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The transcription factor NF-kB is an important regulator of homeostatic growth and inflammation.
Although gene-targeting studies have revealed important roles for NF-kB, they have been complicated by
component redundancy and lethal phenotypes. To examine the role of NF-kB in endothelial tissues, Tie2
promoter/enhancer-IkBoS324/536A transgenic mice were generated. These mice grew normally but exhibited
enhanced sensitivity to LPS-induced toxemia, notable for an increase in vascular permeability and apopto-
sis. Moreover, B16-BL6 tumors grew significantly more aggressively in transgenic mice, underscoring a new
role for NF-kB in the homeostatic response to cancer. Tumor vasculature in transgenic mice was extensive
and disorganized. This correlated with a marked loss in tight junction formation and suggests that NF-xB
plays an important role in the maintenance of vascular integrity and response to stress.

Introduction

Vascular endothelium, which comprises a monolayer of more
than ten trillion ECs, represents a dynamic interface between the
circulatory system and nonvascular tissues (reviewed in ref. 1).
Of note, endothelium is far more than a barrier, playing critical
roles in regulating the levels of cellular metabolites, vascular tone
and hemostasis, as well as the ingress and egress of leukocytes.
Because of their capacity to direct leukocyte traffic through con-
trolled expression of homeostatic and inflammatory mediators
(e.g., adhesion molecules, chemokines, and cytokines), ECs play
a critical role in regulating inflammation (1-4). ECs also actively
participate in the processes of angiogenesis, vascular remodeling,
and tumorigenesis (1, 5-7).

Systemic viral and bacterial infections are associated with activa-
tion of an innate immune response that includes the expression
of proinflammatory cytokines and chemokines. Some of these
inflammatory cytokines (e.g., TNF-a, IL-1) have profound effects
on endothelial function, including their regulation of vascular
tone, permeability, and leukocyte diapedesis (1, 8). During times
of overwhelming sepsis, these inflammatory mediators trigger
septic shock, a syndrome associated with EC failure and death (1,
4, 9). Likewise, “successful” tumors also appear to have the capac-
ity to manipulate endothelial function, as they promote their own
spread and become vascularized (5, 10).

The endothelium regulates these dynamic interactions with the
environment through intracellular signaling cascades. As is the case
in many other tissues, JNK- and NF-kB-dependent pathways play
an important role during the endothelial response to inflammatory
stress (9, 11-13). In resting cells, NF-kB (i.e., RelA/p65 and NFkB1/
p50) associates with IkBa., a negative regulator, forming an inactive
complex. Upon stimulation with an appropriate ligand (e.g., TNF-a,
IL-1, LPS), IkBa serines 32 and 36 become phosphorylated, and
the protein is targeted for degradation. This releases the p65:p50
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dimer, freeing it to translocate into the nucleus, where it induces
the expression of target genes. Mutation of these 2 critical serines
(ie., IKBOS324/536A) serves to block IkBa degradation and renders
p65:p50 functionally inactive (12, 14-16). This “superinhibitory”
mutant of IkBa, referred to as sIkBa, has been successfully exploit-
ed to explore the role of classical NF-kB signaling in immunity,
inflammation, and tumorigenesis (12, 14, 16, 17). Moreover, these
studies have revealed the critical role this pathway plays in antago-
nizing apoptosis (18). Gene-targeting studies, which have validated
some observations about NF-kB function, have been hampered by
redundancy within the family of NF-kB transcription factors and
embryonic lethal phenotypes (12, 19, 20).

To explore the role NF-kB signaling plays in the dynamic regula-
tion of endothelium, the Tie2 promoter/enhancer was exploited to
direct expression of sIkBal to ECs in transgenic mice (21). Despite
endothelial inhibition of NF-kB signaling, these mice grew and
reproduced normally. They also exhibited a normal pattern of vas-
cular development. However, transgenic mice exhibited enhanced
sensitivity toward LPS-induced toxemia and metastatic melanoma.
Size-matched tumors that grew in transgenic mice exhibited a signif-
icant increase in vascular density. Moreover, these blood vessels were
disorganized and revealed a significant decrease in the structural
integrity of endothelial tight junctions (TJs), highlighting an impor-
tant role for NF-kB in homeostatic vascular stability. These results
highlight 2 critical functions for endothelial NF-kB. First, NF-kB
provides an important survival signal for the acute stress associated
with LPS-induced toxemia. Second, NF-kB helps maintain a normal
but dynamic endothelial barrier function. These studies provide new
insights into the nature of tumor cell/endothelial interactions and
suggest a role for endothelial NF-kB in restricting tumorigenesis.

