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Interleukin (IL)-33 is a novel member of the IL-1 fam-
ily of cytokines that promotes Th2 responses in lym-
phocytes as well as the activation of both mast cells
and eosinophils via the ST2 receptor. Additionally,
IL-33 has been proposed to act as a chromatin-associ-
ated transcriptional regulator in both endothelial
cells of high endothelial venules and chronically in-
flamed vessels. Here we show that nuclear IL-33 is
expressed in blood vessels of healthy tissues but
down-regulated at the earliest onset of angiogenesis
during wound healing; in addition, it is almost unde-
tectable in human tumor vessels. Accordingly, IL-33 is
induced when cultured endothelial cells reach conflu-
ence and stop proliferating but is lost when these
cells begin to migrate. However, IL-33 expression was
not induced by inhibiting cell cycle progression in
subconfluent cultures and was not prevented by anti-
body-mediated inhibition of VE-cadherin. Conversely,
IL-33 knockdown did not induce detectable changes
in either expression levels or the cellular distribution
of either VE-cadherin or CD31. However, activation of
endothelial cell cultures with either tumor necrosis
factor-a or vascular endothelial growth factor and
subcutaneous injection of these cytokines led to a
down-regulation of vascular IL-33, a response consis-
tent with both its rapid down-regulation in wound
healing and loss in tumor endothelium. In conclu-
sion, we speculate that the proposed transcriptional
repressor function of IL-33 may be involved in the

control of endothelial cell activation. (4m J Pathol
2008, 173:1229—-1242; DOI: 10.2353/ajpath.2008.080014)

Interleukin (IL)-33 (also known as C9ORF26, DVS27,"
NF-HEV,?2 and IL-1F113) is a novel member of the IL-1
family of proinflammatory cytokines that also includes
IL-1e, IL-1B, and IL-18. IL-33 expression has been found in
a broad specter of tissues and cells.’ ¢ Like IL-1 and
IL-18, IL-33 is synthesized as a 31-kDa precursor and
may be cleaved by caspase-1 in vitro to form a mature
18-kDa protein.® Mature, recombinant IL-33 signals
through the IL-1 receptor-related protein ST2 (also known
as IL-33Req, IL1RL1, T1, DER-4, Fit-1, or IL1R4) and in-
volves heterodimerization with the IL-1 receptor acces-
sory protein (IL-1RAcP)”® as well as activation of nuclear
factor (NF)-kB and MAP kinases.>® Mature IL-33 was
recently found to drive T-helper type 2 (Th2) responses in
lymphocytes®; to act as a Th2 chemoattractant®; and to
induce blood eosinophilia, splenomegaly, increased se-
rum levels of IgE, IgA, IL-5, and IL-13, as well as severe
pathology in mucosal organs on IL-33 treatment in mice.>
Moreover, mature IL-33 also induces maturation and
proinflammatory cytokine production in mast cells,”'°~12
degranulation and survival in eosinophils,’® as well as a
reduction in the development of atherosclerosis.®

All biological effects of IL-33 described to this point
appear associated with its mature and, in most cases,
recombinant 18-kDa form. However, in common with
IL-1«, the full-length precursor IL-33 can also act as a
nuclear factor with transcriptional regulatory proper-
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ties.* Although precursor IL-1a acts as a proinflamma-
tory activator of transcription,’* possibly by interacting
with histone acetyltransferases involved in transcrip-
tional activation,’'® precursor 1L-33 associates with
heterochromatin and has transcriptional repressor
properties,* most likely associated with its evolutionary
conserved homeodomain-like helix-turn-helix motif in
its N-terminus.>*

To date, nuclear IL-33 expression has been described
in the endothelial cells of high endothelial venules in
secondary lymphoid organs,® in chronically inflamed
venules in tissues from patients with rheumatoid arthritis
and Crohn’s disease,* and in lesions of atherosclerosis.®
To get a better understanding of the expression of nu-
clear I1L-33 in vascular endothelial cells, we initiated an
immunohistochemical screen in several different tissues,
and found that nuclear, endothelial IL-33 is generally
expressed in blood vessels of normal tissues. Moreover,
activation of endothelial cells appeared associated with a
down-regulation of IL-33, because it was rapidly down-
regulated in the proinflammatory/angiogenic environment
of wound healing and virtually undetectable in the angio-
genic/immature vessels of tumors. Accordingly, IL-33
was induced in high-density endothelial cell cultures but
down-regulated when cells broke out of confluence or
when exposed to tumor necrosis factor (TNF)-a, IL-18, or
vascular endothelial growth factor (VEGF).

Materials and Methods

Reagents

Recombinant human (rh) or rat (rr) IL-18, epidermal
growth factor, basic fibroblast growth factor, TNF-a, and
interferon (IFN)-y were obtained from R&D Systems
(Abingdon, UK); VEGF from Peprotech (London, UK);
and rrlL-33 from Alexis (Lausen, Switzerland). Fetal bo-
vine serum, gentamicin, fungizone, L-glutamine, MCDB
131, and Opti-MEM | were purchased from Invitrogen Life
Technologies (Paisley, UK); gelatin, citraconic anhydride
and fumagillin from Sigma-Aldrich (Oslo, Norway); tryp-
sin-EDTA from BioWhittaker (Walkersville, MD); and si-
PORTAmine from Ambion (now Applied Bioystems, Oslo,
Norway).

