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Abstract

Angiogenesis is essential during development and in pathological conditions such as chronic
inflammation and cancer progression. Inhibition of angiogenesis by targeting vascular endothelial
growth factor (VEGF) blocks disease progression, but most patients eventually develop resistance
which may result from compensatory signaling pathways. In endothelial cells (EC) expression of
the pro-angiogenic chemokine CXCL12 is regulated by non-canonical nuclear factor (NF)-xB
signaling. Here, we report that NF-xB-inducing kinase (NIK) and subsequent non-canonical NF-
kB signaling regulates both inflammation-induced and tumor-associated angiogenesis. NIK is
highly expressed in endothelial cells (EC) in tumor tissues and inflamed rheumatoid arthritis
synovial tissue. Furthermore, non-canonical NF-xB signaling in human microvascular EC
significantly enhanced vascular tube formation, which was completely blocked by siRNA
targeting NIK. Interestingly, Nik~~ mice exhibited normal angiogenesis during development and
unaltererd TNFa- or VEGF-induced angiogenic responses, whereas angiogenesis induced by non-
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canonical NF-xB stimuli was significantly reduced. In addition, angiogenesis in experimental
arthritis and a murine tumor model was severely impaired in these mice. These studies provide
evidence for a role of non-canonical NF-kB signaling in pathological angiogenesis, and identify
NIK as a potential therapeutic target in chronic inflammatory diseases and tumor neoangiogenesis.
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INTRODUCTION

Angiogenesis is defined as the formation of new blood vessels from the pre-existing
vasculature. It is a highly coordinated process occurring both during normal development
and in pathological conditions such as atherosclerosis, chronic inflammation and cancer [1].
Activation of endothelial cells (EC) is pivotal in this process and can result in the formation
of new blood vessels, most notably via vascular endothelial growth factor (VEGF) receptor
stimulation [2]. In chronic inflammation, including rheumatoid arthritis (RA), and in tumors,
pathological angiogenesis occurs when activated stromal cells and inflammatory cells
secrete pro-angiogenic factors like VEGF [2-4] that trigger quiescent EC to differentiate and
form new blood vessels [1]. Importantly, inhibition of angiogenesis by targeting VEGF
blocks disease progression in (pre-)clinical models of arthritis [5,6] and various cancers [7].
Anti-VEGF monoclonal antibodies are used in clinical practice for eye diseases with
neovascularization and metastatic cancer. However, most patients develop resistance [8,9],
which may result from compensatory signaling pathways [7]. These pathways can for
instance induce inflammatory cytokines and proteases that contribute to enhanced
angiogenesis in chronic inflammation and tumors [1].

Nuclear factor-xB (NF-kB) transcription factors can be activated via two distinct signaling
pathways. The canonical NF-xB pathway is activated by pro-inflammatory stimuli such as
TNFa, and requires inhibitor of kB (1xB) kinase (IKK)pB, whereas IKKa is dispensable [10].
In contrast, the non-canonical pathway is strictly dependent on NF-xB-inducing kinase
(NIK) and IKKa, but does not require IKKp [11]. This pathway can be activated via TNF-
receptor superfamily members such as the lymphotoxin f receptor (LTBR) and CD40 [10].
All known inducers of the non-canonical NF-xB pathway also stimulate canonical NF-xB
activity [12].

In EC, the canonical NF-xB pathway is critical for pro-inflammatory gene expression,
including TNFa [13,14]. Furthermore, VEGF-receptor signaling induces canonical NF-xB
signaling in EC and VEGF gene expression is regulated in part via the canonical NF-xB
pathway [15]. In contrast, the function of non-canonical NF-xB signaling in EC is largely
unknown. CXCL12, an important chemokine for lymphocyte transendothelial migration
with pro-angiogenic properties [16], is regulated by non-canonical NF-xB signaling in EC
[17], and is expressed both in RA synovial tissue EC [18] and in cancer EC (reviewed in
[19]). In lymphoid tissues, lymphotoxin (LT)B receptor dependent non-canonical NF-xB
signaling is required for high endothelial venule (HEV) differentiation and function [20,21].
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Interestingly, HEVs are also present in chronically inflamed tissues such as RA synovial
tissue [22], and are also induced in tumors after antibody-LT fusion protein treatment [23].
In addition, LTP and LIGHT (homologous to Lymphotoxins, exhibits Inducible expression,
and competes with HSV Glycoprotein D for HVEM, a receptor expressed by T-
lymphocytes), both ligands of the LTBR, and CD40L are expressed in RA synovial tissue
[24-26]. Furthermore, LT and LIGHT are produced by host immune cells in tumors [27,28]
and promote tumor growth [28,29]. Non-canonical NF-kB signaling in tumor cells is
involved in tumor progression[30], but its contribution to angiogenesis has not been
investigated yet.