Results

Generation and initial characterization of sIKBo-transgenic mice. To
investigate the role of NF-kB signaling in endothelial cell func-
tion in vivo, the Tie2 enhancer/promoter was exploited to drive the
expression of a dominant interfering sIkBa mutant (IkBoS324/5364)
in vascular tissues (Figure 1A; ref. 14). Although this enhancer/
promoter is known to effectively direct endothelial expression,
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more recent studies have revealed additional expression in hema-
topoietic tissues (21-23). An aminoterminal FLAG epitope tag was
included on sIkBa to facilitate distinguishing the transgene from
endogenous IkBa. Four Tie-Tg lines were generated, each with
approximately 15-20 copies of an integrated transgene (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI27392DS1). Expression of the FLAG-
sIkBo transgene was first confirmed by transgene-specific RT-PCR
in several well-vascularized tissues, including spleen, thymus, bone
marrow, lung, and aorta (Figure 1B). The FLAG-sIkBa. protein was
detected by immunoblotting after IkBo. immunoprecipitation in
extracts from transgenic lung, spleen, and thymus (Figure 1C).
Since no significant differences were found among the 4 trans-
genic lines, in either sIkBa expression or response to LPS (see also
below), lines 2 and 4 were selected for further study.

Transgenic mice are highly susceptible to LPS-induced septic shock. Pre-
vious studies have suggested that NF-kB directs an antiapoptotic
response in TNF-a-treated human umbilical vein ECs (9, 24, 25).
Therefore, we hypothesized that transgenic ECs would be defective
in their response to LPS, which stimulates a robust increase in cir-
culating levels of TNF-a (and IL-1f; refs. 26, 27). When 8-week-old
transgenic mice were challenged with a sublethal dose of to LPS
(8 ug/g), each of the 4 Tie-Tg lines rapidly developed symptoms
consistent with sepsis (e.g., lethargy, diarrhea, and ocular discharge;
data not shown), whereas nontransgenic littermate controls did
not. A more extensive analysis of Tie-Tg lines 2 and 4 determined
that they rapidly died within 60 hours after LPS challenge, whereas
95% of control mice survived (Figure 2A). Postmortem evaluation
of transgenic mice revealed extensive organ failure (e.g., liver, lungs,
and spleen; Supplemental Figure 2A and data not shown).
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Figure 1

Generation of transgenic mice. (A) The transgenic construct consisted
of the Tie2 promoter, dominant negative FLAG-tagged sIkBo.S32A/S36A,
hGH polyadenylation cassette (hGH-pA), and the Tie2 enhancer.
Restriction sites for Sall (Sl), Hindlll (H3), Clal (Cl), Xbal (XI), and
Ncol (NI) are shown. (B) RT-PCR analysis for slkBa expression in
RNA from transgenic (line 2) and WT heart (H), lung (Lu), liver (Li),
aorta (Ao), spleen (Sp), thymus (Th), and BM. The PCR product was
visualized either by UV fluorescence (upper 2 panels) or hybridization
with lkBa or GAPDH [32P]dCTP-radiolabeled probes (lower 2 panels).
One set of BM was harvested from mice 7 days after LPS stimula-
tion (2 ug/g). (C) IkBa and slkBa protein expression was evaluated
by a sensitive immunoblotting (anti-FLAG M5 mAb; Sigma-Aldrich)/
immunoprecipitation (lkBa polyclonal Ab [pAb]; Santa Cruz Biotech-
nology Inc.) assay in lung, splenic, and thymic extracts prepared from
transgenic mice (line 4). Extracts prepared from HEK 293T cells tran-
siently transfected with the slkBo expression vector served as a posi-
tive control. A nonspecific (NS) band (recognized by M5 mAb) and size
standards are indicated.

To more carefully explore the enhanced LPS susceptibility
of Tie-Tg mice, lines 2 and 4 were injected with a lower dose
of LPS (i.e., 2 ug/g), which did not cause death. A pathologi-
cal survey of these mice revealed a significant initial increase in
spleen size in both control and transgenic mice. But over the
next 7 days, as WT spleens continued to hypertrophy, Tie-Tg
spleens shrank and became atrophic (data not shown). This was
accompanied by a marked dilation of transgenic mesenteric ves-
sels. Notably, a more detailed histological survey of vascular
organs 18 hours after this LPS treatment revealed significant
organ damage in transgenic, but not control, mice (Figure 2B;
see also Supplemental Figure 1B). This included: loss of splenic,
hepatic, and pulmonary architecture; evidence of parenchymal
and endothelial apoptosis; as well as leukocyte extravasation,
especially in the liver. Consistent with this, TUNEL analysis of
serial sections revealed a significant increase in apoptotic cells in
Tie-Tg, but not control, mice. Splenic changes were notable for
a dramatic increase in red pulp, with an elevated basal apoptosis
that increased significantly with LPS treatment (predominately
lymphocytes in white pulp). Likewise, LPS-dependent changes
in transgenic liver were associated with a significant increase in
parenchymal and endothelial apoptosis (see also Figure 3A and
Supplemental Figure 2A). There was also evidence of lympho-
cytic apoptosis. Transgenic pulmonary changes were notable
for an LPS-induced alveolar septal hypertrophy, with significant
lymphocytic infiltration and edema, as well as some lymphocyt-
ic apoptosis. In sum, these observations suggested that NF-kB
signaling plays an important role in protecting vascular organs
from damage during sepsis. Moreover, the significant increase in
apoptotic endothelium in Tie-Tg mice was consistent with prior
studies on isolated NF-kB-defective ECs (9, 24, 25).