Cell Culture

Umbilical cords were obtained from the Department of
Gynecology and Obstetrics at the Rikshospitalet Medical
Center following a protocol approved by the Regional
Committee for Research Ethics (S-05152). Human umbil-
ical vein-derived endothelial cells (HUVECs) were iso-
lated as described by Jaffe and colleagues'” and cul-
tured in MCDB 131 containing 7.5% fetal bovine serum,
10 ng/ml epidermal growth factor, 1 ng/ml basic fibro-
blast growth factor, 1 ug/ml hydrocortisone, 50 pg/ml
gentamicin, and 250 ng/ml fungizone. The cells were
maintained at 37°C in humid 95% air/5% CO, atmo-
sphere and split at a ratio of 1:3 before reaching conflu-
ence. The cultures were used at passage level one to

five. Medium was changed when the cells reached
confluence (usually 3 to 4 days after splitting) and the
experiment started 1 day thereafter (cells were then super-
confluent). Superconfluent HUVEC monolayers were acti-
vated for the indicated times and concentrations with
rhlIFN-y, rhTNF-«, rhiL-1B, or rhVEGF. Endothelial cells
from human skin, nasal polyps, and intestine were cul-
tured as described elsewhere.'®2°

Cell Cycle Inhibition

To study the effect of cell cycle inhibition in confluent
cells, monolayers were either treated with fumagillin in
complete medium for 16 hours or full growth medium was
replaced by growth factor- and serum-free MCDB 131 for
24 hours. To inhibit the cell cycle in subconfluent cells,
they were seeded in complete growth medium at a den-
sity of 1.9 X 10* cells/cm?, either in the presence of
fumagillin (16 hours) or cells were allowed to attach for 4
hours before replacing the complete medium by growth
factor- and serum-free MCDB 131 and incubating them
for another 24 hours. To assess the percentage of cells
positive for cell-cycle markers or IL-33, fixed cells were
double stained for I1L-33 and Ki-67 or hyperphosphory-
lated retinoblastoma protein (ppRb). The fraction of pos-
itive cells (defined as having a homogenous nuclear sig-
nal) were enumerated and normalized by setting the
control value to 100 in each independent experiment.

Immunocytochemistry and Histochemistry

Affinity-purified IL-33Nter rabbit polyclonal antibody was
generated by Eurogentec (Seraing, Belgium), using a
peptide antigen derived from the first 15 amino acids of
human IL-33 (MKPKMKYSTNKISTA). Other primary anti-
bodies and all working concentrations are specified in
Table 1. Fluorescein isothiocyanate-conjugated Ulex eu-
ropaeus agglutinin | (UEA) (used at 5 ng/ml), biotinylated
horse anti-mouse 1gG (used at 7.5 png/ml), and biotinyl-
ated goat anti-rabbit IgG (used at 7.5 ug/ml) antibodies
were purchased from Vector Laboratories (Burlingame,
CA), streptavidin-Cy2 conjugate (used at 1 ug/ml) was
purchased from Amersham Biosciences (now GE Health
Care, Piscataway, NJ), Cy3-conjugated donkey anti-
mouse IgG (used at 2 ug/ml) and streptavidin-Cy3 (used at
1.5 pg/ml) were from Jackson ImmunoResearch Laborato-
ries (Newmarket, UK), and Hoechst nuclear dye (used at
0.5 ug/ml) was from Invitrogen Life Technologies.
HUVECs grown on Lab-Tek chamber slides (Nalge
Nunc International, Hereford, UK) coated with 1% (w/v)
gelatin type A from porcine skin, were briefly submerged
in prewarmed phosphate-buffered saline (PBS) (37°C)
and either fixed for 10 minutes in methanol and air-dried
or prewarmed 4% paraformaldehyde (37°C, pH 7.4) for
10 minutes before washing 2 X 5 minutes in PBS. For-
malin- or methanol-fixed, paraffin-embedded tissue sam-
ples are part of the diagnostic biobank at the Division of
Pathology and were used according to guidelines ap-
proved by the Regional Committee for Research Ethics
(S-05152). Tissue sections were deparaffinized using
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Table 1. Primary Antibodies Used in This Study
Specificity Designation Working concentration Specification Source
IL-33 IL-33 Nter 1.8 png/ml Rabbit Eurogentec
IL-33 Nessy-1 1 pg/mi Mouse IgG1 Alexis
IL-33 ALX-210-447 1 pg/ml Rabbit Alexis
IL-33 ALX-210-993 1 png/ml Rabbit Alexis
CD31 HEC7 1 pg/mi Mouse IgG2a Fitzgerald
CD31 RB-10333 0.4 pg/ml Rabbit LabVision
PCNA PC10 1.25 ug/ml Mouse IgG2a DAKO
Phospho-Rb (Ser807/811) #9308 1:100 Rabbit Cell signaling
Kie7 MIB-1 10 pg/ml Mouse IgG1 DAKO
Ki67 ab15580 5 pg/mi Rabbit Abcam
Lymphatic EC D2-40 0.26 pg/ml Mouse IgG1 DAKO
VE-cadherin 48.G 1:1000 Mouse IgG1 O. Bakke
VE-cadherin BV9 10 pg/ml Mouse IgG2a Hycult biotechnology
Actin sc-8432 1:500 Mouse IgG1 Santa Cruz
Histone H1 sc-10806 1 pg/mi Rabbit Santa Cruz
Irrelevant control H0892 Matched Rabbit Sigma
Irrelevant control MOPC 21 Matched Mouse IgG1 Sigma
standard laboratory procedures. Fixed cells or tissue Nuclear Fractionation

sections were boiled for 20 minutes in PBS containing
0.05% citraconic anhydride (pH 7.4), incubated with pri-
mary antibodies diluted in PBS with 0.1% saponin for per-
meabilization overnight at 4°C, followed by secondary and
tertiary reagents for 1.5 hours each at room temperature.
Irrelevant concentration-matched primary antibodies were
used as negative controls. Double stainings using UEA
were performed by adding the lectin to the secondary an-
tibody or streptavidin incubation step. Double stainings with
mouse and rabbit reagents were performed by mixing the
primary antibodies and mixing fluorochrome-conjugated re-
agents, respectively. Microscopy was performed with a
Nikon (Tokyo, Japan) Eclipse E-800 fluorescence micro-
scope equipped with Nikon Plan-Fluor objective lenses
and an F-VIEW digital camera controlled by AnalySIS 3.2
software (Soft Imaging System, Munster, Germany).