Therefore, we investigated the role of non-canonical NF-xB signaling in inflammation-
induced and tumor-associated angiogenesis, and compared this with its requirement for
angiogenesis during development. In our studies we used human RA synovial tissue biopsies
and various human cancer tissues, complemented with murine disease models in Nik—/-
mice.

MATERIALS & METHODS

Human tissues

Mice

Synovial tissue biopsies were taken from knee joints of active RA patients or from healthy
individuals. Early RA was defined as a disease duration of < 1 year and established RA as a
disease duration of >2 years [31]. Tumor tissues were obtained from the department of
pathology of the Academic Medical Center (AMC). All tissue collection was done at the
AMC and approved by the Medical Ethical Commission.

Nik~"~ mice (C57/BI6 background) and Wt littermate controls were kindly provided by D.V.
Novack (Washington University, St. Louis, MO) [32]. All experimental procedures were
reviewed and approved by the experimental animal committee of the AMC.

Immunohistochemical staining

Frozen human tissue sections (synovial tissues, tumor tissues, or normal healthy tissues)
were cut (5 um) and mounted on Star Frost adhesive glass slides (Knittelglaser,
Braunschweig, Germany). Sections were fixed with acetone and endogenous peroxidase
activity was blocked with 0.3% H,05 in 0.1% sodium azide in PBS. Sections were stained
with monoclonal primary antibodies against NIK (sc-8417, Santa Cruz Biotechnology, Santa
Cruz, CA), p52 (#4882, Cell Signaling technology, Danvers, MA) and CXCL12 (MAB350,
R&D Systems, Abingdon, United Kingdom) and secondary antibodies goat-anti-mouse
(p0447, DAKO, Glostrup, Denmark) or swine-anti-rabbit (p0399, DAKO) and streptavidin
labeled with horseradish peroxidase. Biotinylated tyramine was used for amplification, as
previously described [33]. As negative controls, sections were incubated with isotype
control antibodies (all R&D Systems).
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Immunofluorescence staining

Tissue sections were fixed with acetone and incubated with the following monoclonal
mouse antibodies: anti-NIK (sc-8417, Santa Cruz Biotechnology); polyclonal goat
antibodies: anti-CD31 (sc-1505, Santa Cruz Biotechnology), anti-CD34 (sc-7045, Santa
Cruz Biotechnology); polyclonal rabbit antibodies: anti-IKKa (ab17943, Abcam,
Cambridge, United Kingdom). For doublefluorescence stainings of NIK with CD31/34,
slides were incubated with goat anti-mouse-HRP (p0447, DAKO), and subsequently
incubated with streptavidine-Alexa-594 (S-32356, Molecular Probes Europe, Leiden, The
Netherlands), Alexa-488-conjugated goat-anti-rabbit (A-11008, Molecular Probes Europe)
and Alexa 488-conjugated rabbit-anti-goat (A-11034, Molecular Probes Europe). For
doublefluorescence stainings of NIK with IKKa, slides were incubated with Alexa 594-
conjugated goat-anti-Mouse (A-11005, Molecular Probes Europe) and Alexa-488-
conjugated donkey-anti-rabbit (A-21206, Molecular Probes Europe). Slides were mounted
with Vectashield containing DAPI (VC-H-1500, Brunschwig, Amsterdam, The
Netherlands). Isotype control antibodies were used as negative control (all R&D Systems).
Slides were analyzed using a Leica DMRA fluorescence microscope (Leica, Wetzlar,
Germany) coupled to a CCD camera and Image-Pro Plus software (Dutch Vision
Components, Breda, The Netherlands). A ratio of NIK pixel values to CD31/CD34 pixel
values was calculated for each image (n=10) for determination of double-positive areas.

