (@-3 and ©-6) PUFA such as GLA and must obtain them through diet. Following
| dietary intake, GLA is converted to arachidonic acid (AA) by A6—de$étumse and microsomal
elongase enzymes AA can be oxygenated to a large series of metabolites with very unportant
physiological activities. Metabolism of .AA by cydooxygénas¢ (COX) enzyme results in the

formation of prostaglandins while that by lipoxygenase (LOX) enzymes generate highly

- reactive hydroperoxyeicosatetraenoic acids (HPETEs) /84/, which under normal biochemical

conditions are quickly converted to leukotrienes and lipoxins via a series of reactions involving
. 1 -~



glutathione S-transferase and glutaﬂﬁone peroxidase (GPx) enzymes. HPETESs are free radical
" molecules that readily react with éellular macromolecules to initiate destructive cascades lil)<e
apoptosm [LS, 108 133]. |
There are also reports of ROS mdependent mechanisms of GLA-induced apoptos1s GLA
may induce apoptosis by trlggenng the release of the second messenger ceramide, an inducer
of apoptosis [91). AA, the product of AG-desaturase metabolism of GLA activates
' sphmgomyehnase, which in tum metabolizes phosphohpld sphingomyelin and results in the
release of ceramide /G5/. The third possible pathway of GLA-induced apoptosis is one that
involves elevation of cAMP levels and activation of protein kinase A (PKA) due to increased
formation of E-prostaglandins following GLA metabolism via the chooxygenase (COX)
pathway [_,_5] Finally, GLA has been shown to mduoe apoptosis by decreasmg MAP kinase
' activity and c-Jun levels /32/.
Oxidative Stress and Programmed Cell Death in HIV Infection v
- HIV-infected cells possess elevated levels of reactive oxygen speaes (ROS) and exhibit
deficiency in ROS scavenger molecules such as reduced glutathione (GSH) and GPx (7 13, 15 )
40, 118]. Furthermore, evidence suggests that oxidative stress is an integral part of HIV
pathogenes1s [40]. For example, intracellular concentration of free radlcal scavenger molecules
like GSH is 51gmﬁcantly reduced in peripheral blood mononuclear cells (PBMC) and
monocytes isolated from HIV infected individuals [_137
‘One possible explanation for GSH deficiency in HIV infécted cells might be extrusion of
GSH from the cell during apoptotic signaling /29/. Accumulation of ROS in HIV infected cells
and ensuing programméd cell death (PCD) or apoptosis have been implicated in the T cell
| depletion characteristic of HIV disease /40, 74, 123/ but other factors such as T cell co-
signaling, Bcl-2 and Fas dysregulation, might play a larger role in this respect. On the opposmg
side of the apoptosis equation in HIV infection is the observation that products of acceséory
genes Nef and it can prevent infected cells from undergoing PCD /41, 52, 55, 131]. As well,
HIV-1 ¢pr was shown to protect infected PBMC and Jurkat cells from activation-induced
“apoptosis during early stages of the Vﬁal life cycle but to have the opposite effect at later stages
© [28]. Vprand Nefhave been shown to promote depletion of ‘bystander’ cells while p_rblonging
survival of HIV-infected cells /8. Moreover, lymph node studies in HIV infected patients

point to occurrence of apoptosis predomméntly in ‘bysténder’ rather than productively

-2




infected T cells /41, 427 and inhibition of apoptosis in HIV — infected cells is reported to
enhance virus production and facilitate persistent infection /5/.

- . 'This apparent idichotomy in the role of apoptosis in HIV cytophathology warrants _furr:her

investigation. In particular, there appears to be a need by the virus to counteract host cell
‘suicide’, at least transiently, in a rnannef_ reminiscent of other Viruses'[J_Zq,'&- 115, 125]. For |
instance, the human dennatotropic poxv1rus molluscum contagiosum encodes a novel anti-
oxidant selenoptotein (MCO66L) which functions as a'scavenger of ROS. This protein protects
hurn_an keratinocytes against cytotoxic effects of ultraviolet irradiation and hydrogen peroxide. )
Although production of similar proteins has not been demonstrated 1n other viruses, it is
noteworthy that sequence motifs _simjlar to that of MCOG6L have been observed in HIV—1.and
Ebola virus /86, 121]. '

Host-cell Targeted Antiretroviral Strateglw T
The presence of a long-lived HIV reservoir # vito, probably cornpnsed of both monocytes and

lymphocytes is further evidence that a proportion of HIV infected cells manage to escape

~ both unmune—medjated and virally induced apoptosis. This eluswe reserovoir persists despite
adrmmstratlon of highly active antiretroviral therapy (HAART) (56, 56, 58]. As a result, initial
' speculat10n that continuous treatment with HAART could achieve complete eradication of the

virus in infected individuals within a period of two to three years if complete viral suppression
was sustained throughout the treatment period, has proven improbable [95/. Studies show
that, despite HAART, a-stable res‘ervoikl~ of infected CD4" T cells continue to seed the
infection indefinitely [2_1, 43, 128/ and that éven after two years of _HAART and suppreésion of
viremia below the detection hmit (as low as 3 copies per mililiter) viral replication continues to | ,
occur, as evidenced by genotypic variation of the progeny [36, 48 130 132]. Moreover,
interruption of HAART results ina rebound of plasma viremia (27 80] with virus that is. |
genetically distinct from both cell-associated HIV RNA and replication-competent virus within’ |
the detectable pool of latently infected resting CD4" T cells, irnplicating existence of other
pers1stent HIV reservoirs [24/. By all indications, a proportion of chromcally infected cells is
responsible for pers1stent virus productlon during HAART. Even w1th the most Opt]InlSth

 estimates, the time required to fully eradicate HIV from the body under HAART has been put

at between 10 to 60 years [106].
Hence the need to develop approaches that can kill virus- -infected cells and ehmmate the

reservoir has been recognized in both vaccine development and therapy Although the concept
3. .



of thempeutlcally targeting HIV-mfected cells for selective killing — similar to cytotoxic T

.lymphocyte (CTL) activity - has been around for several years [70], its study has been |
inadequate due to lack of appropnate experimental models and candidate molecules that-are
selective. ' | | | | i
Besides GLA, the literature contains reports of other compounds that exhibit selective

cytotoxicity against HIV infected T cells # sito. In one study /6], using the antitumor agent

benmldehyde sodium 506 benzyhdene— L-ascorbate (SBA), a dose-dependent apoptotic cell

death of chromcally HIV - infected monocytrc U1 cells was observed only when cells were
induced to produce HIV by treatment with either TNF-a or 12-O-tetradecanoxylphorbol 13-

 acetate (TPA). Hydroxyurea is another agent which may induce a cytostatic effect by inhibiting
Cellular ribonucleotide reductase [79/. Another compound that possesses direct antiviral

activity and is also capable of inducing apoptosis in activated CD4" T cells is rnycophenolie

acid (MPA) /19]. Both hydroxyurea and MPA have been investigated clinically for the
treatment of AIDS, Selective cytotoxicity was also demonstrated in HIV-1 infected H9 T cells
cultured in the presence of y-glutamylcysteine ethyl ester (y—GCE) [Z1]. The cytotoxic effects

of y-GCE were syhergistically enhanced by the lentiviral lytic peptide I (L.LP—I) of HIV-1 gpil

or the amphipathic peptidetoxin, melliten. Selective killing of HIV — infected cells was also |
demonstrated in the chronically and productively HIV-1-infected 8E5 T cell line, which was

shown to be preferentially susceptible to apoptotic cell death when cultured in the preserlce of

hydroperoxides of arachidonic, linoleic and linolenic acids /109/. The uninfecte'd parental cell

line, A3.01, and its chronically HIV-infected but low viral antigen - producing derivative,

8ESL were resistant to this cell k111mg | S

- Although currently none of these compounds have proved efficacious enough for clinical

application, they may prove useful to eradicate HIV-1 reservoirs when used in combmatron or ‘
together with conventional HAART drugs. Moreover, these cytotoxic compounds serve as

valuable tools in the study of Qovel host-cell targeted antiretroviml approaches. Their

investigation also provides further insight into the mechanism of apoptor_ie cell death in HIV

infection. Better understandjrlg of the mechanisms involved in selective killing of HIV infected

cells might form a basis for devising strategies to eliminate the viral reservoir.




Methodologlcal Appmach

Based on the aforementioned as well as previous demonstlauon of GLA-mediated selectlve
killing of chronically HIV infected cells, we performed a comprehensive investigation of the
‘mechanisms involved in GLA cytotoxicity. For this purpose, we chose the commonly used
A3.01/8E5 model of chronic HIV infection for examination of speciﬁc induction of apoptosis’
by GLA and the biochemical pathways involved. This model consists of the parental
uninfected CEM-derived céll line, A3.01, and its ¢hronically and productively HIV-1-infected
derivative, 8E5 [14, 44, 45, 46/. ’ ‘
The A3.01/8ES model was picked over other models of chronic HIV infection because 8ES
cells are known to possess deficiencies in redox regu.lators [109] that are 'typical of HIV
infected cells, Which makes these cells well-suited to study GLA;. Moreover, similar to long-
lived virus-producing cells in vivo, 8E5 cells are resistant to HIV-induced cytotoxicity, thus
making it possible to delineate GLA-induced from virally induced cytotoxicity. However, the
biggest limitation of the model derives from the fact that ‘transformed T cell lines are
physiologically different from non-trénsformed T lymphocytes that are targeted by HIV in
vivo. To address the in vivo relevance of the model, we investigated the occurrence of similar
GLA-induced cytotoxicity in freshly isolated CD4* cells of HAART—treafed AIDS patients and
HIV-seronegative donor CD4+ Ceﬂs acutely infected with laboratory or clinical isolates of HIV.
Pathways of Cell Death S |

There are two processes by which nucleated eukaryotic cells die, necrosis and apoptosis [37

69, 129]. These processes derive from different stimuli, are. mechanistically distinct and play

disparate roles in cell functioning. Apoptosis is a well regulated physiologie procesé
characterized by loss of membrane symmetry, cytdplasrn condensation and intemucleosomal
cleavage of cellular DNA /69/. This leads to fragmentatioh of the dying cell into “apoptotic
bodies”. Necrosis; on the .other hand, is largely a result of cell exposure to damaging .
.substances and is characterized by swelling and rupture -of the cell membrane. Unlike
apoptosis, necrosis results in the release of cytoplasmic contents into the extracellular milieu,
often with inflammatory consequences. .

In. addition to well-defined ultra$tructural and morphological changes, apoptosis is also -
regulated by a series of rholecular cascades that involve death receptors, death adapter
domains, activation of cysteme proteases (caspases) and proteins of the Bcl-2 famﬂy ‘

Activation of caspases is espeaa]ly useful in chamcterlzmg apoptotic cell death and, depending
: 5
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on the type of initiator-caspase (8 or 9) involved, ideﬁtifying'the specific pathway of apoptosis.
There are two broad pathways of apoptosis (Summarized in Figure 1) /705]. The caspase-8
(also referred to as extrinsic) pathway involves Hgand binding to death receptor complexes, e.g. |
CD95/Fas, and recruitment of initiator caspése—S via adapter domains, e.g. FADD (Fas- |
associated death domain). The caspase-9 (or intrinsic) pathway depends on ratio of anti- and
pro-apoptotic Bcl-2 family proteins, release of secondary mitochondria-derived activator of
caspases (SMAC) and cytochromé C from the mitochondria. The latter enables interaction of
apopfotic protease activating factor (APAF)-1 with caspase9 [77). In contrast to engégement
of CD95 by ligand; this pathway is typical of apoptosis induced by cytofoxic substances [57,
72 and is more resf)onsive to inhibition by the &2 fafnil’y than is the CD95 route /2/. The two
pathways converge at the level of effector or death executing caspases (caspase-3 and caspése— |
7105, | : '
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Figure 1: Apoptosis pathway: Death signals cleave and activate large prodomain caspases
(caspase- 8 and 9), which in tum cleave and activate effector caspases (caspase- 3 and 7)

[ Adipiedd fiom Apaplosis Sampler insert, Cell Sigraling Tedokg), Baerty, MA)

Activation-induced apoptosis of HIV-1-infected cells is largely mediated via the CD95/Fas
pathway [127]. By contrast, ROS and lipid peroxides regulate activation-induced T cell
apoptosis through a mechanism that involves loss of mitochondrial membrane potential,
release of cytochrome C from mitochondria and is independent of Fas and tumor necrosis
factor alpha (TNF-o) /60 81]. Stil, 4-hydroxynonenal (4-HNE), a diffusible aldehyde
produced by lipid peroxidation and a key mediator of oxidative stress-induced cell death, does
cause activation of both caspase-8 and caspase-9 [78].



' The data presented here show that GLA-induced cell death of chronically HIV-infected 8ES
cells is apoptotic and not necrotic, and, at the‘cor‘_lcentration tested, GLA cytotoxicity is
spec1ﬁc to infected cells. We also demonstrate that induction of apoptosis in 8E5 cells occurs
via a mechanistn that involves cleavage of” caspa.ée—S and pély (ADP-ribose) polymerase
(PARP),‘ as well as activation of caspase-9 and can be inhibited by a caspase inhibitor.
Occurrence of 'apoptosis in 8ES cells was also associated with arrest of cells in the G,/G,
phase of the cell life cycle. Evidence implicating a state of. oxidative stress in GLA-induced
~ cytotoxicity of 8E5 cells is shown but involvement of LOX rather than COX metabolism as a

* pathway that generates GLA-related apbptosis trigger molecules could not be confirmed.
Finally, we provide preliminary data to show a correlation between GLA IC,,, as a measure of
GLA cytbtoXicity, and plasma HIV-1 mRNA copy number of HAART-treated AIDS patients.




Cbabter 2

MATERIALS AND METHODS

Cell Culture Conditions -
All cells were grown at 37°C in a hurmdlﬁed incubator containing 5% CO,. Cell lines were

mam_tamed in growth medium—complete RPMI—l640 medium (Gibco BRL, ON, Canada or
Burlington, CA) éupplemmted with 2mM L-glutamine, 10uM HEPES buffer, 10U/ml .
| penicillin, 10 pg/ml streptomycin and 10% heat-inactivated fetal bovine serum (Gibco BRL,
ON, Canada or Burlington, CA) except where indicated. Pn‘of fo virus adsorption duﬁng acute
infection experiments, peripheral blood mononuclear cells (PBMC) or CD8" T cell-depleted
mononudlear cells were grown for 72 hours in stimulation medium Lgrovs)th medium
| supplemented with 1 ug/ml purified phytohemaglutinnin (PHA-P) (Sigma, St. Louis,-MO), or
1 ng/ ml PHA in the case of AIDS patient CD8"'T cell-depléfed mononuclear cells].
Mononudlear or CD4"cell cultures were maintained in growth medium as described above but
supplemented with 20 U/ ml of recombinant IL-2 (AIDS Research and Reference Program
Division of AIDS, N IAID, NIH or Boehringer Mannheim Biochemica, Mannheim,
Germany), except AIDS patient cells which were grown in medium supplemented wﬂh 50
U/mlIL2. -

T Cell Lines
The majority of experiments were pen‘orrned on matched T lymphocytic cell linés comprised

+ of A3.01 and 8E5 cells. These cell lines were obtained from Dr. Thomas Folks through the

AIDS Reseérch and Reference Program, Division of VAIDS, NIAID, NIH. :I‘he initial batch of - |
cell lines was kindly donated by Paul Sandstrom (Retrovirus Diseases Branch, Centers for

} .. Disease Control and Prevention, Atlanta, GA, USA). | |

* The A3.01 cell lineisa hypoXanMe—arrﬁnopteﬁn—thyrrﬁdjne (HAT)-sensitive cloned

derivative of the CEM line [1_4,‘ 40/, whtch is sensitive to infection with HIV and is ovelzrv95% '

susceptible to the cytopathic effects induced by the virus. CEM is a continuous line of

lymphoblastic cells isolated from the petipheral blood of a child suffering from acute leukemia

9



' by the CliltiVation of buffy coats djrecﬂy in suspension cultures [44]. The 8E5 cell line, a
commonly used # zitro model of chronic and productive HIV infection, was established
through limited djlution'cloningV of A3.01 cellssurviving acute irqfection by the HIV-1,, isolate
4 _,5] Each 8ES5 cell carries a smgle copy of integrated HIV-1 genome with a frame Shlft
mutation in the pol reg10n—smg1e base addition at position 3241--of the provrrus reverse
transcriptase (RT) gene [51, 98/. Likely, due to this mutation, 8E5 cells were prevrously
observed to be incapable of expressing pol gene products and to produce viral particles that
Were replication defective /45]. However, later studies have demonstrated that 8E5 cellsdo
produce infectious virus with reversion to wild type pol sequence and RT 'posi.tivity [98]. Ina
few expen'rnenfs, we used the 8E5L cell line, a spontaneous derivative of 8E5, which does not
express HIV mRNA or proteins [108].

Isolation of CD4" T cells S
Peripheral blood mononuclesr cells (PBMC) were obtained from whole blood of HIV- '

seronegative donors or HAART-treated AIDS patienté. The HIV+ patients used in this study
were from the Wilford Hall Medical 'Center, Lackland AFB; Texas, and the voluntary, fully
informed consent of the patients was obtained as required by Air Force Regulation 169-9.
Blood collection was performed using institutional review board-approved protocols.
Mononuclear cells were isolated by gmdient sedimentation in Lymphocyte Separation Media
"(ICN, Aurora, OH). The buffy interface was collected and washed twice in PBS fo]lowmg
which the number of viable cells was determined by their exclusion of Trypan Blue dye when
| observed under light microscope. Cells were then re—suspended in sorting buffer (PBS
supplemented with 2% bovine serum albumin, 0.0‘1>% sodium azide and 2mM EDTA) at 107
cells/ml. ’ ‘ . | ‘ B
- Subsequently, the PBMC suspension was enriched for CD4" T Cells by depletion of CD8" T
cells using magnetic cell separation (MACS) with anti-CD8 immunoreactive microbeads
(Miltenyi Biotec, Auburn, CA). Briefly, 20 pl of a-CD8-labeled magnetic microbeads were |
~ added to each ml of cell suspension and the mix incubated in the refrigerator for 15 minutes.
Cells were washed once in sorting buffer and resuspended in 1 ml of buffer and run through a
magnetic VS+ column (Miltenyi. Biotec) assembled in a MACS separator, all done in
accordance with manufacturer’s instructions. The effluent was collected, cells washed i in PBS

and retained for further experimentation.

