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TIRAP mediates endotoxin-induced NF-kB activation
and apoptosis in endothelial cells
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Abstract

Bacterial lipopolysaccharide (LPS) initiates multiple signaling events in vascular endothelial cells that can result in activation
and/or cell death. LPS-induced activation of endothelial cells elicits a wide array of vascular endothelial responses, many of which
are dependent on NF-kB activation. Several of the signaling molecules that mediate LPS-induced NF-kB activation, including Tlr-4,
MyD88, and IRAK-1, have been similarly reported to mediate LPS pro-apoptotic signaling. Recently, a new signaling molecule,
TIRAP, has been identified that mediates LPS-induced NF-«B signaling in monocytes and macrophages. Using a TIRAP dominant
negative construct, we have identified a role for TIRAP in mediating LPS-induced NF-kB activation and apoptosis in human
endothelial cells. These data identify TIRAP as a dual functioning signaling molecule and suggest the presence of a MyD88-in-
dependent LPS signaling pathway in human endothelial cells. © 2002 Elsevier Science (USA). All rights reserved.
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The management of Gram-negative septic patients is
often complicated by the development of vascular
complications including systemic vascular collapse [1-3],
disseminated intravascular coagulation [4,5], and vas-
cular leak syndromes [6-10]. A common denominator of
these vascular complications is endothelial cell (EC)
activation, injury, and/or dysfunction [1,8,11,12]. Bac-
terial lipopolysaccharide (LPS), a highly pro-inflamma-
tory molecule, has been implicated in the pathogenesis
of Gram-negative sepsis and its attendant vascular
complications [6,13-15]. LPS activation of the vascular
endothelium elicits several EC responses including: (1)
the production of the pro-inflammatory cytokines, 1L-6
[16], IL-8 [17,18], and IL-1g [19], (2) the upregulation of
the adhesion molecules E-selectin, ICAM-1, and
VCAM-1 [20,21], and (3) expression of tissue factor
[22,23]. A common denominator that mediates the
upregulation of these gene products is NF-kB activation
[24]. In addition to activation, LPS has been reported to
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induce EC injury both in vitro [25-30], and in vivo [31—
33].

Toll-like receptor (TIr)-4 has been identified as the
putative transmembrane receptor for LPS that activates
NF-xB signaling [34-36]. Following activation, the
adapter protein MyD88 is recruited to the cytoplasmic
domain of Tlr-4 through homotypic binding of respec-
tive Toll receptor-interleukin-1 receptor (TIR) domains
[37,38]. MyD88 contains another highly conserved
protein binding domain, a death domain (DD), that
facilitates its association with the DD-containing sig-
naling molecule IL-1 receptor-associated kinase-1
(IRAK-1) [39]. Following an autophosphorylation
event, IRAK-1 dissociates from MyD88 and interacts
with TNF receptor-associated factor-6 (TRAF-6)
[40,41], resulting in the activation of a downstream ki-
nase cascade involving NF-xB-inducing kinase (NIK)
and IxB kinase (IKK). The IKK-mediated phosphory-
lation of IkB, an inhibitor of NF-kB, leads to IxB de-
gradation by the proteasome and enables NF-xB to
translocate to the nucleus where it can promote new
gene expression [39]. Several of the proximal signaling
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molecules involved in LPS-induced NF-kB activation,
including Tlr-4 [42], MyDS88 [43], and IRAK-1 [43], have
a similar role in promoting LPS pro-apoptotic signaling.
Despite the involvement of common proximal signaling
molecules, LPS-induced NF-kB and apoptosis occur
independent of one another and the signaling pathways
leading to activation of these events diverge upstream of
IxB degradation [43].