Human microvascular endothelial cell culture

In vitro tube

Human microvascular endothelial cells (HMVEC) from foreskin were isolated and
characterized as described previously [34]. HMVEC were cultured on gelatin-coated culture
plates in Medium 199 supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin
(p/s), 2 mM L-glutamin (all Lonza, Verviers, Belgium), 5 U/ml heparin, 3.75 pg/ml EC
growth factor (ECGF, crude extract from bovine brain), 10% heat-inactivated human serum
(HSi, PAA Laboratories, Pasching, Austria) and 10% heat-inactivated newborn calf serum
(NBCSi, Lonza). Confluent cells were trypsinized (0.05% trypsin in HBSS, both Lonza) and
replated in a 1:3 density. Cells were used until passage 10.

formation assay

In vitro angiogenesis was determined with HMVEC in three-dimensional fibrin matrices, as
described before [14]. Fibrin matrices were prepared by addition of thrombin (0.1 U/ml) to a
2 mg/ml fibrinogen solution (Kordia, Leiden, The Netherlands) in M199 medium
(Invitrogen, Carlsbad, CA). After polymerization, thrombin was inactivated by adding M199
supplemented with p/s, 10% HSi and 10% NBCSi. HMVEC were seeded in confluent
density on the fibrin matrices and after 24h, and subsequently at 48h intervals, HMVEC
were incubated with M199, p/s, 10% HSi, 10% NBCSi, 10 ng/ml TNFa (Sigma-Aldrich, St
Louis, MO) and 10 ng/ml fibroblast growth factor-2 (FGF-2, Preprotech, London, UK) in
the presence or absence of 30 ng/ml lymphotoxin a4, (LT; R&D Systems, Abingdon,
United Kingdom), 30 ng/ml LIGHT (R&D Systems) or 30 ng/ml CD40L (Enzo Life
Sciences, Antwerp, Belgium). The total length of formed tube-like structures from HMVEC
into the fibrin matrices was analyzed by phase contrast microscopy and Optimas image
analysis software [35]. Tube formation of HMVEC isolated from various donors was
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determined in quadruplicate wells. HMVEC were transfected with siRNAs targeting NIK,
IKKa, IKKB, or a non-targeting siRNA (siGENOME SMARTpool, Dharmacon, Lafayette,
CO) by using the AMAXA basic nucleofector kit for primary EC (Lonza), according to
manufacturers protocols. Transfection efficiency was determined by gene expression
analysis with QPCR (see Supplementary information).

Retinal whole mounts

Mice were sacrificed on postnatal day 28 [36]. Mouse eyes were collected and fixed in 4%
paraformaldehyde (PFA). Retinas were dissected, fixed in 4% PFA, dehydrated and stored
in methanol at —20°C. Before analysis, retinal whole-mounts were rehydrated,
permeabilized in PBS, 1% BSA, 0.5% Triton X-100 and washed with PBS. Retinal whole-
mounts were blocked in PBlec (PBS, pH 6.8, 1% Triton X-100, 0.1 mM CaCl,, 0.1 mM
MgCl,, 0.1 mM MnCl,), and incubated in Alexa 488-labeled isolectin B4 (Sigma-Aldrich)
in PBlec. After extensive washing in PBS, the retinas were flat mounted in VVectashield
(Vector Laboratories, Burlingame, CA). Images were taken using a wide-field fluorescence
microscope (Leica) or confocal microscope (Leica). For vascular quantification, the total
number of branch points in the superficial, intermediate and outer plexus was counted per
microscopic field [36], or the number of radial veins and arteries in the superficial plexus
was counted per retina (see Supplementary information).

Aortic ring assay

After sacrificing the mice, thoracic aortae were dissected, adipose tissue/fat removed,
washed and cut into 1-mm rings [37]. Next, the aortic rings were embedded in Matrigel
(growth factor reduced, BD Biosciences, Oxford, United Kingdom) and cultured in M199
medium (Invitrogen) containing 2% FCS, 12% ECGS (Sigma-Aldrich), 200ul/ml
gentamycin (Invitrogen), 2.5 ul/ml Amphotericin (Lonza) in the presence or absence of LT
(30ng/ml), LIGHT (30 ng/ml), TNF (100 ng/ml) or VEGF (100 ng/ml) (all R&D Systems).
After 8 days, microvessel outgrowth was analyzed using Leica imaging software.

