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Abstract
Activation of the classical and noncanonical NF-κB pathways by ligation of the lymphotoxin (LT)-
β receptor (LTβR) plays a crucial role in lymphoid organogenesis and in the generation of ectopic
lymphoid tissue at sites of chronic inflammation. Within these microenvironments, LTβR signaling
regulates the phenotype of the specialized high endothelial cells. However, the direct effects of
LTβR ligation on endothelial cells remain unclear. We therefore questioned whether LTβR ligation
could directly activate endothelial cells and regulate classical and noncanonical NF-κB-dependent
gene expression. We demonstrate that the LTβR ligands LIGHT and LTα1β2 activate both NF-κB
pathways in HUVECs and human dermal microvascular endothelial cells (HDMEC). Classical
pathway activation was less robust than TNF-induced signaling; however, only LIGHT and
LTα1β2 and not TNF activated the noncanonical pathway. LIGHT and LTα1β2 induced the
expression of classical NF-κB-dependent genes in HUVEC, including those encoding the adhesion
molecules E-selectin, ICAM-1, and VCAM-1. Consistent with this stimulation, LTβR ligation up-
regulated T cell adhesion to HUVEC. Furthermore, the homeostatic chemokine CXCL12 was up-
regulated by LIGHT and LTα1β2 but not TNF in both HUVEC and HDMEC. Using HUVEC
retrovirally transduced with dominant negative IκB kinase α, we demonstrate that CXCL12
expression is regulated by the noncanonical pathway in endothelial cells. Our findings therefore
demonstrate that LTβR ligation regulates gene expression in endothelial cells via both NF-κB
pathways and we identify CXCL12 as a bona fide noncanonical NF-κB-regulated gene in these cells.

Vascular endothelial cells (EC)3 play a crucial role in normal immune and inflammatory
responses and are a target of immunoregulatory and proinflammatory cytokines. Activation of
EC by these factors up-regulates a wide variety of genes including chemokines, leukocyte
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adhesion molecules, antiapoptotic proteins, growth factors, immunomodulatory proteins, and
regulators of vascular cell function. Dysregulation of this gene expression underlies the
pathological role of EC in many diseases including autoimmunity, acute and chronic
inflammation, and cardiovascular diseases such as atherosclerosis (1,2). Consequently, the
signaling pathways that control EC activation have been extensively studied and the
transcription factor NF-κB has been identified as critical for expression of many of the genes
associated with EC pathology (1–3).

NF-κB describes a family of five related proteins named p65 (RelA), RelB, c-Rel, p105/p50
(NF-κB1), and p100/p52 (NF-κB2) that homodimerize or heterodimerize to form either
transcriptionally active or repressive versions of NF-κB (4). NF-κB dimers are maintained
inactive in the cytoplasm by inhibitory proteins named IκB, and NF-κB activation is initiated
by phosphorylation of the IκB proteins leading to their ubiquitination and degradation by the
proteasome. This allows NF-κB to translocate to the nucleus where it binds to target gene
promoters and regulates their expression. The kinase that phosphorylates IκB proteins is a
component of the IκB kinase (IKK) complex that consists of two catalytic subunits named
IKKα (IKK1) and IKKβ (IKK2) and a noncatalytic regulatory component named NEMO (NF-
κB essential modulator) or IKKγ (5–8). Intriguingly, genetic studies targeting the IKK complex
have delineated two distinct pathways leading to the activation of separate NF-κB proteins that
regulate discrete panels of target genes (9–11).

The best studied of these mechanisms activated by most NF-κB-inducing stimuli including
TNF and LPS is termed the “classical” NF-κB pathway (4,9,12). This pathway functions in
the absence of IKKα but requires both NEMO and IKKβ and is hallmarked by IKKβ-mediated
IκB phosphorylation and activation of NF-κB proteins including the ubiquitously expressed
p50:p65 heterodimer. Classical NF-κB signaling has been extensively studied in EC and
underlies the regulated expression of most proinflammatory EC genes, including E-selectin,
ICAM-1, VCAM-1, IL-1κ, and TNF (2,3,13,14). The more recently described “noncanonical”
or alternative NF-κB pathway is activated by a limited number of stimuli, including
lymphotoxin (LT)- β receptor (LTβR) ligation by LTα1β2 and LIGHT (LT-related inducible
ligand that competes for glycoprotein D binding to herpesvirus entry mediator on T cells,
TNFSF14) (10,15–20). LTβR ligation also activates the classical NF-κB pathway thereby
distinguishing it from proinflammatory cytokines such as TNF that only induce the classical
mechanism (12). Despite the wealth of knowledge concerning the role of the classical pathway
in regulating the EC phenotype, functional activation of the noncanonical pathway in EC has
not yet been demonstrated.

Noncanonical NF-κB activation involves NF-κB-inducing kinase (NIK)- and IKKα-dependent
phosphorylation of the p100 NF-κB2 precursor protein leading to its processing to p52 (10,
11,15,16,19,21,22). This processing results in the nuclear translocation of p52:RelB
heterodimers that target a subset of genes not activated by classical NF-κB (9,10), including
the homeostatic, proangiogenic, and proinflammatory chemokine CXCL12 and the lymphoid
chemokines CXCL13, CCL19, and CCL21 required for lymph node development (9,10).
Consistent with this result, LTβR signaling is critical for the normal development of secondary
lymphoid organs and for the generation of ectopic lymphoid structures that frequently arise
during chronic inflammation (20,23–30). Intriguingly, intact LTβR and IKKα are required to
maintain the phenotype of the specialized high EC (HEC) within lymph nodes (29–31) that
also appear in certain chronic inflammatory lesions (31), strongly suggesting that LTβR
ligation on nonspecialized EC regulates their phenotype and function. Despite this evidence,
very little is known about the effects of direct LTβR ligation on EC.

Early studies demonstrated that HUVECs express LTβR, although its ligation did not activate
NF-κB (32) or induce gene expression in these cells (33). As LTβR ligation activated NF-κB
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in non-EC cell lines, this led Mackay and colleagues (32,33) to conclude that LTβR-induced
NF-κB activation in LTβR-positive cells is cell type-specific and does not occur in EC. More
recently LTα1β2 was shown to induce gene expression in HUVEC (34), although the signaling
mechanisms underlying this remain unknown. Furthermore, as noncanonical NF-κB signaling
has not been directly investigated in EC, it is not known whether this pathway or noncanonical
NF-κB-dependent genes are regulated in response to LTβR ligation in these cells. To address
these unknowns, we sought to determine whether the classical and noncanonical NF-κB
pathways are activated in EC by the LTβR ligands LIGHT and LTα1β2 and whether these
mechanisms regulate gene expression in vascular EC.

We report in this study that LIGHT and LTα1β2 activate both the classical and noncanonical
NF-κB pathways in EC, and up-regulate T cell adhesion to human EC. Furthermore, LTβR
ligation induces the expression of classical NF-κB-dependent genes in EC including E-selectin
and CXCL2, although the levels of expression are less than that induced by TNF. We also show
that LIGHT and LTα1β2 but not TNF induces CXCL12 expression in HUVEC and human
dermal microvascular EC (HDMEC) thereby establishing CXCL12 as a cytokine-regulated
gene in EC. Using HUVEC retrovirally transduced with dominant negative IKKα and IKKβ,
we demonstrate that LTβR-induced CXCL12 expression requires IKKα and hence the
noncanonical NF-κB pathway. Our study therefore establishes LTβR ligation as a mechanism
that directly activates EC via both the classical and noncanonical NF-κB pathways and we
provide direct evidence of noncanonical NF-κB-dependent gene expression in vascular EC.