Quantitative Polymerase Chain Reaction (PCR)

Total RNA from cytokine-treated or siRNA-transfected
cells was isolated using the RNeasy mini kit with on-
column DNase treatment according to instructions of the
manufacturer (Qiagen, Oslo, Norway). Total RNA was
reverse-transcribed using Oligo(dT) and Superscript |l
reverse transcriptase (Invitrogen Life Technologies).
Gene transcripts were quantified by real-time PCR using
the Mx3000P system from Stratagene (now Agilent Tech-
nologies, La Jolla, CA). Transcript levels of IL-33 were
normalized against transcript levels for GAPDH and
HPRT. Primer sequences used are listed in Table 2.

Table 2. Primers Used for Quantitative PCR

HUVECs were lysed in a buffer containing 0.1% Nonidet
P-40, 10 nmol/L NaCl, 5 mmol/L MgCl,, 10 nmol/L
NaH,PO, pH = 7.4, 65 mmol/L Na-orthovanadate (S-
6508, Sigma-Aldrich), and protease inhibitor cocktail (P-
8340, 1:100; Sigma-Aldrich) and centrifuged at 900 X g
for 10 minutes (4°C). Supernatant fluid containing the
cytoplasmic fraction was harvested and the pellet con-
taining the nuclear fraction was resuspended in a buffer
containing 1 mmol/L EDTA, 3.5% sodium dodecy! sulfate,
10% glycerol, and 70 mmol/L Tris, pH = 6.8. Nuclear and
cytoplasmic fractions were sonicated (4 X 10 seconds,
pulse duration 0.8/second and 20% output of 400 W) and
the protein concentration measured as described below.
Samples were boiled in loading buffer (300 mmol/L Tris-
HCI, pH 6.8, 2% sodium dodecyl sulfate, 0.1% bromphe-
nol blue, 10% glycerol, and 50 mmol/L dithiothreitol) and
20 ng of protein were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

Protein Extraction and Western Blot

Total protein was harvested from HUVECs by lysing
them in 2X Laemmli buffer (4% sodium dodecy! sul-
fate, 20% glycerol, 10% 2-mercaptoethanol, 0.004%
bromphenol blue, 0.125 mol/L Tris-HCI) protease inhib-
itor cocktail (P-8340, 1:100; Sigma-Aldrich), diluting
the lysates 1:1 in PBS and subsequently boiling them
for 10 minutes. Protein concentrations were deter-
mined using the RC/DC protein assay kit (Bio-Rad,

Forward primer

Reverse primer

IL-33 no. 1 5'-TGTCAACAGCAGTCTACTGTGGAGTGCT-3'
IL-33 no. 2 5'-CAGACCAGGCCTTCTTTGTCCTTCAT-3'
GAPDH 5'-TGTTCGACAGTCAGCCGCATCTTCT-3’

HPRT 5'-AATACAAAGCCTAAGATGAGAGTTCAAGTTGAGTT-3’

5'-GCAAAAGTAATGGATTGATCATTGTATGTGCT-3'
5'-CTAAGTTTCAGAGAGCTTAAACAAGATATTTTCAGTACA-3'
5'-TGATGGCAACAATATCCACTTTACCAGAGTT-3’
5'-TTAGGAATGCAGCAACTGACATTTCTAAAGTAC-3’
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Oslo, Norway) and up to 20 ug of protein were loaded
per lane. For visualization of protein loading, mem-
branes were stained with Ponceau S solution [0.1%
(w/v) Ponceau S, 5% acetic acid in ddH20]. The pro-
tein was blotted to a nitrocellulose membrane (Hybond-
ECL, RPN303D; Amersham Biosciences). After blocking in
PBS, Tween 0.05%, and 5% milk, IL-33 protein was de-
tected by sequential incubation of blots with mouse anti-
human IL-33 (Nessy-1, 1:1000), biotinylated horse anti-
mouse 1gG (BA-2000, 3 ug/ml; Vector Laboratories) and
horseradish peroxidase-conjugated streptavidin (21124,
0.04 pg/ml; Pierce, Cramlington, UK). After IL-33 detec-
tion, the blots were reincubated with mouse anti-human
actin (sc-8432, 1:500; Santa Cruz, Heidelberg, Germany)
followed by the above-described secondary and detec-
tion methods. The rabbit anti-human histone H1 (FL-219,
1 wg/ml, sc-10806; Santa Cruz) was used as a loading
control for nuclear extracts and detected by sequential
incubation of blots with horseradish peroxidase-conju-
gated goat anti-rabbit IgG (NA934V, 1:3000; Amersham
Biosciences). Horseradish peroxidase signal was then
detected by enhanced chemiluminescence substrate
(no. 32106, Pierce) and analyzed on a Kodak Image
Station 4000R (Eastman-Kodak, Rochester, NY). The in-
tensity of protein bands was quantified using Kodak Mo-
lecular Imaging Software (version 4.0.5).