Antigen Induced Arthritis

Antigen-induced arthritis was performed previously [38]. In brief, Wt (n=5) and Nik~/~
(n=5) mice were immunized with 100 pg methylated (m)BSA (Sigma-Aldrich) emulsified in
0.1 ml complete Freund’s adjuvant (BD) intradermally at the base of the tail.
Simultaneously, 1 g pertussis toxin (List Biological Laboratories Inc., Campbell, CA) was
injected intraperitoneally as an additional adjuvant. Arthritis was induced at day 21 by intra-
articular injection of 100 pg of mBSA into the right knee joint, while the left knee joint was
injected with PBS alone. Mice were sacrificed on day 32. For histological grading of the
arthritis, hind paws were dissected and fixed in 10% buffered formalin. Fixed tissues were
decalcified in EDTA, dehydrated, and embedded in paraffin. Sagittal sections (5 pm) were
stained with H&E, anti-CD31 (sc-1505, Santa Cruz Biotechnology), or anti-CXCL12
(MAB350, R&D Systems). Next, slides were incubated with secondary antibody rabbit-anti-
goat (sc-2922, Santa Cruz Biotechnology) or goat anti-mouse (P044701, DAKO), and
streptavidin labeled with horseradish peroxidase. Biotinylated tyramine was used for
amplification. Slides were scored blindly by 2 independent researchers. Inflammation was
scored semiquantitatively on a scale of 0 to 4, and synovial blood vessels were counted.
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B16 melanoma bone metastasis model

The melanoma bone metastasis model was performed previously [39]. In brief, Wt mice
(n=6) and Nik~/~ mice (n=6) at 38-46 days of age were anesthetized and inoculated intra-
arterially with 10° B16-FL murine melanoma cells in 50 pl of PBS. Mice were sacrificed on
day 12 after tumor cell injection. For histological analysis, hind paws were dissected and
fixed in 10% buffered formalin. Fixed tissues were decalcified in EDTA, dehydrated, and
embedded in paraffin. Sagittal sections (5 um) were stained with H&E, anti-CD31 (sc-1505,
Santa Cruz Biotechnology) or anti-CXCL12 (MAB350, R&D Systems). Next, slides were
incubated with secondary antibody rabbit-anti-goat (sc-2922, Santa Cruz Biotechnology) or
goat anti-mouse (P044701, DAKO), and streptavidin labeled with horseradish peroxidase.
Biotinylated tyramine was used for amplification. Tumor blood vessels were counted by 2
independent researchers.

Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis was
carried out using Prism Software (GraphPad). For statistical comparison, mean values per
group were compared by unpaired Mann-Whitney U test. P-values <0.05 were considered
statistically significant (*P<0.05, **P<0.01).

RESULTS

NIK is highly expressed in endothelial cells of inflamed RA synovial tissue

The non-canonical NF-«xB stimuli CD40L, LT and LIGHT are highly expressed in RA
synovial tissue [24-26]. Therefore, we investigated whether the non-canonical NF-xB
pathway is activated in RA synovial tissue by studying the expression and distribution of
NIK using immunohistochemistry (IHC). Interestingly, NIK was mainly expressed by
vascular structures, both in early and in established RA (Fig. 1A,B), whereas normal healthy
synovial tissue did not contain NIK-positive vessels (Fig. S1A). Subsequent double-
immunofluorescence microscopy analysis revealed that NIK strongly co-localized with the
EC marker CD31/34 in small blood vessels (Fig. 1D). Quantification of each NIK* and
CD31/34" area in double-stained tissue sections showed that approximately three-quarters
(74.4 £ 5.5%; n=10) of EC in RA synovial tissue were NIK-positive. These results fuel the
hypothesis that NIK may be of importance in either activation of EC or inflammation-
induced neovascularization.

Functional non-canonical NF-xB signaling in RA synovial tissue endothelial cells

Non-canonical NF-«xB signaling in EC induces the pro-angiogenic chemokine CXCL12 that
also mediates lymphocyte transendothelial migration [16,17]. To investigate whether non-
canonical NF-xB signaling is functional in NIK-expressing EC in RA synovial tissue, we
performed additional stainings for T-loop activated phospho-IKKa, the non-canonical NF-
kB subunit p52 and CXCL12. NIK expression (Fig 1) colocalized with T-loop activated
phospho-1KKa (Fig. 1E), strongly suggesting that the non-canonical NF-xB pathway is
activated in synovial EC. In addition, both p52 (Fig. S1B) and CXCL12 (Fig. S1C) were
expressed in blood vessels, further strengthening that the non-canonical NF-xB pathway is
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functionally active in EC in RA synovial tissue. The NF-xB subunit RelB was also
expressed in RA synovial tissue, but not exclusively in EC (Fig. S1D), which is in line with
previous reports [40].