Materials and Methods
Materials

Recombinant human TNF, LIGHT, and LTα1β2 were purchased from R&D Systems. Rabbit
Anti-p100/p52 was from Upstate Biotechnology, rabbit anti-IκBα (C-21) was from Santa Cruz
Biotechnology, rabbit anti-histone-3, rabbit anti-c-jun, and phospho-c-jun were from Cell
Signaling Technology. Abs for EMSA supershift: p65 (C20) was from Santa Cruz
Biotechnology, p52 was from Upstate Biotechnology. Isotype control IgG, anti-ICAM-1
(11C81), and VCAM-1 (1E10) were purchased from R&D Systems and FITC-conjugated goat
anti-mouse IgG was from Chemicon International. Mouse anti-TNFR1 and LTβR were also
from R&D Systems. Mouse anti-E-selectin (H4/18) was a gift from Dr. J. Pober (Yale
University, New Haven, CT). NF-κB consensus oligonucleotide probes and PCR primers were
purchased from Integrated DNA Technologies. Collagenase was from Worthington
Biochemical. Real-time reagents: Taqman Fast Universal Master Mix, Power SYBR, and
Taqman primer probe sets were purchased from Applied Biosystems.

Cell culture
HUVECs were isolated from discarded tissue in accordance with a protocol approved by the
University of Pennsylvania Institutional Review Board. Following collagenase digestion (1
mg/ml in PBS) from the canulated umbilical vein, EC were serially cultured on gelatin-coated
(J.T. Baker) tissue culture plastic (Falcon) in Medium 199 (M199) supplemented with 20%
FCS, 200 μM L-glutamine (all Invitrogen Life Technologies), 50 μg/ml EC growth factor
(Collaborative Biomedical Products), 100 μg/ml porcine heparin (Sigma-Aldrich), 100 U/ml
penicillin, and 100 μg/ml streptomycin (Invitrogen Life Technologies). Cells were passaged
using trypsin/EDTA (0.05%; Invitrogen Life Technologies) and all experiments were
performed using HUVEC at passage 2–3. HDMEC were purchased from Lonza Walkersville
and grown in EGM2-MV medium (Lonza Walkersville).
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T cell adhesion assays
For the fluorescence adhesion assay, ex vivo T cells were prepared from blood obtained from
volunteer donors using the RosetteSep T cell isolation kit (StemCell Technologies) according
to the manufacturer’s instructions. The use of these samples was approved by the Children’s
Hospital of Philadelphia Institutional Review Board for the Protection of Human Subjects.
Isolated T cells were washed twice with PBS and adjusted to a density of 5 × 106 cells/ml in
RPMI 1640 before incubation with calcein AM (5 μM) for 30 min. Following incubation, cells
were washed twice with M199 and resuspended to a density of 5 × 106 cells/ml before addition
of 5 × 105 cells/well to the pretreated EC that were grown to confluence in 24-well trays. EC
were incubated with T cells for 1 h before gentle washing of wells with M199 plus HEPES to
detach nonadherent T cells. Cells were maintained in M199/HEPES and EC/T cell adhesion
was determined by measuring the fluorescence (λEx = 494 nm, λEm = 517) using a Varioskan
Microplate Reader (Thermo Scientific). For the cell count assay, adherent T cells in six
randomly selected fields of view were counted microscopically (at a magnification ×100) by
a blinded investigator. T cells were easily distinguished as small round-phase light cells
compared with the EC monolayer. Statistical analysis of the stimulated vs control samples for
both assays was performed using the TTEST function of Microsoft Excel.

Retroviral transduction
Phoenix cells were transiently transfected with retroviral constructs LZRS-EGFP, LZRS-
IKKβK44M, or LZRS-IKKαSSAA using Fugene reagent (Roche) and selected for gene
expression 24 h following transfection using puromycin (1 μg/ml). Puromycin-resistant cells
were used to derive conditioned medium to provide a retroviral stock for HUVEC transduction.
For transduction of primary HUVEC, M199 containing EC growth factor was removed, cells
were washed with HBSS and incubated 5– 8 h with retroviral conditioned medium containing
polybrene (8 μg/ml; Sigma-Aldrich). After incubation, retrovirus was removed and replaced
with normal growth medium overnight. The transduction process was repeated a further 3–5
times with intermittent cell passage as required. Using this protocol, the percentage of HUVEC
expressing the transgene is routinely >90%.

Immunoblotting
For all immunoblots, each well of a 12- or 6-well plate containing a confluent HUVEC
monolayer was washed twice in ice-cold PBS then lysed by the addition of 50 –100 μl of TNT
lysis buffer (50 mM Tris · Cl (pH 6.8), 150 mM NaCl, 1% Triton X-100) containing Complete
Protease Inhibitor Cocktail (Roche), 2 mM NaF, and 2 mM β-glycerophosphate. After 20 min
on ice, lysates were harvested by scraping. Protein content was determined using Coomassie
Plus Reagent (Pierce), and for each sample, an equal amount of protein (10–20 μg) was
fractionated by SDS-PAGE then transferred electrophoretically to polyvinylidene difluoride
membrane (Immobilon-P; Millipore) and immunoblotted with the appropriate primary and
species-specific HRP-conjugated secondary Abs (Jackson ImmunoResearch Laboratories).
Detection of the bound Ab by chemiluminescence was performed using Luminol reagent
according to the manufacturer’s instructions (Santa Cruz Biotechnology). Densitometry was
performed on each resulting immunoblot using a Gel-Doc EQ image analysis system and the
QuantityOne software package (Bio-Rad). Data are presented as representative blots and
densitometry histograms derived from one of at least three replicate experiments performed
using separate EC cultures.

Preparation of nuclear and cytosolic extracts and EMSA
EC were harvested after treatment by scraping into PBS at 4°C. Samples (1.5 × 106/sample)
were centrifuged (1500 × g/5 min), then pellets were resuspended in 100 μl of NAR A buffer
(10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA (pH 8)) supplemented with sodium
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vanadate, sodium fluoride, and Complete Protease Inhibitor Cocktail (Roche) and left to swell
on ice for 10 min. After incubation, Nonidet P-40 was added to generate a final concentration
of 0.1% and samples were vortexed for 30 s before centrifugation at 4000 × g for 3 min.
Supernatants (cytosolic extracts) were removed, and the nuclear pellet was resuspended in 50
μl of NAR C buffer (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA) supplemented with protease
and phosphatase inhibitors as described for NAR A. Samples were agitated for 15 min at 4°C
then centrifuged at 16,000 × g for 20 min to generate the nuclear samples. All samples were
either used immediately or snap frozen and stored at −80°C.