10




HIV;seronegatiye donor cells to be used in derowo infection experiments were stimulated by

 culturing in media supplemented with 1 pg/ml phytohemaglutinin (PHA) for 24-72 hours at

37°C in a humidified incubator, with 5% CO,. Folldwiﬁg stimulation, cells were centrifuged

‘and pellets infected with virus stock for 2-4 hours at multiplicities of infection (M.O;I.) shown

in figure legends. At the end of this incubation period, unadsorbed virus was removed by
washing in cold phosphate buffered saline (PBS) and cells re-suspended in IL-2 -containing

_growth medium.

HIV-l Iso]at&
For acute denaw infection experiments, we used the following laboratory adapted HIV- 1

isolates obtained through the AIDS Research and Reference Reagent Program, Division of

AIDS (DAIDS), National Institute of Allergy and Infectious Diseases (NIAID), National

Institutes of Health (NIH): HIV-1 IIIB from Dr. Robert Gallo /18 96, 97 99/ and HIV-1 RF

'NIH 1983 (97, 119). We also tested HIV-1 NL4.3, which is a full length cloned infectious

isolate of HIV-1 /1/. Two clinical, RS, non-syncytium-inducing HIV-1 isolates were tested:
HIV-1 92US657 and HIV-1 92US714, both belonging to the HIV-1 envelope subtype B. The
two isolates were obtained through the NIH AIDS Research and Reference Reagent Program.
To generate virus stock, primary lymphocyte cultures were infected with specific virus isolates

- for seven to fourteen days during which supematants were pooled and clarified. Virus titer in

viral supernatants was determined using the NIH DAIDS protocol [124]. Brieﬂy, seven serial
four-fold dilutions of virus stock, rahging from 1:16 through 1:65,635, were used to infect .

 three day old PHA- stimulated donor PBMC in a 96-well microculture plate. Infected cells were

incubated at 37°C, 5% CO, in a humidified mcubator for seven days, following which
supernatants were tested for HIV p24 antigen concentration by ELISA. The 50% endpomt

‘was determined by counting the number of wells scored posiﬁ\}e (=50 pg/ ml HIV-1 p24

antigen) and those scored negative (<50 pg/ml HIV-1 p24 antigen). The cell culture infective -
dose 50% (CCIDs,) was calculated using the Spearman-Karber fqrmula, M=xk+d[05-
(1/n) )], where: xk = dose of highest dilution, r = number of “negative” responses, d =

spacing between dilutions, n = wells per dilution, and Y'r = sum of r.
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Cytotoxncnty Assay
- The Trypan Blue dye exclusion and water- soluble tetrazolium (WST-1) bioassay techniques .

were used to determine proliferation of cells. Based on experimental protocol, cells were
' grown in 96 48-, 24- 6-well aulture plates or T-25 tissue culture flasks. Cells were incubated
for the prescnbed length of time with or without the test compound as appropriate.
Periodically, or at the end of the experiment, cultures were resuspended and an aliquot of the
cell suspension taken for cell enumeration in Trypan Blue. Counting of cells was carried out in ~
glass counting chambers (hemacytometers) under a light microscope. The 50% inhibitory
~ concentration (ICsp) of GLA in test cell lines and CD4" T cells was obtained through sigmoidal
f\itt'mg of the c@rve of cell proliferation data versus GLA concentration using the Boltzman
' @aﬂon in Microcal Origin™ data and graphics software (Norfhampton, MA).
The WST-1 assay (Roche Molecular Biochemicals, Mannheim, Gérmény) was performed as
described pfeviously [64], and according to manufacturer’s recommendation. This assay is
based on the ability of mitochondrial succinate tetrazolium reductase system in viable cells to
reduce the slightly red colored tetrazolium salt [4-{3-(4-IodophenyD-2-(4-nitrophenyl)-2H-5-
tetrazolio}-1 ,3—benzeﬁe disulphonate] or WST-1 to a dark red soluble product, formazan. The
concentration of formazan in a test well depends on the number of actively metabolizing cells
and is quantified using a scanfﬁng multi-well spectrophotometer (ELISA piate reader). To each
‘test Well of a 96-well microculture plate was added 10° cells in 200ul of phenoln réd - free RPMI -
growth medium contajnhg appropriate concentration of test compbund; Culture plates were
- incubated at 37°C fora specified period of time at the end of which zopl of WST-1 'Reagent
were added to each test well and blank wells contammg culture medium alone. Culture plates
were then incubated for four hours after which absotbances were read at a measurement
wavelength of 450nm and reference wavelength of 690nm in a Molecular Devices ThermoMax
plate reader running SoftMax software for MS Windows.

Apoptosis Assay | :
Two different methodological approaches were utlhzed to assay for apoptosis in control and

) drug treated cultures:

Annexin V Stainirg '

A commercial kit‘(Phamlingen, San Diego, CA) was used to meésure apoptosis by Annexin V- -

staining according to manufacturer’s instruc'tions.. Cells were washed twice with cold PBS and
12
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resuspended in single-strength binding buffer (0.1 M HEPES, pH 7.4; 1.4 M NaCl; 25 mM
CéClzj at a concentration of ~1 x 10° cells/ rnl A 100 pl aliquot of the cell suspension was
transferred to a 5 ml polystyrene flow cytometry tube to which 5 pl of fluorescein
1sotlnocyanate (FITC)—con]ugated Annexin V and 2 pl of proprdlum jodide (PT) were added.
Cells were gently meed and incubated for 15 minutes at room temperature in the dark. At the
end of the incubation, 400 pl of binding buffer was added to each tube and cells analyzed by
flow cytornetry w1th1n an hour ' : '

Flow Gtometric TUNEL Assayfor DNA Fragmeniation |

We also used the APO-BRDU™ and modified BrdU Flow™ (Pharrningen, San Diego, CA) -
methods to measure apoptosis. In the APO-BRDU™ kit 2x10° cell$ of the sample were
resuspended in 0.5 ml of PBS and added to 4 5mlofa 1% (w/v) paraformaldehyde solution
in PBS in 12x 75 mm polystyrene flow cytometry tubes. After vortexing, tubes were mcubated
on ice for 15 minutes: Cells were pelleted and washed in PBS twice after which they were
resuspended in 0.5 ml PBS and added to 4.5 ml of ice-cold 70% (v/v) ethyl alcohol. ‘Cells were  _
incubated .at -20°C for at least 12 hours prior to staining for flow cytometricanalysis. After
incubation, ethyl alcohol was removed by centrifugation and aspiration of test sample tubes
and those contajningva.'ssay-kit control cells. Cells were washed twice usmg_boffer provided in
the kit and resuspendedm 50 wl of a buffered DNA labeling solution containing terminal
deoxynucleotidyltransferase (TdT) enzyme and bromolated d_eoxytin'dine triphosphate (Br-
dUTP). Cells were incubated for 60 minutes at 37°C in a water bath with .contjnuous shaking.
At the end of the incubation,' cells were washed twice in rinse buffer and each pellet

: resuspended in 100 pl of a buffer solution contajnjng Fluorescein-labeled aod-BrdU ‘
monoclonal antibody. Cells were incubated for.30 minutes in the dark at room temperature.
Next, cells were resuspended in 0.5 ml of PI pius Ribonuclease A (RNase A) solution and

incubated for 30 minutes at room temperature in the dark. Ce]ls were analyzed the same day in
PI/RNase A solution. -

The BrdU Flow kit isdesigned to measure the frequency and nature of cells that have ‘
. synthesized DNA. We modified the assay to-measure extent of DNA cleavage in cells
undergoing apoptosis and expression of intracellular antigen in these cells. Cells were
fixed/permeabilized using the Cytofix/ Cytoperm buffer contained in the kit, incubated for 15
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minutes at room temperature and washed once with a buffer containing penneabﬂimﬁon
agent (Penn/W ash) to keep membrane porés'open. Subsequently, cells were incubated on ice
in another permeabilization buffer (Cytoperm Plus) for 10 minutes and washed once in
Perm/Wash buffer. To re-fix cells, each pellet was resuspended in 100 wl of
Cytofix/Cytoperm buffer, incubated on ice for 5 minutés and washed once in Perm/Wash. At
this point, cells-wefe resuspended in DNA labelihg solution prepared as described under the

' Apo-BrdU™ procedure above and incubated for 60 minutes at 37°C in a water bath. After
incubation, cells were washed once with Perm/Wash buffer and resuspended with 50 ul of
Perm/Wash buffér Containing FITC-conjugated ahtifBrdU‘monoclonal antibody and antibody
speqﬁc for intracellular HIV-1 core antigen. Cells were washed and resuspended with 1 ml of
staining buffer for analysis by flow cytometry. ‘

' Flow Cytometric Analy51s
Samples were analyzed on a Becton Dickinson FACScan™ flow cytometer equlpped with an

argon laser using CELLQuest acquisition software. Analy51s of listmode data was camed out
usmg FCS Express software (De Novo Software Thomhill, ON, Canada).

Isolation of total RNA :
Total RNA for nbonuclease protection assay (RPA) was isolated using TRIzol® reagent (Life

Technologles) according to recommended protocol. Briefly, apprOXJmately 10 million cells
were lysed in 1 ml of TRIzol reagent by repetmve pipetting. This was followed by incubation
- of homogenized samples for five minutes at room temperature to permit complete l
dissociation of nucleoprotein complexes. To the homogeﬁate, 0.2 ml of chloroform was added -
and tubes shaken vigorously by hand for 15 seconds. Samples were incubated for three . |
minufes at room temperature followed by centrifugation at 12,000 X g for 10 minutes at 4°C
‘ina refn’gémted tabletop microcentrifuge. The upper aqueous phase was separated from the
phendl-c}ﬂordform phase and transferred to a fresh Eppendorf tube. The RNA in each tube
was precipitated from the aqueous phase by mixing with 0.5 ml of ice-cold isopropyl alcohol.
Samples were incubated at room temperature for 10 minutes and the RNA precipitate spun
down at 12,000 X g for 15 minutes at 4°C. The supermatant was discarded and the pellet
washed once by adding 1 ml of 75% ethyl alcohol to each tube, vortexing the tubes and

centnﬁlgmg at12 ,000 X g for 10 minutes at 4°C. Pellets were alr—dned briefly and the RNA
_ " 14 ;



redissolved in 20 pl of RNase-free water. The concentration of RNA in each sample was

determined spectrophotometriczlly.

Biotin or [32P] Labeling of RNA Probes ‘ '
Anti-sense RNA multi-probe template sets (Phamnngen San D1ego CA) were biotin- labeled

using the BloArrayTM HighYield™ RNA transcript labeling kit (Enzo D1agnost1cs Farmingdale, |
NY). Briefly, template DNA was mixed with biotin labeled ribonucleotides, DTT, RNase
inhibitor mix, T7 RNA polymierase, reaction buffer and deionized water in an RNase-free
microfuge tube. Tubes were Vortéxed, centrifuged briefly and incubated in-a 37°C v/\iater bath

* for 4 hours. Aftéf incubation, to each tube was added 1 ul of DNase I and the tubeé incubated
fof 15 minutes at 37°C. Transcripts were purified using the TE MIDI SELECT®-D G-50
microcentrifuge spin columns'(Eppendorf-5 Prime, Bouldér CO) The columns were inverted
several times to resuspend the gel and then plaoed in the collection tubes securely capped and
centnfuged at maximum speed in the mlcrocentrlﬁlge for two minutes. Collecnon tubes were
discarded and columns placed in new collection tubes. A 50 pl sample of biotin-labeled
transcript was added to the surface of gel bed 1n each column and caps secured. The loaded

columns were allowed to sit undisturbed for 3 minutes, then the column/collection tube

- assembly placed in the centrifuge and spun at maximum speed for 90 seconds Labeled probes

were recovered in collection tubes ahquoted in small volumes and stored at -80°C untﬂ ready
for use. Alternatively, multi-probe template sets were used for in vitro transcription reactions
using T7 polymerase to direct synthesis of high specific activity [*’P]-labeled antisense RNA.
Templates were transcn'bed using a Maxiscript kit (Ambsion, Ausﬁﬁ, TX) in the presénce ofa
32P-UTP'(SOO Ci/ mmol, NEN, Beverly, MA) and further purified as described above.

Ribonuclease Pnotectlon Assay
This assay was performed using the standard hybridization procedure of the RPA ™ kit

(Amblon, Austin, TX). Briefly, 10 pg of sample RNA was mixed with labeled probe in RNase-
free 1‘. 5 ml microfuge tube. The optimal amount of pfobe to be added was pre-determined by
" running a gel electrophoresis of probe at several dilutions and selecting a conceimatbn

~ showing optimal resolution. For each prbbe used, two control tubes containing the same
amount of labeled probe used for the experimental tubes plus Yeast RNA equivalent to the
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highest amount of sample RNA were included. The probes. and sample RNA were eo-
-'preapnated by adjusting the concentration ofamm oniuln acetate (NH,OAQ) in the reaction
mix to 0.5 M using the 5 M NH,OAc solution supphed with the kit and adding 2.5 volumes of
75% ethyl alcehol. ‘Tubes were placed at ;20°C overfﬁght. RNA was pelleted by centn'ﬁlging
tubes at'maximum speed in a microcentrifuge for 15 minutes at 4°C. The ethyl alcohol was
removed and pellets left on the bench to air-dry for about five minutes following which they
were resuspended in 10 pl of hybridization buffer Tubes were vortexed for a few seconds and
spun briefly to collect hqu1d at the bottom. To denature and solubilize the RNA samples were
incubated at 95°C for four mmutes. Tubes were vortexed, ce_ntnfuged briefly and incubated |
overnight at 42°C to hybridize probes to their complement in éample RNA. After |
hybrldizatioﬁ, 150 pl of RNase A/RNase T1 mixture diluted 1:50 in RNase digestion buffer
was added to each sample tube and one of the two Yeast RNA conlrols. To the second Yeast |
RNA control tube was added 150 pl of RNase digestion buffer. Tubes were incubated at 37°C

. for 30 _m\l'nutes to digest uﬁprotecfed smgle—snanded RNA. After this incubatiori, 225 pl of
RNase hﬁzl?itivation/ precipitation solution was added to each tube followed by 2 p.l'of yeast
RNA. to increase the size and visibility of final pellets. To each tube was also added 100 pl of
ethanol to lmprove precipitation of RNA. Samples were then incubated at -20°C for 15

minutes and then microcentrifuged for 15 minutes at top speed at 4°C. Supematant was.
removed and discarded, pellets air-dried and resuspended in gel loadlng buffe __diluted 1:1 in

water--ready for electrophoresis.

Gel Electroph(nfms of Ribonuclease Protected Probes
Electrophoretic separation of hybridized samples (biotin-labeled) was carried out usmg the

NOVEX™ QuickPoint™ rapid nucleic acid separation system, which consists of pre-cast
mini-gels, buffers and electrophoresis cell. Samples diluted in loading buffer were heated at
95°C for 3 minutes, microfuged brieﬂy and placed on ice until ready to load. The
eleetrophoresis cell and mini-gel were assembled and the 5X and 1X xunmng buffers added to
the upper and lower chambers of the apparatus, respectively, according to manufacturer’s

instructions. The gel was pre-run at 250 volts for at least 15 minutes before sample loading. 1

pl of each sample was loaded into the corresponding well. The gels were run at 250 volts for
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apprO)dmately 2.5 hours. At the end of the run, the apparatus was disassembled and the pre- |
cast gel glass cassette priéd open to remove the top. glass plate and expose the gel. The gel was
transferred to a positively-charged nylon‘membrane by elect}oblotting as follows: a piece of
BrightStar-Plus™ nylon membrane (Ambion, Austin, TX) was cut to roughly the sime |
dimensions of the gel, wetted in methanol énd washed in molecular grade water. The glass slab -
carrying the gel was placed on a flat surface and tf\le wet membrane éarefully-placed on top of
the gel. Two pieces of thick filter paper of similar size were stacked on top of the membrane

- and a weighted flask laid-on top of the stack. The uﬁns”fer was carried out ovemight _ |
Alteratively, protected fragments of radiolabeled samples were prec1p1tated and -
electrophoresed on a 6% sequencing gel.