NIK is also expressed by endothelial cells in tumor tissues

The non-canonical NF-xB pathway has been demonstrated to play an important role in
tumor development [28,29,41]. However, these studies did not focus on EC or angiogenesis.
To investigate whether NIK expression in newly formed blood vessels is specific for RA
synovial tissue or also occurs in tumor neovascularization, we evaluated NIK expression in
human melanoma, renal cell carcinoma, breast cancer, colorectal cancer, and pancreatic
cancer. In these tissues we detected NIK in vascular structures as well (Fig. 2A-E). Double-
immunofluorescence microscopy demonstrated that NIK and T-loop activated phospho-
IKKa were highly expressed by essentially all blood vessel EC in cancer tissues, as depicted
for breast cancer (Fig. 2F,G). Since both inflammation-induced angiogenesis and tumor-
associated angiogenesis are in many aspects different from normal angiogenesis [1], we also
studied the expression of NIK in blood vessels of healthy human tissues. Interestingly, EC in
blood vessels of normal human skin (Fig. 2H) and other normal healthy tissues did not
exhibit NIK expression (Fig. S2). Collectively, these data show that both in chronic
(synovial) inflammation and in tumors, NIK expression is exclusively vascular and
increased selectively during neovascular growth.

Non-canonical NF-xB signaling induces in vitro sprouting of endothelial cells

Next, we evaluated the role of the non-canonical NF-xB pathway in vitro. HMVEC were
seeded on fibrin matrices in the presence of bFGF/TNFa to facilitate outgrowth of tube-like
structures, as a model for pathological sprout formation [14]. A significantly increased tube
formation was observed when LT, LIGHT or CD40L was added to bFGF/TNFa (Fig.
3A,B). This pro-angiogenic effect of the non-canonical NF-xB stimuli was dose-dependent
as shown for LT (Fig. S3A). To investigate whether the enhanced tube formation was
dependent on canonical or non-canonical NF-xB signaling, we used siRNAs specifically
targeting IKKp, the essential kinase in canonical NF-xB signaling, or NIK or IKKa, the
main kinases of the non-canonical NF-xB pathway (silKK, siNIK or silKKa). QPCR
analysis demonstrated that target genes were all specifically knocked down 80-90% by the
corresponding siRNAs (Fig. S3B-D). Additional protein data confirmed that gene knock-
down of NIK also prevented p100/p52 processing as assessed by western blot (Fig. S3E).
Specific siRNA-mediated gene silencing of NIK or IKKa blocked LT, LIGHT and CD40L-
enhanced tube formation significantly (Fig. 3C-F). In contrast, silKKf blocked tube
formation only partially. Furthermore, we also observed an effect of siNIK and silKKa on
basal tube formation, suggesting that the non-canonical pathway also contributed to basal
sprouting in this model, although to a lesser extent. Altogether, it can be concluded that LT,
LIGHT and CD40L-induced tube formation relies mostly on non-canonical NF-xB
signaling, a hitherto unknown function of this pathway in EC. We confirmed that non-
canonical NF-xB signaling in HMVECs results in nuclear translocation of p52 and DNA-
binding activity, which significantly decreased in siNIK treated cells (Fig. S3F). To further
unravel the underlying mechanisms of NIK-induced angiogenesis in EC we performed PCR
arrays of angiogenesis related genes. Interestingly, knock-down of NIK in EC resulted in
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significantly reduced expression levels of ANGPT2, BTG1, CD55, CSF3, CXCL4, CXCLS5,
CXCL6, CXCL9, CXCL11, CXCL12, FGF13, FN1, IFNB1, IL-6, IL-8, KITLG, PDGFB,
PDGF, PGF, STAB1, and TGFA after LIGHT stimulation (Table S1).

Normal developmental angiogenesis, but reduced pathological angiogenic responses after
genetic deletion of NIK