Blocking of VE-Cadherin

Single cell suspensions of HUVECs harvested at sub-
confluence were incubated with 10 ug/ml of the mono-
clonal antibody to VE-cadherin (BV9) or vehicle (PBS)
in the growth medium before seeding into Lab-Tek
chamber slides (Nalge Nunc International) coated with
1% (w/v) gelatin type A from porcine skin. Medium with
antibody or vehicle was changed daily until cells
reached confluence. Slides were methanol-fixed and
subsequently co-stained for VE-cadherin and IL-33 us-
ing another murine antibody to VE-cadherin (clone
4.8.G) and rabbit polyclonal antibody to IL-33 (IL-
33Nter), followed by a biotinylated goat anti-rabbit IgG
antibody (Vector Laboratories) and Cy3-conjugated
goat anti-mouse IgG1 (Southern Biotechnology, Bir-
mingham, AL) and Cy2-conjugated streptavidin (Jack-
son ImmunoResearch Laboratories). For consistency
throughout the figures, the red and green channels in
Figure 3 (below) were reversed.

IL-33 Knockdown

Silencer predesigned siRNA for 1L-33 (siRNA ID no.
131654, 131655, 35368, 35460, 35551) or negative con-
trols (Silencer negative control siRNAs no. 1, 2, 3) were
obtained from Ambion. Single cell suspensions of
HUVECs harvested at subconfluence were incubated
with a precomplexed mixture of siPORTAmine (Ambion)
and 40 nmol/L siRNA oligos in OPTI-MEM (Invitrogen Life
Technologies) and plated at a density of 7.2 X 10* cells/
cm?. After 6 hours the medium was replaced by regular
growth medium. At 24 hours after start of transfection the

cells were supplied with fresh medium and harvested or
fixed after an additional 24 hours.

Animal Experiments

Inbred BD-IX female rats (Charles River Laboratories,
Lyon, France), age 6 months, were caged in groups of
three animals in Macrolon Il cages (Techniplast S.p.a,
Buguggiate, Varese, ltaly). Animal care and protocol
were in accordance with national legislation and insti-
tutional guidelines. A combination of fentanyl/flua-
nisone and midazolam was used for anesthesia. To as-
sess the fate of endothelial IL-33 during wound healing, a
boat-shaped excision (1 X 0.5 cm) was made between
the ears using scissors and closed with one suture. Bi-
opsy specimens were harvested 1, 2, 4, 6, and 11 days
after injury and the tissue samples fixed in formalin for 24
hours at 4°C before embedding in paraffin using stan-
dard procedures.

To analyze the in vivo response of I1L-33 to TNF-«a and
VEGF, carrier-free recombinant rat (rr) cytokines or PBS
controls were injected subcutaneously on the back. To
trace the site of injection, Indian fountain ink (1:200; Pe-
likan, Hannover, Germany) was added to the vehicle
before injection. Leukocyte infiltration served as positive
control for rrTNF-« injections. Extravasation of Evans Blue
dye served as a positive control for the injection of
rr'VEGF: one animal received 0.5 ml of a 1% Evans Blue in
PBS solution intravenously injected 20 minutes before the
rrVEGF injection. Overall expression levels of vascular
IL-33 were assessed in a blinded manner after immuno-
staining of fixed specimens.

Results

IL-33 Is Generally Expressed in Blood Vessels of
Healthy Tissue

Although IL-33 has been reported to be preferentially
expressed in endothelial cells of high endothelial
venules® and more recently in vessels of chronic in-
flammation* and atherosclerosis,® a detailed assess-
ment of expression in healthy tissues using several
different antibodies (see Table 1 and supplemental
Figure S1 at http://ajp.amjpathol.org) indicated to us
that IL-33 is most likely globally present in endothelial
cells of all blood vessels. By co-staining a collection of
tissue samples from normal human organs for IL-33 and the
pan-vascular marker Ulex europaeus agglutinin | (UEA), we
found that IL-33 was expressed in endothelial cell nuclei of
most vessels in normal skin (Figure 1A), small intestine
(Figure 1B), umbilical vein (Figure 1C), and lung (Figure
1D) as well as in colon, mammary gland, and kidney (all
visible in control areas of Figure 4, see below). Occasion-
ally, we observed scattered thin-walled vessels that ex-
pressed only low or almost undetectable levels of IL-33 in
their endothelial nuclei and considered them to be of
lymphatic origin based on co-staining with the lymphatic
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Figure 1. IL-33 is globally expressed in nuclei of vascular endothelium in normal human tissues. Endothelial cells in vessels of human skin (A), small intestine
(B), umbilical vein (C), and lung (D) were stained for IL-33 (Nessy-1, red) and with Ulex europaeus agglutinin I (A, C, and D; green) or CD31 (B, green) and
Hoechst dye (blue) to visualize endothelial cells and cell nuclei, respectively. Three-color fluorescence micrograph of fixed and permeabilized tissue sections are
shown. Note of presence of IL-33 positive single tissue resident cells in (B) and (C). Scale bars = 50 pm.

marker D2-40 (data not shown). The staining pattern of all
antibodies to IL-33 was abolished by preincubating them
with recombinant hIL-33 or the respective IL-33-derived
peptide (data not shown).