Although a role for MyD88 in mediating LPS signaling
has been clearly established [37,44,45], there is evidence to
suggest that a redundant or alternative MyD8§8-inde-
pendent pathway(s) exists as well [44,46,47]. LPS is ca-
pable of activating NF-kB in MyD88/~ murine
macrophages [44]. Although this response is delayed
compared with wild-type macrophages, the induction of
NF-kB activity in the MyD88~/~ macrophages suggests
that cellular activation by LPS can occur independent of
MyD88. Recently, a MyD88-like protein has been iden-
tified that promotes LPS-induced NF-kB activation
[46,47]. This protein, identified as TIR domain-contain-
ing adapter protein (TIRAP) [47] or MyD88 adapter-like
protein (MAL) [46] by the two groups that co-discovered
this molecule, binds directly to Tlr-4. TIRAP, in turn,
interacts with IRAK-2 [46], the latter of which associates
with TRAF-6 [48]. The existence of this MyD88-inde-
pendent pathway, linking Tlr-4 to downstream signaling
mediators of NF-kB, may explain the lack of inhibition of
LPS-induced NF-kB activation in the MyD88~/~ mac-
rophages [44]. Whether TIRAP mediates LPS-induced
NF-«B activation in EC, a key host target of LPS, has yet
to be addressed. Further, whether TIR AP mediates LPS-
induced pro-apoptotic signaling in any cell type remains
unknown. We therefore decided to investigate whether
LPS-induced EC NF-xB activation and apoptosis are
mediated by TIRAP.

Materials and methods

Materials. LPS from Escherichia coli serotype 0111:B4 was pur-
chased from Sigma Chemical (St. Louis, MO). Recombinant human
TNF-a was purchased from R&D Systems, (Minneapolis, MN).

Cell culture. The human dermal microvascular EC line (developed
and provided by F.J. Candal and Dr. E. Ades, Centers for Disease
Control, and Dr. T. Lawley, Emory University, Atlanta, GA) [49] was
cultured in RPMI medium (Biowhittaker, Walkersville, MD), enriched
with 10% fetal bovine serum (FBS) (Hyclone Laboratories, Logan,
UT), endothelial cell growth factor prepared from bovine hypothala-
mus, L-glutamine (2mM), sodium pyruvate (I mM), and nonessential
amino acids, in the presence of penicillin (100 U/ml) and streptomycin
(100 pg/ml) (all purchased from Biowhittaker).

Cloning and stable expression of cDNA constructs. cDNA encoding
mutant TIRAP containing a proline to histidine substitution at amino
acid 125 (a gift of Dr. Ruslan Medzhitov, Yale University School of
Medicine, New Haven, CT) [47] was cloned into the bicistronic ret-
roviral expression plasmid, pPBMN-IRES-enhanced green fluorescent
protein (EGFP) (provided by Dr. Gary Nolan, Stanford University,
Stanford, CA) [50]. High-titer retrovirus was prepared from the
Phoenix amphotropic packaging cell line (ATCC, Manassas, VA)

transfected with 24 pug expression plasmid by calcium phosphate pre-
cipitation. Recombinant retroviral supernatants were collected 48h
after transfection and filtered through a Millex-HV 0.45uM filter
(Millipore, Bedford, MA). For infection, 4 x 10° EC were seeded per
well of a 6-well plate for 24 h to achieve ~80% confluence. The growth
medium was replaced with 2.5 ml retroviral supernatant supplemented
with 32 pg/ml polybrene and 10mM HEPES and the plate was cen-
trifuged for 2h (1430g; 32°C). The cells were then incubated for 10h
(5% CO,, 37°C) after which the retroviral supernatant was replaced
with normal growth medium. Cells were analyzed and sorted on the
basis of EGFP expression using a FACVantage SE cell sorter (Becton—
Dickinson, Franklin Lakes, NJ).