For gel-shift analysis, single-stranded complimentary oligonucleotides encompassing a
consensus NF-κB site (upper strand: 5′-AGTTGAGGG GACTTTCCCAGGC-35′) were
annealed and end-labeled with γ-32P[ATP] using T4 polynucleotide kinase (New England
Biolabs). Labeled probe was purified using MiniQuick Spin Columns (Roche) according to
the manufacturer’s instructions. For EMSA, 2–5 μg of nuclear extracts supplemented with 1
μg of polydeoxyinosinic-polydeoxycytidylic acid were incubated with an equal volume of 2X
binding buffer (40 mM Tris · Cl (pH 7.9), 100 mM NaCl, 10 mM MgCl2, 2 mM EDTA, 20%
Glycerol, 0.2% Nonidet P-40, 2 mM DTT, 1 mg/ml BSA) on ice for 10 min. After incubation,
1 μl of labeled probe was added and the sample was mixed and incubated at room temperature
for 20 min before protein-DNA samples were separated in nondenaturing gels (89 mM Tris,
89 mM boric acid, 10 mM EDTA, 5% acrylamide) that were then dried and exposed to film.
Supershift analysis was performed as described with an additional preincubation of samples
with 1 μl of Ab at room temperature for 2 h before the addition of polydeoxyinosinic-
polydeoxycytidylic acid and 32P γ-ATP. All EMSA and Supershift experiments were
performed at least three times using separate EC cultures and the data shown are from one
representative experiment.

Indirect immunofluorescence and FACS analysis
Indirect immunofluorescence was used to quantify the surface amount of TNFR1 and the
LTβR. EC were harvested by collagenase digestion and washed in PBS containing 1% FCS
before incubation for 30 min at 4°C with saturating amounts of each Ab or nonbinding isotype
control IgG. Cells were washed three times before the addition of FITC-conjugated anti-mouse
secondary Ab and incubation for a further 30 min at 4°C. Labeled cells were washed a further
three times, fixed in paraformaldehyde (2%) and analyzed by FACS (FACSort; BD
Biosciences). For indirect analysis of adhesion molecule expression EC were cytokine treated
for times up to 24 h before harvesting cells with trypsin and proceeding as described incubating
for 30 min with saturating amounts of H4/18 for E-selectin, 11C81 for ICAM-1 or 1E10 for
VCAM-1. All FACS analyses were performed at least three times using separate EC cultures
and the data shown in each experiment are from one representative experiment.

mRNA isolation of RNA and analysis
EC were treated as described before medium was removed, and RNA was extracted using
RNeasy according to the manufacturer’s instructions (Qiagen). Samples were subjected to on
column DNase digestion. First strand cDNA was derived from 500 ng of RNA from each
treatment group using SuperScript II and oligo(dT) according to the manufacturer’s
instructions (Invitrogen Life Technologies). Semiquantitative amplification of the target cDNA
was performed using Taq polymerase (Invitrogen Life Technologies) using primers pairs as
follows: E-selectin, 5′-GCTTCTGGCAGTTTCCGTT ATGG-3′ and 5′-
ACAGCGAGCAAGGGAGAGTTAGAA-3′; CXCL2, 5′-GCCAGTGCTTGCAGACC-3′
and 5′-ATGGGAGAGTGTGCAAGTAG-3′; CXCL12, 5′-GAA CGC CAA GGT CGT GGT
CG-3′ and 5′-CTT TAG CTT CGG GTC AAT G-3′; and β-actin, 5′-
TCAGCAAGCAGGAGTATGA CGAG-3′ and 5′-ATTGTGAACTTTGGGGGATGC-3′.
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Targets were amplified using the following PCR parameters: 94°C for 2 min, then 25–35 cycles
of 94°C for 45 s, 58°C for 30s followed by 70°C for 30 s. Replicates of samples were removed
at each cycle between 25 and 35 cycles to ensure product amplification was in the linear range
and this was established for each reaction. No reverse transcriptase controls were included in
each experiment (data not shown) to ensure no genomic DNA contamination.

For quantitative real-time PCR analysis of E-selectin, and β-actin primers were used as
described using Power SYBR (Applied Biosystems), according to the manufacturer’s
instructions. Using the ABI 7500 Real-Time PCR system, PCR products were generated in
triplicate or quadruplicate and normalized to β-actin also generated in triplicate or
quadruplicate. Relative quantification (RQ) was derived from the difference in cycle threshold
(Ct) between the gene of interest and β-actin using the equation RQ = 2−Δ ΔCt and analyzed
using SDS v1.3 Software. Data in each experiment are displayed as the average RQ plus
RQmax calculated on 95% confidence intervals and are representative of at least three
independent experiments. PCR product specificity was confirmed by performing a dissociation
curve at the end of each experiment. For the quantitative analysis of CXCL2, CXCL12, and
β-actin, TaqMan primer probe sets were used (Applied Biosystems). PCR product generation
and analysis was performed as described.

Results
LTβR ligation activates NF-κB in HUVEC

We performed FACS analysis to verify that our HUVEC cultures expressed the LTβR and
confirmed that surface expression was similar to that observed for TNFR1 (Fig. 1A). To
compare the downstream effects of LTβR ligation with TNF-induced NF-κB activation, we
incubated HUVEC for a range of times up to 400 min with TNF, LIGHT, or LTα1β2.
Surprisingly in light of previous studies (32), we found that both LIGHT and LTα1β2
incubation led to the degradation and reappearance of IκBα, which is central to the classical
NF-κB activation pathway (Fig. 1B). Although we consistently observed stronger IκBα
degradation in response to LIGHT than LTα1β2, maximal effects for both cytokines occurred
after 30 min (Fig. 1B, lane 4) and IκBα levels returned to basal after 180 – 400 min (Fig. 1B,
lanes 6 and 7). The response to LIGHT and LTα1β2 was not as robust or rapid as TNF-induced
IκBα degradation that was complete after 5 min (Fig. 1B, upper panel, lane 2) and returned to
basal levels after 60 min (Fig. 1B, upper panel, lane 5). Despite this difference, EMSA revealed
that all three cytokines induce the nuclear accumulation of DNA-binding NF-κB complexes
in HUVEC (Fig. 1C). NF-κB was detected by EMSA 30 min after incubation with each
cytokine (Fig. 1C, lanes 2, 5, and 8) and remained detectable after 8 h (Fig. 1C, lanes 3, 6, and
9), demonstrating that similar to TNF, LIGHT, and LTα1β2 induce rapid and sustained NF-
κB activity in HUVEC. To ensure that the effects of LIGHT and LTβR were not due to
nonspecific activation of TNFR1 or by release of TNF from EC leading to feedback activation,
we incubated HUVEC with a blocking anti-TNFR1 Ab and analyzed IκBα degradation. Anti-
TNFR1 blocked TNF-induced IκBα degradation (Fig. 1D, top panels), whereas degradation
in response to LIGHT (Fig. 1D, bottom panels) or LTα1β2 (data not shown) remained intact.
We therefore conclude that LTβR ligation directly activates HUVEC leading to IκBα
degradation and NF-κB activation.

