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In the presence of a protein synthesis inhibitor, cyclo-
heximide, tumor necrosis factor-a (TNF-«), interleukin
1-p (IL-1B), or lipopolysaccharide (LPS) induces human
umbilical vein endothelial cells (HUVECs) to undergo
apoptosis, suggesting that constitutive or inducible cy-
toprotective pathways are required for cell survival. We
studied the correlation between nuclear factor-«B (NF-
kB) activation and cell death induced by TNF-«, IL-13,
or LPS. Adenovirus-mediated overexpression of a dom-
inant-negative IkBa (inhibitor of kB) mutant blocked
NF-kB activation by gel shift assay and blocked induc-
tion of vascular cell adhesion molecule-1 protein by
TNF-q, IL-18, and LPS, a NF-kB-dependent response. In
cells overexpressing the IkBa mutant, TNF-« induced
cell death, whereas IL-18 or LPS did not. We conclude
that cell survival following TNF-a stimulation is NF-«kB-
dependent but that a constitutive or inducible NF-xB-
independent pathway(s) protects IL-13- or LPS-treated
HUVECS from cell death.

The transcription factor nuclear factor-kB (NF-«B)! is acti-
vated in response to diverse physiological and pathological
stimuli and is involved in the regulation of a variety of genes in
diverse cell types (1). Human umbilical vein endothelial cell
(HUVEC) genes, the expression of which is dependent upon
NF-«B, include interleukin (IL)-18, IL-6, IL-8, E-selectin, in-
tercellular adhesion molecule-1, vascular cell adhesion mole-
cule-1 (VCAM-1), and tissue factor (2—4). NF-«B activation
involves its release from a cytoplasmic inhibitor of NF-«B,
(IkB), followed by its translocation to the nucleus, where it
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binds to cognate sequences in the promoter region of multiple
genes. Following stimulation, endogenous I«B is typically de-
graded in a process involving two distinct steps. First, recently
identified IxB kinases phosphorylate Ser-32 and Ser-36 of IkB«
(5-10). Second, there is proteolytic degradation of IxkB through
the ubiquitin-proteasome pathway (11-13).

Recent studies have identified the key intracellular signaling
pathways initiated when tumor necrosis factor (TNF)-a binds
to its p55 receptor (14—16). TNF-«a binding transmits one signal
that elicits cell death and another, dependent upon NF-«B
activation, that protects against death by induction of cytopro-
tective genes (16-19). It has been shown that NF-«B is re-
quired for cell survival in TNF-a-treated fibroblasts, fibrosar-
coma cells, Jurkat cells, porcine endothelial cells (17-20),
transforming growth factor-B1-treated B cells (21), Ras-trans-
formed NIH3T3 cells (22), and a protease inhibitor-treated B
cells (23).

Previous studies have demonstrated that IL-13 and lipopo-
lysaccharide (LPS) (24), like TNF-« (24, 25), induced HUVEC
death when protein synthesis was inhibited by cycloheximide
(CHX) or actinomycin D. This finding suggested that inducible
or constitutive cytoprotective proteins were required for HU-
VEC survival during exposure to IL-18 and LPS as well as to
TNF-a. The IL-1 signaling pathway is initiated by binding of
IL-1 to IL-1receptor type I (IL1-R1), a member of the human
Toll/IL-1 receptor family. IL-13 stimulation of cells leads to
activation of the serine-threonine IL-1 receptor-associated ki-
nase (IRAK), which is recruited to the IL-1R1 by IL-1 receptor
accessory protein and the Toll domain-containing protein
MyD88. Phosphorylated IRAK then dissociates from the recep-
tor and interacts with TNF receptor-associated factor
(TRAF)-6; IRAK is rapidly degraded by a proteasome-depend-
ent pathway (26, 27). MyD88, a death domain-containing pro-
tein, acts as a proximal adapter in the IL-1R signaling complex
by independently interacting with IL-1 receptor accessory pro-
tein and TRAK (28). TRAF-6 binds to NF-kB-inducing kinase
(NIK) (29), thereby linking NIK and, subsequently, IxB kinases
(IKKa and IKKp) to both IL-1- and TNF-a-induced NF-«B
activation (8).