Immunoblotting. Cell monolayers were washed once with phosphate-
buffered saline (PBS), lysed with ice-cold modified radioimmunopre-
cipitation assay lysis buffer [SOmM Tris—HCI (pH 7.4), 1% Nonidet
P-40, 0.25% sodium deoxycholate, 150mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid, protease inhibitor cocktail tablet (Roche Mo-
lecular Biochemicals, Indianapolis, IN), 1 mM vanadate, and 50 mM
NaF], scraped, transferred to microcentrifuge tubes, and centrifuged
(16,000g, 10 min, 4 °C). Total protein was determined using the BCA
protein assay (Pierce Chemical, Rockford, IL). The supernatants were
combined with 5x sample buffer (Genomic Solutions, Chelmsford,
MA), boiled for 3min, and 20 pg protein/lane was resolved by SDS-
PAGE on a 4-20% Tris—Glycine gradient gel (Novex, San Diego, CA).
Protein was subsequently transferred for 1 h at 100 V to polyvinylidene
fluoride membrane (Millipore, Bedford, MA). Blots were blocked with
5% dried milk and then incubated with either anti-FLAG (0.5 pg/ml;
Upstate Biotechnology, Lake Placid, NY), anti-IxBo (0.4 pg/ml; Santa
Cruz Biotechnology, Santa Cruz, CA), or anti-B-tubulin (0.5 pg/ml;
Roche Molecular Biochemicals, Indianapolis, IN) antibodies for 1 h at
room temperature. The blots were incubated with horseradish-peroxi-
dase-conjugated anti-mouse IgG (0.13 pg/ml; Transduction Laborato-
ries, Lexington, KY), developed with enhanced chemiluminescence
(Amersham Life Sciences, Arlington Heights, IL), and exposed to Ko-
dak X-Omat Blue film (NEN Life Sciences, Boston, MA).

Luciferase assay. A recombinant adenovirus (KZ142) system (gift
of Dr. James Kelly, ZymoGenetics, Seattle, WA) was used to transfect
cells with a luciferase reporter construct. The adenoviral construct was
created as follows: an oligonucleotide encoding a consensus NF-xB
binding site, the tandem NF-kB binding sites of the HIV-1 long ter-
minal repeat [51], two copies of the collagenase AP-1 element, and a
single copy of the c-jun TRE [52] were ligated into a luciferase reporter
cassette and then placed in the pACCMV.pLpA adenoviral shuttle
vector for construction of recombinant adenovirus as described [53].
For transfection of the luciferase reporter construct, EC were seeded
into 96-well black view plates (Corning, Corning, NY) at a density of
50,000 cells/well for 24h and subsequently incubated for 16h at a
multiplicity of infection (m.o.i.) of 2000 in RPMI supplemented with
1% FBS. Following infection, EC were exposed to experimental
treatment in Ham’s F12 medium supplemented with 2.5% FBS, 20 mM
HEPES, and 0.5% BSA for 4h at 37°C. Luciferase activity was de-
termined using a commercially available assay kit and a TopCount
NXT luminescence counter (both from Packard Instrument, Meriden,
CT).

Caspase assay. EC were seeded into 96-well plates at a density of
60,000 cells/well, cultured for 24 h, and treated. Caspase activity was
measured with a fluorimetric caspase assay utilizing the caspase-3
substrate, DEVD, conjugated to Rhodamine-110 according to manu-
facturer’s instructions (Roche Molecular Biochemicals). The plates
were analyzed on a Cytofluor Series 4000 fluorescence plate reader
(Perseptive Biosystems, Framingham, MA) at 485nm excitation and
530 nm emission and caspase activity was expressed relative to simul-
taneous medium control. Since human EC sensitization to LPS- and
TNF-a-induced apoptosis is dependent upon the inhibition of new
protein synthesis by a mechanism that we have previously character-
ized [26], treatment with these agents was performed in the presence of
40 ug/ml of CHX.
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Histone release assay. To assay for the release of histones into the
cytoplasm, EC were seeded into 96-well plates at a density of
60,000 cells/well, cultured for 24 h, treated, and histone release was
measured with the Cell Death Detection ELISA assay according to
manufacturer’s instructions (Roche Molecular Biochemicals). The
plates were analyzed at 405 nm and 450 nm (reference wavelength) on a
microplate reader (Bio-Tech Instruments, Winooski, VT). Background
readings defined as EC exposed to medium alone were subtracted from
each experimental treatment.