LTβR ligation up-regulates adhesion molecule expression and T cell adhesion to HUVEC
A major proinflammatory response elicited by TNF and IL-1 in EC is the induction or up-
regulation of the leukocyte adhesion molecules E-selectin, ICAM-1, and VCAM-1 (2,13);
however, Mackay and colleagues (32,33) suggested that these are not targets of LTβR signaling
in HUVEC. As these adhesion molecules are well-characterized targets of the classical NF-
κB pathway (3,13), we compared their expression levels in HUVEC stimulated with TNF,
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LIGHT, and LTα1β2. The percentage of HUVEC positive for E-selectin, ICAM-1, and
VCAM-1 after cytokine treatment was determined by FACS analysis and as expected TNF
strongly induced surface expression of all three molecules on EC (Fig. 2A). Consistent with
their effects on IκBα degradation (Fig. 1B), LIGHT and LTα1β2 also increased surface
expression of all three proteins, although this expression was substantially lower for each
molecule than that induced by TNF. To determine whether this increased expression could lead
to changes in the adhesion of lymphocytes to LTβR-stimulated EC, we performed adhesion
assays using calcein-labeled human T cells. As shown in Fig. 2B, incubation of HUVEC for
24 h with TNF induced a 4.5 ± 0.4-fold increase in T cell adhesion compared with adhesion
to unstimulated EC. Consistent with the effects on adhesion molecule expression (Fig. 2A),
both LIGHT and LTα1β2 increased T cell adhesion albeit to a lower level than maximal
adhesion induced by TNF (2.5 ± 0.3-fold and 2.5 ± 0.5-fold, respectively). To ensure that the
effects on T cell adhesion were not influenced by the calcein-labeling procedure, we
microscopically counted unlabeled-adhered lymphocytes. Consistent with the fluorometric
analysis, TNF induced a 3.9 ± 0.9-fold increase in adhered T cells per field of view, and LIGHT
and LTα1β2 up-regulated adhesion by 2.2 ± 0.4-fold and 2.2 ± 0.2-fold, respectively, over
control untreated HUVEC (Fig. 2C). Hence, in contrast to previous reports (32,33), Figs. 1 and
2 clearly demonstrate that LTβR ligation activates EC by inducing the classical NF-κB pathway
and by up-regulating their adhesive phenotype.

LIGHT and LTα1β2, but not TNF, induce p100 processing to p52 in HUVEC
LTβR ligation activates both classical and noncanonical NF-κB signaling in murine embryonic
fibroblasts with maximal noncanonical activation occurring later (i.e., after 6 h) than
IκBαdegradation (10,17,19). To determine whether LTβR ligation could activate the
noncanonical pathway in EC, we incubated HUVEC for times up to 24 h with LIGHT or
LTα1β2 and examined non-canonical NF-κB activation by immunoblotting using anti-p100.
This Ab recognizes full-length p100 and the processed p52 fragment and as shown in Fig.
3A, LIGHT incubation led to an increase in p52 levels after 6 h that remained elevated after
24 h (Fig. 3A, lanes 7 and 8). LTα1β2 induced similar effects with the same kinetics (data not
shown), although the levels of p52 were consistently less than those stimulated by LIGHT (Fig.
3B). The response to both cytokines was dose-dependent with maximal effects occurring with
100 ng/ml each (Fig. 3B; lanes 4 and 8). A slight decrease in p100 levels concomitant with
increased p52 was routinely observed after 24 h incubation with either LIGHT or LTα1β2. As
a previously demonstrated hallmark of noncanonical signaling in murine embryonic fibroblasts
(18), cycloheximide treatment inhibited LIGHT-induced p52 accumulation (Fig. 3C, compare
lane 2 with lane 4) confirming that protein synthesis is required for signal-induced p100
processing. Taken together, these findings therefore demonstrate that LIGHT and LTα1β2
induce protein synthesis-dependent p100 processing to p52 and hence activate the
noncanonical NF-κB pathway in HUVEC.

In contrast to LTβR ligation, TNF only activates the classical NF-κB pathway in fibroblasts
(10,17,19) and consistent with this result, we did not observe TNF-induced p100 processing
in HUVEC. We routinely observed increased p52 levels after incubation with TNF for 24 h
(Fig. 3A, lane 4). However, unlike LTβR signaling (Fig. 3A, lanes 5– 8), this increase was
accompanied by substantial up-regulation of p100 levels in these samples (Fig. 3A, lanes 3 and
4). It has been established that nfkb2 (the gene encoding p100) is a classical NF-κB-dependent
gene and that elevated p100 expression in response to TNF occurs via activation of this pathway
(10,17–19). In contrast, although LIGHT and LTα1β2 also up-regulate p100 via the classical
pathway, they induce its signal-dependent processing resulting in either a stabilization or
reduction in p100 levels (Fig. 3A, compare p100 in lane 4 with lane 8). Densitometric analysis
confirmed signal-induced p100 processing in LIGHT-treated HUVEC as the ratio of p100 to
p52 decreased from 13:1 in untreated cells (Fig. 3A, lanes 1 and 5) to 1:1 in response to LIGHT
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(Fig. 3A, lanes 7 and 8). In contrast, the ratio of p100 to p52 following TNF treatment was not
significantly different from untreated cells (Fig. 3A, lane 4 compared with lanes 1 and 5).
Hence, consistent with previous reports (10,17–19), the increased p52 levels in TNF-stimulated
HUVEC most likely result from basal processing of up-regulated p100 and not from signal-
induced processing as observed with LIGHT and LTα1β2. To confirm that the effects of
LTβR ligation on p100 processing were direct and not due to LTβR-induced release of TNF,
we incubated HUVEC with anti-TNFR1 then determined the levels of p100 and p52 following
TNF and LIGHT stimulation. As shown in Fig. 3D, lanes 1– 8, anti-TNFR1 completely blocked
TNF-induced up-regulation of p100 and the concomitant increase in p52. In contrast, anti-
TNFR1 did not block the generation of p52 in response to LIGHT (Fig. 3D, lanes 9 –16),
confirming that the effects of TNF and LTβR-ligation on p100 processing are entirely distinct.

To determine whether LTβR ligation could induce p100 processing in separate types of EC,
we compared the effects of LTβR ligands with TNF on signaling in HDMEC (Fig. 3E). In these
cells, TNF failed to up-regulate p100 expression and did not induce its processing to p52 (Fig.
3E, lanes 1–3), whereas processing was readily detected in response to LTα1β2 (Fig. 3E, lanes
1, 4, and 5) and LIGHT (data not shown).

In addition to the classical and noncanonical NF-κB pathways, LTβR ligation also activates
the JNK signaling pathway and induces the transcription factor AP-1 in some cell types (35).
As this pathway has not been examined in EC following LTβR ligation, we explored JNK
signaling in HUVEC by immunoblotting for c-jun and phosphorylated c-jun. As shown in Fig.
3F, lanes 3 and 4, TNF induced a rapid and transient phosphorylation of c-jun that was detected
by anti-phospho-c-jun and up-shift of the c-jun band. Phosphorylation of c-jun also occurred
in response to LTα1β2 and LIGHT (Fig. 3F, top panels, lanes 6 –14), although this was
substantially weaker than activation by TNF.

Together with the data in Fig. 1, these results demonstrate that LTβR ligation directly activates
the classical and noncanonical NF-κB pathways and weakly induces JNK signaling in EC. In
contrast, TNF robustly activates classical NF-κB and JNK signaling but does not induce signal-
dependent p100 processing to p52.