We made use of Nik™/~ mice to further investigate the importance of NIK in angiogenesis in
vivo. Nik™~ mice lack peripheral lymph nodes and have altered T and B cell responses [32].
Despite these defects, Nik~~ mice are viable and appear to have a normal vasculature,
suggesting that developmental angiogenesis is not impaired. To confirm this, we studied the
vascular network in the retina of Nik™/~ mice compared to Wt mice on postnatal day 28,
when all three vascular layers are fully mature [36]. No differences were detected in the
number of branch points in the superficial, intermediate and outer plexus between Nik~/~
and Wt mice (Fig. 4A,B). Also, no abnormalities in the mean number of arteries and veins
were observed (Fig. S4). To further study the importance of non-canonical NF-xB signaling
in angiogenesis, we tested the angiogenic potential of Wt and Nik™~ mice in the aortic ring
assay. Aortic rings from Wt and Nik™~ mice exhibited normal microvessel outgrowth after
VEGF and TNFa stimulation, indicating that both VEGF- and TNFa-induced (canonical
NF-xB dependent) angiogenesis are unaffected (Fig. 4C,D), which is in line with the normal
developmental angiogenesis of these mice. In contrast, whereas the non-canonical NF-xB
stimuli LT and LIGHT significantly induced microvessel outgrowth in Wt mice, no
microvessel outgrowth was observed in Nik~~ mice after LT or LIGHT stimulation (Fig.
4E,F). This strongly suggests that angiogenesis under pathological conditions, in the
presence of stimuli such as LT and LIGHT, is dependent on NIK and subsequent non-
canonical NF-xB signaling.

Nik™~ mice exhibit reduced inflammation-induced and tumor-associated angiogenesis

Finally, we investigated whether pathological angiogenesis is dependent on non-canonical
NF-kB signaling in vivo. To study inflammation-induced angiogenesis, we made use of an
experimental arthritis model. Previously, we reported that NIK is important in the immune
and bone-destructive components of inflammatory arthritis in antigen-induced arthritis [38].
Histology of the arthritic hind paws of Nik™~ mice revealed less synovial inflammation
(Fig. 5A). Quantification of the total number of synovial blood vessels demonstrated a 50%
reduction in Nik™'~ mice compared to Wt mice (Wt 20.00 + 5.07 vs. Nik/~ 10.20 + 3.02;
P=0.1354) (Fig. 5B). In addition, we found that the number of CXCL12* blood vessels was
significantly decreased in the synovial tissue of Nik™~ mice (Wt 26.60 + 1.63 vs Nik™/~
13.00 + 1.23; P=0.007)(Fig. 5C). This was accompanied by significantly reduced
inflammation scores (Wt 3.40 + 0.20 vs. Nik/~ 1.67 + 0.33; P=0.008)(Fig. 5D). These
findings suggest that non-canonical NF-kB signaling contributes to pathological,
inflammation-induced angiogenesis.

Next, we investigated the contribution of NIK to tumor-associated angiogenesis using the
B16 melanoma model. In this model we have previously established that genetic deletion of
NIK blocks tumor-induced loss of trabecular bone [39]. Here, we demonstrate that Nik™/~
mice have a significantly reduced total number of blood vessels inside the tumor compared
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to wild type mice (Wt 8,33 + 6,36 vs. Nik/~ 0,50 + 0,34; P=0.05) (Fig. 5E, F). In addition,
the number of CXCL12* blood vessels was significantly decreased in the tumor tissue of
Nik~'~ mice (Wt 12.5 + 1.29 vs Nik™~ 2.33 + 0.33; P=0.005)(Fig. 5G), underlining the
important role of non-canonical NF-xB signaling in pathological angiogenesis.

DISCUSSION

Our data provide compelling evidence that NIK and subsequent non-canonical NF-xB
signaling regulate inflammation-induced and tumor-associated angiogenesis, whereas NIK is
dispensable for angiogenesis during development. Therefore, we propose that non-canonical
NF-kB signaling specifically regulates pathological angiogenesis.

The non-canonical NF-kB pathway has been demonstrated to play an important role in
tumor development [28,29,41]. However, these studies mainly focused on the intrinsic role
of non-canonical NF-xB signaling in tumor cells. Our study shows for the first time that
NIK is expressed and active in EC in inflamed RA synovial tissue as well as in a variety of
tumor tissues, whereas the vasculature in normal healthy tissues does not express NIK.
Importantly, our findings also identify NIK as a potential new therapeutic target in chronic
inflammatory diseases, in particular arthritis, and cancer, since targeting components of the
non-canonical NF-«xB pathway efficiently blocked angiogenic responses. Previously, IKKf3-
mediated canonical NF-xB signaling has been implicated in angiogenesis [42]. However,
knock-down of NIK or IKKa abrogated tube formation far more effectively than knock-
down of IKKS in our sprouting assay. Therefore, we conclude that LT, LIGHT and CD40L-
induced tube formation relies mostly on non-canonical NF-«xB signaling, a hitherto unknown
function of this pathway in EC. Interestingly, knock-down of NIK or IKKa also blocked
tube formation under basal conditions in the presence of low amounts of TNF and bFGF.
This suggests that the non-canonical pathway is already somewhat activated in EC in these
conditions. A likely explanation for this is that EC express both CD40 and CD40L [43],
which could induce non-canonical NF-xB signaling in EC due to cell-cell contact of
adjacent EC. The angiogenesis PCR array data point towards a pleiotropic role of non-
canonical NF-xB signaling in chemokine expression and several other pro-angiogenic
pathways in EC, as subsequent gene ontology analysis did not reveal involvement of one
specific established angiogenesis pathway.