Statistical methods. A t test was used to compare the mean re-
sponses between a single experimental group and its control. Statistical
analyses were performed using GraphPad Prism version 3.00 for
Macintosh (GraphPad Software, San Diego, CA). A p value of <0.05
was considered significant.

Results and discussion

Expression of dominant-negative (DIN) TIRAP inhibits
LPS-induced NF-kB activation in EC

TIRAP has recently been identified as a signaling
molecule that mediates LPS-induced NF-kB activation
in monocytes and macrophages [46,47]. By virtue of its
direct recruitment to Tlr-4, TIRAP is one of the most
proximal intracellular signaling molecules involved in
LPS-induced cellular activation. TIRAP interaction with
TLR-4 is mediated through reciprocal binding of TIR
domains contained within each protein. A proline to
histidine mutation at amino acid 125 (P125H) in the TIR
domain of TIRAP ablates its ability to bind to the TIR
domain of Tlr-4 [46,47]. Correspondingly, expression of
TIRAP constructs containing this mutation functions to
inhibit signaling mediated by endogenous TIRAP in a
dominant-negative manner. To determine whether
TIRAP mediates LPS-induced EC NF-«xB activation,
EC were stably transfected with cDNA encoding either
TIRAP with a P125H mutation (TIRAP-D/N) or
EGFP-vector alone. Western blot analysis using an anti-
FLAG antibody to recognize the FLAG-tagged TIRAP-
D/N confirmed expression (Fig. 1A). Expression of the
TIRAP-D/N construct inhibited LPS-induced NF-kB
activation in EC by ~40% (Fig. 1B). A key step in NF-xB
activation is the degradation of its inhibitor, IxB, which
enables NF-kB to translocate to the nucleus where it
stimulates new gene expression. Since TIRAP is report-
edly a proximal signaling mediator that functions up-
stream of IkB degradation, the ability of TIRAP-D/N to
inhibit LPS-induced IxBa degradation in EC was as-
sayed (Fig. 1C). EC expressing either EGFP or TIRAP-
D/N demonstrated equivalent levels of IkBa expression
under basal conditions. Following LPS (100ng/ml)
treatment for 60 min, IxBa was readily degraded in EC
expressing EGFP consistent with intact NF-kB signal-
ing. In contrast, degradation of IkBa in EC expressing
D/N TIRAP was greatly impaired.

TNF-a is a well-described activator of EC NF-xB
[54]. Distinct receptor membrane complexes and proxi-
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Fig. 1. Expression of dominant-negative (D/N) TIRAP inhibits LPS-
induced NF-kB activation in EC. EC were stably transfected with ei-
ther EGFP-vector alone or cDNA encoding TIRAP with a proline to
histidine mutation at amino acid 125 (TIRAP-D/N) (A-C). An anti-
FLAG antibody was used to detect FLAG-tagged TIRAP D/N (A).
To determine whether the TIRAP-D/N construct mediates LPS-in-
duced NF-xB activation in EC, these cells were treated for 4h with
either medium, LPS (100 ng/ml), or TNF-a (10 ng/ml), lysed, and as-
sayed for NF-kB-dependent luciferase activity (B). In other experi-
ments, EC expressing EGFP-vector or TIRAP D/N were treated with
medium (60 min), LPS (100ng/ml; 60 min), or TNF-a (10ng/ml;
30 min), and assayed for IxBa degradation (C). Vertical bars represent
means (= SE) NF-kB activity (B) relative to simultaneous media con-
trols. * =ssignificantly decreased compared to EGFP-vector transfected
EC exposed to identical treatment.

mal intracellular signaling molecules mediate LPS- and
TNF-o-induced NF-kB activation. Further down-
stream, however, the signaling pathways leading to NF-
kB activation converge at the level of NIK and IKK
[55]. Consistent with a role for TIRAP in mediating
signaling elicited by LPS/TIr4, but not by TNF-a and its
receptor, expression of the TIRAP-D/N protein had no
effect on the ability of TNF-a to activate NF-xB (Fig.
1B) or to promote degradation of IxkBa (Fig. 1C).