TNF and LTβR ligation induce the nuclear localization of distinct NF-κB proteins in HUVEC
To determine whether LTβR ligation induced nuclear accumulation of typical classical (i.e.,
p65) and noncanonical (i.e., p52 and RelB) NF-κB proteins in HUVEC, we immunoblotted
nuclear lysates from TNF-, LIGHT-, or LTα1β2-stimulated cells. As shown in Fig. 4A, nuclear
localization of p65 was observed after 30 min of incubation with all three cytokines (Fig. 4A,
panel i, lanes 2, 5, and 8). Following LIGHT and LTα1β2 treatment, p65 accumulation was
transient and diminished after longer incubation times (8 –24 h) (Fig. 4A, panel i, lanes 6, 7,
9, and 10). In contrast, nuclear p65 levels increased over time in TNF-stimulated HUVEC (Fig.
4A, panel i, lanes 3 and 4). Similar to p65, rapid nuclear accumulation of p100 was observed
following LIGHT and LTα1β2 stimulation and these levels diminished after 8 –24 h (Fig.
4A, panel ii, lanes 5–10) accompanied by increased accumulation of p52 (Fig. 4A, panel iii,
lanes 5–10). Contrasting with these effects but consistent with the TNF-induced up-regulation
of p100 shown in Fig. 3A, nuclear p100 accumulated with slower kinetics (Fig. 4A, panel ii,
lanes 2–4) and was associated with only a modest increase in nuclear p52 levels following
TNF treatment (Fig. 4A, panel iii, lanes 2–4). RelB accumulated in the nucleus following
treatment for 8–24 h with all three cytokines (Fig. 4A, panel iv).

To further investigate the NF-κB proteins activated by LTβR ligation in HUVEC, we performed
EMSA and Supershift analysis. For supershifting, we used anti-p65 to identify typical classical
NF-κB heterodimers (e.g., p65:p50) and anti-p52 to detect potential noncanonical NF-κB
complexes (i.e., p52:RelB). Following incubation with TNF for 0.5 and 8 h, anti-p65
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completely shifted the retained probe (Fig. 4B, lanes 5 and 6), indicating that p65 was present
in the complexes formed at both time points. In contrast, anti-p65 incompletely shifted the
DNA-bound complex formed after LTα1β2 treatment (Fig. 4B, lanes 11 and 12). Consistent
with the activation of a nuclear NF-κB complex that does not contain p65 after longer
incubation with LTα1β2, anti-p52 shifted a complex in samples generated following 8 h of
LTα1β2 treatment (Fig. 4C, lanes 12 and 18). This shift was accompanied with a decrease in
the unshifted NF-κB band (Fig. 4C, compare lane 9 with lane 12). No effect was observed on
the TNF-induced complexes at either time point following incubation with anti-p52 (Fig. 4C,
lanes 4–6).

The data in Fig. 4 confirm that the major NF-κB complexes that migrate to the nucleus and
bind to DNA in response to TNF in HUVEC are classical complexes containing p65. In
contrast, although LTβR ligation rapidly induces p65 migration, analysis of longer time points
reveals the nuclear translocation and DNA-binding of p52-containing complexes. Like
LTα1β2, TNF also induced the migration of RelB (Fig. 4A); however, this RelB may be part
of a transcriptionally inactive nuclear complex with p100 that is not processed to p52. These
findings therefore demonstrate that the components of both classical and noncanonical NF-
κB complexes are differentially induced to migrate to the nucleus in HUVEC following
treatment with either TNF or ligation of the LTβR.

Dominant negative IKKαand IKKβselectively inhibit noncanonical and classical NF-κB
signaling, respectively, in HUVEC

Activation of the classical NF-κB pathway requires IKKβwhereas noncanonical NF-κB
signaling is IKKβ-independent but requires intact IKKα (12). We therefore generated retroviral
LZRS constructs encoding dominant negative versions of each kinase (IKKβK44M or
IKKαSSAA) (8,36) to selectively inhibit these pathways in EC. Virus harvested from Phoenix
cells stably transfected with these constructs infected HUVEC with >90% transduction
efficiency as observed by expression of enhanced GFP (data not shown). Stimulation of LZRS
transduced HUVEC with a range of concentrations of TNF (0.1, 1, and 10 ng/ml) for 30 min
dose-dependently induced IκBαdegradation (Fig. 5A, lanes 1–4) and this was blocked in cells
transduced with LZRS-IKKβK44M (Fig. 5A, lanes 9–12). Unlike LZRS-IKKβK44M,
transduction with LZRS-IKKαSSAA did not prevent TNF-induced IκBαdegradation (Fig. 5A,
lanes 5–8). Consistent with the effects of the dominant negative kinases on TNF stimulation,
LZRS-IKKβK44M but not LZRS-IKKαSSAA inhibited LIGHT-induced IκBαdegradation (Fig.
5B, lanes 9–12 compared with lanes 5–8) thereby confirming that LTβR ligation activates the
classical NF-κB pathway via IKKβ.

To determine the effects of IKKβK44M and IKKαSSAA on the noncanonical NF-κB pathway in
EC, transduced HUVEC were incubated for 24 h with a range of concentrations of LIGHT (1,
10, and 100 ng/ml) and p100 processing was determined by immunoblotting using anti p100/
p52. As shown in Fig. 5C, LZRS-IKKβK44M did not block LIGHT-induced p100 processing
and the generation of p52. Densitometric analysis of immunoblots (Fig. 5D) revealed that
generation of p52 occurred in LZRS- IKKβK44M transduced cells with a concomitant decrease
in p100 levels reflecting classical pathway inhibition and a subsequent lack of induced p100
expression. In contrast, transduction with LZRS-IKKαSSAA blocked LIGHT-induced p100
processing that was observed as both a lack of p52 generation and a concomitant sustained
expression of p100 (Fig. 5E, lanes 1–4, compared with lanes 5–8 and Fig. 5F).

LTβR ligation induces classical NF-κB-dependent gene expression by HUVEC
Data presented in Fig. 2A demonstrate that LTβR ligation up-regulates adhesion molecule
expression by HUVEC. To further analyze LTβR-induced classical NF-κB-dependent gene
expression in EC, we performed RT-PCR analysis for E-selectin (Fig. 6A, top panels) and the
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chemokine CXCL2 (Fig. 6A, bottom panels). Consistent with the FACS analysis (Fig. 2A),
LIGHT and LTα1β2 induced E-selectin mRNA (Fig. 6A, lanes 4 –7, top panels) albeit to a
lower level than the maximal induction observed in response to TNF (Fig. 6A, lanes 2 and 3).
Similar results were observed with CXCL2 (Fig. 6A, bottom panels) and other well-
characterized classical NF-κB-dependent genes including those encoding ICAM-1, VCAM-1,
p100, IκBα, and CX3CL1 (data not shown). These results indicate that LIGHT and LTα1β2
can induce classical gene expression in HUVEC, although the response to these cytokines is
less robust than the response to TNF. To definitively establish that LTβR-induced expression
of these genes in EC results from classical pathway activation, we examined the effect of LZRS-
IKKβK44M transduction on LIGHT and TNF-induced expression of E-selectin and CXCL2.
As shown in Fig. 6, B and C, quantitative real-time PCR analysis demonstrated that induction
of E-selectin (Fig. 6B) and CXCL2 (Fig. 6C), in response to both cytokines, was blocked by
IKKβK44M. Identical effects of IKKβK44M were seen on LIGHT- and TNF-induced CX3CL1
expression (data not shown). In contrast, LZRS-IKKαSSAA (which only blocks the
noncanonical pathway) (Fig. 5) did not inhibit TNF- or LIGHT-induced expression of any of
these classical NF-κB dependent genes in HUVEC (see Fig. 7D, and data not shown).