IL-33 Is Induced by Confluence and Lost on
Cell Migration
Observing that IL-33 is a general constituent of resting

endothelial cells in vivo, we aimed at defining in vitro condi-
tions that would mimic properties of resting endothelium

including the expression of IL-33. Careful assessment of
IL-33 expression in cultured HUVECs revealed that IL-33
was absent in subconfluent cultures, but induced as the cell
density increased and peaked when the cells formed a
compact, high-density monolayer (Figure 2, A-C). At this
point most of the cells featured a considerably higher ratio
of nuclear versus cytoplasmic area because of space con-
strictions (Figure 2C). We defined cell monolayers of such
density and appearance as superconfluent. Induction of
IL-33 was not a feature particular to HUVECs, because it
could also be induced in cultured endothelial cells from
skin, nasal polyps, and small intestine (data not shown).
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Figure 2. IL-33 in HUVECs responds to cell density signals and is localized to the nucleus in nonproliferating, superconfluent cells. A-D: Monolayers of HUVECs
stained for IL-33 (red) using IL-33Nterm (A—C) and Nessy-1 (D). CD31 is stained in green and cell nuclei are visualized by Hoechst dye (blue). A and B: HUVECs
induce expression of nuclear IL-33 and enhance the localization of CD31 to the intercellular areas when cell density increases. C: Almost all cells are IL-33-positive
in a superconfluent monolayer. D: Superconfluent HUVEC monolayer 4 hours after scratch wounding. The red signal in the cytoplasm cannot be distinguished
from the signal obtained with irrelevant antibodies (data not shown). Note loss of nuclear IL-33 and reduction of CD31 (green) in cells that migrate into the open
area (right half of image). E and F: Western blot for IL-33 detection in whole cell lysates of subconfluent (subconf) or superconfluent (supconf) cells (E) or nuclear
versus cytoplasmic (cytopl) fraction of a superconfluent HUVEC monolayer (F). Monolayers of HUVECs stained for IL-33 (IL-33Nter in G, Nessy-1 in H-L; all red),
Ki-67 (G-I, green), and ppRb (J-L, green). Endothelial nuclei are visualized by Hoechst dye (blue). Note the lack of 1L-33 expression in serum and growth factor
starved cells in I and L. Scale bars: 25 um (A-D); 30 um (G-L).



The establishment of junctions as estimated by the
translocation of CD31 to cell boundaries®' correlated with
the induction of IL-33 because only cells with a pro-
nounced CD31 staining at their cell-cell boundaries ex-
pressed IL-33 (Figure 2, A-C). Because IL-33 expression
gets induced in the transition from confluence to super-
confluence, we asked how the reverse change would
affect IL-33 expression. To this end, we removed a 2-mm
broad band of cells from superconfluent HUVEC mono-
layers and analyzed the cells that migrated into the open
space. Within 4 hours, cells were observed that had left
the confluent monolayer and down-regulated IL-33 to
levels indistinguishable from background levels (Figure
2D and data not shown). Western blotting confirmed the
induction of IL-33 (detection of a 31-kDa band) in total
cell lysates of confluent HUVECs but not in lysates of
subconfluent cultures (Figure 2E). Nuclear fractionation
of superconfluent HUVECs confirmed that IL-33 is pre-
dominantly located in the nucleus because IL-33 was
undetectable in the cytoplasmic fraction (Figure 2F).
Moreover, none of the lysates showed expression of the
cleaved, 18-kDa mature form of IL-33° (see below for
whole cell lysates; also data not shown).

Establishment of a confluent monolayer also correlated
with the loss of proliferative activity in HUVECs. To test
whether expression of IL-33 might correlate with cell cy-
cle progression, we co-stained for IL-33 and the prolifer-
ation marker Ki-6722 and observed that they were mutu-
ally exclusive (Figure 2G). Similar results were obtained
with co-staining for IL-33 and proliferating cell nuclear
antigen (proliferative cell nuclear antigen, data not
shown).?® Moreover, we also found that expression of
ppRb (hyperphosphorylated Rb protein, which allows
progression from G; to S phase®*) and IL-33 were mutu-
ally exclusive (Figure 2J). To study further the influence of
the cell cycle on IL-33 expression, proliferation was in-
hibited either by withdrawal of serum and growth factors
or by addition of fumagillin, an Aspergillus-derived anti-
biotic that inhibits endothelial cell proliferation,?>:2¢ most
likely in late G;.2” Starvation of subconfluent cells re-
duced the fraction of Ki-67" cells (Figure 2, H and 1) by
66 to 87% (range of three independent experiments) and
that of ppRb™ cells (Figure 2, K and L) by 73 to 90%
(range of three independent experiments) but failed to
induce nuclear IL-33. Moreover, fumagillin used in the
range of 1 to 1000 nmol/L dose dependently reduced the
fraction of Ki-67% cells by 45 to 59% (range of three
independent experiments at 100 nmol/L) and that of
ppRb™ cells by 38 to 55% (range of three independent
experiments at 100 nmol/L), respectively, again revealing
no induction of nuclear IL-33 (data not shown). Moreover,
fumagillin treatment could not rescue the down-regula-
tion of IL-33 seen after reseeding IL-33-positive cells from
superconfluent monolayers at low density, indicating that
inhibition of proliferation does not permit maintained ex-
pression of 1L-33 when contact inhibition is lost (data not
shown). Inhibition of proliferation in superconfluent mono-
layers also reduced the fraction of Ki-67" or ppRb™ cells
but at the same time changed the density of the mono-
layer compared to control treatment and thus prevented
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an independent assessment of cell cycle on IL-33 ex-
pression in this setting.

We next examined whether VE-cadherin, a known mo-
lecular mediator of contact inhibition, might be involved in
the induction of IL-33. Addition of the inhibitory antibody
BV9 to HUVECs induced a redistribution of VE-cadherin
away from the junctions, as described by Corada and
colleagues,?® but failed to visibly reduce the expression
level of IL-33 (Figure 3). Conversely, we asked if knock-
down of IL-33 would have an effect on the establishment
of cell-cell junctions. Using siRNA amounts below the
toxicity level as judged from control oligos, we achieved
a maximum reduction of IL-33 protein levels down to
~15% of the control values using either single or pooled
siRNA oligos (Figure 3G). Knockdown of IL-33, however,
did not alter the expression levels or cellular distribution
of VE-cadherin (Figure 3, E and F). Additionally, knock-
down of IL-33 also failed to alter the distribution of CD31,
another marker of junctional integrity (Figure 3, C and D).
Taken together, these data imply that cultured HUVECs
express IL-33 when the cells are nonproliferating and
organized in a confluent, endothelial monolayer. 1L-33
expression is apparently not regulated by the homophilic
binding of VE-cadherin, nor does loss of IL-33 induce
changes in the expression of VE-cadherin or CD31.