Stimulation of cells by LPS involves the plasma protein,
LPS-binding protein, membrane-bound or soluble CD14, and a
membrane-bound signaling receptor that was unknown until
recently (reviewed in Ref. 30). Two groups reported that over-
expression of Toll-like receptor 2 (TLR2) conferred LPS respon-
siveness as assessed by NF-«B activation in human embryonic
293 cells (31, 32). In one of the 293 cell lines examined, over-
expression of TLR1 and TLR4 did not confer LPS signaling
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(31). However, mutations in the TLR4 gene were shown to
produce defective LPS signaling in endotoxin-tolerant mouse
strains (33, 34). Moreover, TLR4-deficient mice were also found
to be hyporesponsive to LPS (35). Also, TLR4 (as well as TLR2)
was shown to mediate LPS-induced signal transduction in an-
other 293 cell line (36). Thus, it is clear that TLR4 is essential
for LPS signaling in vivo, and there is evidence that TLR2 may
play a role in some cell types in vitro.

The intracellular signaling pathway by which LPS activates
NF-«B in 293 cells was blocked by dominant-negative forms of
MyD88, TRAF-6, NIK, IKKa, and IKKB (31). Recently, LPS
signaling leading to activation of NF-«B in human dermal
microvessel endothelial cells was also shown to signal through
MyD88, IRAK, IRAK2, TRAF-6, and NIK (37). Thus, LPS ac-
tivation uses the many of the same molecules as the IL-1
system. Also, we have recently shown that LPS activation of
NF-«B involves tyrosine phosphorylation of a protein(s) leading
to degradation of IkBa but not IkBB in HUVECs (38) and that
LPS-induced endothelial cell death is dependent upon FADD, a
Fas-associated protein with a death domain (39).

Although the pathways leading to NF-«B activation have
now been elucidated, those promoting HUVEC survival follow-
ing stimulation by IL-18 or LPS remain undefined. To investi-
gate the relationship between NF-«B activation and apoptosis
in HUVECs, we determined whether TNF-a, IL-18, or LPS
induced cell death when activation of NF-«kB was inhibited by
overexpression of a dominant-negative IkBa mutant (IkBaM)
using recombinant adenovirus. This study is the first to dem-
onstrate that endothelial cell survival following stimulation by
IL-18 and LPS is NF-«B-independent.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—HUVECs obtained from collagenase-
digested umbilical veins were cultured in RPMI medium with 20%
bovine calf serum (Hyclone, Logan, UT), 90 pug/ml heparin (Sigma), and
endothelial cell growth factor (50 pg/ml) prepared from bovine hypo-
thalamus. All cells were maintained at 37 °C in 5% CO,. Recombinant
human TNF-q, IL-18, IL-4, and LPS were purchased from R&D Sys-
tems (Minneapolis, MN). Anti-IkBa antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Z-Val-Ala-Asp-fluorometh-
ylketone (zZVAD-fmk) was purchased from Kamiya Biomedical Co. (Se-
attle, WA). The PI 3-kinase inhibitor LLY294002 and the p38 kinase
inhibitor SB203580 were obtained from Calbiochem (La Jolla, CA). The
neutralizing anti-Fas L. monoclonal antibody (mAb) 4H9 was obtained
from Immunotech-Coulter Corp. (Miami, FL).

Construction of Recombinant Adenovirus—The IkBa mutant (S32A/
S36A) ¢cDNA was kindly provided by Drs. J. DiDonato and M. Karin
(University of California, San Diego, CA) (40). This cDNA was inserted
into the vector pXCJL1 under the transcriptional control of the phos-
phoglycerokinase (PGK) promoter, upstream of the bovine growth hor-
mone polyadenylation signal. The E1A- and partially E3-deleted recom-
binant adenovirus (Ad.PGK-IkBaM) was generated by the recombination
of the pXCJL.1-IkBa mutant plasmid and pJM17 in 293 cells as de-
scribed (41). Recombinant adenovirus expressing a nuclear-targeted
reporter enzyme (Ad.RSV-Bgal) used as a control adenovirus was gen-
erated as described in a previous report (42). Purification of a large
batch of the recombinant adenovirus was done by two consecutive
cesium chloride centrifugations, and it was stored at —80 °C in 10%
glycerol, 10 mm Tris-HCl, pH 7.4, and 1 mm MgCl, with a stock con-
centration of 1.6 X 10'! pfu/ml.