Detection of Ribonuclease Protected Probes ‘ '
Biotin-labeled probes hybridized with RNA were detected norusotoplca]ly using the

- Brightstar™ BioDetect™ system for chemiluminescent detection of biotinylated RNA probes.
* An ultra-violet (UV) automatic crosslinker, which delivérs 120 millifoules over 30 seéonds was
-used to immobilize RNA on the membrane. The membrane was washed twice in wash buffer
followed by three washes in blocking buffer. Subsequently, the membrane was washed for 30
minutes in wash buffer containing Streptavidine-Alkaline Phosphatase conjugaté ata 1:10,000
. dilution in blocking buffer. Afterwards the fnembrane was washed for 10 minutes in blocking
buffer, followed by three five minute washes in wash buffer and two 2 minute washes in assay
buffef. Finally, the membrane was washed for five minutes in the CDP-Star™ reagent, which
provides a substrate for alkaline-phosphatase. At the end of the five-minute wash, excess
CDP-Star solution was shaken off and the membrane wrapped in cling-wrap. Imaging of the
membrane was carried out on a NucleoVision desktop imaging system using GelExpert image
acquisition and processing software (Nucledtech Hayward, CA). On the other hand, gels of
radiolabeled samples were dried and scanned on a phosphorimager (Molecular Dynamics, Palo
Alto CA). Dned gels were also photographed on XAR-5 film at -70°C

Westem Blot Analysis of Apoptos1s-nelated Cellular Factors
8E5 cells incubated with GLA and anti-Fas antibody with or without inhibitor were collected

by gentle centrifugation and washed with cold PBS. Pelleted cells were placed on ice and
resuspended in lysis buffer (100 mM NaCl, 50 mM Tris, pH 7.4, 1'mM EDTA, 1% Tween-20)
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containing 1% phenylmethylsLﬂfonyl ﬂuorrde (PMSP). Lysates were left on a mechanical
rocker for 30 minutes and then centrifuged at 16,000 X g. Supernatants were transferred to
fresh tubes and frozen at -80°C until further processing. Before analysis, the lysates were .
thawed at 37°C in a water bath and checked for protein concentration using the microwell
plate protocol of a commercial bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, -
IL). Briefly, serial dilutions (0.011 — 1410 mg/mD of freshly diluted BSA protein standards
Were prepared in FBS as per kit instructions. The BCA'Workirig reagent was prepared by
mixing 50 parts'of reagent A (sodium carbonate, sodrum bicarbonate, BCA detection reagent
and sodium tartrate in 0.1M sodium hydroxide) with one part of 4% copper sulphate _
pentahydrate (CuSO, $H,0). To 25 pl of each standard, sample or PBS (blank) in a microwell -
was added 200 pl of the BCA working reagent and the plates mixed for 30 seconds. The plate
was covered and incubated at 37°C for 30 minutes following which they were cooled and the
abserbance measured art 562 nm on a plate reader subtracting the average blank readings from
those of standards and samples. The standard curve was generated by plotting the average
blank-protected mean optical density for each standard against the logarithm of its
concentration in mg/ml. The protein concentration for each sample was determined using the
standard curve. 120 pg protein.per sample lysates was transferred to an Eppendorf tube and
mixed with appropriate arrrount of reducing agent (Novex) and sample loading buffer. The
samples were heated at 70°C for 10 minutes, spun briefly and subjected to SDS-PAGE in a
10-well, 1mm, 4-12% BT gel (Novex, San Diego, CA), with 360 mA/6 gels/3 boxes, at room’
temperature for one hour. Mult1color rnolecular weight markers were included and an antrbody
~ -against B-actin (Srgma) was used as a control for protein input. Gels were electrophoretically

transferred to a Millipore polyvinylidene difluoride (PVDF) membrane (0.45 um pore size) ina
Novex transfer buffer with 10% methanol at 480 mA/6 membranes/3 boxes, room
temperature for tb‘ree'hours. Mernbranes were blocked in 100 ml of I-Block (PBS with 0.1%.
Tween 20 and 0.2% I-Block) on the rocker for at least 4 hours at 4°C then washed three times
with 100 ml 0.1% Tween 20 in PBS for 10 minutes at room temperature. Next, membranes

- were stained with primary antibody diluted 1n I-Block at 4°C, overnight, then washed in I-
Block as previously described and stained with éppropn'ate second antibody at room |

temperature for two hours. Following another wash step, membranes were incubated at room
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temperature for three minutes with ECL substrate (Amersham) Excess substrate was drained

off membranes using paper towel membranes were then wrapped in plastic wrap and exposed
to X-ray film. -

Colorimetric Assay for L1p1d Peroxidation
As a measure of lipid peroxidation in test cells, levels of lipid peroxide metabolites of

| polyunsaturated fatty acid breakdown, namely malondlaldehyde (MDA) and the -

A hydroxyalkenal 4—hydroxy—2(E)—nonenal (4-HNE), were determined using a colonmetnc assay
(Oxford Biomedical Research Oxford, MI) 2 x-10° cells were lysed by repetitive

: freezmg/ thawing in d15t1]led water containing Triton X-100 to inactivate the virus and 5 mM
butylated hydroxytoluene (BHT). After lysis, samples were clanﬁed by oentnfugatlon at 15,000
X g for 10 minutes. 200 pl of sample supematant was added to 650 ul of a 10.3 mM

- acetonitrile solution of N—memyi-z-phenylindole (R1 solution) diluted in a 1:3 volume of
methanol in a glass test tube, The mixture was vortexed for a few seconds. To assay both
MDA and 4-HNE simultaneously, 10 ul of 0.5 M BHT and 150 pl of 2 154 M,
methanesulfonic acid solution (R2'solutien) was added to the mple solution. Tubes were

' stoppered tightly and incubated at 45°C for 40 minutes. At the end of the incubation, samples
were cooled on ice and the absorbance measured at 586 nm in a Beckman DUG650
spectrophotometer using 1 ml cuvettes with 1 cm opUczl path length.
To generate standard curves for interpolation of MDA and 4-HNE concentrations in test
samples, standard serial dilutions of the two compounds were plepared and their absorbances
read as described above. Solutions of 10 mM 4-hydroxynonenal as the dxethylacetal in
acetonitrile (1) and 10 mM 1,133 -tetramethoxypropane in 20 mM Tris- HCI buffer pH 74

(82), were diluted in 650 ul of R1. Increasing volumes of S1 or S2 and decreasmg volumes of

water were added to each of six consecutive tubes to obtain final concentrations of either S1

" or S2 of 0, 25,5, 10, 15 and 20 uM. After mixing, 150 pl.of R or 37% HCl—for MDA—and
150 pl of R2—for 4:-HNE—were added to each tube and the contents mixed well. Tubes
were closed tightly and incubated at 45°C for 60 minutes for MDA, and at 45°C for 40
miﬁutes in the case of 4-HNE. After ihcubation, tubes were cooled on ice and absorbance »
determined spetrophotometrically at 586 nm. A least-squares linear reg‘ressioﬁ analysis of
blanked standard solution absorbance values (A-A,) against final enaldehyde concentration
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confofmed to linéar functionality. The apparent molar extinction coefficient (g) of the
measured product was defined in this assay to be equal to the slépe of the stmght line
generated from the plot of (A-A) versus MDA or 4-HNE standard concentrations. Finally,
concentration of the two enaldehydes in test samples was obtained from the following
ecjuation: : N

[MDA + 4-hydroxyalkenals (HNE)] = (A-A,) x 5/¢

‘where, A = Absorbance in the presence of sample, A, = Absorbance in the absenoé of sample
or blank, 5 = Sample dilution factor in the cuvetteﬁ(ZOO pl of sample in total Volﬁme of 1 mD,

and € = Apparent molar extinction coefficient.
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- Chapter 3

RESULTS

. 'The productively and chronically HIV- 1 infected cell line 8ES5 is three times more
sensitive to GLA — induced cytotox1c1ty than the panental umnfectcd A3.01 cell hne
It has been demopstrated previously that GLA causes selective cytotoxicity in certain HIV-1-
 infected cells relative to uninfected controls. In oné study /[70/, GLA was shown to cause a |
higher rate of cell death in the chronically HIV-1-infected H9}HTLFV-]I[RF. cells than in the parental
uninfected H9 cells. In order to study the mechanism by which GLA induces selective

| éytotoxicity, we chose a different model system previously used in our laboratory. The chosen

- model consists of the parental uninfected cell line — A3.01, and its derivétive cell line — 8E5,
which is chronically and productively HIV infected. | ‘

K First, we determined the pattern of GLA toxicity in these cell lines in ordér to validate the -
model system. To do this, cells were cultured in growth medlum supplemented with increasing
concentrations of GLA and their viability was measured using Trypan Blue dye exclusion and '
WST-1 methods, as described under Materials and Methods. These two methods were selécted
because of their different mechanisms for evaluatmg cell viability as outlined earlier. Using -
these assays the chronically HIV-1 infected 8E5 cell line was observed to be at least three-fold
more sensitive to GLA-induced cytotox1c1ty than its uninfected parental cell hne (Fig. D. The
concentration causing 50 percent inhibition of ceil growth (inhibitory concentration 50% or
IC,,) in each cell line was calculated using Microcal™ Origin software (Northampton, MA) by
means of sigmoidal (Boltzmann) linear curve fit to GLA concentration versus cell viability (%
viable cells relative to untreated control) data, with weight given by error bars (standard
deviation from the mean). Using data generated by the Trypan Blue dyé exclusion assay, the

1Cy, values in the A3.01 and 8ES cell lines were ealculated at 39.6 + 3.1 ug/ml and 13.8 £ 0.5
pg/ml, respectlvely When v1ab1hty was measured using the WST-1 assay, the respectlve IC,
ValuesforASOl and8E5were47 1+11and 151 +22 },lg/rnl
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Cytotoxicity of GLA in A3.01 and 8E5 cells

120 - 120 -}
~ ) i i\ A 1
°\° 100 - _ 100 ‘
- ] : 1. B
> 80 i 80 - \
) .
: 4 . . E B
o= 60 60 . ]
e ™~

] : 1 [ ]
] ) 40 . 40 -
> ; _ \_
—(
o 20 - R 20 ) \ .
v ] ' [} )
. b ———

@ : ~~ ' =

.04 Ne-0— o c - 04 *—eo—o—0—o

- T T ! v T T T M T M T
0 2 40 60

80 0 20 40 60 80

Concentration of GLA (ng/ml)

Figure 2: The effect of GLA on viability of A3.01 (HIV-) (M) and 8ES (HIV+) (@) cell lines was
determined by means of Trypan Blue dye exclusion assay (A) and WST-1 assay (B) as described in Materials
and Methods. Cells were incubated, with or without drug, for 72 hours at 37°C. Cell proliferation was
determined by counting cells (A) or measuring the absorbance of each well at 450 nm (650 nm reference)
wavelength (B) and using the cell counts and absorbance readings to calculate the percentage of viable cells -
in each GLA-treated well relative to untreated controls and plotted as above. Each point on both graphs
represents an average of triplicate measurements from two independent experiments. The concentration of
GLA resulting in 50% inhibition of cell proliferation (ICsq) was calculated by means of a sigmoidal
(Boltzmann) fit of plotted curves to yield a GLA ICsoof 39.6 + 3.1 ug/ml for A3.01 and 13.8 + 0.5 pg/ml
for 8E5, when using dye exclusion data.” When calculation was based on WST-1 assay data, the ICso of GLA
- in A3.01 cultures was found to be 47.1 + 1.1 pg/ml and 15.1 + 2.2 ug/ml for 8E5-cultures..




Lack of distinctive modulation of GLA-induced cytotoxicity by inhibitors of

lipoxygenase versus cyclooxygenase pathways of PUFA metabolism .

The selective induction of cytotoxicity in virally infected cells by GLA may be the result of

altered oxidative metabolism, which leads to accumulation of reactive oxygen species (ROS).

Two major pathways of PUFA metabolism involve, respectively; hpoxygenase LOX) and

cyclooxygenase (COX) enzymes as summarized earlier; and generation of ROS is mainlya

- consequence of LOX activity. Under coﬁditions of cellular ox'idative metabolism impairment,

the LOX pamWay may lead to elevation of oxidative stress through generation of lipid free

- radical intermediates such as hydrdperoxyeicosatetraenbic (HpETE) acids, which have been

shown to-induce apoptosis in virus-infected cells /709. Mammalian LOX enzymes are divided

into four subtypes according to tissue distribution: 5-, 8-, 12-, and 15-LOX [30]. LOX
enzymes énd their metabolic products play a complex regulatory role in-cell survival and death

[120], promoting proliferation or apoptdsis depending on cell type and/or biochemical

environment. | '

Effect of LOX inhibition on GLA cytotoxicity : '

' The role of LOX enzymes in T cell metabolism is a subject of intensive study. There is a
prepondemnce of evidence suggesting that LOX-associated eicosanoids play an unportant role
in T cell proliferation [94/. It was reasoned that inhibition of the LOX pathway and.
interference with GLA metabolism should modulate GLA cytotoxicity in these cells and shed
light on its mechanism of cytotoxicity. Several inhibitors of LOX have been described, and

' one,bf these - nordihydroguaiaretic acid (NDGA) was picked for experimentation based on its
broad-spectrum LOX inhibitory activify [94, 31]. NDGA possess conoenttation—spéciﬁc
selectivity for LOX enzymes, mhlbxtmg 5-, 12- and 15-LOX with an IC50 of 0.2, 30 and 30 uM,
respectively. To determine a poss1b1e role for the LOX pathway in GLA induced cytotoxicity,
we exammed the ability of NDGA to block GLA induced cytotox1c1ty A concentration of 15
ug/mli GLA was selected for further experimentation because it represented the IC, of GLA

-~ in the 8E5 cell line as discussed in susceptibility experiments above. Results of LOX inhibition .

experiments are summarized in Fig. 3, panel A In cultures of 8ES5 cells not treated with GLA,

inhibition of LOX by NDGA (1.25-20 uM) resulted in a 27-95% increase in 8E5 cell viability
but higher concentrations of NDGA were inhibitory.
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- Effect of inhibitors of lipoxygenase and cvclooxvgenase enzymes on GLA- mduced
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Figure 3: Cytotoxicity assay of 8E5 cells éxposed to 0 pg/ml’'GLA (l) or 15 ug/ml GLA (@) in the
presence of increasing concentration of the nonspecific lipoxygenase inhibitor nordihydroguaiaretic acid -
(NDGA) (A) or the cyclooxygenase inhibitor ibuprofen (B). Exponentially growing cells were added to
wells of a 96-well plate containing quadruplet concentrations of either inhibitor and preincubated at 37°C

-“for at least four hours followed by addition of GLA. Cultures were grown for 72 hours and subjected to
WST-1 proliferation assay described in detail under Materials and Methods. Each point on the graph
represents four measurements from two mdependent expenments ‘ ,
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~ At40and 80 UM NDGA, 8E5 cell Viabilitywas neduced t0 54.6% ancl 28.1%, respectively. By
~ contrast, 1.25 uM and 2.5 uM NDGA caused a 20.3% and 13. 0% reduction of GLA-induced -
cytotox1c1ty, respecnvely, in 8E5 cultures treated with 15 ug/ml GLA (Fig. 3, panel A ins®).

| Addition of GLA to 8E5 cultures pretreated with h1gher concentrations of NDGA (5-80 M)

r_esulted in a dose-dependent reduction of 8ES cell V1ab1llty. When the viability data were |
analyzed by One-Way ANOVA at the 0.05 Sigfﬁﬁcance level, there was a statiéticaﬂy significant _‘ '
difference between the means of cell viability data between cultures treated with NDGA alone '

or NDGA + GLA (p 0.02). In summary, addition of 15 pg/ml GLA to cultures

- preincubated with non-cytotoxic concentrations (5-20 uM) of NDGA results in higher toxicity

than seen with GLA alone. Interprctaﬂon of these results in the context of LOX inhibition is

' .confounded by the possible existence of multiple forms of LOX enzyme in 8E5 cells and their

complex interaction with NDGA as.djscussed earlier. It is possible thét one or more forms of |

LOX mediate GLA cytotoxicity in 8E5 cells. Based on previous reports, only 5-LOX is

iﬁhibited by NDGA at concentrations of 2 UM or less. Conceivably, inhibition of 5-LOX or

other forms of LOX shunts more GLA th) alternative metabolic pathways, eg. 15-LOX,

. leadjng to increased GLA toxicity as was observed in these experiments. Alterﬁatilrely, itis
possible that GLA toxicity is mediated via the COX pathway and therefore inhibition of LOX
potentiates GLA cytotoxicity. | '

‘Similar to LOX and its products, COX andits metabohc products have also been shown to
‘modulate cell survival and apoptosis, especmlly of turnor cells [120]. Some COX metabolites,
notably prostaglandms E, and EZ, have suppresswe effects on the interleukin 2-driven
proliferative phase that follows T cell activation [110]. The COX pathway can be inhibited by
non-steroidal anti-inflammatory drugs such as indomethacin, 1buprofen and acetyl salicylic .
dcid. S , ‘ |
Effect of COX inhibition on GLA cytotoxicity ,

To address the possible mvolvement of COX metabohsm in mediating GLA cytotox1c1ty, we
examined the profile of 8E5 cell viability in cultures exposed to both GLA and the COX

- inhibitor Ibuprofen. In the absence of GLA, we observed a concenthOn—dependent increase

in viability of 8E5 cells preincubated with 0- 20 pM Ibuprofen reaching a maximum of 110%

above that of control at 20 uM Ibuprofen. "[here was a relative decline in V1abﬂ1ty of 8E5 cells
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above this concentration of Thuprofen (up to 80 pM), but viability remained higher at all
concentrations in comparison to untreated control (panel B, Fig. 3). A s1mﬂar trend was
observed in cultures incubated with a combination of Ibuprofen and GLA - i)eaking at 59.2%
increase in cultures treated with 20) UM Ibuprofen - but One-Wéy ANOVA revealed a
statistically significant difference (p < 0.0001) 'betweqn- the means of viability data between
 cultures treated with Ibuprofen alone or Ibuprofen + GLA. '
In the past, COX (and LOX) iﬁhibitors have been shown to inhibit the DNA synthesis and -
pr'olifération of, among many cell types, several human lyfnphocytic cell lines such as HL-60,
- K562 and KG-1 [120] and also to trigger apoptosis of cultured cells. Recent studies seem to
suggest that these disparate effects of LOX and COX are probably mediafed through separate
mechanisms than those of PUFA metabolism. Thus, it is difficult to offer a condlusive
interpretation of the role of LOX or COX inhibitors on GLA induced cytotoxicity.
GLA selective cytdtoxicity in chronically HIV-infected cells is associated With
elevated lipid peroxidation '
| Despite the inconclusive nature of LOX and COX ir;hibition experiments, sevéral reports
dealing with GLA activity in malignant and transformed cells have demonstrated an
association of GLA cytotoxicity (and that of other PUFA) with an increase in lipid
peroxidation and free radical generation /126, 39/. There are also numerous reports in the
literature linking abnormal oxidative metabolism and elevated oxidative stress in individuals . |
infected with HIV /[Revieuad in 83/. A higher state of oxidative stress was also the hypothesized
mechanism of GLA selective cytotoxicity in HIV-1,-infected H9 cells [70/. . i : |
Therefore, we next determined the extent of lipid peroxidation vin relation to GLA cytotoxicity.
To measure the level of lipid perbxidétion in A3.01 and 8E5 cells treated Wlth GLA, the
products of PUFA br_eakddwﬁ, which include malondialdehyde (MDA) and 4-hydroxy-2(E)-
nonenal (4-HNE), were measured colorimetrically. Untreated control and GLA treated cells
were assayed for concentration of MDA and 4-HNE using a protocol based on the reaction of
N-methyl-2-phenylindole with MDA and 4-HNE to yield a chromophore, which shows |
maximal absorbance at 586 nm. From cultures of A3.01 and 8ES5 cells grown with or without
15 pg/ml GLA for 72 hours, two million cells were lysed and incubéted as described under
Materials and Methods. Absorbance was measured spectrophotometrically aﬁd concentration
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of MDA/4-HNE in test samﬁles was calculated frorh the standard curve.
Results of the lipid peroxidation iassay are summarized in Table 1 below:

Concentration of MDA

. 5 4-HNE (uM)
A3.01.(.Jontrol o 2.3; 0.2
- A301 f'GLA,‘ - | 2.7+02
8E5 Con@ol | 21402
8ES + GLA , - 79306

\

_Table 1: Effect of GLA on lipid peroxidation in A3.01 and 8ES cells. The concentration
of malonaldehyde (MDA) and 4-hydroxy-2(E)-nonenal (4-HNE) in A3.01 and 8E5 cells
cultured with 0 or 15 pg/ml GLA was assayed using a lipid peroxidation colorimetric-assay
(Oxford Biomedical Research) as described in Materials and Methods.