Our studies in Nik~~ mice demonstrate that both developmental retinal angiogenesis and
VEGF-induced or TNFa-induced angiogenic responses are unaffected. In contrast, we
observed significantly reduced non-canonical NF-xB-dependent microvessel outgrowth in
the aortic ring assay, and clearly impaired pathological, inflammation-induced angiogenesis
in the antigen-induced arthritis model in Nik™~ mice. Of note, the observed reduction in
arthritis and histological inflammation scores in Nik™/~ mice may at least in part be due to
impaired angiogenesis, since the number of CXCL12* blood vessels was significantly
reduced in Nik~~ mice.

Genetic ablation of NIK resulted in an almost complete block in pathological, tumor-
associated angiogenesis in the B16 melanoma model. Scattered evidence from the literature
underscores our findings that one of the signaling pathways of importance in tumor

J Pathol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Noort et al.

Page 10

neoangiogenesis, and possibly also in anti-VEGF treatment resistance, may be the non-
canonical NF-xB signaling pathway. Colorectal cancer EC have been demonstrated to
exhibit significantly increased IKKa expression compared to EC in adjacent normal tissue
[30]. Furthermore, in EC expression of CXCL12, a chemokine that plays an important role
in angiogenesis and the homing of CXCR4 expressing endothelial progenitor cells (EPC)
[16], is regulated by non-canonical NF-xB signaling [17]. EPC have been demonstrated to
contribute to pathological angiogenesis both in developing tumors [44] and in lethal
macrometastasis [45], as well as in the inflamed RA synovium [46,47]. Therefore, non-
canonical NF-kB-induced CXCL12 in cancer EC [19] and synovial tissue EC [18] may
serve as a focal point modulating vasculogenesis, angiogenesis, and the attraction of
immune cells.

Current strategies aimed at inhibition of angiogenesis in patients affect both pathological
and physiological angiogenesis, resulting in unwanted side-effects. We hypothesize that
targeting of NIK and subsequent non-canonical NF-xB signaling in EC may overcome this
problem. In addition, targeting of NIK could be combined with current anti-angiogenic
cancer treatments to prevent or rescue resistance. In RA, pathological angiogenesis drives
chronic inflammation and therefore also is an attractive therapeutic target [46]. The recent
description of the crystal structure of NIK may facilitate the development of new potent
inhibitors [48,49]. These inhibitors could be directed specifically to EC using a
multimodular recombinant protein that specifically binds to cytokine-activated endothelium,
which has been demonstrated to work very elegantly under inflammatory conditions in vivo
[50].

Taken together our studies point towards an important role of the non-canonical NF-xB
pathway in pathological angiogenesis. Therefore, selective inhibition of non-canonical NF-
kB signaling in EC could be used as a novel therapeutic strategy, which may not only be
beneficial in chronic inflammatory diseases such as RA and cancer, but potentially also
other diseases characterized by aberrant neovascularization, like ocular diseases and
atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NIK expression in synovial tissue endothelial cells of rheumatoid arthritis patients
Synovial tissue sections from early and established RA patients showing A,B IHC staining

of NIK and C, the isotype control (scale bar A,C 100 pm, scale bar B 200 pm). D, IF
staining of NIK (red), CD31/34 (green) and nuclei (blue) (scale bar, 100 pm). E. IF staining
of NIK (red), phospho-1KKa (green) and nuclei (blue) (scale bar 12.4 pm), and F isotype
control of E (scale bar 27.9 pm). Representative pictures are shown (n=10 different RA
synovial tissues/staining).
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NIK

Figure 2. NIK is expressed in endothelial cells in tumor tissues
NIK expression in A, renal carcinoma tissue B, breast cancer tissue C, pancreatic cancer

tissue D, melanoma tissue E, colorectal cancer tissue and F, IF staining on NIK (red) and
CD31/CD34 (green) and nuclei (blue), in breast cancer tissue. G, IF staining on NIK (red)
and phospho-1KKa (green) and nuclei (blue) in breast cancer tissue. H, IF on NIK (red) and
CD31/CD34 (green) and nuclei (blue) in normal skin. Representative pictures are shown
(n=5-6 patients or healthy donors, 2 independent experiments) (scale bars A-F, H, 100 pm;
scale bar G 11.2 ym).