Infection of HUVECs—Subconfluent HUVECs were washed once
with warmed complete medium and incubated at a multiplicity of
infection (m.o.i.) indicated with control adenovirus or IxkBaM adenovi-
rus in complete medium. After 72 h at 37 °C, TNF-«, IL-183, LPS, or IL-4
was added to the HUVECs.

Immunoblots—After experimental treatment of HUVECs, cell mono-
layers were detached from plastic culture dishes with a cell scraper,
washed in cold phosphate-buffered saline, and incubated in 50 ul of
Buffer A (10 mMm Hepes, pH 8.0, 1.5 mm MgCl,, 10 mm KCI, 0.5 mm
dithiothreitol, 200 mMm sucrose, 0.5 mM phenylmethylsulfonyl fluoride, 1
ug/ml leupeptin, 1 pg/ml aprotinin, and 0.5% Nonidet P-40) for 10 min
at 4 °C. The cytoplasmic protein was collected in the supernatant fol-
lowing microcentrifugation. The pellet was incubated in 20 ul of Buffer
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B (20 mm Hepes, pH 8.0, 1.5 mm MgCl,, 420 mM NaCl, 0.2 mm EDTA,
0.5 mMm dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1 pg/ml
leupeptin, and 20% glycerol) for 10 min at 4 °C. The nuclear protein was
collected in the supernatant following microcentrifugation and sub-
jected to electrophoretic mobility shift assay. Cytosolic extracts from
treated HUVECs were electrophoresed in 10% SDS-polyacrylamide gels
and transferred to nitrocellulose in 25 mm Tris, 192 mM glycine, 5%
methanol at 100 V for 1 h at 4 °C. Filters were blocked overnight with
TBS-T (10 mMm Tris-HCl, pH 7.4, 150 mm NaCl, 0.05% Tween 20)
containing 5% skim milk. Immunoblots were analyzed for IkBa protein
using antiserum at a 1:1000 dilution. Immunoreactive proteins were
detected according to the enhanced chemiluminescence protocol (Am-
ersham Pharmacia Biotech) using 1:10,000 horseradish peroxidase-
linked anti-rabbit secondary antiserum. Blots were exposed to film for
1-10 min.

Electrophoretic Mobility Shift Assay—Double-stranded oligonucleo-
tide containing the E-selectin NF-«B site (5'-AGCTTAGAGGGGATT-
TCCGAGAGGA-3') (43) was end-labeled with [*?P]ATP (50 uCi at 3000
Ci/mmol, NEN Life Science Products) and the Klenow fragment of
Escherichia coli DNA polymerase I. Binding reactions in 20 ul con-
tained 20 ug of nuclear extract protein, binding buffer (10 mm Tris, pH
7.5, 20 mm NaCl, 1 mum dithiothreitol, 1 mm EDTA, 5% glycerol, 1 pug of
single-stranded salmon testis DNA, 1 pg of poly(dI-dC)), and 100,000
cpm *?P-labeled DNA. Reactions were incubated at room temperature
for 60 min and analyzed by electrophoresis on a 4% nondenaturing
polyacrylamide gel at 200 V for 2 h. After electrophoresis, gels were
dried, and DNA-protein complex was localized by autoradiography for
18 h.

Enzyme-linked Immunosorbent Assay—TNF-«, IL-18, LPS, or IL-4
was added to uninfected and adenovirus-infected HUVECs. After 6 h at
37 °C, cells were washed twice with phosphate-buffered saline and
incubated with 5 ug/ml of the anti-VCAM-1 monoclonal antibody (clone
4B9) conjugated with horseradish peroxidase in RPMI medium contain-
ing 2% fetal bovine serum at 37 °C for 1 h. The antibody solution was
aspirated, and the cells were subsequently washed three times with
phosphate-buffered saline. Cells were developed using 1 mg/ml of o-
phenylenediamine in 0.1 M sodium citrate, pH 4.5, with 0.01% H,O,
(v/v). Absorbance at 490 nm was measured for each well using a plate
reader (Bio-Tec Instruments, Winooski, VT).