'The concentration of MDA + 4—HNE‘ remained virtually unchanged between untreated and ._ ¢
GLA treated A3.01 cells at 2.258 uM and 2.67 uM, reépecﬁvely,tconﬁmnng that even after
GLA treatment A3.01 cells ,do not acquire increased O)ddative stress. By cohttast_, trcaﬁng 8E5
* cellswith GLA resulted in a four-fold (2.094 puM to 7.870 pM) increase in the Con_centratioﬁ of
MDA/ 4-HNE, an indication of GLA-in_du(:ed elevation in oxidative. stress in ithese 06115. There _
was no difference in MDA/4-HNE concentration between lysates of control untreated cells of
either A3.01 or 8E5: 2.258 uM in A3.01 cells asopbosed to 2.094 pM in 8E5 cells. Thus, there
does not seem 16 be a pre-existing state of oxidative stress in 8E5 cells. If GLA-induced
cytotoxicity in 8E5 cells is a cbnsequenoe of oxidative stresé, then it is likely due to an inability
 of these cells to overcome GLA-induced oxidative stress rat_ﬁer than exacerbation of pre-

existing stress.
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Effect of Antioxidants on GLA cytotoxicity

" Inorder to probe the role of oxidative stress in medi?lﬁon of GLA toxicity in 8E5 cells, we

next attempted to inhibit GLA effects by pre—incubating cells with known antioxidantsand

" modulators of oxidative sﬁess; The compounds tested included the non-enzymatic free Iadical .
scavenger a-tocopherol (Vitamin E) (Sigma, St. Leuis, MO) and the antioxidant enzyme
superoxide dismutase (SOD) (Sigma-Aldrich, St. Louis, MO). Similar to most HIV-infected

. cells, 8E5 cells have been reported to have a deficiency in glutathione (GSH) peroxidase (GPx)
and catalase enzymes [108 &9] These enzymes act in tandern to detoxify PUFA-derived and

 other oxygen free radicals and thus protect the cell Ifrom ROS-induced toxicity. Therefore, we
tested the cﬁpacity of Ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one] (Sigma-Aldrich, St.
Louis, MO), a seleno-organic compound with GPx-like activity, to inhibit GLA cytotoxicity in
8E5 ce]ls Also tested were the thiol reducing agent, 2-mercaptoethanol (2-ME) (S1grna St.

‘Louis, MO); and N-acetyl cysteme (NAC) (Sigma, St. Louis, MO).

Viability of cells in cultures of test cell lines exposed to increasing:concentration of these
antioxidants in the presence of GLA was determined by means of the WST-1 method
described in Materials and Methods. Results are shown in Fig. 4. Each histogram represents
the average of five separate measurements (n = 5). | \ N .

The most effective protection of 8E5 cells agmnst GLA-induced cytotoxicity was achleved by
supplementmg culture media with 2-ME (Fig. 4, panclA) As expected, treating cultures with
GLA reduced the viability of 8ES cells by 50% compared to untreated control cultures. This
difference was statistically significant (p < 0.001). Supplementation of cultures with 2-ME (5,
10 or 20 M), however, inhibited GLA induced reduction of 8E5 Viébﬂity. The"grov&th of SES
cells in 2-ME supplemented cultures was not statistically different from that of control ' :
untreated cﬁltures, p. - 0.7,08and 0.9 at 5, 10 ;lnd 10 UM 2-ME, respectively. The‘protective

o effect of 2-ME is strong evidence that a deficiency of thiol reducing molecules predjsposes. -

~ 8E5cells to GLA cytotoxicity. 2-ME is aknown enhaneer of cySteirie uptake, which increases
' intracellular GSH levels. GSH is a key cellular antioxidant. - - |

Further evidence of GSH and/or GPx impairment role in GLA cytotoxicity was provided by

inhibition expenments using the GPx mimic, Ebselen (panel E, Fig. 4); In the absence of

GLA, the viability of 8E5 cells in cultu‘res‘supplemented with 5, 10 or 20 UM Ebselen was

P
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approximately 59%, 164% and 177%, réspectively, with respect to the uﬁUeated control.
Cultures treated with 15 ug/ml GLA had 45% viabi]jty_c'ompéled to untreated cultures. |

‘ 'quplementation‘ of GLA-treated cultures with 5 or 10 uM Ebselen, increased Viébility to 77%
and 123%, respectively, relative to the GLA-untreated control.. 'The increase was statistically
significant, p < 0.01, in both instances. However, culturés exposed 0 20 pM Ebselen and
GLA had viability of 41% relative to untreated control éultures, even théugh cells treated with
inhibitor alone had a Mgher viability (177%) than control cultures. Ebselen might be less
effective than 2-ME at preventing GLA cytotoxicity because of its dependence on normal
cellular levels of catalase and GSH to exert its antioxidant effects. However, it is difﬁcult to
explain the low viability observed at 20 uM Ebselen. One possibility is the involvement.of
non-GPx effects at high concentrations, such as inductioh of TNF-o, [63, 112]. Nonetheless,
there was not a statistically sigrﬁﬁcant p= 0.59)'difference between viability of cells in cultures
‘treated with GLA alone or GLA + Ebselen (20 uM), suggesting that the two compounds did
not héve additive cytotoxicity under these conditions. , _

In contrast to 2-ME and Ebselen, which act primarily on thé GPx pathway to modulate
hydroperoxide metabolism, the antioxidant scavenger a-tocopherol (Vitamin E)-did not
protect 8E5 cells against GLA-induced cytotoxicity (panel B, Fig. 4). This might be related to
the inability of 8E5 cells to recydle oxidized vitamin E to its reduced form due to impaired
expression of GSH. Relative cell proliferation in all GLA-treated cultures was épproximately
'40% regardless of vitamin E concentration used (0-20 uM). Likewise, our test of SOD (0-40
U/mb revealed that this enzyme did not influence prbhfemﬁon of 8ES5 cells, whether GLA
treated or not (panel D). Proliferation of cells in cultures nof treated with GLA was the same
as that of éohtrol while that of GLA-treated cultures remained at approximately 45% at all |
concentrations of ~SO.D, relative td untréated control. SOD has a crucial role in reduction of
sup_efoxidé radicals (espedially the superoxide anion, O,") to H,0,, which is in tumn converted
. t6 water by catalase enzyme. The deficiency of catalase enzyme in 8E5 cells may explain why
SOD did not protect these cells against GLA toxicity.
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Figure 4: Effect of antioxidants on GLA-induced cytotoxicity in 8ES cells. Exponentially

- growing 8E5 cells were pre-incubated at 37°C with antioxidant for 4 hours after which

cells were transferred to media supplemented with 15 pg/ml GLA and incubated for 72
hours. Cell viability was assessed by means of WST-1 method as described in Materials and
Methods. Each histogram represents an average of five measurements from two
independent experiments. Dark histograms represent cultures treated with antioxidant
alone and hatched histograms those treated with both GLA and inhibitor.
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Another antioxidant tested was N-acetyl cySteir'le (NAC), which like 2-ME increases cellular
GSH concentration in inany cell types. NAC ultimately depends on normal levels of cata]ase
and espeaa]ly GPx in order to exert its anti'oxidaﬁt effects. We observed a statistically - |
significant reduction in Viability of cells _in' GLA-treated c_orripared to éont_rol untréated cultures
- (p=00D.A small but statistically significant (p < 0.001) proteétive effect was observed at the
“highest concentration of NAC tested—120 mM, inéreasmg viabi]ity by 20% above that of '
" cultures treated with GLA alone. However, even at this concéntrat_ion, NAC did not return
8E5 cell viability to the level of c,ontrolj untreated cultures. Léwer concentrations of NAC. did
not protect 8E5 cells againét GLA-induced cytotoxicity (panel C, Fig. 4) The deﬁéieiicy of -
catalase and GPx in 8E5 celis might explain the inability of NAC to inhibit GLA—induced'_ »

\cytotoxicity in these cells.
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'GLA induces programmed cell death in the HIV-1-infected 8E5 _celvllineatamedian
concentration that does mtaﬂ'ectviabﬂityofﬂnepa:mtalmmfectedAS.OI cell line

' We have established that 8E5 cells are at least three times more sensitive'to GLA-induced
cytotoxicity than the parental A301 cells, and that this cytotoxicity is associated with an
mablhty of 8E5 cells to overcome GLA-induced oxidative stress. Next, we sought to establish
whether this cytotoxicity was necrotic or apoptotic, the two ways by which eukaryotic cells die.
Necrosis and apopfosis can be dlStll’lgUlShed experimentally based on their biochemical and
mOIphological characteristics. In order to determine the specific mode of cell death in cultures
treated with GLA, cells were harvested at designated time points and subjected to one of three
flow cytometric techniques for assay of apoptosis using commercially available kits.
The first method is based on interaction of the protein Annexin V énd a membrane
phospholipid phosphatidylserine (PS). One of the early events in apoptosis involves
" translocation of PS from the Eytoplasnﬁc interface of the cell membrane to the cell surface.
Annexin V binds to negatively charged phospholipids such as PS with high affinity. \When
conjugated to a fluorochrome like FITC, PS can be used in flow cyiometry to label cells in the
stages of apoptosis before loss of membrane integﬁty. Annexin V remains bound to apoptotic |
cells throughout the cell death process. Cells that are either necrotic of in the last stages of
apoptosis, and therefore have lost membrane integrity, can simultaneously be identified by
staining with Pl,a ﬂuoréscent vital dye that stains DNA stoichiometrically. |
In the Annexin Vand PI assay, viable cells are double negative for Annexin V-fluorochrome
and PI. Cells that are in early stages of apoptosis are positive for Annexin V-fluorochrome but
negative for PL Double. positive cells are those in either late apéptosis or simply ne&oﬁc.
Therefore, to distinguish between apoptosis and necrosis in cells dymg due to GLA treatment, -
“cells were examined for expression of phosphatidylserine using é commercial kit (Pharmingen,
San Diego, CA) as described under Materials and Methods. |
Figure 5 summarizes results of a represéﬁtative experiment. A3.01 and 8E5 cells treated with
15 pg/ml GLA for 12 or 36 hours were stained with Annexin V-FITC and PI, and analyzed
by flow cytornétry. The majority of cells in control untreated cultures of both cell lines were
double negative for Annexin V-FITC and PI--83.63% of A3.01 and 80.45% of 8ES5 (lower left
quadrants of panels A & D). Each cell line showed presénce of a late-apoptotic population that
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was not related to GLA treatment — 13.35% in A3.01 and 15.10% in 8ES (upper right
quadrants of panels A & D). Treatment of A3.01 cells with 15 vug/ml GLA for 12 or 36 hours
did not increase percentage of necrotic or apoptotic cells compared to control Gowér and

| ‘upper right quadmnts of panels B & ©. The percentage of GLAjtrsated A3.01 cells found in
earlytapoptosis was similar to that of untreated control—2.15% of untreated cultures Gower
right quadrant A) versus 2.55 and 3.31% in cultures incubated with GLA for 12 or 36 hours |
Qower right quadrants, B &O). A shght decrease in percentage of A3.01 cells found in late
apoptotlc cells was noted in GLA-treated cells—from 13.55% of untreated control (upper right
quadmnt A) to 7.86% and 7.68% in cultures mcubated with GLA for 12 or 36 hours (upper |
right quadrants, B & O), respectlvely )

By contrast, a substantial increase was apparent in the percentage of 8E5 Cells undergoing
apoptosis, from basal 2.72% of untreated control (lower right quadrant, D) to 16.30% after 12

* hours of treatment (lower right duadrant, E), with little difference in percentage of late
apoptotic or necrotic cells (upper ﬁght quadrant, E) at this time point. After 36 hours, 92.40%
of 8E5 cells treated with GLA were positive for phosphatidylserine and permissive of PI dye
(upper left quadrant, panel F), indicating that they were in late apoptosis These results indicate
that apoptosis and not necrosis is the predominant mode of cell death in 8E5 cells at this
concentration of GLA. ' '
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Annexin V flow cytometric analysis for GLA induction of apoptosis in A3.01 and 8E5 cells
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Figure 5: Cultures of A3.01 and 8E5 cells were resuspended at 5 X 105 cells/mL in growth
medium supplemented with 0 or 15 pg/mL GLA. Cultures were incubated in a humidified CO»
(5%) incubator for 12 or 24 hours after which cells were prepared for Annexin V analysis as
described in Materials and Methods. Samples were analyzed by flow cytometry on a Becton
Dickinson FACScan in a Cell Quest™ acquisition environment and further analysis was carried
out using FCS Express software. Cells are sorted in four quadrants: Annexin V-FITC negative
and PI negative or non-apoptotic and non-necrotic (lower left), Annexin V-FITC negative and PI
positive or necrotic (upper left), Annexin V-FITC positive and PI negative or early apoptotic
(lower right) and Annexin V-FITC positive and PI positive or late apoptotic (upper right).



' To confirm occurrence of. apoptosis in GLA - treated 8E5 cells, we employed the APO-BrdU
assay, which analyzes cells for preseﬁoe of DNA fragmentation —a key feature of late

- apoptosis. The apoptosis cascade involves activation of cellular endonuc_leases, which

eventually degrade chromatin of the dying cell into smaller DNA fragments of approximately

50 base pairs in length. These double- and single-stranded DNA pieces possess exposed :

- hydroxyl (OH) groups on their 3 '-termini. In a reaction coMody‘ known as TUNEL
[terminal deoxynucleotidyltransferase (TdT) dUTP nick end labeling], exogenous TdT is used
to catalyze a template- mdependent addition of bromodeoxyuridine triphosphates (Br-dUTP or

. BrdU) to exposed OH-termini. Cells are incubated with an anti-BrdU monoclonal antibody

~ conjugated to a fluorochrome to permit detection of cells undergoing apopt051s _

Flow cytometric analysis of GLA treated cells for occurrence of apoptosis was carried out by
measuring the percentage of cells incorporating bromodeoxyuridine using the APO-BRDU™
commercial kit (Pharmingen, San Diego, CA) as described under Matén'als and Methods.
Panels A & B of figure 6 représent assay control human lymphorha cells that were used to

validate assay results. Cells in the M1 gate.ahe non-apoptotic, while those in M2 are positively

.apoptotic and show a higher labeling ihtensity for BrdU-FITC. Panel A of Fig. 6 represents
negativé control cells showing that 95% of cells are negative for BrdU-FITC (gate M1) while
only 5% are apoptotic (gate M2). Panel B represents positive control cells, with 73% (M1)
being negative and 27% (M2) positive for BrdU-FITC, respectively.

When used to test A3.01 and 8E5 cells, the APO-BRDU assay confirmed earliér_observations
obtained using the Annexin V assay. GLA did not induce apoptosis in A3.01 cells at the
concentration tested. In untreated control A3.01 culture, 9% of the cells were non-apoptotic
and 1% was apoptotic (panel ©), and after a 48-hour exposure to GLA only a 4% increase in
BrdU uptake was demonstrated (panel D). In contrast, under similar conditions, 95% of GLA-

treated 8E5 cells became apoptotic after 48 hours of culture with GLA'(Gate M2 of panel F). _
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Apo-BrdU flow cytometric analysis for GLA induction of apoptosis in A3.01 and 8E5 cells
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Figure 6: APO-BRDU™ apoptosis assay demonstrating incorporation of bromodeoxyuridine into
DNA strand breaks of positive apoptotic cells and lack of labeling in negative cells. Control non-
apoptotic cells (panel A) and positive apoptotic cells (panel B) were fixed and incubated with Br-
dUTP in the presence of TdT enzyme in order to incorporate Br-dUTP into exposed 3-OH DNA
ends, formed during apoptotic cell death. Incorporated Br-dUTP was detected with a FITC — labeled
anti-BrdU monoclonal antibody. Non-apoptotic cells (M1 gates) have insignificant fluorescence due
to absence of exposed 3'-OH ends. Cells in the M2 gates are apoptotic and show significantly higher
incorporation of Br-dUTP. Likewise, A3.01 and 8E5 cells grown in the presence of 0 or 15 pg/ml of
GLA for 48 hours were harvested and prepared for flow cytometric analysis using the APO-BRDU™
method. Cells were acquired within three hours of staining on a Becton Dickinson FACScan flow
cytometer equipped with Cell Quest ™ software and analyzed using FCS Express™ listmode data
analysis software.



