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Stimulation of invariant natural killer T cells by a-Galactosyl-
ceramide activates the JAK-STAT pathway in endothelial cells
and reduces angiogenesis in the 5T33 multiple myeloma model
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Summary

Tumour pathogenesis in multiple myeloma (MM) correlates with a high
vascular index. Therefore, targeting angiogenesis is an important therapeu-
tic tool to reduce MM progression. This study aimed to investigate the role
of invariant natural killer T (iNKT) cells in angiogenesis and the mecha-
nisms behind the stimulation by o-Galactosylceramide (a-GalCer). We
have previously found that o-GalCer could increase the survival of
5T33MM mice and here we demonstrate that a-GalCer reduces the micro-
vessel density. We performed both in vivo and in vitro angiogenic assays to
confirm this observation. We found that conditioned medium of a-GalCer
stimulated iNKT cells reduced neovascularization in the chick chorioallan-
toic membrane and in matrigel plug assays. Moreover, we observed a
reduction in proliferation, migration and network formation and an induc-
tion of apoptosis upon exposure of murine endothelial cell lines to this
conditioned medium. We furthermore observed that the JAK-STAT signal-
ing pathway was highly activated in endothelial cells in response to stimu-
lated iNKT cells, indicating the possible role of IFN-y in the anti-
angiogenic process. In conclusion, these results highlight the possibility of
recruiting iNKT cells to target MM and angiogenesis. This gives a rationale
for combining immunotherapy with conventional anti-tumour treatments
in view of increasing their therapeutic potential.

Keywords: multiple myeloma, invariant natural killer T cells, o-Galactosyl-
ceramide, MM-induced angiogenesis, JAK-STAT pathway.

Natural killer T (NKT) cells are a small population of T lym-
phocytes derived from the thymus at the double positive
(CD4"CD8") stage of T cell development (Nakagawa et al,
1997; Brennan et al, 2013). These cells are found both in
mice and humans (Matsuda et al, 2008), and are defined by
co-expression of markers of T cells and NK cells. NKT cells
are classified into different subpopulations, of which the type
I NKT cells are referred to as invariant NKT (iNKT) cells.
iNKT cells use their unique canonical semi-invariant T cell
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receptor with the Vol14.Jal8 chain joined to V(8.2/B7/B2 in
mice and Vo24.Jal8 joined to VP11 in humans to recognize
self and foreign lipid antigens, presented by CD1d molecules
of antigen presenting cells, such as dendritic cells (DCs)
(Van Kaer, 2007; Vivier et al, 2012; Kumar & Delovitch,
2014). The discovery of o-Galactosylceramide (a-GalCer), a
glycolipid marine-derived ligand for iNKT cells, made it pos-
sible to examine the anti-tumour activity of these cells (Van
Kaer, 2005; Neparidze & Dhodapkar, 2009). In addition, as
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iNKT cells can potently respond to o-GalCer by secreting
copious amounts of cytokines, such as y-interferon (IFN-v)
(Cerundolo et al, 2009), the development of iNKT immuno-
therapy as an applicable tool to fight cancer is under investi-
gation. The role of iNKT cells in tumour suppression has
been reported in different murine models and in several clin-
ical trials (reviewed in (Nur et al, 2013a)). With regards to
multiple myeloma (MM), a monoclonal B-cell malignancy
caused by the accumulation of plasma cells in the bone mar-
row (BM), the role of iNKT cells has been described by sev-
eral groups both clinically and preclinically (Dhodapkar et al,
2003; Spanoudakis et al, 2009; Mattarollo et al, 2012). We
have previously demonstrated that o-GalCer administration
on the same day of MM inoculation significantly increased
the survival of 5T33MM diseased mice from 22 d (in non-
treated mice) to 29 d (in treated mice) (Nur ef al, 2013b).
However, the mechanisms associated with MM regression are
not fully understood.