Viability Assay—TNF-q, IL-1B8, LPS, or IL-4 was added to uninfected
and adenovirus-infected HUVECs with or without CHX. After 24 h at
37 °C, medium was removed and replaced with medium containing 1
mg/ml  3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma) and incubated at 37 °C for 5 h. The medium was aspi-
rated, and the formazan product was solubilized with dimethyl sulfox-
ide. Absorbance at 570 nm was determined for each well.

RESULTS

IL-1B and LPS, as Well as TNF-a, Induce Endothelial Cell
Apoptosis—Consistent with previous data (24, 25), TNF-«, IL-
18, and LPS treatment of HUVECs induced cell death only in
the presence of CHX (Fig. 1A). This result suggests that HU-
VEC survival following exposure to IL-18 or LPS, as well as to
TNF-a, is dependent upon synthesis of a cytoprotective pro-
tein(s). The caspase inhibitor, zZVAD-fmk (44), inhibited cell
death induced by TNF-qa, IL-18, or LPS with CHX (Fig. 1B),
indicating that in the presence of CHX, TNF-«, IL-13, or LPS
activates a caspase-mediated cell death pathway in HUVECs.

IL-1B- or LPS-induced Apoptosis Does Not Involve Fas-Fas
Ligand—The mechanism by which TNF-a activates caspases
and induces apoptosis has been well defined, but the signaling
pathway leading to apoptosis following IL-18 or LPS stimula-
tion has not been characterized. We recently showed that over-
expression of a FADD-dominant-negative construct in a human
microvascular endothelial cell line protected the cells from
apoptosis following co-incubation with LPS and a protein syn-
thesis inhibitor but that a neutralizing anti-Fas antibody did
not (39). Nevertheless, in other model systems, oxidized LDL-
induced apoptosis of endothelial cells was blocked by neutral-
izing mAb to Fas ligand (FasL) (45) and IL-1-induced apoptosis
of Langerhans cells (46) and thyrocytes (47) was shown to
involve Fas-FasL. However, blockade of the Fas-FasL apoptotic
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Fic. 2. IL-1- or LPS-induced apoptosis does not involve Fas-
FasL. HUVECs were incubated in medium containing CHX (5 ug/ml)
with or without IL-18 (10 ng/ml) or LPS (100 ng/ml) and with or without
the neutralizing anti-FasL. mAb 4H9 (10 pg/ml). An MTT assay was
performed after 24 h incubation. Percentage of viability was expressed
as the proportion of cells treated with CHX alone. Results shown are the
means of duplicate wells in a single experiment and are representative
of two separate experiments.

pathway by the neutralizing anti-FasL. mAb, 4H9, (45, 47)
did not prevent IL-1B- or LPS-induced apoptosis in HUVECs
(Fig. 2).

Adenovirus-transduced Dominant-negative IxkB Mutant
Blocks NF-«kB Activation—To examine the role of NF-«B in
activation of the cytoprotective pathway(s), we generated re-
combinant adenovirus containing an IkBaM gene with serine
to alanine mutations at residues 32 and 36 (Ad.PGK-IkBaM).
This mutant IkBa protein inhibits signal-induced phosphoryl-
ation and subsequent proteasome-mediated degradation of
IkBa, thereby preventing translocation of NF-«B to the nucleus
(40). Gene transduction using recombinant adenovirus is one of
the most effective strategies to express genes in HUVECs (4,
48). First, transfection efficiency of adenovirus was determined
in HUVECs. An X-gal assay was performed 48 h after adding
Ad.RSV-Bgal to HUVECs, and efficiency of transfection was
observed to be 100% at 1000 m.o.i. of recombinant adenovirus
(data not shown). Next, we determined whether overexpression
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Fic. 3. Activation of NF-«B is blocked in IkBaM-expressing
HUVECSs. A, HUVECs were infected with 1000 m.o.i. of control adeno-
virus or IkBaM adenovirus for 72 h and then exposed to TNF-«a (10
ng/ml) for 0, 15, and 30 min. After treatment, nuclear proteins were
extracted and subjected to gel mobility shift assay for NF-«kB-DNA
binding activity as described under “Experimental Procedures” (20 ug
protein/lane). B, HUVECs were infected with 1000 m.o.i. of control
adenovirus or IkBaM adenovirus for 72 h, and then exposed to TNF-a
(10 ng/ml), IL-1B (10 ng/ml) for 15 min, or LPS (1 pug/ml) for 60 min.
After treatment, cytoplasmic protein (50 pg/lane) was subjected to
immunoblot analysis for IkBa.