Some experimental variation in the kineﬁcé of apoptosis in GLA-treated culturds was observed
with both Annexin v and APO-BRDU analyses. Therefore, we next pérformed a time course
experiment to determiine kinetics' of apopt051s by sampling GLA- treated cultures at 6,12, 24
and 48 hours. Although the exact kinetics of apopt051s showed minor variation from
experiment to experiment, the mducUon of apoptosis by GLA in 8E5 cells was time — ,
" dependent. Results from a representative experiment are shown in figure 7. No incorpdf*ation
of BrdU was observed in the first six hours of incubation as shown in the first (top) panel of
figure 7 A small peak of apoptotic cells emerged after 12 hours and after 48 hours of
incubation 95% of cells had become apoptotlc (bottom paneD The time lag of apoptosis
induction by GLA could be related to the need for GLA to undergo metabolic transformation
in order to exert its activity. However this can only be confirmed in experiments designed to

follow metabolic transformation of GLA in apoptotic cells.




.T ime—cour_se of apoptosis induction by GLA in 8ES cells
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" Figure 7: Time-course of programmed cell death in 8E5cells exposed to 15pg/ml
GLA over a period of 48 hours. 8E5 cells were treated as described in Materials and
Methods. An equivalent of two million cells were drawn from the culture at 6, 12, 24

and 48 hours of incubation and prepared for FACS analysis using the APO-BrdU™
assay as described previously. The diagram shows results obtained from a representative -
experiment. » '
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"The mductlon of apoptos1s in 8E5 cells by GLA is assocmted with arrest of cells in
the GO/G1 cell cycle phase
The induction of apoptosis in many cell types often fo]lows peﬁurbaﬁon of the cell cycle. For
instance, in previous studies GLA was shown to cause inhibition of cell division and mitosis in
- osteogenic sarcoma MG-63 cells [34/ and inhibition of mitosis and apoptosis induction in
HelLa cells /33/. S- and G,/M-phase arrests and G,-phase arrest were demonstrated in
fibroblast cell lines (HSF43 and EST4) and lymphobla;st cell lines (TK6 and WTKD), '
respectively [114]. We performed a series of experiments to examine if an association exists
between cycling of cells and occurrence of apoptosis. The cell cycle stage and apoptotic status
of control and GLA-treated A3.01 and 8ES cells were determined simulténeously using the
APO-BRDU flow cytometric method. A3.01 and 8E5 cells were grown in presence of GLA "
for 24 hours after which they were stained with anti-BrdU-FITC monodonal éntibody to
identify true apoptotic cells and propidium iodide to resolve cell cycle stage of li\}e and dying
cells. Analysis was performéd using doublef discrimination to gate around singlet populations
on the FL2-W (DNA Width) versus FL2-A (DNA Area) plots in order to discriminate against
doublets (region R1, panels A, C, E & G, figure 8). In panels B, D, F and.H, the upper
| rectangle encompasses cells that are positively staining for BrdU-FITC (apoptotic) and the
bottom rectangle those cells that are not apoptotic. Bivariate analysis demonstrated that,
following GLA 't'reatmer.lt, the majority of apoptbtic 8E5 cells were found in the .Go/ G;-phase
(panel H) as opposed to coﬁtrol ‘untreated cells which were not undergoing programnﬁéd cell |
- death and were found in all three stages of the life cycle (panel F). By contrast, A3.01 celfé
- were non—époptotic and able to cycle through the S-phase to G,/ M-phasé in the presence of
drug (panel D). In discriminating against doublets, many of the GLA-treated 8E5 cells were
left out of analysis due to their téndency'.to fluoresce in the doublet range (panel G). | However,
with regards to panel H, the only éffect of this phenomenon was an underestimation of
apoptotic cells but not the overall results. |
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Bivariate analysis of control and GLA-treated A3.01 and 8E5 cells for cell
cvcling and occurrence of apoptosis
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Figure 8a: Bivariate flow cytometric analysis to determine the cell cycle phase and apoptotic status of
A3.01 cells following exposure to 0 or 15 pg/ml GLA for 24 hours. Cells were labeled with PI (total cellular
DNA) and Fluorescein-BrdU monoclonal antibody (apoptotic cells) as detailed under Materials and
Methods, and analyzed by dual parameter DNA doublet discrimination on a Becton Dickinson FACScan
cytometer. Panels A & C are dual parameter DNA doublet discrimination displays with the DNA Area
signal on the Y-axis and the DNA Width on the X-axis. A gate (R1) is drawn around the non-clumped cells
to generate the second gated dual parameter displays (B & D) with DNA (Linear Red Fluorescence) on the
X-axis and dUTP-FITC (Log Green Fluorescence) on the Y-axis. Panels B and D resolve non-apoptotic and
apoptotic cell populations, bottom and top rectangles respectively, into their respective cell cycle stage as
illustrated.
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Figure 8b: Bivariate flow cytometric analysis to determine the cell cycle phase and apoptotic status of 8E5
cells following exposure to 0 or 15 ug/ml GLA for 24 hours. Cells were labeled with PI (total cellular DNA)
and Fluorescein-BrdU monoclonal antibody (apoptotic cells) as detailed under Materials and Methods, and
analyzed by dual parameter DNA doublet discrimination on a Becton Dickinson FACScan cytometer. Panels
E & G are dual parameter DNA doublet discrimination displays with the DNA Area signal on the Y-axis and
the DNA Width on the X-axis. A gate (R1) is drawn around the non-clumped cells to generate the second
gated dual parameter displays F & H, respectively, with DNA (Linear Red Fluorescence) on the X-axis and
dUTP-FITC (Log Green Fluorescence) on the Y-axis. Panels F and H resolve non-apoptotic and apoptotic
cell populations, bottom and top rectangles respectively, into their respective cell cycle stage as illustrated.
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" In order to confirm arrest of GLA-treated 8E5 cells in the G,/G,-phase of the cell cycle, an
analysis of DNA distribution was carried out on unsynchronized cultures and those enriched

for G,/G,-phase. After exposure to 15 pg/ml GLA for 24 hours, cells were harvested and
stained with PI as described under Materials and Methods. The results of DNA content .

~ distribution analy51s using doublet discﬁmination is summarized in figure 9. Cells that were
neither synchronized nor treated with GLA (cOnfroD (panel A) were able to cydle through

Go/ G-, S- and G,/M-phases. As expected, following GLA treatment, the majority of cells
- were found in 4 sub-G, peak, most likely comprised of apoptoﬁc cells (panel B). The
emergence of a sub-G, peak was accompanied by a reduction in both G,/G, and G,/M. Since
earlier results (figure 8) had indicated that GLA prever_lt cells from passing G,/G,, further |
attempts were made to examine the possibility of augmenting GLA-indu&d cytotoxicity of
cells in this sfage. Ultimately, the best experimental strategy to enrich 8E5 cultures for cells in

~ Gy/G,-phase was by means of serum deprivation since other‘approaches, suéh as treatment
with Mimosine or double-block with Aphidocolin, proved uhsuécessﬁll. To synchronize
cultures in G,/G,, cells were grown in setum—feduéed (O.Sb%),me‘dia for 48 hours. Serum
depﬁVation reduced the prop;)rtion of cells in G,/M-phase and resulted in emergence ofa
sub-G, peak or apoptotic cells (panel C, fig. 9. Subsequently, these cells were returned to
normal growth medium and cultured with or without GLA for 24 hours before further
analysis. Ceﬂs that were not exposed to GLA managed to continue cycling as normal but those
growing in GLA-supplemented were unable to do so, and in fact were more susceptible to
 GLA than wefe unsynchronized cells (panel D, Fig. 9).
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Effect of GLA on cydling of G,/G,-synchronized 8ES cells =
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Figure 9: DNA content frequency histograms of fixed 8E5 cells stained with PL Cells
~were fixed/permeabilized using 70% ethanol and their nuclei stained with P1I in a solution
containing RNase A to denature RNA. PI fluorescence was measured using a Becton
- Dickinson FACScan flow cytometer using doublet discrimination. Panel A represents -
untreated and unsynchronized cultures whereas B shows the distribution of DNA in
G LA-treated unsynchronized cultures. Panel C represents cells of cultures synchronized
by serum starvation to enrich for cells in the Go/G1-phase of the cell cycle. Subsequent to
Go/ Gr-enrichment, cells were transferred to serum-supplemented media and exposed to
GLA (panel D). The different stages of the cell cycle are as indicated in the panels,
including appearance of a sub-Gy (apoptotic) peak in GLA-treated and serum-starved
cultures (panels B, C and D). I
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Susceptiblhty to GLA-induced apoptosis is only partla.lly associated with active
productlon of HIV-1 core antigen

Since uninfected A3.01 cells were more resistant to killing by GLA than the HIV-1-infected
8E5 cells, we next asked whether HIV antigen production was necessary for GLA cytotoxicity.
_ Although each 8E5 cell carries a single copy of integrated HIV genome, repeated flow |
cytometric analysis of intracellular HIV core antigen expression in these cells demonstrated .
that, on average, about 20% of cells in the populaf.ion did not stain positively for HIV-1

~ antigén. Therefore, an attempt was made 0 identify any difference in susceptibility to GLA
between HIV-1 antigen producmg and non+ productlve cells w1thm the 8E5 mlxed oell
“population.

The APO-BrdU method described above for assay of BrdU mcorporatlon in apoptotic cells

-~ utilizes ethyl alcohol for cell permeabilization. However, alcohol is unsuitable in assays where
integrity of target epitopes is critical, as is the case with intracellular HIV antigen. Therefore, a
combination of tile APO-BrdU assay and the BrdU Flow staining prbtocol (BD Pharmingen,
San Diego, CA) was used to measure intracellular HIV-1 core éﬁtjgen and BrdU. incorporation
a5 2 measure of apoptosis. The results are summarized in figure 10. In agreement with |
previous experiments, GLA did not induce apoptosis in A3.01 cells as evidenced by percentage
of cells positive for BrdU-FITC (two right hand quadrants of panels A and B) - 3.79% of
control cells and 1.73% of GLA-treated cells. As expected, A3.01 cells wete negaﬁve for HIV-~
1 core antigen. Dual parameter flow cytometric analysis of 8ES cells showed that, without
GLA treatment, ‘8'4.29% of cells stained positive for HIV-1 core antigen and only about 7%

~ were apoptotic (panel ©). Following GLA treatment, 73.37% of 8E5 cells became apbptotic |
ddwer and upper right quadrants, panel D)V and the percentage of cells staining positive for
HIV antigen (upper two quadrants, panel D) decreased to 61.4% from 84.29%. Of the
apoptotic cells, approximately 20% were negative for intracellular viral antigen (lower right
quadrant panel D). Since an excess of anti-HIV-1 core monoclonal antibody was used, these
results suggest that productively infected cells are more susceptible to GLA—ir1duoed apoptosis. ‘
Also this could mean that cells with low copies of HIV-1 core antigen are less susceptible to
GLA cytotoxicity, assuming 100% of cells are producing antigen but at different levels of

intensity.




Bivariate analysis of GLA-treated 8ES cells for apoptosis and HIV-1 core antigen
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Figure 10: Assay of apoptosis and intracellular HIV-1 core antigen concentration in control
and GLA-treated A3.01 (panels A & B) and 8ES5 (panels C & D) cells was carried out using a
hybrid APO-BRDU™ and BRDU FLOW™ on cells grown for 48 hours as described under
Materials and Methods. Cells were resuspended in 1 ml of staining buffer and acquired in a
Becton Dickinson FACScan cytometer equipped with Cell Quest™ software. Further analysis
was carried out in FCS Express™ software. The diagram shows results from a representative
experiment, with the x-axis representing the number of cells incorporating BrdU-FITC as a
measure of apoptosis and the y-axis the measure of fluorescence intensity for intracellular HIV-

1 core antigen.
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- Modification of apoptosis-nelated genes during GLA-induced cell death
As is typical of cells undergoing programmed cell death, the apeptosis defining chaiacteristics -
DNA fragmentation and phosphatidylserine externalization - seen in GLA-treated 8E5 cells
are the result of specific signaling events occurring at molecular level. The signaling pathway
involved is a function of cell type and death signal tiiggen'hg the apoptosis. In order to identify
the speciﬁc pathway mediating GLA-induced apoptosis, ribonuclease protection étssay (RPA)
was used to look for éhanges in expression of mRNA species of apoptosis-related genes in
total RNA from untreated and GLA-trezted A3.01 and 8ES cells. RPA was performed using
RiboQuant™ system (Pharmingen). This system utihzes anti-sense RNA probes from human
apoptosis (hAPO) genes, including probes against two housekeepmg genes —ribosomal protein
L32 and glyceraldehydes 3-phosphate dehydrogenase (GAPDH), which control for sample
loading variation. Results of RPA are shown in Figure 11, GLA did not cause modification of >
caspase gene expression in either A3.01 or 8ES5 cell lines (panel A, Fig. 1D. Of the two major |
initiator caspases, there was equal expression of caspase-8 message in both cell lines regardless -
of GLA treatment, and no signal was detected for céspase—9. At the ‘other enci, strong
expression of caspése-ﬁ transcripts was detected in all samples. The presence of initiator and
_effector caspase mRNA species in both apoptotic and normai cells is consistent with
constitutive expression of these genes in most cells.A o
Since initiator caspase binding of receptor-associated death domain is a crucial step in initiation
of the death cascade, we screened a set of templates (hAPO3) that assess expression of a
group of death receptors and their ligands: These include death receptor 3 or DR3 (also
known as Apo3, WSL-1, TRAMP or LARD), Fas (also called CD95 or Apo1) and unnof‘
necrosis facto‘r reoeptor 1 ('NFR1 or TNFRp55). The hAPO3 set is also composed of the Fas .
Ligand (FASL), TRAIL — which binds death receptor 5 (DRS or Apo2) and the Fas associated
death demainl(FADD or Mort 1), which functions to couple Fas to‘ another ingredient of the
— caspase-8 (also present in hAPOic). Other components of the set include TNFR-
associated death domain (TRADD), receptor interacting protein (RIP) with serine-threonine
kinase activity, Fas-associated phosphatase (FAP) and Fas associated factor (FAF).
Using hAPO3, modulation of FADD mRNA expre351on in 8ES cells following GLA _
treatment was demonstrated (Lane 3 & 4, panel B, Fig. 11). Whereas the signal intensity for
FADD was smlar in both upUeated and GLA-treated A3.01 cell‘s,' there was signiﬁcantly less



gene expression of this domaiﬁ in eontrdl_uhtreated 8ES5 cells. Upon GLA treatment, the
expression of FADD in 8E5 cells was upregulated. FADD is an adapter protein that binds
through its death domain (DD) to trimerized death domains of Fas/CD95, TNFR1 or DR3
(20, 11]. After b1nd1ng DD of these death receptors, FADD interacts with death effector
domains (DED) of caspase-8 through its own DED to initiate apoptosis. With the éxception
of FAP, which was exppessed_m both control and GLA-treated A3.01 cells but not in 8E5
ceHS, the expression intensity of the remaining hAPO3 mRNAs species was not influenced by
GLA treatment. : , o |
In addition to Fas-initiated death mechanisms, some cells, particularly cytotoxic T-
| lymphocytes, possess a distinct apoptosis pathway that relies on T-cell receptor (TCR)-induced
release of granules containing perforin and serine-esterases called granzymes [35. Using the
hAPO4 set of probes, the presence and regulation of these mediators among the mRNA
species of A3.01 and 8E5 was tested by RPA (panel C, Fig. 11). There was no d15cemlble
difference in expression of these transcnpts in'A3.01 and 8E5.
The third major component of the apoptosns program comprises members of the Bd-2 family
. of proteins. ’[here'are in excess of 18 members of this family possessirig either anti-apoptotic
or pro—époptotic function in mammalian cells. In ofder to assay the expression of B2 genes
in response to GLA treatment, total RNA was isolated from A3.01 and 8E5 cells grown with .
or without 15 pg/ml GLA and subjected to RPA using the hAPO-2¢ multi-probe template set
(Pharmingen). This set detects and quantifies mRNA species of nine Bd-2_family members,
- including the pro-apoptosis &ckx, bad, bak, bax and bik, as well as the pro-éurvival b2, md-1,
belw bff-1 and bolox genes. This analysis revealed no obvious change in expféssion of any Bok2
family genes resulting from GLA treatment (panel D, Fig. 1D).
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Expression of apoptosis-related genes in 8E5 cells exposed to GLA

A B c D
123456 123 4 123 4 1234
4 Granzyme A | s v :
! FASL k& Granzyme B DOLX L/S [ s e comey
C35p256—3 W Y e i
Fas  Jywws e 946 v DAD1 | i s s
Caspase-6 | @ - FASTK
FADD |t bfl-1
Caspase-10a :
Granzyme H
DR3 ’ RVP1 bad | i
FAP | . Dr-nm23 A bik
Caspase-2(S)
FAF bak |.. o
Caspase-7 Granzyme 3 >
TRAIL bax -
Caspase-1 Requiem : -
Caspase-2(L) | % s s
TNFRpS55 bel-2
CAS * g
TRADD L.
Caspase9 S ‘ mck1 gy *ﬁ@‘l
Perforin ‘
132 132
L32
GAPDH GAPDH [ 132

GAPDH

Figure 11: Ribonuclease protection assay (RPA) of A3.01 and 8E5 cells treated with 0 or 15
pg/ml GLA. Total RNA was extracted from 107 cells using TRIZOL (Life Technologies) and .
analyzed for distinct mRNA species using the RiboQuant multi-probe RPA system with hAPO-1¢
(A), hAPO-3 (B), hAPO~4 (C) or hAPO-2c (D) probe template sets (Pharmingen) as described in
Materials and Methods. Hybridized samples were separated by gel electrophoresis using the
NOVEX™ QuickPoint™ rapid nucleic acid separation system, transferred to a nylon membrane
and detected by autoradiography. Panel A in the diagram above shows results obtained from A3.01
cells treated with 0 ug/ml GLA (Lane 1), 15 ug/ml GLA (Lane 2) or GLA + zZVAD.fmk (Lane 3,
and total RNA from 8ES5 cells treated with 0 pug/ml GLA (Lane 4), 15 pg/ml GLA (Lane 5) or
GLA + zVAD.fmk (Lane 6). Lanes 1 and 2 of panel B, C and D represent control and GLA-
treated A3.01, respectively, while lanes 3 and 4 are their 8E5 equivalents. The identity and position
of each mRNA species was determined based on appropriately sized, protected probe fragment
band resolved on the same gel.