ECresponse to LPS- and TNF-induced stress. To more carefully evalu-
ate endothelial dysfunction in LPS-treated mice, hepatic vessels
from Tie-Tg and littermate control mice were evaluated with
immunohistochemical stains for PECAM-1 (i.e., CD31) and acti-
vated caspase-3 (Figure 3A). PECAM-1-positive endothelium was
readily visualized in WT and Tie-Tg samples after 18 hours of LPS
or PBS treatment. However, only LPS-treated Tie-Tg endothelium
was positive for activated caspase-3, indicating onset of apoptosis.
Electron microscopic (EM) analysis of these specimens provided
additional evidence of LPS-induced apoptosis in Tie-Tg pulmo-
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The preceding in vivo studies suggested that Tie-Tg
endothelium was prone to apoptosis. To more directly
test this possibility, ECs were harvested from the lungs of
transgenic and littermate control mice and cultured on
collagen-coated plates. Importantly, WT and transgenic
ECs did not exhibit significant differences in growth or
viability during a 2-week culture period. However, trans-
genic ECs did demonstrate a marked reduction in the
ability to translocate the p65 subunit of NF-kB to the
nucleus in response to a brief stimulation with TNF-a.
(Figure 3B). WT ECs, in contrast, demonstrated the antic-

|

Figure 2

Tie-Tg mice exhibit increased sensitivity to LPS-induced toxemia. (A) Transgenic
mice (Tie-Tg lines 2 and 4) and littermate control WT mice were injected with LPS
(8 ug/g, i.v.) and evaluated for survival by a Kaplan-Meier plot. Similar results
were obtained for Tie-Tg lines 1 and 3 (data not shown). (B) Matched H&E- and
TUNEL-stained paraffin-embedded tissues (spleen, liver, and lung) from trans-
genic (line 2) and WT littermate control mice 18 hours after PBS or LPS (2 ug/g
weight) injection, as visualized with an x20 objective. TUNEL-positive cells are

revealed by brown stain. Similar results were obtained for Tie-Tg line 4.

nary, but not control, endothelium (Supplemental Figure 2C).
Consistent with this apoptotic response, by 24 hours after LPS
treatment, transgenic endothelium was severely compromised,
with a loss in staining for both PECAM-1 and ICAM-1 (see Sup-
plemental Figure 2B). It was difficult to reconcile whether the loss
of expression of ICAM-1, a reported NF-kB target gene, reflected
extensive tissue damage and/or a blockade in NF-kB signaling.
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ipated rapid and robust p65 nuclear translocation (24).
This failure to activate p65 was also associated with a sig-
nificant increase in EC apoptosis, which became appar-
ent with more prolonged TNF-a treatment (Figure 3C).
Specifically, a significant increase in pyknotic nuclei was
observed in transgenic, but not control, ECs (21% ver-
sus 5%; Figure 3, C and D). These observations provide
evidence that transgenic sIkBa effectively blocks NF-xB
activation in ECs and that this correlates directly with an
enhanced apoptotic response to TNF-a. and LPS.

Endothelial function during tumorigenesis. In addition
to its important vascular function, endothelium is
increasingly recognized for its critical role in tumori-
genesis (reviewed in refs. 5-7, 10). Although endothe-
lium provides nourishment to tumors, it also serves as
a barrier to metastatic cells (28). To determine whether
Tie-Tg endothelial function was compromised during
tumorigenesis, B16-BL6 metastatic melanoma cells
were injected into transgenic mice (29, 30). After 14
days Tie-Tg lungs exhibited significantly more tumor
growth than littermate control mice (i.e., WT), by both
visual inspection (Figure 4A) and systematic quantifi-
cation (Figure 4C; ~5-fold increase in lung weight in
Tie-Tg versus controls; P < 0.0001). Histological analy-
sis of size-matched metastatic lesions revealed a strik-
ing increase in tumor vascularization in transgenic
mice (Figure 4B; see also Figure 5B).

Even though B16-BL6 tumors are considered to
be resistant to host immunity (29), the expression of
sIkBa in immune tissues (see Figure 1, B and C) raised
the possibility that a defective immune response in
Tie-Tg mice could contribute to their enhanced meta-
static phenotype. Consistent with reports that the Tie2
enhancer/promoter can direct expression of transgenes
in hematopoietic cells (31, 32), Tie-Tg lymphocytes
exhibited defective NF-kB activation (data not shown).
As in previous studies in which sIkBo expression had
been specifically targeted to lymphocytes, Tie-Tg T cells
were impaired in their ability to proliferate and secrete
IL-2 in response to stimulation with anti-CD3 and anti-
CD28 (data not shown; refs. 15, 16, 33).