J Pathol. Author manuscript; available in PMC 2015 November 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Noort et al. Page 16
A C Basal D +LT
basal LT i
§ 150 5
e E
c <
7 2
: $
] -
3 3
© ©
E E
2 2
} siC siNIK  silKKa silKKB mock siC siNIK  silKKa silKKB mock
E + LIGHT F + CD40L
200 - 00
? *x E ———
3 8
LIGHT 5 o v
2 =
£ :
2 2
B 2 100; 2 1004
= - E 5
% 2007 3 3
g = 50 % 50
£ £
s 5 3
2 1504 = =
%, o siC siNIK  silKKa silKKB mock o siC siNIK  silKKa silKKB mock
c
2 1004
[
Qo
2
°
j =
©
£
o .
2 0

LT LIGHT CD40L

Figure 3. Non-canonical NF-kB signaling induces in vitro sprouting of endothelial cells
A, Representative pictures of tube formation by HMVEC under basal conditions or after

LT-, LIGHT- and CD40L- stimulation (scale bar all panels, 500 pm). B, Quantification of
LT-, LIGHT- and CD40L-enhanced tube formation. n=7 per group, 3 independent
experiments. C-F, HMVEC were transfected by the indicated siRNAs. Scrambled non-
targeting siRNA (= siC) was used as a control. C, Basal tube formation. D, LT-enhanced
tube formation. E, LIGHT-enhanced tube formation. F, CD40L-enhanced tube formation.
n=6 per group, 3 independent experiments. All panels mean+SEM: *P<0.05 **P<0.01
Specific knockdown of the genes targeted by the siRNAs is shown in suppl. figure 4.
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Figure 4. Genetic deletion of NIK results in reduced pathological angiogenic responses
A, Representative retinas from Wt and Nik~ mice, stained with isolectin B4 (green) (scale

bar for both panels, 100 um). B, Quantification of vessel branching in the superficial,
intermediate and outer vascular plexus. C, Aortic rings of Wt and Nik™~ mice cultured in
medium alone, TNF-a or VEGF. Representative pictures are shown (scale bar all panels,
500 um). D, Quantification of TNF-a and VEGF-induced aortic vessel outgrowth. E,
Representative pictures of unstimulated, LT- or LIGHT-stimulated aortic rings (scale bar all
panels, 500 um). F, Quantification of LT- and LIGHT-induced aortic vessel outgrowth.
Panels B,C,D n=4 per group, 2 independent experiments. Panels A,E,F n=5 per group, 2
independent experiments. Panels B,D,F, represent mean+SEM *<P0.05.
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Figure 5. Nik ™~ mice exhibit reduced inflammation-induced angiogenesis in arthritis and
reduced tumor-associated angiogenesis in a melanoma model

A, Representative picture of a mBSA-injected Wt mouse knee joint showing a severe
inflammatory infiltrate (between arrows), in contrast to a mBSA-injected Nik~'~ knee joint
showing a reduced inflammatory infiltrate and intact cartilage (between arrows; scale bar
500 um). Sagittal sections of knee joint with H&E staining and CD31 or CXCL12 IHC
staining (insets; scale bars 100 um). B, Quantification of the total number of synovial blood
vessels in Wt and Nik™'~ mice. C, Quantification of CXCL12" blood vessels in synovial
tissue of Wt and Nik~~ mice. D, Quantification of synovial inflammation on a
semiquantitative scale of 0 to 4. E, Representative pictures of tibial sections from Wt and
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Nik~'~ mice, with B16 melanoma tumor tissue in trabecular bone. H&E-stained sections of
tibias show marrow replacement by tumor cells beneath the growth plate (scale bar 500 um),
and insets show CD31 and CXCL12 IHC staining on tumor tissue (scale bar insets, 100 pm).
F, Quantification of the total number of blood vessels in melanoma tumor tissue in Wt and
Nik~/~ mice. G, Quantification of CXCL12* blood vessels in melanoma tumor tissue of Wt
and Nik™'~ mice. Panels A-D: n=5 per group; Panels E-G: n=6 per group. Panels B-D,F,G
represent mean+SEM *<P0.05, **P<0.001.
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