of the IkBaM inhibited NF-kB activation and IkBa degrada-
tion. Gel mobility shift experiments with the E-selectin-«B site
as the probe showed that Ad.RSV-Bgal-infected cells, as well as
uninfected cells, exhibited strong induction of NF-«B after
TNF-a treatment, whereas «B binding activity was not ob-
served in the IkBaM-expressing cells (Fig. 3A). Similar inhibi-
tion of NF-kB binding activity was observed in Ad.PGK-IkBM-
transduced HUVECs treated with IL-18 or LPS (data not
shown). Immunoblot analysis confirmed that TNF-«, IL-1p, or
LPS induced IkBa degradation in control adenovirus-infected
HUVECs, but overexpressed IkBaM was not degraded follow-
ing stimulation by TNF-«, IL-13, or LPS (Fig. 3B), presumably
because it was not phosphorylated. Finally, we tested whether
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Fic. 4. VCAM-1 protein expression is suppressed by overexpression of IkBaM. HUVECs were infected with 1000 m.o.i. of Ad.RSV-Bgal
or Ad.PGK-IkBaM for 72 h. VCAM-1 protein expression was examined by enzyme-linked immunosorbent assay after 6 h incubation with the
indicated concentrations of TNF-q«, IL-18, LPS, or IL-4. Percentage of VCAM-1 expression was expressed as the proportion of untreated cells.
Results shown are the means + S.D. of triplicate wells in a single experiment and are representative of three separate experiments.

expression of IkBaM regulated VCAM-1 protein expression, as
TNF-a-induced VCAM-1 expression is known to be dependent
upon NF-kB activation (3, 4). As shown in Fig. 4, the induction
of VCAM-1 protein expression by TNF-«, IL-18, or LPS was
suppressed in IkBaM-expressing cells. Infection with Ad.PGK-
IkBaM did not inhibit IL-4-induced VCAM-1 expression, con-
sistent with the previous report that IL.-4 induction of VCAM-1
expression is NF-«B-independent (49).

Inhibition of NF-kB Activation Sensitizes HUVECs to
TNF-a- but Not IL-1B- or LPS-induced Apoptosis—Wang et al.
(19) showed that TNF-« induced cell death in IkBaM-express-
ing HT'1080 cells but not in control HT1080 cells. Therefore, we
tested this cell line in our assay. X-gal stained almost all of the
HT1080 cells at 500 m.o.i. of Ad.RSV-Bgal at 48 h after infec-
tion of cells (data not shown). As reported (19), TNF-« induced
cell death in IkBaM-expressing HT1080 cells infected by the
recombinant adenovirus (Fig. 5A). As shown in Fig. 5B, TNF-«
also induced apoptosis in IkBaM-expressing HUVECs, consist-
ent with results of Bach et al. (20) in porcine aortic endothelial
cells.

Notably, neither IL-18 nor LPS induced cell death in the
IkBaM-expressing HUVECs. Although inhibition of VCAM-1
protein level was dependent upon the m.o.i. of recombinant
adenovirus, cell viability with IL-18 and LPS treatment was
unaffected at all m.o.i. levels tested (Fig. 6).

It has been reported that IL-1 activation may involve the PI
3-kinase and p38 MAP kinase signaling pathways (50-52). The
PI-3/Akt kinase signaling cascade provides a survival signal
that protects a variety of cells from apoptosis (53, 54). Recent
studies also suggest that p38 kinase regulates cell survival
(55). In the present study, neither the PI 3-kinase inhibitor
LY294002 (20 um) nor the p38 kinase inhibitor SB203580 (20
uM) provoked cell death in HUVECs exposed to IL-18 or LPS
(data not shown).

DISCUSSION

Consistent with our previous studies (24), we found that
IL-1B, LPS, or TNF-a induced HUVEC death in the presence of
CHX. The caspase inhibitor, zZVAD-fmk, inhibited cell death in
this setting. We previously reported that overexpression of the
cytoprotective Bcl-2 homologue Al prevented death of human
microvessel endothelial cells exposed to TNF-a + actinomycin
D (56) or LPS + CHX (57). These results indicate that endo-
thelial cell death induced by IL-18, LPS, or TNF-a in the
presence of CHX is due to apoptosis.