To exclude the possibility that a defective immune
response contributed to the enhanced tumorigenesis in Tie-Tg
mice, 2 additional studies were undertaken. The first study com-
pared tumorigenesis in Tie-Tg and immunodeficient Rag27/- mice.
Tumor burden was found to be considerably higher in Tie-Tg than
Rag/~ mice (15.6% versus 3%, P < 0.005; 1% for WT mice; Supple-
mental Figure 3B), suggesting that immune defects are unlikely
to account for the Tie-Tg tumor phenotype.
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Transgenic ECs exhibit enhanced apoptosis. (A) Frozen hepatic tissue sections prepared from WT and Tie-Tg (line 2) mice 18 hours after PBS
or LPS (2 ug/g weight) injection, stained for PECAM-1 and caspase-3 (anti—active caspase-3—specific antibody) and then visualized under a x20
objective. Similar results were obtained with Tie—Tg line 4. (B) Immunostaining revealed a defect in the nuclear translocation of p65 in TNF-a—
stimulated (100 ng/ml, 1 hour) cultured primary, pulmonary transgenic ECs. Phase-contrast bright-field (BF) images (x100 objective) of the
same cells are shown in the upper panels. ECs were prepared from WT and Tie-Tg lines 2 and 4. (C) Cultured primary transgenic ECs exhibit
enhanced nuclear fragmentation after TNF-o (100 ng/ml, 4.5 hours) stimulation, as revealed by DAPI staining (lower panels). Phase-contrast
bright-field images (x100 objective) of the same cells are shown in the upper panels. (D) Quantification of the nuclear fragmentation/apoptosis
data presented in C. Analysis represents the percentage of cells exhibiting clear nuclear fragmentation in 5 independent fields of 100 cells.
Evaluation was performed by a researcher blinded to the experimental protocol.

A second, more rigorous study employed BM transplantation
(BMT) to directly evaluate the contribution of endothelial sIkBa
expression to the enhanced proclivity for tumor growth. Reciprocal
BMTs were carried out. Homotypic transplants served as controls
(i.e., WT—=WT and Tg—Tg). In addition, to facilitate evaluation of
engraftment efficiency, WT BM transplanted into Tie-Tg mice was
harvested from B-actin-GFP* mice (i.e., f-actin—>Tg). Littermate
WT control mice were transplanted with BM from Tie-Tg mice
(Tg—>WT). After 2 months, effective engraftment was confirmed
either through FACS analysis of circulating leukocytes (i.e., 295%
reconstitution for B-actin—>Tg mice) or with a transgene-specific
PCR (see Supplemental Figure 3A). Transplanted mice were then
injected with B16-BL6 melanoma cells, as before, and evaluated
for pulmonary tumor burden 14 days later (Figure SA). Transgenic
mice transplanted with WT B-actin-GFP* BM (B-actin—Tg; n = 6) or
transgenic (self; Tg—Tg; n = 3), developed substantially more meta-
static disease (i.e., 23% and 31%) than the appropriately matched
WT control mice. Specifically, tumor burden was approximately 5%
in each of the 3 control groups, WT (n = 3), Tg—WT (n = 6), and
WT—WT (n = 3), demonstrating that transgenic hematopoietic
cells do not significantly contribute to the enhanced tumor pheno-
type of transgenic mice. Finally, Tie-Tg mice engrafted with WT BM
(B-actin—Tg) developed a tumor burden similar to Tie-Tg (or Tg—>Tg)
mice, indicating that the “pro-tumor” phenotype can be directly
attributed to a functional defect in transgenic endothelium.

The enhanced tumor growth in transgenic mice was associated
with a marked increase in tumor vasculature, suggesting that the
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proclivity of Tie-Tg endothelium for acute apoptosis, seen with
LPS treatment (Figure 2B, Figure 3, and Supplemental Figure 2),
was unlikely to account for the enhanced transgenic tumor burden
(Figure 5B). Rather, transgenic tumors demonstrated a significant
increase in the staining for 3 EC markers (PECAM-1, CD34, and
ICAM-1; Figure 5B), more consistent with an increased angiogen-
ic potential. Even more striking was the disorganized nature of
this robust transgenic tumor vasculature, raising the possibility
that NF-kB-dependent signals may normally serve to regulate the
ordered process of angiogenesis.

To test the angiogenic potential of transgenic endothelium,
B16-BL6-impregnated Matrigel was injected into Tie-Tg and litter-
mate control mice and recovered 5 days later. Staining for PECAM-1
revealed a striking increase in number of vessel that penetrated the
Matrigel plugs from Tie-Tg mice (n = 4; Figure 5C). In contrast,
Matrigel plugs from control mice (n = 4) exhibited only modest
peripheral vascular penetration. Moreover, transgenic vessels were
fully formed, illustrating a robust angiogenic potential.

Transgenic endothelium demonstrates increased permeability. Next,
we considered whether enhanced vascular permeability evident in
pulmonary parenchyma after LPS treatment might also account
for the enhanced tumor metastasis and growth observed in the
Tie-Tg mice. First, the vascular permeability was directly evaluated
through a challenge with topical mustard oil, an effective inflam-
matory stimulant. Transgenic tissue exhibited an approximately
4.5-fold increase in Evans blue dye extravasation after application of
mustard oil, indicating enhanced vascular leakiness (see Figure 6A;
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Tie-Tg mice exhibit enhanced B16-BL6 metastatic lung disease. (A) Gross evaluation of lungs reveals that Tie-Tg mice develop substantially
more and larger metastases 14 days after B16-BL6 melanoma injection (5 x 105 cells, i.v.). Images are representative of results obtained from
WT and Tie-Tg (lines 2 and 4) mice. (B) H&E analysis with a x10 objective of sections obtained from the lungs shown in A. Metastases are
marked with arrows. (C) Metastasis was quantified by change in lung weight compared with a nonexposed control. Lung mass was determined
in WT or Tg mice, either before (None) or after B16-BL6 tumorigenesis (B16; as in A). Total lung mass increased an average of 50 ug in WT and
250 pg in Tie-Tg lungs (P < 0.0001) compared with nonexposed controls. Data represent mice from both transgenic lines.