LTβR ligation induces noncanonical NF-κB-dependent CXCL12 expression in EC
LTβR-induced noncanonical NF-κB activation up-regulates CXCL12 expression in murine
splenocytes (10) and previous studies have suggested that CXCL12 plays a role in lymphocyte
trans-endothelial migration (37–39). However, it remains unclear whether CXCL12 is
intrinsically expressed by EC and whether this expression is regulated following cell activation.
To address this question, we investigated the effects of LTβR ligation on CXCL12 expression
by HUVEC using semiquantitative PCR and found that LIGHT but not TNF up-regulated its
expression after 8 and 24 h incubation (Fig. 7A). Using quantitative real-time PCR, we further
established that LIGHT (and LTα1β2, data not shown) but not TNF induced an increase in
CXCL12 mRNA in HUVEC (Fig. 7B, left) and HDMEC (Fig. 7B, right) comparable in
magnitude to the increased expression observed in splenocytes activated in vivo by an agonistic
LTβR Ab (10). In four separate identical experiments, incubation of HUVEC for 24 h with
LIGHT induced a mean 2.96 ± 0.23-fold increase in CXCL12 expression over unstimulated
control cells ( p < 0.01), whereas TNF had no significant effect (0.88 ± 0.21-fold compared
with control; p = 0.61). Consistent with the failure of anti-TNFR1 to block LTβR-induced p100
processing (Fig. 3D), incubation of HUVEC with anti-TNFR1 had no effect on LIGHT-induced
CXCL12 expression (Fig. 7C) thereby confirming that the downstream effects of LTβR ligation
are completely distinct from TNF-induced increases in p100 and p52 levels. Furthermore, anti-
TNFR1 did not block LIGHT-induced CXCL2 expression, whereas it completely inhibited
CXCL2 induction by TNF (data not shown). To determine whether the increase in CXCL12
expression in LIGHT-stimulated EC was dependent upon the noncanonical NF-κB pathway,
we retrovirally transduced HUVEC with LZRS-IKKαSSA. Consistent with its previously
described redundant role in TNF-induced expression of classical NF-κB-dependent genes,
IKKαSSAA did not affect either TNF- or LIGHT-induced CXCL2 (Fig. 7D). In contrast,
IKKαSSAA completely blocked LIGHT-induced expression of CXCL12 in HUVEC (Fig.
7E).

Discussion
We initiated this study to investigate the effects of LTβR ligation on noncanonical NF-κB
signaling and gene expression in vascular EC. However, in marked contrast to a previous report
(32), we found that both LIGHT and LTα1β2 activate the classical NF-κB pathway in EC. It
is not clear why our findings differ from those of Mackay et al. (32) who did not detect active
NF-κB in LTα1β2-stimulated HUVEC, as the treatment conditions were similar between our
studies. Their lack of observed effects led Mackay et al. (32) to propose that LTβR-induced
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NF-κB activation in LTβR-positive cells is cell-type specific and does not occur in EC.
However, our findings clearly conflict with this conclusion. Instead, our data demonstrate that
LTβR signaling in EC is similar to that in stromal cells in which it rapidly activates the classical
pathway (10,17–19). In fibroblasts, LTβR-induced classical NF-κB activation requires
IKKβand NEMO in a manner analogous to TNF and IL-1R signaling (10,19). We confirmed
that the classical pathway in HUVEC requires IKKβthereby strongly supporting a model in
which the classical signaling “cassette” of NEMO-dependent IKKβ-mediated
IκBαphosphorylation and liberation of p50:p65 NF-κB heterodimers (4,12) is the mechanism
activated by LTβR ligation in EC. Our accumulated findings therefore lead us to conclude that
LIGHT and LTα1β2 are novel inducers of classical NF-κB activity in vascular EC.

We also found that LTκR ligation induces or increases the expression of classical NF-κB-
dependent proinflammatory genes in EC, including those encoding E-selectin, VCAM-1,
ICAM-1, and CXCL2. This observation again conflicts with an earlier report suggesting that
LTβR ligation does not induce gene expression in LTβR-positive EC (33). However our data
are consistent with a more recent study showing that LTβR ligation on HUVEC regulates gene
expression (34). In addressing the mechanism responsible for this expression, we found that
LTβR-induced E-selectin, and CXCL2 expression is dependent upon the classical NF-κB
pathway because it was inhibited in HUVEC by dominant negative IKKβbut not dominant
negative IKKα. We also found that LTβR ligation up-regulates T cell adhesion to HUVEC
thereby confirming that in addition to activating NF-κB and inducing gene expression, LTβR
signaling results in functionally relevant phenotypic changes to EC.

We consistently observed that the levels of classical NF-κB-dependent genes induced by
LIGHT and LTα1β2 were lower than levels induced by TNF. Furthermore, we found that
activation of the classical NF-κB-driven luciferase reporter constructs pBIIX-luc, E-selectin,
and E-selectinΔCRE was lower in response to LIGHT and LTα1β2 than TNF (data not shown).
This lower level of classical pathway-dependent gene expression may reflect the less robust
IκBαdegradation and p65 nuclear translocation that we observed in response to LIGHT and
LTα1β2 compared with TNF. It is also possible that expression of these genes requires
additional transcriptional mechanisms that are elicited by TNF but not by LTβR ligation. Hence
activation of the classical pathway might not in itself be sufficient for maximal induction of
the classical NF-κB-dependent genes we explored and these may require other signals for full
expression. Further studies will be required to determine the precise profile of classical gene
expression in LTβR-stimulated EC and whether this consistently occurs at a lower level than
the response to TNF. Nevertheless, our study definitively establishes that LTβR ligation
activates the classical NF-κB pathway and regulates classical NF-κB-dependent
proinflammatory gene expression in EC.

The primary goal of our study was to investigate the effects of LTβR ligation on the
noncanonical NF-κB pathway in EC and we demonstrate that this is indeed a major signaling
mechanism activated by this receptor in HUVEC. Importantly, we observed identical effects
in HDMEC, confirming that this is not unique to large vessel-derived EC and occurs in cells
from distinct vascular beds. To our knowledge, this is the first demonstration of direct
activation of this pathway in human EC because the majority of studies of noncanonical
signaling in response to LTβR ligation have used murine embryonic fibroblasts or splenocytes
(10,17,19). Consistent with these earlier studies, however, the noncanonical pathway was only
activated by LIGHT and LTα1β2 and was not induced by TNF demonstrating the specificity
of signaling via the LTβR in EC. Noncanonical NF-κB activation in EC occurred with slower
kinetics than classical signaling and was completely blocked by cycloheximide confirming the
previously reported requirement for protein synthesis in the noncanonical pathway (18). In this
regard, we have found by RT-PCR that classical NF-κB-dependent synthesis of p100 occurs
before LTβR-induced processing to p52 via the noncanonical pathway (data not shown). We
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also determined by immunoblotting and by PCR (data not shown) that up-regulation of p100
in response to TNF occurs via the classical pathway in HUVEC. However, unlike LTβR
ligation, TNF did not induce processing to p52. The increased p52 levels that appeared
concomitantly with increased p100 in response to TNF do not contribute to noncanonical NF-
κB-dependent gene expression, as TNF did not up-regulate CXCL12 levels. Furthermore,
incubation of HUVEC with anti-TNFR1 blocked the up-regulation of both p100 and p52 levels
in response to TNF but not LTβR ligation, and anti-TNFR1 did not block LIGHT-induced
CXCL12 expression. These findings therefore separate the downstream functional effects of
LTβR-induced noncanonical NF-κB activation and the enhanced p52 levels that occur via
classical signaling induced by TNF.