IL-33 Is Lost in Tumor Endothelium and during
Wound Healing Angiogenesis

To address whether loss of IL-33 is also linked to the
activation status of endothelial cells in vivo, we assessed
the vasculature of several different tumors because such
vessels are believed to be under the constant exposure
to proangiogenic signals generated by tumor cells.?®3°
We immunostained five different human tumor types in-
cluding samples from colon (n = 5, Figure 4A), mammary
gland (n = 3, Figure 4B), kidney (n = 1; Figure 4, C and
D), and lung (n = 2, data not shown), finding in every
sample a highly similar expression pattern. Although en-
dothelial cell nuclei expressed IL-33 in surrounding
healthy areas, all vessels inside the tumors contained
little or no detectable I1L-33 and proliferating, Ki-67-posi-
tive tumor endothelial cells were consistently negative for
IL-33 (Figure 4E).

The almost complete absence of IL-33 from tumor
vessels led us to assess the dynamics of IL-33 expres-
sion in the controlled setting of experimental wound heal-
ing, in which growth factors such as VEGF, TGF-B, epi-
dermal growth factor, and fibroblast growth factor, as well
as many proinflammatory cytokines drive an ordered se-
quence of events including angiogenesis.®' We therefore
made excision wounds in rat skin and retrieved sequen-
tial biopsy specimens throughout the course of 11 days.
IL-33 expression in rat skin was detected using the IL-33
(Nessy-1) antibody, and the resulting staining pattern
was abolished by preincubation with rrlL-33 (data not
shown). Although we found blood vessels of noninjured
rat dermis positive for IL-33 (Figure 5B), we observed
loss of IL-33 expression in vessels close to the wound
edge as early as 24 hours after injury (Figure 5D). This
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pattern was also seen 2 days after injury (Figure 5F). Most
of these vessels appeared to fulfill the criteria of mi-
crovessel-derived mother vessels that are characterized
by enlargement, pericyte detachment, and basement
membrane degradation.®*3® On days 4, 6, and 11 after
injury IL-33 remained absent in vessels of the wound site
whereas the number and density of small microvessels
increased (data not shown).

IL-33 Expression Is Lost on Cytokine Activation

Given the rapid down-regulation of IL-33 in wound heal-
ing and its absence in tumor vessels, we next tested the
effect of several different proinflammatory/angiogenic cy-
tokines on IL-33 expression in HUVECs. The observed
effects on IL-33 regulation were detectable by immuno-
cytochemistry, revealing that the modulation of IL-33 in-
volved the majority of cells rather than a subset. Although
treatment of superconfluent HUVEC monolayers for 17

spec2

Figure 3. Inhibition of the junctional protein VE-
cadherin does not alter the expression level of
1L-33 and knockdown of IL-33 does not alter the
cellular distribution or expression level of junc-
tional proteins CD31 or VE-cadherin. Immuno-
cytochemical double staining for IL-33 (IL-
33Nter, red) and VE-cadherin (mouse IgGl,
green) in HUVECs preincubated with vehicle
(PBS, A) or anti-VE-cadherin (IgG2a, B) from
point of seeding until fixation. Pictures were ob-
tained using identical exposure times and image-
enhancement parameters. Arrowheads point to
areas of intercellular contact. Note that cells in B
with redistribution or lowered expression level
of VE-cadherin maintained expression of IL-33. C
and D: Immunocytochemical double staining for
IL-33 (IL-33Nter, red) and CD31 (green) in
HUVECs transfected with mock (C) or specific
siRNA (D). E and F: Immunocytochemical dou-
ble staining for IL-33 (red) and VE-cadherin
(green) in HUVECs transfected with mock (E) or
specific siRNA (F). Pictures were obtained using
identical exposure times and image enhance-
ment parameters. G: Western blot of IL-33 in cell
lysates of HUVEC monolayers transfected with
either scrambled siRNA controls (scrl and scr2)
or concentration-matched IL-33 targeting siRNA
(specl and spec2). Shown are lanes from the
same experiment, which was independently re-
peated twice with similar results. Scale bars = 10 um.

<«IL-33

scrl scr2  specl spec2

hours with IFN-y (50 ng/ml) revealed no difference com-
pared to control cells (Figure 6, B and A, respectively),
IL-1B (500 pg/ml, Figure 6C) or TNF-« (500 pg/ml, Figure
6D) induced a dramatic drop in the number and intensity
of stained cells. Moreover, a mild effect of VEGF treat-
ment was discernible (10 ng/ml, Figure 6E). These re-
sponses were reflected at the transcription level: Al-
though both IL-18 and TNF-a strongly reduced IL-33
mRNA expression at 7 hours, VEGF induced a reduction
of ~30% and IFN-y had no discernible effect (Figure 6F).