" GLA induces apoptosis via a pathway that is blocked by a broad- spectrum mhibltor .

of caspasw

The possible involvement of FADD in GLA-induced cell death gleamed from RPA results

above suggests caspase activation by GLA despite lack of modification of caspase gene ~

expression in treated cells. To investigate this, we examined the ability of two broad-spectrum

caspase inhibitors, Z—Val Ala-Asp(OMe) -CH,F (or zVAD FMK) and Boc—Asp(OMe) -CH,F

(or BD.fmk) (Calbrochem) to protect 8ES5 cells against GLA-induced apoptos1s We also

: examined the srrmlanty of GLA-induced apoptosis to that induced by engagement of

CDY5/Fas by its hgand The ligand used i in this case was an anti-Fas monoclonal anubody
(clone CH-1 1) (Calbiochem). The apoptosis induced by CH-11 is inhibited by another clone of
anti-Fas antibody - ZB4 (Calbrochem) Apopt051s induction was measured flow cytomemcally

by evaluatlng the extent of Annexin V binding as a reflection of PS exposure on the surface of

~cells undergomg apoptosis. Results of these experiments are sumrnanzed in figure 12. After 24
hours of incubation, 37% of cells were apoptotrc by anti-Fas compared to 97% by GLA

' (panels B & E). The 1nhrb1tory anti-Fas antibody (ZB4) caused a ‘three-fold (37% to 13%)

reduction in the percentage of apoptoticjlce]ls resulting from CH-11 treatment (Panels B and -

O), but drd not reduce percentage of apoptotic cells in GLA-treated cultures (97% versus 98%)

(Panels E & F). Because ZB4 acts by recogmzmg the human cell surface Fas antrgen its

' mabxhty_ to prevent GLA-induced cytotoxrcrty implies that GLA does not engage or stimulate

' Fas even though it may utilize a similar intracellular death-signaling pathway. GLA-induced

| apoptosis of 8E5 ceﬂs was overcome py the broad—spectrum caspase inhibitor BD.frnk,v Wch
reduced the percentage of apoptotic cells in GLA-treated cultnres from 97% (Panel E) to 28%
(Panel G). Another caspase inhibitor, ZVAD. fmk did not reduce percentage of cells '
undergoing apoptosis due to GLA treatment - 91% (Panel H) compared to GLA alone (97%)
BD.fmk was pamally effective at preventrng death induced by CH-11, neducrng the percentage
of apoptotic cells from 37% (panel B) to 27% (panel D). Prevention of GLA-induced _
apoptosis by BD.fmk suggests that the caspase cascade is involved in GLA eytoto:qc1t37 despite
the fact that similar results Wene not achieved with ZVAD.fmk. This dichotomy is beyond the \v

- scope of this thesis but failure of peptidyl caspase inhibitors to suppress caspase-mediated

Apoptosis under some expetimental conditions has been reported [Revieuad in 59). ' o
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Effect of broad-spectrum caspase inhibitors on GLA and o-Fas-mediated programmed death
' of 8E5 cells

"~ CH-11 + BD.frmk
CH-11 + ZB4 (2Z7%)
(13%) i
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(28%)

‘Figure 12: Flow cytometric analysis of 8E5 cells treated with GLA or anti-Fas antibody
in the presence of select apoptosis inhibitors as indicated in the diagram. 8E5 cells
cultured as described in Materials and Methods were preincubated for four hours with
media containing inhibitor carrier (< 0.01% DMSO) (controD), 500 ng/ml of o-Fas
monodlonal antibody (clone ZB4) (Immunotech), 100 uM BD.fmk (Calbiochem), or 100
pM zVAD.fmk (Calbiochem). Then, either GLA (15 pg/ml final concentration) or o-Fas
monoclonal antibody (clone CH-11) (Immunotech) (250 ng/ml final concentration) was
added to appropriate wells and the cultures retumed to the incubator for another 24
hours. Cells were then harvested, washed twice and incubated with Annexin V-FITC as -
described in the text. Within one hour, cells were analyzed on a Becton Dickinson

"~ FACScan flow cytometer for fluorescence intensity of Annexin V using the CellQuest

" acquisition environment. Results were analyzed using FCS- Express software and o
presented as above with the x-axis showing fluorescence of Annexin V-FITC as a measure
of apoptosis and the relative number of events on the y-axis. The percentage of apoptosis
positive cells is shown in brackets.
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Induction of apoptosis by GLA is assocxated W1th cleavage of caspase-3 and poly
(ADP-ribose) polymerase (PARP)

Inhlb1t10n of GLA—mduced apoptosis by BD.fmk implicates caspases in GLA-assoaated cell
death despite lack of change in caspase gene expression as demonstrated by RPA In most -
cells caspases are constitutively expressed in inactive (zymogen) form and | only become
activated upon receiving proper stimuli. Therefore, in addition to caspase inhibition

. experiments, we looked for modulation of expression of FADD, caspase-8, cytodlrorﬁé—c,
caspase-9, caspase-3, caspase-7, Bcl-2 and Mdl-1 proteins using Western blot analysis. This was

performed on cells from cultures supplemented with media alone, GLA or Fas for six or 12 :
hours, and cells preincubated with BD.fmk for four hours followed by incubation with GLA

~ for eight hours. Flgure 13 shows the results of 1rnmunoblot analysis of upstream apoptosis

protems namely FADD, caspase-8, caspase-9 and cytochrome C. Exarrnnanon of lysates for
FADD antigen was performed using an IgG anti-FADD polyclonal antibody (Santa Cruz
Biotedﬁiology) which reacts with a 23 kDa protein that associates with the death domains of
both Fas and TNF-R1. As illustrated in panel A, only a slight incréase in FADD protein
expression in GLA-treated 8E5 cells was observed. This difference persisted following Gorl2
hours of incubation. By contrast, the in\crease in FADD expression was higher in cells |
undergoing apoptosis due to incubation of cells for 12 hours with o-Fas antibody, as would be
expected of cells dying via the CD95 pathway. Since FADD is not inhibited by caspase”
inhibitors, it is not clear why the slight upregulation of FADD expression seen in V‘GLA—treated
cells was abrogated by treatment with BD.fmk. |
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GLA- and a-Fas antibody- mediated regulation of upstream factors of the apoptosis cascade

in apoptotic 8E5 cells
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Figure 13: Western blot analysis of GLA or a-Fas antibody-treated 8ES5 cells showing lack of
FADD, caspase-8, cytochrome C, caspase-9 and BID protein activation. Cells were incubated with
15 pg/ml GLA or 0.25 pg/ml a-Fas for 6 or 12 hours, or 50 uM BD.fmk for 4 hours followed by
incubation with GLA for another 8 hours. Cells were lysed as described previously and 20 pg of
sample loaded into each well of a SDS-PAGE gel. An antibody against 3-actin (Sigma) was used as
control for protein input. The total protein was resolved and transferred to membrane, which was
then subjected to immunoprecipitation with a-FADD (Santa Cruz Biotechnology), a-caspase-8
(Cell Signaling Technology), cytochrome C (Upstate Biotechnology), a-caspase-9 (Cell Signaling

“Technology) or a-human BID protein (Cell Signaling Technology) antibodies. Positions of specific
immunoreactive bands are indicated with arrows. The figure represents results from one of two
independent experiments that exhibited similar immunoreactive profiles. Band intensity was
determined using TotalLab image analysis software (Phoretix).
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We did not obsérve signiﬁcaht difference in caspase-8 expressioﬁ in GLA-treated cells

compared to untreated 8E5 cellsusing a I;olyclonal antibody that reacts with the p18/20

subunit and precursor of caspase-8 (Santa Cruz Biotechnology) (panels B). Sirnilar results were

seen using A3.01 cell lysates. Of the two native isoforms, ﬂlé caspase-8/a (53 kDa) band

predominated over that of caspase-8/b (51 kDa) in all lysates but was not upregulated in any

of the lysates, perhaps reﬂecﬁng its constitutive expfession. In cells undergoing apoptosis via -

the Fas pathway, caspase-8 is activated by proteolytic cleavag_é into active 18 and 10 kDa

subunits. Immunoblot analysis of GLA-treated cells did not detect any mature caspase-8

subunits, On the other hand, 8E5 cells exposed to a-Fas demonistrated a small but djscemible/ N

increase in p18 caspase-8 cleavage subunit. It canbe concluded from the totality of foregoing .

observations that GLA does not act through the caspase—S pathway in its induction of .

~ apoptosis. This is with disregard to the modest reactivity of o-Fas-treated 8E5 cell lysates

_against oc-cle;wed caspase-8, which suggests that the antibody used may not be specific enough
to ideﬁtjfy the subunit of interest. However, using a monoclonal antibody (Cell Signéling, |
Beverly, MA) specifically directed against cleaved caspase-8 (10 kDa) small subunit confirmed |
the absence of caspase-8 cleavage in these samples (data not shown).
An altemative to Fés pathway is the mitochondrial or intrinsic route of apoptosis induction,
which is mediated via release of cytochrome C from the mitochondria and subsequent

~ caspase-9 activation. Figure 13 (panel ©) shows results of immunoblot analysis of 8E5 lysates

| using mouse IgG a-cytochrome C (Upstate Biotechnology), which reacts with the 14-kDa

| protein of cytochrome C.T here was no difference émong control untreated, GLA-treated and
a-Fas-treated 8E5 cells with regafds to cytochrome C protein levels. In a separate expen'r‘/n‘ent,

| A3.01 cells were observed fo express minimal amounts of cytochrome-C under all conditions
(data not shown). However, lack of differential expression of cytochrome C between control
and treated samples does not conﬁrm lack of involvement of the intrinsic pathway in GLA-

+ induced apoptos1s This is because cytochrome C needs only to be translocated from the

mitochondria to the cytosol to initiate apoptosis.

The release of cytochrome C is preceded by collapse of the mitochondrial inner membrane

- potential (A'¥,). Thus, measurement of changes in A¥,, is commonly used to detect
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occurrence of apoptosis. An attempt was therefore made to measure changes in AY,, by
' means of a fluorometric assay. Due to technical obstacles, these experiments did not yield
condlusive results. | | | B
As described above (Introductlon) the cytochrome C released from rrutochondna dunng
' apopt051s\b1nds to Apaf-1 together with dATP. The complex so formed then recruits Caspase-
9 leading to its activation. Therefore, the expression of caspase—9'native protein and its cleaved
mature subunit in 8E5 cells were assayed using two antibodies, one specific for the full length
47 kDa protein and another that recognizes either the large active 37 kDa (with prodomain)
subunit or the 17 kDa subunit (without prodomain) (Cell Signaling Technology, Beverly, MA).
The intensity of caspase-9 immunoreactive bands of GLA- and a-Fas- treated samples a
obtained from two expenments were analyzed using TotalLab software (Phoretix) and found
to be three to four-fold higher than that of control (panel D, Fig. 13). Nonetheless, these
differences in immunoreactivity of clea\}ed caspase-9 among control untreated, GLA-treated
 or o-Fas-treated cells were not statistically s1gr11ﬁcant (p 0.51).
Due to the small difference of caspase-9 processmg observed it is not possrble toconclude

| from these results whether the difference was attributable to GLA. Eurther experimentation is

" necessary to confirm that GLA ae'rs via the cytochrome C/caspase-9 pathway. Although o-Fas
is known to act via the caspase-8 route, its slight increase of caspase-9 expression seen here |
could be explained by the ‘cross-talk’ between the two apoptosis pathways, which is mediated
via caspase-8-initiated truncation of the Bcl-2 homologue BID protein. Although BID is anti- ‘
apoptotic in certain cells, its truncated subunit is kriown to 51gnal the rrutochondnon to, tngger '
the intrinsic pathway of apoptosis through an unknown mechanism. However
mnunopredprtanon of cell lysates usmg a human specific monoclonal antibody only revealed
existence of the full-length protein (22 kDa) but not of the large fragment (15 kDa) orother
' cleavage products (panel E, Fig. 13) which are generated from caspase-8-induced proteolysis
of BID. Though indirect, this provides further evrdence implicating a lack of caspase-8
processmg in GLA-treated cells. .
Next, we looked at expression and activation of downstream or death effector caspases
(caspase -3 and | caspase-7) (Refer to Fig. 1). Caspase-3 is expressed in cells as an inactive 32-
 kDa (p32) precursor which is proteoly‘umlly cleaved to yleld two active effector subunits (p17

and p12) of apoptosis. Caspase-3 precursor is cleaved first to yield the P12 subunit and a p20
' o : T 54, '




peptide, which in tum generates the p17 unit. Exami_nation of caspase—3 expression was
performed using a rabbit ai-cleaved caspase-3 antibody (Cell Signaling Technology), which,
among other subunits, recognizes the 17-kDa subunit of caspase-3. Results of Westerjn blot
analysis of cell lysates from GLA-treated and oc—Fas—treated cultures using this antibody are

~ shown in figure 14 (panel A). The 20-kDa andlZ-kDa'subunits were domjnantm.GLA and-
a-Fas-treated 8E5 cells. A small hand of the native precursor, but none of the active p20 or
p12 cleavage products, was seen in control untreated cells. 8E5 cells pretreated with BD.fmk
expressed neither the full- length caspase-3 nor the p20 and p12 active forms although a small
band of around 17 kDa was seen instead (panel A, Fig. 14). A3.01 cells (control and GLA-
treated) expressed neither inactive caspase-3 nor its cleaved subunits (Data not shown). The
processing of caspase-3 was confirmed by control lysates of Jurkat cells treated with
cytochrome C and the permeabilizing detergent CHAPS, which expressed mostly the 12kDa -
cleavage product. Lysates from Jurkat cells treated with detergent alone did not show bands of

' caspase-3 fragments. Appearance of cleaved caspase-3 (p20) was evident in GLA-treated cells

- atsix hours post-incubation (Panel A, F1g 14). Activation of caspa.se -3 by GLA, similar to that

by a-Fas antibody, and its mhrbrtron by BD.fmk provrde further evidence that GLA acts via

the caspase pathway to induce apoptosis. - , . o -

Western blot analysis of lysates for caspase-7 processing using an o cleaved caspase—7 antrbody

(Cell Signaling Technology) revealed minor bands corresponding to the 21 kDa fragment only

in cells treated with a-Fas antibody but not those treated with GLA. A large band was visible

in positive control lysates of Jurkat cells treated with cytochrome C and CHAPS/ but not those '

treated with detergent alone (panel B, F1g 14). \

The main target of caspase-3 is poly (ADP ribose) polymerase (PARP) a 116kDa nuclear p (

protein mvolved in DNA repair predommantly in response to envrronmental stress. Cleavage

of PARP separates its amino-terminal DNA brndrng domain (24 kDa) from its carboxyl-

temnnal catalytic domain (89 kDa). We employed a rabbit polyclonal o-cleaved PARP

antrbody (Cell Srgnalrng Technology) to detect the large fragment of human PARP produced .
by caspase-3 cleavage. In agreement with our data showrng caspase -3 processing in response to

.‘ treatrnent of 8E5 ce]ls with GLA or a-Fas (CH-11) antibody, immunoblot analysis revealed
cleavage of PARP (panel C, Frg 14). Cleavage of PARP in GLA-treated cells was prevented by
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BD.fimk. Appearance of mature PARP after six hours of GLA incubation corresponded with
that of czépase—S. Coh;rol lysates were prepared from Jurkat cells treated with the proteasome
inhibitor etoposide and the detergent triton X-100, which showed a similar 89 kDa band as
GLA-treated and o-Fas antibody-treated cells. These obserQations ‘confirm the involvement of

~ both caspase-3 and the caspase pathWay in general in GLA-mediated cell death.
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GLA- and a-Fas antibody- mediated cleavage of effector molecules of the apoptosis cascade in
apoptotic 8E5 cells

| GLA + BD.fmk

< p21

a-Cleaved Caspase-3

Jurkat/ Etoposide/ TX-100
Trkat /Contmnl /TX-100

GLA,3h
GILA,6h
GLA,12h
o-Fas,6h

Control
GIA,2h
3 GLA + BD.fimk

=
»
8
R
3

a-Cleaved PARP

Figure 14: Western blot analysis of GLA- or a-Fas antibody- treated 8ES cells showing processing
of caspase-3 and PARP, and lack of caspase-7 cleavage. Cells were incubated with 15 ug/ml GLA for
2, 3,6 or 12 hours, or 50 uM BD.fmk for 4 hours followed by incubation with GLA for another 8
hours. Simultaneously, some of the cultures were exposed to 0.25-ug/ml a-Fas antibody for 6 or 12
hours. At the end of the incubation, cells were harvested and lysed as described previously. 20 pg of
total protein from each sample was electrophoresed and subjected to immunoprecipitation with o-

cleaved caspase-3, a-cleaved caspase-7 or a-cleaved PARP (all from Cell Signaling Technology) along
with controls made up of Jurkat cell lysates from cultures treated with either 0.25 mg/ml cytochrome

C antibody or 25 uM etoposide as illustrated. The main immunoreactive bands are indicated with
arows. :
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Effect of GLA on primary CD4" T cells acutely infected thh clinical and
Iaboratory-adapted isolates of HIV-1

We have demonstrated differential induction of apoptosis by GLA in the chronically and
productwely HIV-infected 8E5 cell line in comparison to its parental uninfected A3.01 cell
line. We have also identified the potential pathway of-apoptosis by which GLA cytotoxicity is

, | mediated and pointed to possible involvement of oxidative stress as the main predxsposmg

factor. Finally, in the next set of experiments we examined whether the observed GLA
cytotoxicity profile in the A3.01/8E5 # uitro model of HIV infection could be extended to
primary CD4" T cells acutely Meéted with two clinical and three labomtory?a.daptediisolatcs_ of
HIV-1. The toxicity of GLA in acutely infected donor cells was co'mpaied to that in uninfected
HIV-seronégative donor cells.- :

“Figure 15 shows results of a typical acute infection experiment. CD8*-depleted mononuclear
cells from a single donor were either mock infected or infécted with clinical isolates HIV-1,
or HIV4171;, or laboratory-adapted isolates HiV-le or HI.\>7—1RF (panel A). With results (not

- shown here) from previous expenments as a guide, we picked a MOI of 0.001 in order to

achieve productive infection while minimizing virally induced cytotoxiéity. Infected cells were
grown for 11 days, at which point culture supematants were drawn for HIV-1 p24 antigen
ELISA, conﬁtming that cells were productively infected. Cells were thenexposed to GLA at
concentrations shown and incubated for a further three days before assay of proliferation was
carried out using WST-1 reagent. There was no difference in 1C,, of GLA in rnock—infécted
cultures compared to that 1r1 HIV-infected cultures infected with any of the four viral isolates.
This lack of differential susceptibility to GLA-induced cytotoxicity was not altered by infecting
CD4" cells (from the same donor) with HIV—1'RF at a lower MOI (0.0005) and culturing cells
for 18 days prior to GLA exposure (panel B), even though cells were confirmed to be
productively infected by HIV-1 p24 antigen ELISA. |
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Cytotoxicity of GLA in primary donor CD4" T cells acutely infected with HIV-1,,, HIV-1,,,,
HIV-1,,4; 0r HIV 1, isolates o ‘
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Figure 15: Mononuclear cells were isolated from HIV-1 seronegative donor blood by Ficoll gradient

. separation and enriched for CD4+ T cells by CD8 T-cell depletion using immunomagnetic beads as
described under Materials and Methods. Cells were stimulated with PHA for at least 72 hours and .
then were either mock-infected or infected with clinical HIV-1 isolates 657 or 714 from NIH, a-HIV
full-length infectious clone (HIV-1n143) or laboratory-adapted isolate HIV-1xr, at a mulmphcuy of

" 0.001 (panel A), or HIV-1 isolate at a multiplicity of 0.0004 (B). Infected and mock-infected cells
were grown for 11 days (A) or 18 days (B) and then transferred to GLA—supplemented media and
incubated for a further three days on 96-well culture plates. Viability was subsequently determined
using the WST-1 method as described earlier. Each point on the graph represents four independent
measurements from the same experiment.