P < 0.009). Second, ultrastructural studies were undertaken to
determine whether intrinsic differences in the TJs between trans-
genic and control ECs might account for vascular leakiness and
the enhanced metastatic potential in transgenic mice. For these
studies, samples were prepared from WT and transgenic lungs,
before and after a challenge with LPS or B16-BL6 tumor. EM anal-
ysis of untreated mice revealed that TJs were notably less dense in
transgenic mice, with an approximately 2-fold increase in diam-
eter (i.e., distance between cells; Figure 6B; refs. 34-37). Although
transgenic TJs exhibited a similar, approximately 2-fold increase
in diameter in LPS-challenged mice, fewer were observed per
x3,320 power EM field. This could at least in part be attributed to
an increase in transgenic endothelial apoptosis (see Supplemen-
tal Figure 2C). The most dramatic differences were evident in the
pulmonary vasculature of B16-BL6-challenged mice. In WT mice,
tumor-proximal endothelial TJs were found at the expected fre-
quency (~2.5 TJs per x3,320 power EM field; 8 fields observed) but
exhibited an approximately 2-fold increase in diameter compared
with untreated controls. In contrast, no intact TJs were observed in
eight x3,320 EM fields in Tie-Tg tumor-proximal vessels. Rather,
only fragmented TJs with small diameters were found (Figure 6B),
indicating a significant loss of structural integrity.

In summary, these studies demonstrate that the enhanced
metastatic tumor burden in sIkBa transgenic mice correlates
directly with an increase in vascular permeability, associated
with a defective TJ structure.
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Discussion

Vascular endothelium maintains a vital, dynamic interface between
cells of the circulatory system and the tissues they perfuse. In addi-
tion to facilitating the diffusion of nutrients, it also plays impor-
tant roles in regulating circulatory homeostasis and leukocyte
trafficking. More recently, the endothelium has been ascribed an
important role in tumorigenesis (5). Thus, there is great interest
in identifying factors, as well as their downstream signaling com-
ponents, that regulate endothelial activity in health and disease
(reviewed in refs. 1, 5-7, 10).

Although NF-B and activating receptors were first described in
immune cells, they are now recognized as playing a pervasive role
in directing host response to environmental stress (12, 17). For
example, NF-kB activity has been associated with the expression
of inflammatory mediators and the regulation of programmed
cell death in endothelium, albeit largely in cultured ECs (3, 4, 8, 9,
25, 34-37). An effort to extend these studies to a more physiologi-
cal setting has in part been thwarted by phenotypic limitations of
NF-kB-knockout mice (12, 19). As an alternative approach, the
Tie-2 promoter/enhancer was exploited to direct the expression
of a dominant interfering NF-kB mutant, sIkBa, to the endothe-
lium and some leukocytes as well (21, 31, 38). Although none of
the 4 transgenic lines that were generated exhibited developmental
defects, their response to challenge with LPS and cancer was quite
abnormal, underscoring the important role NF-xB plays in regu-
lating endothelial activity.
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Figure 5

Enhanced tumorigenesis in Tie-Tg mice is endothelial cell intrinsic. (A) WT
and transgenic mice were engrafted with either transgenic or WT (from
B-actin-GFP+ mice) BM. Quantification of tumor mass (percent metastasis
per micrometer squared of lung tissue) demonstrated that mice with trans-
genic ECs (i.e., Tg, n = 4; Tg—Tg, n = 3; and B-actin—Tg, n = 6) exhibited
considerably higher tumor burdens (respectively, 31%, 27%, and 23% versus
3.6%, 3.9%, and 5.2%; P < 0.0001, P < 0.007, and P < 0.001) than mice with
WT ECs (i.e.,, WT, n=3; WT—WT, n=3; and Tg—WT, n = 6). Five fields were
evaluated per mouse. Data represent mice from transgenic lines 2 and 4.
(B) A significant increase in tumor vascularization in mice with transgenic
ECs was revealed by PECAM-1 (CD31), CD34, and ICAM-1 immunostaining
visualized under a x20 objective. (C) Neovascularization in B16-BL6 cell—-
impregnated Matrigel was significantly increased when transplanted into Tg
mice. Blood vessels were revealed by staining for PECAM-1 and visualized
under x4 and x20 objectives, as indicated.

When challenged with LPS, each of the 4 Tie-Tg lines devel-
oped multiorgan failure that was associated with increased
endothelial apoptosis. Curiously, transgene-dependent block-
ade of NF-xB signaling was less extensive in transgenic ECs
than in the corresponding transgenic T cells (data not shown).
This observation, along with evidence of endothelial structural
2960
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defects (see below), raised the intriguing possibility that a
more complete blockade of endothelial NF-kB was selected
against, because it led to a developmentally lethal pheno-
type (12). This model also accounts for our relatively low
yield of transgenic founders.