Although it is well established that signaling through the
TNF receptor and Fas can induce apoptosis in normal or trans-
formed cells under a number of circumstances, there are lim-
ited studies of apoptosis induced by LPS (39) or IL-13 (46, 47,
58). We recently showed that overexpression of a FADD-dom-
inant-negative construct in a human microvascular endothelial
cell line protected the cells from apoptosis following co-incuba-
tion with LPS and a protein synthesis inhibitor but that a
neutralizing anti-Fas antibody did not (39). In other model
systems, oxidized-LDL induced apoptosis was blocked by neu-
tralizing mAb to FasL (45), and IL-1-induced apoptosis of
Langerhans cells (46) and thyrocytes (47) was shown to involve
Fas-FasL. However, blockade of the Fas-FasL apoptotic path-
way by a neutralizing anti-FasL mAb did not prevent IL-18- or
LPS-induced apoptosis in HUVECs.

It is not clear how the FADD-dominant-negative inhibited
the LPS-stimulated death pathway (39). As discussed previ-
ously, TLR4 is essential for LPS signaling in vivo (33-35).
Human endothelial cells were shown to express TLR4 and
TLR2, and LPS activated NF-«B in these cells through IL-1/
Toll signaling mediators (37). FADD has been shown to asso-
ciate with CD95 (Fas, Apo-1), TNF receptor-1 and DR3 (death
receptor 3) and to transmit a death signal by activating
caspase-8 (59). The death domain on FADD binds directly to
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Fic. 5. TNF-a, but not IL-18 or LPS, induces cell death in IkBaM-expressing HUVECs. A, HT1080 cells were infected with 500 m.o.i. of
Ad.RSV-Bgal or Ad.PGK-IkBaM for 72 h and then exposed to TNF-a (50 ng/ml) for 24 h. Percentage of viability in MTT assay was expressed as
a proportion of untreated cells. B, HUVECs were treated by 1000 m.o.i. of control adenovirus or IkBaM adenovirus for 72 h and then exposed to
the indicated concentrations of TNF-q«, IL-1B3, or LPS for 24 h. Percentage of viability in the MTT assay was expressed as a proportion of control
adenovirus infected cells. Results shown are the means + S.D. of triplicate wells in a single experiment and are representative of three separate
experiments for HT1080 cells and five separate experiments for HUVECs.

the death domain on Fas and uses the adapter molecule desig-
nated TNF receptor-associated death domain to associate with
TNF receptor-1 and DR3. FADD has not previously been shown
to associate with any of the Toll-like receptors. The intracellu-
lar portion of the TLR family of receptors does not have a death
domain; thus, if FADD associates with TLR4 (or TLR2), it

presumably will require an adapter molecule with a death
domain. The TLR family of receptors possesses an intracellular
Toll/IL-1R homology domain, and this is known to associate
with the Toll/IL-1R homology domain on the C-terminal region
of MyD88 (60). MyD88 also has an N-terminal death domain
sequence (60), and it is a potential candidate for an adapter
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Fic. 6. Effect of IkBaM adenovirus
on VCAM-1 protein expression and
cell viability following stimulation
with TNF-q, IL-18, or LPS. HUVECs
were treated with the indicated m.o.i. of
recombinant adenovirus for 72 h and then
exposed to 10 ng/ml of TNF-a (A), 10
ng/ml of IL-18 (B), or 1 ug/ml of LPS (C)
for 6 h in the VCAM-1 enzyme-linked im-
munosorbent assay (closed circles) or for
24 h in the MTT viability assay (open
circles). VCAM-1 expression and viability
are expressed as percentage of untreated
cells. Results shown are the means = S.D.
of triplicate wells in a single experiment
and are representative of three separate
experiments.
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molecule linking FADD with the LPS receptor. Clearly, addi-
tional studies are required to define the death pathway stim-
ulated by these Toll-family receptors.