However, ina separate experifnent in which cells were infected with the lébomtory isolate
HTLV-IIIB, GLA was shown to be five times more cytotoxic in infected cells than mock-
infected cells (panel A, Fig. 16). Cells were infected with 0,001 infectious units (TCID;,) per
cell following 72 hours of PHA stimulation, grown for seven days as usual, with a cultufe split
on day 3, and then exposed to GLA for three days. The GLA IC;, values in mock infected and
HTLV—IIIB—'mfeCted‘oe]ls were 51.68 + 5.45 and 10.18 + 0.04, respectively. It appeared from

. these results that susceptibility to GLA-induced cytotof(icity in acute HIV infection #2110
models might depend, not only on the viral isolate used, but also on individual donor of CD4"
cells. We addressed the latter question by carrying out a cytotoxicity assay in PBMC obtained

from four different HIV—serbnegatjve donors. We observed marked variations in GLA-
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induced cytotoxicity against cells from different donors as is shown in panel B of figure 16.
CD4" cells from donor #2 & #3 were resistant to GLA-induced killing, showing proliferation
of over 100% at 30 pug/ml GLA. Cells obtained from peripheral blood of donor #1 showed
intermediate response to GLA, with approximately 65% cell proliferation at 30 pg/ml GLA
compared to the untreated control. Cells from donor #4 exhibited the most susceptibility to
GLA-induced cytotoxicity, with 0% cell proliferation at the highest concentration of GLA.

Cytotoxicity of GLA in donor CD4" T cells acutely infected with the HIV-1,,, isolate
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Figure 16: Mononuclear cells were isolated from HIV-1 seronegative donor blood by Ficoll
gradient separation and enriched for CD4+ T cells by CD8 T-cell depletion using
immunomagnetic beads as described under Materials and Methods. Cells were stimulated with
PHA for at least 72 hours and then were either mock infected or infected with HIV-1yrivie at
a multiplicity of infection of 0.001 (panel A), grown for 11 days, transferred to GLA-
supplemented media and incubated for a further three days on 96-well culture plates. Similarly,
cells obtained from HIV-seronegative donors were stimulated with PHA, cultured for seven
days and then exposed to GLA for a further 3 days (panel B). Viability in both cases was
subsequently determined using the WST-1 method as described earlier. Each point on the
graph represents four independent measurements from the same experiment.



GLA cytotox1c1ty against CD4" T cells isolated from HAART treated AIDS patlents
is negattvely correlated with patlents’ v1ral load

J

Compared tQ acute infection of donor T oell_s, CD4" T cells isolated from HIV-infected

: patjeﬁts might provide a better model for studying GLA activity in primary mononuclear cells/ -

T cells isolated from whole blood of AIDS patients are presumably more representatwe of n
o populatlons with regards to oxidative stress as well as proportion of cells that are -
chronically infected. This is likely best represented in HAART-treated patients who may have
fewer newly infected cells than quiescently ahd chronicaﬂy infected ones. We therefore sought
to establishnwhether the Virallload mezisurements of HAART-treated patients correlated td
GLA-induced cytotoxicity of CD4"cells isolated fromi these individuéls. We obtained CD4*
cells from blood of 12 AIDS patients ranging in viral load from <50 to >30,000 HIV-1

- mRNA copies/ ml and subjected them to éytotoxicity assay.as described in detail under

Materials and Methods. Samples were subjectively divided into two categories comprising of
low’ (<2000 HIV-1 mRNA copies/mb) or ‘high’ (>2000 HIV-1 mRNA copies/ml) viral load.

CD4" cells were isolated and grown in medium supplemented with 50 U/ml IL-2. of the nine
samples in the ‘low’ viral load category, three were exposed to GLA without undergoing PHA

stimulation and the rest were sﬁ'mulated using very low PHA (0.1 pg/mD concentration to
prevent rmtogen -induced Cytot0X1c1ty Notw1thstand1ng PHA stimulation, no attempt was

‘made to induce any of the cultures to produoe HIV-1 anUgen Wthh would have required

longer incubation. Cells were grown for three days and then transferred to GLA-supplemented

 growth media. Cell proliferation was measured using WST-1 assay and the results used to
- determine GLA IC,, by means‘o_f Boltzman sigmoidal fit of the data. Results of the -

cytotoxicity assay are summarized in figure 17, and IC,, values are shown in table 2 as are
corresponding patient viral load measurements and CD4" cell count. The relationship between

- GLA- cytotoxicity to viral load-and CD4 cell count was deduced usiﬁg correlation analysis. This

analysis revealed that GLA cytotoxicity was negatively correlated to patient viral load ‘
(correlation coefficient = -0.55), meaning cells from high viral load patients had a tendency

towards increased sensitivity to GLA-induced toxicity. Conversely, a positive but weaker

correlation (correlation coefficient = 0.32) was observed with regards to CD4 cell count,
indicating that cells obtained from individuals with high CD4 cell counts were slightly less
sensitive to GLA-induced cytotoxicity. ’
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Cell Viability (%)

Cytotoxicity of GLA in primary CD4" T cells isolated from HAART-treated HIV™ patients
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Figure 17: Mononudlear cells were isolated from peripheral blood of normal HIV seronegative donor or HIV*

- patients by Ficoll density gradient centrifugation and enriched for CD4+ cells by CD8* cell depletion using

immunomagnetic beads. Isolated cells were left unstimulated (A) or stimulated in growth media supplemented
with 1 ng/ml PHA overnight. Cells were then transferred to IL-2 (50 U/ml) media and cultured for at least three
days. After this period, cells were aliquoted to wells of a 96-well microculture plate and grown in media
supplemented with GLA for 72 hours. Proliferation of cells was determined by incubating cells with the WST-1
as described in Materials and Methods. The results represent four measurements from one experiment. [ND =
Normal (HIV-negative) Donor]
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-HIV-disease clinical characteristics of patient CD4" T cell donors and their correlation to GLA

Patient # Viral Load (HIV-1 CD4 Cell GLAIC,,
: mRNA Count’  (pg/mD
copies/ml) (per 1D
1 64 1400 209+03
2 154 . 1174 '17.3+04
3 <50 761 213402 -
4 1207 745 238+02.
5 <50 - 832 261405
6 346 586 125102
7 108 759  239+03
8 1106 575 21.7+04
9 <50 1118 218402
10 36554 -~ 235 151402
11 17225 558 168+ 0.1
12 : 2314 855 149+ 0.1
Correlation 054898 0320752 '
Coefficient v GLA - » ' ’
IC,:

Table 2: The proliferation data (optical density) from figure 17 were plotted against GLA
concentration to generate dose response curves, which were then used to estimate the 50%
inhibitory concentration (ICs) for each sample by means of Boltzman sigmoidal fit in Origin™
software. Subsequently, correlation coefficients were calculated between GLA ICsp and
logarithmic viral load values using MS Excel.
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. Chapter 4 '.

DISCUSSION

The introduction of HAART regimens for treatment of AIDS has made it poséible to suppress
~ plasma viremia to undetectable levels (<50 copies of HIV mRNA/mbD /56, 58/. This advance
in anti-HIV mérapy has reduced morbidity and.mortality rates among AIDS patients
 significantly. However, complete eradication of HIV has pro{leﬁ unworkable partly because of
the existence of stable viral reservoirs that persist despite HAART /21, 43, 58, 95, 128]. The -

* anatomic location and, mechanism of establishf_nent of the HIV reservoir have yet to be fully
resolved but a number of anatomical and cellular sanctuaries have been proposed, and in some
cases demonstrated. Anatomical sites include the central nervous system, _lyrnphoid tissue of
the gastrointestinal tract and genital tract. The main cellular compartments include tissue
macrophages and latently infected resting CD4" T cells, as well as chronically virus-producing
activated CD4" T cells (wnh undetectable viral replication) and follicular dendritic cells
- [Revieuadin 113]." A pool of latently infected, long-lived tissue macrophages may be maintained
by in situ low level viral neplicatioh, incoming monocytes infected in peripheral blood and/ or |
Jlatently infected CD34" hematopoietic stem cells in bone marrow [73/. However, most
 attention has been paid to resting CD4" T cells latently infected with yreplicatioﬁ—competerit
virus. This compartment was the ﬁrst to. be described as a reservoir of HIV in HAART-treated
patients /21, 43, 125], and initiation of HAART even as early as 10 days after the onset.of ‘
primary"HIV infection did not prevent its establishment /22/ 2] thus casting doubt on early
institution of HAART as a means to wade off HIV pérsistenéc. Subsequently, genomic
analysis of rebouﬁdirlg virus after cessation of HAART has suggested that other as—yet--
undefined compartments are probably more important sources of re-emerging virus /24, 55].
* What is indisputable, however, is the need to target HIV réservoirs if eradication of HIV-1 in
infected individuals is.to .be attempted. To achieve this goél, the use of IL-2, TNF-q, IL-6, a-
CD3 antibody and therapeutic HIVispeciﬁc \./éccines to induce the activation of HIV from
latently infected, resting CD4" T cells has been researched wuh mixed success /23, 47/.
Increasing attentlon is being focused on therapeuttc strategies of selectively killing cells in
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which the virus replicates and/or hides. Prominent among compounds.' that have been
evaluated with some in vivo success in this regard are hydroxyurea (HU) [49, 79 and
mycophenolic acid (MPA) [19]. HU works by depletlng pools of deoxyribonucleoside
triphosphates (ANTP) while MPA depletes pools of guanosine, in addition to direct antiviral

| activity by both compounds. As such, these two compounds do not selectively target HIV-

infected cells so much as they inhibit proliferation of all activated T lymphocytes. We have
carried out in vitro évaluaﬁon of the PUfA, GLA, that targets HIV-infected cells more .
specifically than can be achieved with non-specific immunosuppressants. In the past, GLA has
been investigated extensively for its selective cytotoxicity in different malignant cells. A

" numbser of studies have examined Whether GLA induces such selective thotbxicity in cells

infected with viruses, including HIV.
Several mechanisms of action have been proposed to account for GLA-associated cytotox1c1ty
in both malignant and virally infected cells. Chief among these is increased oxidative stress in

susceptible cells treated with GLA. We have presented data demonstmtmg that compared to

the parental uninfected A3.01 cell line, GLA selectively kills the chronically and productively
HIV-infected 8E5 cell line at a median concentration that'is at least three-fold lower in 8E5
cells. Treatment of 8E5 cells with GLA was also associated with an increase in the
concentration of MDA and 4-HNE, free radical products of oxidative metabolism which are
indicative of increased oxidative stress. Such a GLA-induced mcreése in oxidative stress was
neither observed in control untreated SE5 cells nor the parental uninfected cell line A3.01.
This implicates an inability by 8E5 cells to detoxify products of lipid peroxidation. -

. Furthermore, GLA-induced inhibition of 8E5 cell proliferation was ameliorated by

preiﬁcubating cells with _2-ME and to a lesser degree ebselen, providing more evidence that a
redox imbalance in 8E5 cells predisposes them to GLA killing, The biological actions of 2-ME

* that might e)q)lam its antioxidant effects include enhancement of uptake of the amino acid

cysteine, which in turn increases intracellular levels of GSH, and the induction of cells to
release thiols into the extracellular milieu [90). Unlike B—lymphocytes, human T lymphocytes
do not require supplementation with 2-ME to prevent oxidation of intracellular SH-groups in.

 culture. waever, specific oxidation of SH-groups in human T cells results in apoptotic cell
‘death via a thioredoxin, not GSH, dependent mechanism /711/.-HIV infection is associated

with systemic and intracellular deficiency of selenium, GSH, GPx and oxidized GSH disulfide
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| (GSSG)-reductase 92 117 118]. GSH 1s one of the ubiquitous nucleophiles and reducing

agents in eukaryotic cells. Therefore, increased uptake of cysteine, resulting from 2-ME

~ supplementation, would protect 8E5 cells against GLA-induced cytotoxicity. However, there is
one report suggesting that 8E5 cells are deficient in GPx but express normal levels of
) glutathione /709/. Since the majenty of reports demonstrate GSH deficiency in HIV-infected
- cells, it is possible the authors underestimated GSH deﬁciency in 8E5 cells. Alternatively,

because the authors measured GPx enzymatic activity rather than its concentration, it is

possible that a defect in the enzyme causes requirement of higher than usual intracellular GSH
concentiation; for optimal peroxidase activity. Moreover, the existence of highly .conserve‘d
open reading fiaine sequences in the HIV-1enw gp41 region coding fora homologue of cellular
GPx [122] might have bearing on 2-ME protective effect if it tums out that the putative viral
peroxidase cdmpetitively antagonizes the cellular homologue. Finally, because 2-ME Was more
effective than Ebselen at inhibiting GLA-induced cytotoxicity, conceivably GSH impairment
in 8E5 cells is more important than that of GPx as a determinant of susceptibility. Though

: indirect, this also provides further evidence in support of possible GSH deﬁciency in 8E5 cells.
- The thiol-containing antioxidant NAC is a commonly used inhibitor of T lymphocyte

apoptosis, which is believed to undergo intiace]lillar deacetylation and piovide cysteine for -

GSH biosynthesis. NAC has been investigated extensively for potential application in the

treatment of HIV infection largely based on its antioxidant properties, but also because it

 might possess direct anti-HIV-1 activity /17, 68, 101, 102]. Considering its antioxidant -

mechanism of action, NAC would be expected to provide a protective effect against GLA-
induced cytotoxicity similar ‘to that of 2-ME. However, NAC‘Was less effective at protecting
8E5 cells from GLA-induced killing This is possibly because; unlike 2-ME, NAC does not
increase uptake of cysteine but rather undergoes inﬁrace]lula_r deacetylation to yield cysteine,
which can then be used for GSH biosynthesis. Such a mechanism of action might net be
sufficient to overcome thiol antioxidant deficiencies that exist in 8E5 cells. In addition, the-
actual mechanism of NAC antioxidant activity is still controversial. Contrary to expectations, |
in one study the anti-apoptosis effects of NAC in the murine T-cell hybridoma DO-11.10 did
not correlate with levels of GSH or GSSG [67]. | ‘

Another major intracellular free radical scavenger tnat we evaluated in an attempt to block

GLA-induced cytotoxicity was a-tocopherol or vitamin E. In our hands, supplementation with
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vitamin E did not protect 8E5 cells against GLA-induced Cytotoxicity. This is in contrast to
reports shdwing sUcceésful inhibition of GLA cytotoxicity by vitamin E in other cell types. We
suspect this differeﬁ_ce relates to the mechanism of action of vitamin E as a free radical
scavenger. Although vitamin E is a r;lajor mtxﬁceﬂpﬂar pero'xyl; radical scaveﬁger, it depends on
other antioxidants; GSH, ascerbic acid Iand reducedwubiquir-lone (coenzyme Q), to reduce
* oxidized vitamin E* (tocopheroxyl raicaD) back to the antioxidant form (vitamin E) [16]. The
chemical and enzymatic pathways for regeneratlon of vitamin E by the three antioxidants as
observed in human platelet homogenate are illustrated in ﬁgure 18. In thJs model, vitamin E
- regeneration from vitamin E* depends on the presence of GSH and ascorbic acid. The
oxidized form of glutathione, GSSG, is recycled to GSH by glutathione reductase enzyme and
| NADPH, as well as by reduction of dehydroascorbic acid to ascorbic acid in the presence of
glutaredoxin /16/. GSH deficiency, as is known to occur in HIV-infected cells, would impair
~ both the reduction of lipid free radicals by GPx as well as regeneration of reduced vitamin E.
Since there is also evidence for vitamin C deficiency in HIV-infected cells, this and GSH
deficiency could sufﬁc1er1t1y explain the failure of vitamin E to prevent GLA-induced
 cytotoxicity in 8E5 cells _ ‘ -
SOD, a family of enzymes that convert the superoxide anion, O,”, to H,O, was also not
effecuve against GLA-induced CYtOtoXicity. Again, this is explainable by lack of catalase
enzyme in 8ES cells. Catalase is responsible for converting H O to water. Although H, O is

not as potent an oxidant as O, nevertheless it is toxic enough to induce severe cytotoxicity in

susceptible cells.
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Figure 18: Interaction of ant1Odeants Pathways for the oxidation and regeneration of
' vitamin E according to Chan et al [__]