One important defect in Tie-Tg endothelium was the
marked increase in vascular permeability observed in mice
treated with LPS (especially in lungs; Figure 2B) or mustard
oil (Figure 6A). To explore the potential consequence of this
compromised barrier activity, transgenic mice were subse-
quently challenged with B16-BL6 melanoma cells, a model
for metastatic cancer. Consistent with a barrier defect, trans-
genic mice exhibited a substantial increase in number of
metastatic lesions (Figure 4). Intriguingly, this was not asso-
ciated with endothelial apoptosis, as was the case with LPS
treatment but rather a striking increase in tumor vascular
density (Figure 5). Matrigel studies provided additional evi-
dence for enhanced angiogenic potential of Tie-Tg endotheli-
um. Of note, transgenic tumor vasculature was disorganized,
an observation that has recently been ascribed to defective
interactions between pericytes and ECs (7). Thus, endothelial
NF-xB activity (e.g., perhaps in response to trophic pericyte
stimulation) may normally serve to promote the formation
of an organized vasculature (i.e., with healthy TJs; see below).
The absence of this organizing activity may free endothelium
for a more robust angiogenic response.

Two additional sets of studies were carried outin the B16-BL6
tumor model. The first set employed BMT to exclude the pos-
sibility that defective immunosurveillance, caused by trans-
gene expression in lymphocytes (data not shown), might
contribute to the enhanced tumor phenotype (Figure 5).
The second approach exploited EM, which documented
significant changes in the structural integrity of transgen-
ic, tumor-proximal endothelial TJs. Intriguingly, increased
metastatic potential of human melanomas has recently been
correlated with a decreased expression of claudin-1, a com-
ponent of the TJ, in tumor-associated vessels (39). There-
fore, a set of immunohistochemical studies was carried out
to determine whether analogous changes might account for
decreased TJ density observed in transgenic endothelium.
However, no differences in staining for zona occludens 1
(2O-1) or claudin-1 were observed (data not shown), sup-
porting other evidence that increased vascular permeability
is often associated with changes in the distribution, asso-
ciation, and/or activity of TJ proteins, rather than changes
in their absolute level of expression (40-43). Although our
studies demonstrate that NF-kB participates in the regu-
lation of endothelial barrier activity, they did not exclude
an additional role for NF-kB in regulating the expression
of adhesion molecules, which have recently been shown to
direct endothelial progenitor cell recruitment in response
to tumor-derived growth factor(s) (28). Future studies will
explore the complex but likely dynamic relationship among
TJ integrity, barrier activity, and enhanced angiogenesis.

Evidence that transgenic endothelium exhibited both an
increased sensitivity to LPS-induced apoptosis and promoted
enhanced tumor angiogenesis, raised the intriguing possibility
that LPS injection might reduce tumor burden. Unfortunately,
the overall heightened sensitivity of transgenic mice to LPS pre-
vented a meaningful evaluation of this idea, as the mice rapidly
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Enhanced EC leakiness in the transgenic mice. (A) Vascular permeability in transgenic (line 4; n = 4) and the WT mice (n = 4) was measured in
response to mustard oil with Evans blue dye. Local vascular permeability was increased 4.5-fold in transgenic (P < 0.009) and 2-fold in WT mice
(P < 0.0001). No difference was observed in unstimulated mice (n = 4 for each genotype). Similar results were obtained with Tie-Tg line 2. (B)
TJs of pulmonary endothelium were evaluated by EM. Lung tissue was harvested from WT or transgenic mice either before (None) or after LPS
(2 ug/ml, 18 hours) treatment or 14 days after B16-BL6 tumor injection. Specimens prepared for EM were initially screened at a magnification of
x3,320 (see Supplemental Figure 3C). Areas with adjoining ECs (as indicated in Supplemental Figure 3C) were then examined at a magnification
of x9,960 and are presented in 8 panels, as indicated. Electron-dense TJs are marked with arrows. Other features are marked as EC (endothelial
cells), Ly (white blood cells), BV (blood vessels), and B16 (B16—BL6 melanoma cells). EMs are representative images from 3-8 random x3,320

fields per sample and represent tissues from Tie-Tg lines 2 and 4.

became moribund. However, tumor vasculature in LPS-treated
Tie-Tg mice did exhibit a hypertrophied endothelium, sugges-
tive of pending apoptosis.

Our studies underscore the important role NF-kB plays in regu-
lating endothelial response(s) to both acute and nonacute stresses,
which includes regulating barrier activity, angiogenic potential,
and protection from apoptosis. Moreover, all 3 of these phenotypic
responses may be associated with the altered TJ structure in trans-
genic mice. For example, early (i.e., 18 hours) after LPS treatment,
transgenic mice exhibited an acute reduction in barrier activity
that was associated with both decreased TJ density (Figure 6B;
refs. 44, 45) and increased apoptosis (due to a loss in NF-kB’s
prosurvival activity) (Figure 2B and Figure 3; refs. 9, 18, 25, 43).
Of note, the relative number of apoptotic ECs increased steadily
over time (e.g., Supplemental Figure 2B). Intriguingly, studies in
LPS-treated bovine ECs have indicated that proapoptotic caspases
rapidly cleave T] component proteins (45). Thus, caspases, whose
activity is antagonized by NF-kB (see Figure 3A; refs. 12, 17, 46,
47), may be responsible both for decreased barrier function and
increased apoptosis. In contrast, the nonacute changes associated
with enhanced tumorigenesis in transgenic mice appears to reflect
both basal changes in TJ structure (i.e., decreased barrier activity)
and a more gradual, yet dramatic compromise of TJ structure that
is associated with tumor growth (e.g., angiogenesis).