TIRAP DIN inhibits LPS-induced EC apoptosis

We have previously established that LPS induces
apoptosis in human EC and that MyD88 and IRAK-1
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contribute to LPS pro-apoptotic signaling [43]. Al-
though both MyD88 and IRAK-1 have a similar role in
promoting NF-«B signaling, LPS-induced apoptosis
and NF-xB activation are distinct events that occur in-
dependent of one another [43]. The bifurcation in the
signaling pathways leading to these events occurs up-
stream of IkBo degradation. Interestingly, we have
previously reported that expression of two different
MyD88-D/N constructs that block >85% of LPS-in-
duced NF-kB activation could only inhibit ~30% of
LPS-induced caspase activation [43]. This may suggest
the presence of a redundant pro-apoptotic signaling
pathway involving another mediator. Since LPS-in-
duced apoptosis is dependent on Tlr-4 signaling [42],
other Tlr-4 binding proteins may similarly transduce
LPS pro-apoptotic signaling. To determine whether
TIRAP promotes LPS pro-apoptotic signaling, EC ex-
pressing EGFP or TIRAP-D/N were treated with LPS
(100 ng/ml) for 6h and assayed for caspase activation
(Fig. 2A). EC exposed to LPS demonstrated a marked
increase in caspase activity relative to EC exposed to
medium alone. This activation of caspases, which are
highly specific effector proteases activated during
apoptosis [56], is consistent with prior studies demon-
strating LPS-induced EC apoptosis by other criterion,
including PARP cleavage, nuclear histone release, and
DNA laddering [26,57]. EC expressing the TIRAP-D/N,
however, demonstrated a >45% decrease in caspase
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Fig. 2. Expression of TIRAP-D/N inhibits LPS-induced apoptosis. EC
stably expressing either EGFP or TIRAP-D/N were treated for 6h
with either medium, LPS (100 ng/ml), or TNF-a (10ng/ml), and as-
sayed for caspase activity (A). Vertical bars represent means (+ SE)
caspase activity relative to simultaneous media controls. In other ex-
periments, EC were treated for 8 h as above and assayed for histone
release (B). Mean (£ SE) histone release is reported in OD units.
* =significantly decreased compared to EGFP-vector transfected EC
exposed to identical treatment.

activity, following LPS exposure compared with control
EC (Fig. 2A). Another hallmark of apoptosis is the re-
lease of histones into the cytoplasm [58]. Expression of
the TIRAP-D/N construct inhibited LPS-induced his-
tone release by >35% relative to EC expressing vector
alone (Fig. 2B). In contrast to its effect on LPS signaling,
the TIRAP-D/N failed to inhibit TNF-o-induced
apoptosis, consistent with a specific role for TIRAP in
mediating LPS/TIr-4 signaling (Fig. 2). Together, these
data suggest that TIRAP specifically mediates LPS-in-
duced pro-apoptotic signaling. The inability to com-
pletely inhibit LPS-induced NF-xB activation and
apoptosis using the TIRAP-D/N construct is not sur-
prising considering the fact that endogenous TIRAP is
still expressed. Further, the presence of a redundant
signaling pathway(s) involving MyD88 and/or other
molecules may contribute to these signaling events, in-
dependent of TIRAP.

In summary, we have identified a role for TIRAP in
mediating LPS-induced NF-xB activation in EC. Fur-
ther, this is the first report to demonstrate that TIRAP
promotes pro-apoptotic signaling in any cell type. Fu-
ture studies will be needed to identify the downstream
signaling mediators that link proximal LPS/TIr-4 sig-
naling molecules to those that initiate caspase activation
and the onset of apoptosis.
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