Recently, cell survival following exposure to a variety of
stimuli was shown to be dependent upon signaling pathways
that regulate expression or function of cytoprotective genes.
Inhibition of protein synthesis has been shown to sensitize a
wide variety of cell types to TNF-a-mediated cytotoxicity. In a
previous study, we showed that CHX sensitized HUVECs to
IL-1B8 or LPS as well as to TNF-«a and suggested that death
induced by TNF-«, IL-18, or LPS in the presence of CHX
resulted from inhibition of synthesis of a cytoprotective pro-
tein(s) by CHX (24). Multiple reports have now demonstrated
that NF-«kB-dependent synthesis of cytoprotective proteins in-
hibits apoptosis induced by TNF-a or other agents (16-23).
Therefore, we examined whether TNF-q«, IL-18, and LPS in-
duced cell death in HUVECs when activation of NF-xB was
blocked by overexpression of IkBaM transduced by adenoviral
vector. The ability of overexpressed IkBaM to block TNF-a-,
IL-1B-, or LPS-induced NF-«B activation in the HUVECs was
shown by gel shift assay. Endogenous IxkBa should be degraded
following TNF-a-induced phosphorylation of IkBa with subse-
quent release of NF-«B. The lack of NF-kB-DNA binding in the
gel shift assay in the IkBaM-overexpressing HUVECs may
reflect rapid binding of free NF-«B released by degradation of
endogenous IkBa to exogenous nonphosphorylated IxkBaM pro-
tein, which is not subject to proteolytic degradation. Alterna-
tively, Wrighton et al. (4) proposed that LPS failed to induce
degradation of IkBa in IkBa-wild type-overexpressing porcine
endothelial cells because phosphorylation induced by LPS was
limiting. LPS-stimulated phosphorylation was sufficient for
the phosphorylation of endogenous levels of IkBa but not for
the much higher amounts of protein generated by the recom-
binant adenovirus (4).

In the MTT viability assay (Fig. 4), TNF-« induced cell death
in both IkBaM-expressing HT1080 cells and HUVECs, consist-
ent with the previous reports (19, 20). The NF-«B-dependent
cytoprotective gene(s) involved in HUVECs have not been iden-
tified. Beg and Baltimore (17) demonstrated that transfection
of A20 into Rel A~ 3T3 cells was unable to prevent cell death,
suggesting that other genes (or multiple genes) might be re-
quired to protect cells from TNF-a cytotoxicity. Chu et al. (61)
showed that the human inhibitor of apoptosis protein 2 (IAP2)
protected TNF-treated HeLa cells. Recently, we demonstrated
that the Bel-2 homologue Al was induced by TNF-« and IL-13
(56) and that overexpressed human Al protected a human
microvessel endothelial cell line from TNF-a + actinomycin
D-mediated cytotoxicity (62). In separate studies, we found that
induction of A1 mRNA by LPS (57) was inhibited in IkBa-
overexpressing HUVECs, demonstrating that it is NF-«xB-de-
pendent and, thus, Al is also a candidate cytoprotective protein
in this setting.

Of note, in contrast to TNF-«, neither LPS nor IL-18 induced
cell death in IkBaM-expressing HUVECs, although both IL-13
and LPS induced caspase-mediated cell death in CHX-treated
HUVECs. Even incubation with IkBaM adenovirus for up to
96 h failed to sensitize HUVECs to killing by IL-18 or LPS
(data not shown). TNF-a and IL-1 signaling pathways, and
perhaps also LPS signaling, are believed to converge at NIK,
the kinase acting proximal to I«B kinase a and 3 (8). Nonethe-
less, although this pathway appears to be the major mecha-
nism by which TNF-« activates cytoprotective mechanisms in
HUVECS, IL-18 and LPS appear to utilize alternative or addi-
tional pathways, not requiring NF-«B activation. Blockade of
PI 3-kinase or p38 kinase did not sensitize HUVECs to killing
by IL-1 or LPS, suggesting that these potential antiapoptotic

NF-kB-independent Pathway Is Required for Cell Survival

pathways are not involved in the survival signal. Further stud-
ies are necessary to characterize the signaling pathway(s) in-
volved in cell survival with IL-18 and LPS treatment and to
identify the constitutive or induced cytoprotective protein(s).
In summary, we studied the relationship between cell death
and NF-«B activation in HUVECs. NF-«B activation was re-
quired for protection of HUVECs from TNF-a-induced apopto-
sis, whereas protection from IL-1B- and LPS-induced cell death
was not dependent on NF-«kB activation in HUVECs. We con-
clude that the cytoprotective mechanisms involved in endothe-
lial cell survival are dependent upon the specific stimulus.
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