Evidence for an extensive role in regulating endothelial activ-
ity raises a cautionary note about pharmaceutical agents that are
being developed to target NF-kB activity.

Methods

Transgene construction and generation of transgenic mice. To direct the expression
of sIkBat (S32A/S36A,; ref. 14) in ECs, the cDNA was cloned into a trans-
genic vector provided by T. Sato (Weill Medical College of Cornell Univer-
sity, New York, New York, USA) (consisting of a 2-kb Tie2 promoter, 1.7-kb
human growth hormone (hGH) polyadenylation cassette, and the 10-kb
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Tie2 enhancer; Figure 1A; ref. 21). This entailed introduction of a FLAG tag
at the amino terminus of sIkBa (by PCR-based mutagenesis; Stratagene)
and cloning into Clal and Xbal endonuclease restriction sites between
the Tie2 promoter and hGH polyadenylation cassette (see Figure 1A).
The transgenic construct was linearized with Sall and microinjected into
fertilized C57BL/6] x CBA F; hybrid eggs, which were implanted in pseu-
dopregnant Swiss Webster foster mothers at the Columbia University
Transgenic Facility. F; offspring were genotyped by Southern blotting
Hindlll-digested tail DNA with a [3?P|dCTP-labeled IxBa probe. The trans-
gene copy number was determined through PhosphorImager (Molecular
Dynamics Inc.) analysis. All animal studies were carried out by protocols
approved by the Columbia University Institutional Animal Care and Use
Committee (AC-AAAA0704, AAAA2565, AAAA4096).

Cell culture. HEK 293T cells (ATTC), B16-BL6 melanoma cells (gift of A.
Diefenbach, New York University, New York, New York, USA; ref. 48) were
cultured at 37°C, 5% CO; in DMEM supplemented with 10% heat-inacti-
vated FCS, 100 U/ml penicillin/streptomycin, 2 mM glutamine. ECs were
isolated from murine lungs as previously described (49). Briefly, tissue from
5 lungs was homogenized and treated with collagenase A (330 U/ml; Sigma-
Aldrich) and DNase I (150 U/ml; Sigma-Aldrich) at 37°C for 30 minutes.
Single-cell suspensions, in PBS plus 1% BSA, were incubated with anti-CD31
mAD (2 ug/ml rat anti-mouse, 1 hour; BD Biosciences — Pharmingen). ECs
were purified by subsequent incubation with M-450 Dynabeads (1 hour at
4°C; 25 pl beads; Dynal) coupled with sheep anti-rat IgG, as per the manufac-
turer’s instructions. Isolated ECs were cultured in EGM-2 media (Cambrex)
at 37°C, 8% CO; on collagen-coated plates (Cell Prime 100, 1:30; Cohesion
Inc.). Thymic and splenic lymphocytes were cultured in RPMI supplemented
with 10% FCS (heat inactivated; HyClone), 100 U/ml penicillin/streptomycin
(Invitrogen), 2 mM glutamine (Invitrogen), with or without IL-2 (20 U/ml;
Roche Diagnostics). Splenic CD4* T lymphocytes were isolated with anti-
CD4-coupled Macs beads (Miltenyi Biotec), as per the vendor’s directions.

RT-PCR. Total RNA was isolated from murine tissues by TRIZOL reagent
(Invitrogen). cDNA was prepared with AMV reverse transcriptase from 2 ug
of total oligo-(dT)s-primed RNA (Promega) and amplified with specific
Volume 116~ Number 11
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primers (FLAG-Tag, 5'-CCATGGACTACAAAGACGATGACG-3'; IkBa
forward, 5'-AGACCTGGCTTTCCTCAACTTCC-3'; IkBa reverse, 5'-
CAGCACCCAAGGACACCAAAAGC-3"; hGH forward, 5'-AGCCACT-
GCCGGTCC-3"; hGH reverse, 5'-GGCCAAGCGCTTGGGCACT-
GTTCCCTCCCT-3"; and GAPDH (50).

Histopathology. Tissue samples were fixed in 10% formalin (24 hours),
embedded in paraffin, sectioned (5 wm), and stained with H&E to analyze
tissue morphology. Alternatively, samples were embedded in OCT (Tis-
sue-Tek; Sakura), snap-frozen, sectioned (5 um), and fixed (cold acetone,
S minutes). These samples were blocked with 30% H,O, (for endogenous
peroxidase), Avidin/Biotin Blocking Kit (Vector Laboratories), and goat
serum, prior to staining with anti-CD31/PECAM-1 (1:500; BD Biosciences
— Pharmingen), ICAM-1 (1:100; Abcam), CD34 (1:100; BD Biosciences),
anti-caspase-3 (active isoform; 1:500; R&D Systems), ZO-1 (1:250; BD Bio-
sciences), and claudin-1 (1:100, Abcam). Bound antibodies were revealed
with a biotinylated secondary antibody (goat anti-rabbit; 1:500; BD Biosci-
ences) and a DAB Substrate Kit (Vector Laboratories; refs. 51, 52). Apopto-
sis in paraffin-embedded sections was revealed by TUNEL staining (53) as
per the manufacture’s directions (kit S7101; Chemicon International).