If GLA induces cytotoxicity via generation of lipid hydroperoxides, then examination of its
metabolic transformation might shed light on the biochemical mechanism of this cytotoxicity. B
Imrnediately after dietary intake, GLA is converted to dihommo-gamma linolenic acid
(DGLA), whjch‘then undergoes desaturation and elongation to aradﬁdonic acid. Arachidonic
acid is in turn ox1d12;ed via the hpoxygenase (LOX) and/or cyclooxygenase (COX) pathways to
. yield any number of prostaglandms thromboxanes leukotrienes, HETEs and lipoxins. In the
| course of this transformation, dioxygenation of arachidonic acid by one of the four members
of the LOX family of enzymes (5-, 8-, 12- or 15-LOX)- can result in the formation of active
hydroxyperoxyeicosatetraenoic acids G-, 8;, 12- or 15-HPETE). Because HPETESs have been
shown previously to induce apoptosis in 8E5 cells [109/, we reasoned that inhibition of LOX
in GLA-treated cells could potentially prevent GLA cytotoxicity. To this end, we used NDGA,
a naturally occurring broad-spectrum LOX inhibiting lignan present in the evergreen shrub
Larreadiarita, Low micro-molar concentrations of NDGA resulted in modest inhibition of
GLA. However, at }ﬁgiler concentrations NDGA potentiated rather than atténuated GLA- .
induced cytotoxicity. In the absence of GLA, low to moderate concentrations of NDGA were
generally stimulatory of 8ES cell proliferation. Previous tests of NDGA in humaﬁ leukocytes |
and platelets showed that it inhibited 5-, 12- and 15-LOX with IC,, values of 0.2, 30 and 30
UM /61, 107]. On the basis of this background, our data seem to suggest that it is the 5-LOX
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isoform that medlates in GLA-induced cytotoxicity. Although 15-LOX and not 5-LOX was
originally believed to be the main LOX 1soform in T lymphocytes /89, based on
demonstration of 5-LOX activating protein (FLAP) expressmn leukotriene A, hydrolase
activity and response to 5-LOX-speific inhibitory response in monocyte-free environment,
strong evidence is emerging that T lymﬁhocytes express thlS isoform. Therefore, NDGA
inhibition data from this study probably reflect the complex1ty of both NDGA actions and the
role of LOX enzymes in cellular biochemistry [30). LOX metabolites are capable of either _
stimulatory or suppressive effects depending on cell type and other factors-/94/. The actions of .
NDGA and LOX inhibitors in generél are equally complex. Although NDGA is a widely used
'LOX inhibitor, it also inhibits several T lymphocyte functions, including mitogen induced
breakdown of inositol lipids, rise in cytosolic free Ca?* and IL-2 production /94]. Moreover,
structurally unrelated inhibitors of LOX, including NDGA, esculetin, AAS61 and 5,8,11,14-
eicosatetraynoic acid (ETYA), were shown to suppress mitogen-induced prolifefation of -
"PMBC by counteracting pfotein kinase C mediated events (94/. The optimél inhibitory
Concehtration in this case was in the range of 16-33 uM for all compounds, and NDGA |
inhibited PKC-mediated proliferﬁtive respoﬁse by 25-30% at 4 pM. It is noteworthy that GLA
and its metabolite, DGLA, also suppress total PKC activity in human lymphocytes in response
to PMA stimulation [104]. Although it is not clear whether similar inhibition would occur in
established ‘cell lines, mutual potentiation between GLA and NDGA is possible with regards
to inhibitioh of PKC and T cell prohfefation. Other actions of ND GA that are unrelated to its
‘effect on LOX enzyme include inhibition of COX, phospholipase A, and cytochrome P-450,
but these have not been demonstrated in lymphocytic cells [25], NDGA was also
demonstrated to trigger rapid lipid peroxidation in rat W256 monocytoid carcinosarcoma cells
leading to depletion of cytosolic and mitochondrial GSH pools and indﬁction of apoptosis [3,
120 The authors stated that the LOX-unrelated effects of NDGA are generally elicited at >20

o .uM [120]. Therefore, lack of clear-cut inhibition of GLA-related cytotoxicity by ND GA is not

~ conclusive evidence that LOX does not mediate GLA effects in 8E5 cells. Further
expex%'mentation is necessary to dissect the role of LOX enzymes in GLA-induced cytotoxicity.
Although there was no prior evidence implicating COX pathway participation in GLA-induced
cytotoxicity, it is pertinent that products of COX metabolism, notably E-seties prostaglandins, -

have been shown to suppress proliferation of IL—Z—dependent human T lymphocyte [110). h
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Therefore, we examined the possible involvement of COX metabolic products in GLA-
lnduoed cytotoxicity using the COX inhibitor ibuprofen. Inhibition of COX with ibnprofen
protected 8E5 cells against GLA- mduoed cytotoxicity at low to intermediate concentrations of -
the inhibitor, but caused greater cytotox1c1ty at higher doses than was seen in cultures treated
with either GLA or 1buprofen alone. Metabolism of GLA via the COX pathway may therefore
play a role in GLA cytotoxicity. In a study of DGLA, AA and eicosapentaenoic acid (EPA),
~ three' metabolites of GLA, authors concluded that inhibition of IL—2—dependent T cell growth
was independent of COX metabolism /82, M] However, this determination was based on -
absence of prostaglandin production as a result of fatty acid treatment, and also lack of
inhibition of cytotoxicity by COX antagonist indomethacin. Moreover, these observations
inVolv_ed high concentrations It'is not clear which Apathv_vay, LOX or COX, is more important
' in this regard. It is also noteworthy that conversion of arachidonic acid by COX generates
reactive oxygen intermediates that-are reduced to-upstream prostaglandins in a reaction
involving a GSH-dependent peroxidase (PG hydroperoxidase) /89). It is conceivable that
~ deficiency of GSH in 8E5 cells might render them preferentially Suscepﬁble to toxicity induced
by reactive lipid _hydroperoxides generated dunng COX as well as LOX metabolism of PUFA.
Oxidized lipid products as rmght be generated via the LOX or COX metabolic pathways play a
crucial role in cell homeostasis, stimulating cell prohferaﬂon or tnggenng cellular cascades that
"~ may lead to apoptosrs 31, 78 23]
'Having demonstrated that GLA induced selective cytotoxicity in 8E5 cells with possible
) involvement of oxidative metabolic pathways, we next examined treated cells to determine. the
mechanism of cell death. Potential involvement of specific metabolic patllwa}rs would suggest
that apoptosie rather than necrosis was the predominant mode of death in GLA treated cells. -
' Thisis because, unlike necrosis, apoptosis is a genetically controlled and physiologi_czlly
regulated process of cell death with charactenSﬁc rnorpholog_ic and biochemical features. We
examined apoptosis by two different methods and found that the cytotoxicity of GLA in 8E5 =
cells was associated with externalization of phosphatidylserine and increased DNA
fragmentation, suggesting induction of apoptosis. The occurrence of apoptosis in HIV-
| infected cells, both in vivo and in vitro, is a subject of extensive investigation, with still many
outstanding issues. Apoptosis is often cited as one of the phenomena leading to CD4" T cell
. depletion in HIV infected cells. There are likely rnultiple pathways of apoptosis stimulated by
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HIV infection. Apoptosis has been demonstrated to be triggered by gp120 and gp41 expressed
on the surface of infected cells, which interact with CD4 receptors on the surface of

= | neighboring infected cells / %4, 74, 123]. In addition, chronic stimulation of the immune

system in HIV infection has been shown to déregulate Bdl-2, Fas and eytokine expression
thus making T cells highly prone to spontaneous apoptosis in vitro /53, 54/.  From these data,
it would appear that prevention of apoptosis in HIV-infected cells has potential to curtail

~ progression of HIV disease. However, although activation-dependent.apoptosis of patient
CD4" cells contributes to T helper cell depletion, the méjoﬁty of dying cells in lymph nodes
are bystander cells not producing HIV RNA /42/. Depletion of CD4" cells in peripheral blood

is likely the result of these cells homing to lymph nodes from the periphery due to HIV-
induced upregulation of the adhesion molecule L-selectin /26]. Furthermore, it has been
proposed that a small population of latently HIV—l—infected long-lived cells may be

‘ responsible for most of the ‘bystander’ apoptosis by producing protease-defective , gp-120-

containing (L.2) particles that stimulate the CD4*/CD38™ subset of T cells to increase their

- surface expression of CD25 and become highly effective killers /62/. Regardless of the -

meehari;sm of ‘bysta{nder’,épOptosis, the majority of the evidence implicates the infeted cell as
fhe mediator of the apoptosis and immune depletion. Tﬁerefore, agents which selectively
induce apoptosis in HIV infected cells should prove beneficial, particularly in combination
with HAART thefapy. [5], This is critical especially since there is increasing evidence that HIV
establishes long-lived reservoirs of infected cells partly by manipulating the apoptotic
machinery in its favor 18 28 50, 8_7, 103] and the recent evidence that these reservoirs are
resistant to HAART themby . A logical approach would constitute promoting apoptosis in
infected cells while protecting ‘bystander’ cells. Compounds like GLA which pro_mote .
apoptosis of chronically HIV-infected cells have the potential to limit HIV cytopathicity if
used in combination with HAART. |

In order to determine the potential pathways of apoptosis induction by GLA, we performed
RPA and Westermn blot screening of untreated and drug treated cells for expression of
apoptosis-related genes and proteins, including death receptors, caspases, granzyrnes and Bcl 2
family of proteins. We did not observe substantial differences in mRNA expression of any
caspase, granzyme or Bl-2-type mRNAs between untreated and GLA treated cells of eithef "‘
A3.01 or 8E5 cell line: In contrast to A3.01 Ceﬂé, however, control 8E5 cells did not express
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FADD mRNA. Subsequent to GLA treatment of 8ES cells, mRNA eﬁqaréésion of th15 death
domain was increased substantially. Although this might have suggested involvement of the
CDY5/Fas or extrinsic pathway of apoptosis in GLA-induced death of 8E5 cIeIIS, we could not
detect differential expression of FADD protein in untreated and GLA-treated 8E5 cells by |
immunoprecipitation. Thé difference between A3.01 and 8ES5 cells with respect to FADD
mRNA expression is an interesting observation although we did not pursuev it further for the
purpose of this thesis. For one, it could represent a means for HIV to protect 8E5 cells agaﬁlst
viral cytotdxicity. As further evidence for possible lack of involvement of the extrinsic pathway
of apoptosis in GLA-mediated killing of 8E5 cells, imrnunopfecipitation did not dernonstrﬁte
differential expression or processing of caspase-8 or caspase-10. On the other hand, although
“we observed neither GLA-related modification of TRAIL mRNA nor that of expression of
cytochrome C in 8E5 cells, we observed a small but discemnible increase in expression of the
large active subunit of caspase-9. This suggests that GLA-induced apoptosis might be
mediated via the intrinsic éé&@ay although further e}q)eﬂmentation is.necessary to confirm -
this possibility. Especially since a similar increase in céspase—9 cleavage product was seen in
8E5 cells treated with the o-Fas ahtibody, Wthh is known to cause apoptosis via the extrinsic
pathway. Also, a-Fas antibbdy caused a demonstrable increase in expression of FADD protein-
~and caspase-8 18 kDa subunit, Therefore, caspase-9 maturation seen in o-Fas treated cells
could be explained by ‘cross-talk’ betweeh intrinsic and extrinsic pathways of apoptosis,
possibly mediated by the Bl-2 family member Bid. However, Westem blot analysis did not
reveal processing of Bid to its active form in either GLA or a-Fas treated 8E5 cells, thus
~ casting doubt on ‘cross-talk’ as an explanation for the slight increase 1n caspase-9 |
irnmunéreaétivity. Since much is still unknown about the communication of the two apoptosis
pathways, it could be possible that another as-yet-undetermined Bd-2 homologues playsa
similar.role to that of Bid. It is also possible that the antibodies used to screen for either |
cleaved caspase-8 or caspase-9, or both, were not sensitive enough to detect these proteins.
Alternative approaches to confirm involvement of the intrinsic apoptosis pathway in GLA- |
induced cytotoxicity would include aSsaying mitochondrial membrane versus cytosolic
cytochrome C rather than to@ cellular protein, measuring changes in mitochondrial
membrane potential (A‘I’m) and assaying for change in ATP production. Nonetheless,

participation of caspases in GLA-mediated toxicity was proved by successful inhibition of
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GLA-induced apoptOsis in 8E5 cells by méans of the broad—spectnlfn-caspase inhibitor
BD.fmk, and demonstration of cleavage of effector caspase-3. GLA-induced cleévage of
caspase-3 led to processing of the nuclear protein PARP, which is involvéd in DNA repair
resulting from stress-related stimuli. | |
In order to selectlvely target HIV-infected cells, which may be producing httle or no viral
proteins, for killing, it is necessary to 1dent1fy biochemical markers that distinguish infected
from uninfected cells.The 8E5 cell line provides a model in which to evaluate compounds such
as GLA because of its résistancg to HIV-induced programmed death. However, since cach
8E5 cell contains an mtegrated copy of HIV genome, it is not possible, using this model, to
compafe the effect of -GLA against infected and uninfected cells within one pdp\ﬂaﬁbn. We
addressed this methodological shortcoming using two approaches. The first was to compare
the effecfs of GLA in 8E5 cells relative fo the uninfected parental cell line, A3.01, as discussed
above. We had also determined oﬁ the basis !;)f mean fluorescence intensity data, that
approximately 80% of 8E5 cells consistently"st'amed bright for intracellular HIV core antigen.
We interpreted this to mean that a proportion of cells expressed fewer molecules of the viral
antigen at any given time. The second apbroach, therefore, was to carry out bivariate ﬂo§v
cytometric analysis of SES cells and examine the apoptotic status of cells stéjning bright for ;,
mtmcellular HIV core antigen as opposed to those staining dim. GLA;treated cultures had a
higher proportion of cells with low mean fluorescence for HIV-1 core éqﬁgen compared to
| control untreated cells. It appeared, therefore, that cells with low copy number of HIV core -
antigen molecules (dim) were less susceptible to GLA—mduced apoptos1s than those stammg
bnghtly However, it was not possible to determine the lower limnit for HIV core antigen -
positivity in this assay . Regardless , eventually all cells became apoptonc suggestmg that there
was no absolute association between apoptosis induction and viral antigen expression and that
.' other viral induced cellular factors are likely involved. Tl_leoreuaﬂly, quiescently, chronically
HI‘V infected cell lines, e.g. U1 or OM-10.1, that produce viral antigen bnly upbn stirnulatioﬁ
- with mitogens or cytokmes would be better in vitro models for studying GLA-induced
selective cytotox1c1ty But in many cases induction of HIV in these cells results in some level of .

apoptosis mducnons thereby confounding any potentlal observations on cytotox1c1ty
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GLA induction of programmed death in 8ES cells was also accompanied by arrest of cells in
G,/ G, phase of the cell cycle. This is consistent with other studies which demonstrate GLA
inhibition of cell division and cell cycle arrest (33, 34, 114] |
Next, we extendéd the model tb HIV infected cells in vivo by showing GLA-associated
differential cytotoxicity in primary CD4" cells isolated from HAART-treated AIDS patients
when compared to ut_n'hfected HIV-seronegative donor cells. The GLA-induced cytotoxicity
_ correlated positively with increasing viral load in these HAART treated patients, in agreement
with the 8E5 model in that infected cells were more seﬁsitive to GLA treatment than |
uninfected controls. These observations strengthen the relevance of the 8E5 model to the
situation #vi0. On the other hand,éfgnﬁnadon of GLA-induced cytotoxicity in primary -
mononuclear cells, either uninfected or infected denaowith laborétofy or clinical HIV isolates,
revealed selectivity in cells infected with one of the isolates, HIV-1 IIIB, but not in five others.
Possible reasons for lack of clearly selective induction of cytotoxicity in the aéute HIV—
infection model include the probability that acutdy infected T cells are at a relatively lower
stéte of oxidative stress than chronically infected ones. Although this is testable by keeping |
HIV-infected cells in culture long enough to precipitate oxidative stress, such cultures lose |
viability within two to three weeks, thus making it difficult to establish a reproducible model.
Secondly, viral isolates may engender differing degrees of oxidative{ stress depending on
susceptibility of the cells to infection, cytopathicity of the isolate or 6ther factors. Therefore,
experimentation beyond the scope of this thesis appears necessary to reveal factors behind this
variability and to deVelop a reproducible model to determine the effects, if any, of GLA in
acute HIV infection #2 vitro and # vizo. Moreover, it appears likely that the extent of
cytotoxicity in acuter HIV-infected primary CD4" T cells will vary according to donor. This is
| likely due to presence of cellular factors that may determine increased susceptibility tol GLA
afnong some individuals. It may also be a reﬂéction of different levels of oxidative stress
~+ among donors. -
In summary; previous work by ourselves and others have shown that GLA is cytotoxic to
HIV-infected cells compared to the uninfected counterparts in T cell line models of -
productive infection. This study extends that work by demonstrating that several mechanisms
contribute to GLA-induced cytopathicity. Not only does oxidative stress contribute to |
cytopathicity but apoptosis also plays a significant fole and may be a consequence of GLA-
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induced increase in oxidative stress. We demonstrated differential FADD gene expression
between untreated and GLA-treated cells and specific cleavage of caspase-3 and PARP in 8E5
cells undergomg GLA-induced apoptosis. In addition, we showed a trend towards mcreased

| sensitivity to GLA-induced cytopathlaty in PBMCs isolated from HAART treated AIDS
patients as compared to PBMCs from HIV—negaUVe donors.” These data are of interest in hght
~ of recent studies showing rebound of HIV upon withdrawal of HAART therapy and provide a
basis for further evaluation of combination therapies i:hat includé cytotoxic compounds such
as GLA. The selectivity of GLA for HIV-infected cells and its relatively low toxicity to normal
cells could provide a means to target long-lived, producnvely infected cells that comprise part |

of the HIV reservoir for eradication.
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