Signal-induced p100 processing requires TNFR-associated factor (TRAF)3 degradation that
in turn stabilizes the cytoplasmic levels of newly synthesized NIK (40,41). It has been further
suggested that noncanonical signaling is regulated by TRAF2, although it is not yet clear
whether TRAF2 functions as a negative or positive regulator or whether its role following
LTβR ligation is cell type-dependent (42,43). Although HUVEC express both TRAF2 and
TRAF3 (44–46), we do not yet know whether these factors function in LTβR-induced p100
processing in EC. However, the blockade with cycloheximide that we observed suggests that
similar regulatory mechanisms do occur in these cells. Furthermore, although we have
demonstrated that noncanonical NF-κB activation in HUVEC is blocked by dominant negative
IKKα, it remains to be determined whether NIK also plays a role in these cells. However, in
light of the strong genetic evidence implicating interplay between NIK and IKKαin the
noncanonical pathway in other cell types (11,21), it is likely that NIK functions in this capacity
in EC.

While addressing the hypothesis that LTβR ligation regulates noncanonical NF-κB-dependent
gene expression in EC, we found that LIGHT and LTα1β2 but not TNF up-regulated CXCL12
mRNA levels in both HUVEC and HDMEC. The levels of induction in both EC types were
entirely consistent with the magnitude of induced changes in CXCL12 expression reported
previously in splenocytes (10). More importantly LTβR-induced CXCL12 expression was
completely blocked in EC that were retrovirally transduced with dominant negative IKKα.
These results therefore identify CXCL12 as the first bona fide noncanonical NF-κB gene
directly regulated by LTβR ligation in vascular EC.

Induction of mRNA for CXCL12 by LTβR ligation in HUVEC and HDMEC is intriguing as
previous studies failed to detect increased expression in cytokine-stimulated EC in vitro (47).
However, in their study, Calderon et al. (47) treated HUVEC with IL-1 and TNF that did not
activate the noncanonical NF-κB pathway thereby supporting our findings that only stimuli
that activate the noncanonical pathway can regulate CXCL12 expression in EC. It is well-
established that EC express only a limited number of chemokine genes and that surface
expression of many chemokines occurs via transcytosis from separate cellular sources followed
by binding to specific cell surface receptors (37,48–52). This model of transcytosed surface
expression has been described for the non-canonical NF-κB-dependent chemokines CCL19
and CXCL13 on HEC within the lymphoid microenvironment (48,49) and consistent with this,
we did not detect any LTβR-induced up-regulation of CCL19 or CXCL13 mRNA in either
HUVEC or HDMEC (data not shown). We did routinely observe increased CCL21 in LTβR-
stimulated EC by semiquantitative RT-PCR supporting previous in vivo studies of mRNA
expression in high EC (50). However, we were unable to definitively confirm enhanced
expression by quantitative real-time PCR in either HUVEC or HDMEC (data not shown).
Hence our findings suggest that unlike lymphoid stromal cells in which LTβR induces or up-
regulates the full array of mR-NAs encoding noncanonical NF-κB-dependent chemokines
(10,53,54), EC respond to LTβR ligation by regulating only a subset of noncanonical genes
that include CXCL12.
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CXCL12 expression by EC has been described in both lymphoid tissue and inflammatory
lesions where it regulates lymphocyte transendothelial migration (37,39,52,55–57). Similar to
CCL19 and CXCL13, transcytosis has been proposed as the mechanism underlying CXCL12
surface expression on high EC in mouse lymph nodes (37) and this mechnism has also been
suggested for CXCL12 expression on synovial EC in patients with rheumatoid arthritis (52).
In each of these scenarios, mRNA for CXCL12 was not detected in situ in EC, suggesting that
it is not transcriptionally regulated in these cells. However mRNA encoding CXCL12 has been
described in situ in large and small vessel EC in human skin (56), in HEC derived from rat
lymph nodes (38) and in human microvascular EC derived from brain tumors (57).
Furthermore, enhanced levels of CXCL12 mRNA have been demonstrated in microvascular
EC derived from early (edematous) but not late lesions in systemic sclerosis patients,
suggesting that CXCL12 levels are differentially regulated in EC during ongoing inflammatory
responses (55). Intriguingly the cellular influx in early systemic sclerosis consists
predominantly of T cells (55) possibly facilitating interaction between LTα1β2 and LIGHT
expressed on the T cell surface with LTβR on EC. Further in vivo investigation of the timing
of CXCL12 gene expression in EC during distinct inflammatory responses and lymphoid
organogenesis is clearly required. However, these accumulated studies combined with our data
demonstrate that CXCL12 can be transcriptionally regulated in both large vessel and
microvascular EC.