p65 nuclear translocation in ECs or thymocytes stimulated with TNF-a.
(100 ng/ml; R&D Systems) was evaluated as previously reported (54). Briefly,
fresh thymocytes, spun onto anti-CD3-coated plates, or cultured ECs, were
fixed with 10% formaldehyde (20 minutes; Fisher Scientific), permeabilized
(1% Triton-X 100; Sigma-Aldrich), and blocked with 3% BSA in Tris-buffered
saline with Tween-20 (Sigma-Aldrich). Samples were stained with anti-p65
(1:1,000; 1 hour at room temperature; Santa Cruz Biotechnology Inc.) and
Cy3-conjugated secondary antibody (donkey anti-rabbit; 1:500 for 30 min-
utes at room temperature; Rockland). Samples were also counterstained
with DAPI (Sigma-Aldrich) to visualize nuclei. Slides were analyzed by Nikon
Eclipse TE-300 florescence microscopy, as previously reported (54).

For EM, untreated, LPS-treated, or B16-BL6-treated mice were anesthetized
and fixed by vascular perfusion with 2.5% glutaraldehyde in 0.1 M Sorenson’s
bufter (pH 7.2) for 10 minutes, postfixed with 1% OsO4in 0.1 M Sorenson’s buf-
fer,and embedded in Lx-112 (Ladd Research Industries). Thin sections (60 nm)
were cut on an RMC MT-7000 microtome, stained with toluidine blue, and
examined by transmission EM on a JEOL JEM-1200 EXII equipped with a
digital camera at x3,320 and x9,960, as previously reported (S5).

Western blot analysis. Protein extracts were prepared by cellular lysis in a
0.5% NP-40-based buffer as previously reported (54). Extracts were fraction-
ated by SDS-PAGE directly or after immunoprecipitation (anti-IkBo; 3 ug/
precipitation; 16 hours at 4°C) and immunoblotted as previously reported
(54). Filters were probed with anti-FLAG (MS5; 1:1,000; 1 hour at room tem-
perature; Sigma-Aldrich) and detected by ECL (Amersham Biosciences).

Flow cytometry. PBLs (tail vein) were treated with red cell lysis buffer
(Sigma-Aldrich) and evaluated for side scatter (SSC) and GFP-dependent
fluorescence. Apoptosis was evaluated with annexin V and propidium
iodide staining (BD Biosciences — Pharmingen). Samples were analyzed on
a FACSCaliber (BD). Each plot represents analysis of more than 10* events.

Evans blue vascular permeability assay. Mustard oil (5% allyl-isothiocyanate
in mineral oil; Sigma-Aldrich) was applied twice (¢ = 15 minutes) to the dor-

sal and ventral surfaces of the right ear of mice following the i.v. injection of
Evans blue dye (30 mg/kg; Sigma-Aldrich), as previously reported (56). The
left ear treated with mineral oil alone served as a control. Thirty minutes later,
mice were anesthetized, and the vasculature was fixed by perfusion with 1%
paraformaldehyde in 50 mM citrate buffer/pH 3.5 (1 minute at 120 mmHg).
Ears were harvested, dried (6 hours, 55°C), and weighed, and Evans blue
dye was extracted in 1 ml formamide (5 days, room temperature). Yield of
dye was measured spectrophotometrically (A = 610 nm) and compared with
a standard curve to determine nanograms of Evans blue dye per milligram
of tissue (56). Statistical analysis was carried out using unpaired 2-tailed
Student’s ¢ test. P values less than 0.05 were considered significant.

Invivo tumorigenesis. Theses studies exploited the established B16-BL6 model
of metastatic tumor growth (29, 30). Briefly, 300 ul of either 1 x 10° or 5 x 103
freshly harvested and washed B16-BL6 cells (PBS) were i.v. injected into study
mice. After 14 days, mice were sacrificed, and the lungs were removed and
weighed. Lungs were inflated, then fixed for histological evaluation.

Matrigel assay. Angiogenesis was assessed in Matrigel plugs (57). Trans-
genic (n = 4) and WT (n = 4) mice were inoculated with 0.1 ml of Matrigel
(BD Biosciences) embedded with 1 x 10 B16-BL6 melanoma cells. Matrigel
was injected subcutaneously to the ventrolateral hind flank. After 5 days
Matrigel plugs were removed, fixed with 4% PFA, and embedded in 30%
sucrose, snap-frozen in OCT, sectioned (5 um), and stained for PECAM-1,
as described above (58).

BMT. Adoptive transfers were performed as previously described (59,
60). Briefly, BM cells were sterilely harvested from the tibias and femurs of
5 B-actin-GFP* (61), C57BL/6], or Tie-Tg mice in HBSS (Invitrogen) and
filtered through a 40-um nylon mesh (BD Biosciences — Falcon). 5 x 10° of
these unfractionated cells (in 300 ul) were i.v. injected 3 hours after lethal
irradiation (12 Gy). Eight weeks after transplantation, peripheral blood
was evaluated for engraftment by FACS or PCR.
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