The sensitivity and time course of IL-33 down-regula-
tion was next quantified. Whereas treatment of supercon-
fluent HUVEC monolayers with IFN-vy up to 500 ng/ml had
no discernible effect on IL-33 expression levels (Figure
7), IL-18 or TNF-a reduced IL-33 expression within 6
hours when given in the picogram range (Figure 7). In-
terestingly, even in the presence of such proinflammatory
cytokines, we observed no induction of smaller IL-33
species in the blot that could indicate proteolytic cleav-
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Figure 4. Vascular IL-33 expression is lost in tumor vessels. Endothelial cells in vessels of human colon adenocarcinoma (A), ductal mammary carcinoma (B), renal
clear cell carcinoma (C), and renal papillary carcinoma (D) were stained for IL-33 (Nessy-1, red) and with Ulex europaeus lectin (green) and Hoechst dye (blue)
to visualize endothelial cells and cell nuclei, respectively. (For consistency throughout the figures, the red and green channels in Figure 4 were reversed.) The
bottom left panels in A and B show high-power magnifications of the respective boxed areas. Note presence of autofluorescent intravascular red blood cells in
A and B as well as lack of IL-33 signal in endothelial cell nuclei. The bottom right panels in A to D and bottom left panel in E show IL-33-positive vessels in
tissue surrounding the tumor in the same section. E: Human colon adenocarcinoma (different sample from A) was stained for IL-33 (Nessy-1, red), Ki-67 (green),
and Hoechst dye (blue). Autofluorescent erythrocytes indicate blood vessels. Right: High-power magnifications of the boxed area in E separating the different
colors. Note the lack of IL-33 signal in Ki767—positive endothelial nuclei. Scale bars = 50 wm.
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Figure 5. Vascular IL-33 expression is lost during wound healing. Biopsies from normal rat skin (A and B) and from wounds after 1 (C and D) or 2 days (E and
F) were fixed and stained with H&E (A, C, and E) or immunostained (B, D, and F) for IL-33 (Nessy-1, red) and CD31 (green). A, C, and E show overviews of
the wound area and the boxed areas indicate the position of vessels shown in B, D, and F, respectively. Cell nuclei are stained with Hoechst dye. Note presence
of vessels without IL-33 and perivascular cell nuclei at days 1 and 2. Scale bars = 50 wm.
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Figure 6. IL-33 expression is down-regulated by proinflammatory cytokines
and VEGF. A--E: Response of superconfluent HUVEC monolayers exposed
for 17 hours to medium alone (A), INF-y (50 ng/ml) (B), IL-1B (0.5 ng/ml)
(O), TNF-a (0.5 ng/ml) (D), or VEGF (10 ng/mD (E). Immunostaining for
IL-33 (IL-33Nter) after fixation of monolayers. Pictures were obtained using
identical exposure times and image enhancement parameters. F: Quantita-
tive PCR analysis of IL-33 expression in superconfluent HUVEC monolayers
treated with cytokines for 7 hours at the same concentrations as given above.
IL-33 transcript levels were obtained using primer pair IL-33 no. 2 and
normalized to HPRT, data are given as ratio of transcript values in sample
over those in medium-treated controls. Similar results were obtained when
using a different primer pair for IL-33 detection or when normalizing against
housekeeping gene GAPDH (data not shown). Scale bars = 25 um.

age and generation of mature IL-33. Because we found
IL-33 expression to be absent in angiogenic tumor ves-
sels with no obvious signs of proinflammatory activation,
we asked if IL-33 expression might also be affected by
exposing superconfluent HUVECs to VEGF, a powerful
proangiogenic inducer®*~3° in vivo and in vitro.®” To this
end, we found that VEGF induced a reduction in IL-33
protein amounting to a reduction by 26 to 38% (range of
three independent experiments, Figure 7). A similar level
of reduction was also seen in an enzyme-linked immu-
nosorbent assay performed on adherent, superconfluent
cells (unpublished data).

Having observed an effect of proinflammatory cyto-
kines or proangiogenic growth factors on IL-33 expres-
sion levels in vitro, we next asked if such mediators can
provide a signal for IL-33 down-regulation in vivo. To this
end, we injected either rmTNF-a (2 ug or 0.2 ug) or
rmVEGF-A (100 ng or 11.1 ng) into rat skin and harvested

Nuclear IL-33 in Endothelial Cells 1239
AJP October 2008, Vol. 173, No. 4

dose-response time-course
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Figure 7. Dose-response and time-course of IL-33 expression in HUVECs.
Western blot detection of IL-33 protein after cytokine treatment of supercon-
fluent HUVEC monolayers for 18 hours with the indicated concentration of
cytokines (left column) or for the indicated time with INF-y (50 ng/mlb),
IL-1B (500 pg/ml), TNF-a (500 pg/ml), or VEGF (10 ng/ml) (right column).
Note the sensitivity of IL-33 levels to IL-18 and TNF-a whereas VEGF has a
mild effect.

samples after 8 and 24 hours. We observed a strong
reduction in endothelial IL-33 expression 8 and 24 hours
after injection of rrTNF-« (Figure 8, B and E) compared to
the control injection (Figure 8, A and E). By contrast,
VEGF reduced IL-33 expression levels most strongly at 8
hours (Figure 8, D and C) and at the highest dose,
whereas the expression levels returned close to control
levels after 24 hours (Figure 8E).

Discussion

This study shows that full-length/precursor IL-33 is a nu-
clear factor generally expressed in resting endothelial
cells in healthy tissues. IL-33 expression is induced by
signals associated with building patent vessels, as re-
flected by its induction when cultured endothelial cells
grow into a confluent endothelial monolayer and stop
proliferating. Conversely, IL-33 is strongly down-regu-
lated in the course of the endothelial cell activation seen
in wound healing and tumor growth.