In conclusion, our study identifies LIGHT and LTα1β2 as direct regulators of the EC
phenotype. We show that LTβR ligation directly activates both the classical and noncanonical
NF-κB pathways in HUVEC and HDMEC and that activation of these pathways results in
altered patterns of gene expression in EC (modeled in Fig. 8). We have also demonstrated that
LTβR ligation up-regulates T cell adhesion to EC thereby confirming that signaling from this
receptor alters the function of EC. Finally, our study definitively establishes CXCL12 as a bona
fide noncanonical NF-κB-dependent gene expressed in EC in response to LTβR ligation. These
findings therefore identify the LTβR-induced classical and noncanonical NF-κB pathways as
potential targets for novel therapeutic strategies aimed at blocking the altered EC phenotype
at sites of chronic inflammation.
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FIGURE 1.
LIGHT and LTα1β2 activate NF-κB in HUVEC. A, HUVEC were harvested by collagenase
digestion, stained by indirect immunofluorescence and analyzed by FACS for the expression
of TNFR1 (gray solid histogram) or LTβR (gray dotted histogram) compared with staining
using an isotype-matched control IgG (filled histogram). B, HUVEC treated for the times
indicated with TNF (10 ng/ml), LIGHT (100 ng/ml), or LTα1β2 (100 ng/ml) were lysed and
immunoblotted using either anti-IκBαor anti-tubulin as a loading control. C, HUVEC were
either untreated or incubated with TNF (10 ng/ml), LIGHT (100 ng/ml), or LTα1β2 (100 ng/
ml) for 0.5 or 8 h then nuclear extracts were analyzed by EMSA using a γ-32P[ATP]-labeled
NF-κB oligonucleotide probe (top row). The same samples were also analyzed using an OCT-1
oligonucleotide probe to ensure equal loading of nuclear lysates (bottom row). D, HUVEC
were either untreated or incubated for 30 min with a range of concentrations of either TNF
(top panels) or LIGHT (bottom panels) in the absence or presence of anti-TNFR1 (α-R1) as
indicated. Lysates were immunoblotted using either anti-IκBαor anti-tubulin as a loading
control.
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FIGURE 2.
LTβR ligation induces adhesion molecule expression and up-regulates T cell adhesion to
HUVEC. A, HUVEC were treated for 4 h with TNF (10 ng/ml), LIGHT (100 ng/ml), or
LTα1β2 (100 ng/ml) (LT) then harvested and stained using control IgG, anti-E-selectin, anti-
VCAM-1, or anti-ICAM-1 and analyzed by FACS. Population data were analyzed and the
percentage of each population that was positive for adhesion molecule expression compared
with control IgG was determined. Data shown are from one experiment representative of four
performed. B, HUVEC were either untreated (CTR) or treated for 24 h with TNF (10 ng/ml),
LIGHT (100 ng/ml) (LG), or LTα1β2 (100 ng/ml) (LT) then incubated with calcein-labeled T
cells for 1 h. Fold increase in adhesion relative to unstimulated HUVEC was determined and
the results are expressed as mean fold increase ± SEM from three independent experiments.
***, p < 0.001; **, p < 0.01; *, p < 0.05. C, HUVEC were treated as described for B then
incubated with unlabeled T cells for 1 h. After washing, adherent lymphocytes were counted
in six randomly selected fields of view for each treatment. Data from three separate experiments
are presented as mean ± SEM. **, p < 0.01.
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FIGURE 3.
LIGHT and LTα1β2 activate the noncanonical NF-κB pathway in HUVEC and HDMEC. A,
HUVEC were incubated with TNF (10 ng/ml) or LIGHT (100 ng/ml) for the times indicated
then lysates were immunoblotted using anti-p100/p52. The ratio of p100 to p52 was calculated
by densitometry and is shown for each treatment in italics. B, Cells incubated for 24 h with the
range of concentrations of LIGHT or LTα1β2 indicated were lysed and immunoblotted using
anti-p100/p52. C, HUVEC were treated for 8 h with LIGHT (100 ng/ml) in the presence or
absence of cycloheximide (2.5 μg/ml) (CHX). Samples were then analyzed for p100/p52
processing by immunoblotting. D, HUVEC were either untreated or incubated for 24 h with a
range of concentrations of either TNF (lanes 1– 8) or LIGHT (lanes 9 –16) in the absence or
presence of anti-TNFR1 (α-R1) as indicated then lysates were immunoblotted using anti-p100/
p52. E, HDMEC were treated with TNF or LTα1β2 for 6 or 24 h and lysates were analyzed
for the expression of p100/p52. F, HUVEC were incubated for times up to 60 min with either
TNF (10 ng/ml), LTα1β2 (100 ng/ml), or LIGHT (100 ng/ml) and lysates were immunoblotted
using anti-c-jun (bottom panels) and anti-phospho-c-jun (top panels).
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FIGURE 4.
LIGHT and LTα1β2 induce nuclear translocation of classical and noncanonical NF-κB proteins
in EC. A, Nuclear extracts prepared from HUVEC incubated with either TNF (10 ng/ml),
LIGHT (100 ng/ml), or LTα1β2 (100 ng/ml) for the times indicated were immunoblotted using
anti-p65, anti-p100/p52, anti-RelB, or anti-histone-3 (loading control) as indicated. B, Nuclear
extracts of HUVEC treated with either TNF (10 ng/ml; left) or LTα1β2 (100 ng/ml; right) were
subjected to EMSA using a γ-32P[ATP]-labeled NF-κB consensus oligonucleotide probe.
Samples in lanes 4 – 6 and lanes 10–12 were incubated with anti-p65 (2 μg/sample) in the
EMSA reaction and the supershifted (SS) complex in these lanes is indicated. Samples in lanes
1–3 and lanes 7–9 were incubated with an isotype-matched nonspecific Ig (2 μg/sample). C,
Supershift analysis was performed as described in B using anti-p52. The panel at the far
right (lanes 13–18) is a longer exposure of the LTα1β2 experiment in the middle panel (lanes
7–12).
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FIGURE 5.
Selective inhibition of the classical and noncanonical NF-κB pathways in HUVEC. A and B,
HUVEC transduced with LZRS, LZRS-IKKαSSAA, or LZRS-IKKβK44M were either untreated
or incubated with a range of concentrations of TNF (0.1, 1, and 10 ng/ml) (A) or LIGHT (1,
10, and 100 ng/ml) (B) for 30 min then lysates were analyzed by immunoblotting using anti-
IκBα (upper), anti-IKKα, anti-IKKβ (two middle), or anti-tubulin (lower). C, HUVEC
transduced with LZRS or LZRS-IKKβK44M were either untreated or incubated for 24 h with
a range of concentrations of LIGHT (1, 10, and 100 ng/ml). D, Samples were analyzed for
p100/p52 or tubulin by immunoblotting and densitometry was performed on the resulting
immunoblot. E and F, HUVEC transduced with LZRS or LZRS-IKKαSSAA were treated and
analyzed as described for C and D. Data shown are from a single experiment representative of
at least three performed using separate transduced EC cultures.
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FIGURE 6.
LTβR ligation induces classical NF-κB-dependent gene expression in EC. A, Messenger RNA
was isolated from HUVEC following incubation with TNF (10 ng/ml), LIGHT (100 ng/ml),
or LTα1β2 (100 ng/ml) (LT) for the times indicated. Semiquantitative RT-PCR analysis was
performed using primers specific for E-selectin, CXCL2, or β-actin as indicated. B and C,
LZRS or LZRS-IKKβK44M transduced HUVEC were stimulated with either TNF (10 ng/ml)
or LIGHT (100 ng/ml) (LGT) for 8 h and real-time quantitative PCR was performed to
determine the expression levels of E-selectin (B) and CXCL2 (C). Data shown are from a single
experiment representative of at least three performed using separate transduced EC cultures.
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FIGURE 7.
LTβR ligation induces noncanonical NF-κB-dependent expression of CXCL12 in EC. A,
HUVEC were either untreated or incubated for 8 or 24 h with TNF (10 ng/ml) or LIGHT (100
ng/ml) then mRNA was isolated and used in semiquantitative RT-PCR using primer pairs
specific for CXCL12 (35 cycles) or β-actin (25 cycles). B, HUVEC (left) or HDMEC (right)
were stimulated for 8 or 24 h with TNF (10 ng/ml) or LIGHT (100 ng/ml) then mRNA was
isolated and used for quantitative real-time PCR analysis of CXCL12. C, HUVEC were either
untreated (−) or incubated (+) for 8 h with LIGHT (100 ng/ml) in the absence or presence of
anti-TNFR1 (α-R1) as indicated then mRNA was isolated and used for quantitative real-time
PCR analysis of CXCL12. D, LZRS- or LZRS-IKKαSSAA-transduced HUVEC were
stimulated for 8 h with TNF (10 ng/ml) or LIGHT (100 ng/ml) (LGT) then quantitative real-
time PCR was performed to determine the expression levels of CXCL2. E, LZRS- or LZRS-
IKKαSSAA-transduced HUVEC were incubated with (+) or without (−) LIGHT (100 ng/ml)
for 24 h then quantitative real-time PCR analysis was performed to determine the expression
levels of CXCL12. Data shown are from a single experiment representative of at least three
performed using separate transduced EC cultures.
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FIGURE 8.
Model of TNFR1 and LTβR ligation-induced signaling in vascular EC. This model depicts the
relative strengths of activation of classical and noncanonical NF-κB signaling and the JNK
pathway following TNF and LTβR ligation in vascular EC. Strong activation is indicated by
the thick arrow, weaker induction by the thin arrow, and minor activation by the dotted arrow,
respectively.
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