The general expression of IL-33 in resting endothelial
cells and induction by cell density contrast but also ex-
plain previous conclusions from our laboratory that IL-33
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Figure 8. TNF-« and VEGF down-regulate IL-33 in vivo. Inmunostaining for IL-33 (Nessy-1, red)
and CD31 (green) of rat skin after subcutaneous injection of PBS (A, C) and cytokines (B, D). Cell
nuclei are stained with Hoechst dye. The bottom left panels show the red channel and the
bottom right panels the light microscopy images of the respective area. Twenty-four hours after
the injection of 0.4 ug of 'TNF-a (B) or 8 hours after the injection of 100 ng of rrVEGF (D) the
endothelial signal for IL-33 has decreased compared to the mock injection (A and C, respectively).
Pictures were obtained using identical exposure times and image enhancement parameters for A
and B as well as for C and D. Arrows indicate endothelial nuclei. Arrowheads indicate ink
particles. E: Semiquantitative analysis of vascular IL-33 expression in rat skin after injection of
vehicle (PBS), r'TNF-q, or rrVEGF. Endothelial cell nuclei were categorized as negative (0) or
increasingly positive (levels 1 to 4) by a blinded observer, counting in each condition 20 nuclei.
Scale bars = 50 um.




is preferentially expressed in high endothelial venules of
secondary lymphoid organs because freshly isolated
high endothelial venule-derived endothelial cells were
compared to cultured, subconfluent umbilical vein- and
nasal polyp-derived endothelial cells.? The use of less
than superconfluent cultures may also explain the con-
clusion of a previous report that found no effects of TNF-«
or IL-18 treatment on IL-33 expression levels in HUVECs'
and is therefore at variance with our findings that IL-18 or
TNF-a strongly reduced IL-33 in HUVECs. In fact, endo-
thelial cells (and bone marrow-derived murine dendritic
cells®) respond quite differently from most other cell
types, because the latter up-regulate IL-33 expression in
response to proinflammatory activation.” 8 The obser-
vation that proinflammatory cytokines down-regulate
IL-33 in endothelial cells also appears to contrast the
recent report that vascular IL-33 expression is linked to
the development of high endothelial venule-like vessels in
chronic inflammation.* We therefore stained tissue sam-
ples of Crohn’s disease, ulcerative colitis, and psoriasis
in parallel with noninflamed controls. Surprisingly, we
found the expression of IL-33 to be similar in chronically
inflamed and healthy tissues, with the exception that
some subepithelial blood vessels in psoriatic lesions
were |L.-33-negative (our unpublished observations), per-
haps because of inflammation-induced angiogenesis.
Given the known expression of TNF-a and IL-18 in such
lesions, it is tempting to speculate that their down-regu-
lating effects on IL-33 expression seen in this study may
be counteracted by currently unknown factors.

Induction of nuclear IL-33 in endothelial cells appears
to require the following conditions: first, cells must orga-
nize in a superconfluent monolayer and second, they
have to be nonproliferating, because we never observed
IL-33 in cells that had progressed through the restriction
point within the G, phase of the cell cycle, as indicated
by the absence of cells double-positive for 1L-33 and
markers of proliferation. We were also unable to detect
endogenous |L-33 associated with mitotic chromatin
(A.M. Kuchler et al, unpublished observation), a finding
that contrasts the reported presence of ectopic I1L-33 in
mitotic chromosomes of nonendothelial cells.* Further-
more, the inhibition of cycle progression by growth factor
deprivation or fumagillin treatment failed to induce 1L-33.
We therefore conclude that the nonproliferative cell cycle
state is necessary, but not sufficient for IL-33 induction.

The apparent association of IL-33 expression with the
induction of a superconfluent monolayer also prompted
us to assess the role of VE-cadherin known to affect the
junctional integrity and permeability of HUVEC monolay-
ers. However, efforts to manipulate contact inhibition by
addition of a blocking antibody to VE-cadherin did not
down-regulate IL-33, perhaps because such inhibition
can be considered incomplete when compared to that
obtainable under conditions of flow or in vivo.3°° More-
over, the lack of change in VE-cadherin or CD31 expression
levels or cellular localization observed after IL-33 knock-
down may be attributable to the incompleteness of IL-33
knockdown. Taken together, the careful dissection of the
interplay between density-associated signals, cell cycle,
and the expression of IL-33 deserves future attention.
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IL-33 is strongly down-regulated in endothelium under-
going tumor or wound healing angiogenesis. This could
be explained by a cytokine profile containing those found
to down-regulate IL-33 levels in vitro and in vivo in the
present study. In fact, the presence of congested, thin-
walled vessels in samples of both wound healing or tumor
tissue can be mimicked by adenoviral delivery of VEGF®2
and is also seen during VEGF-driven tumor angiogene-
sis.®® VEGF may also be a driving force during wound
healing, as prestored VEGF may be released from plate-
lets,*" and perhaps acts in concert with TNF-« released
from tissue-resident mast cells*® to down-regulate vas-
cular IL-33. Such effects may perhaps also explain the
strong effect of VEGF induction in rat skin as opposed to
the moderate effect of VEGF in vitro. Moreover, inflamma-
tory mechanisms may also dominate the tumor microen-
vironment*3~*® and contribute to the virtual absence of
vascular IL-33 in the tumors examined.

Although nuclear, full-length/precursor IL-33 has been
described to possess transcriptional repressor properties”
and also to interact with several nuclear proteins*” at least in
vitro, the precise role of IL-33 in endothelial cells remains
unclear. Nevertheless, our data make it tempting to specu-
late that IL-33 may act as repressor of proangiogenic acti-
vation and it will be interesting to precisely dissect the
sequence of events that precede and follow loss of 1L-33.

In conclusion, our data show that IL-33 is generally ex-
pressed in the nuclei of resting endothelium but is rapidly
down-regulated during early angiogenic events in a pro-
cess that appears to involve exposure to proinflammatory
cytokines, proangiogenic VEGF, or loss of cell-cell contacts.
The reduced expression of IL-33 seen in tumors and during
wound healing may contribute to maintaining the angio-
genic state of vessels. Future studies should focus on the
elucidation of IL-33 function in endothelial cells.
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