It is now well known that angiogenesis is an important
process required for tumour growth, survival and metastasis
(Tandle ef al, 2004) and is defined as the generation of new
vasculature from pre-existing blood vessels. This phenome-
non requires different steps, including endothelial cell (EC)
proliferation, migration and new vascular plexus formation
(Jakob et al, 2006; Vacca & Ribatti, 2006; Ria et al, 2011).
MM-induced angiogenesis results from an unbalanced ratio
between pro- and anti-angiogenic factors in the BM micro-
environment, which is switched to favour the angiogenic
path during MM progression (Hanahan & Folkman, 1996;
Vacca et al, 2001; Bhutani et al, 2014). The increased MM-
induced angiogenesis is correlated to poor prognosis (Giles,
2002; Moehler et al, 2004).

IFN-v is implicated in tumour suppression, and one of
the proposed anti-tumour mechanisms is the inhibition of
tumour angiogenesis (Ikeda et al, 2002). Hayakawa et al
(2002) reported that IFN-vy secreted by both a-GalCer- acti-
vated iNKT cells and NK cells can mediate inhibition of
tumour angiogenesis in some murine solid tumours. How-
ever, the contribution of the immune cells as anti-angiogenic
players in haematological malignancies is not clear and needs
more investigation. Therefore, this study aimed to investigate
the role of iNKT cells in inhibiting MM induced-angiogene-
sis i1 vivo in the 5T33MM model, and to examine the mech-
anisms behind this inhibition in vitro.

Materials and methods

Animals

C57BL/KalLwRij mice were purchased from Harlan CPB
(Horst, the Netherlands) and were 6-8 weeks old when used.
They were housed and treated following the guidelines of the
Ethical Committee for Animal Experiments, VUB (license
no. LA1230281). Approval for these specific experiments was
obtained from the committee under the number 09-281-5.
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The animal ethics meet the standards required by the United
Kingdom Coordinating Committee on Cancer Research
Guidelines (UKCCCR, 1998).

5T33MM mouse model

The 5T33MM model originated spontaneously in elderly
C57BL/KaLwRij mice as described previously (Radl et al,
1979; Vanderkerken et al, 2003) and have since been propa-
gated by intravenous injection of the diseased BM into
young syngeneic recipients, which usually develop MM in
3-4 weeks (Vanderkerken et al, 2005).

o-Galactosylceramide preparation

a-Galactosylceramide  (a-GalCer), dissolved in  dim-
ethylsulphoxide at 1 mg/ml was kindly provided by Dr. S.
Van Calenbergh (University of Ghent, Belgium) and kept at
—20°C.

For in vivo use, a-GalCer was dissolved in phosphate-buf-
fered saline (PBS; Lonza, Braine-I’Alleud, Belgium) at a con-
centration of 10 pg/ml. Then the solution was incubated at
80°C for 20 min followed by sonication for 10 min. For in
vitro use, o-GalCer was dissolved in vehicle (96 mg/ml
sucrose, 10 mg/ml sodium deoxycholate and 0-05% Tween
20) at a stock solution of 10 pg/ml, which was further
diluted to 100 ng/ml as a final working concentration. The
stock solution was incubated and sonicated as described
above.

In vivo injection of a-GalCer in 5T33MM mouse model

5T33MM inoculated mice (0-5 x 10° cells) were treated with
2 png a-GalCer or vehicle (200 pl PBS) at 4-d intervals, as
previously described (Hayakawa et al, 2002). The i.p. injec-
tion was started on the inoculation day and terminated when
the vehicle mice became sick. All animals were sacrificed; liv-
ers and spleens were removed and weighed. Blood samples
were collected to determine serum paraprotein (M-protein)
levels and BM samples were isolated to determine plasmacy-
tosis (tumour load), which was assessed on May-Griinwald
Giemsa stained cytosmears. To evaluate IFN-y levels, serum
was collected 18 h after a-GalCer administration at weekly
intervals and analysed by ELISA according to the manufac-
turer’s instructions (eBioscience, Vienna, Austria).

Measurement of BM angiogenesis

Blood vessel-CD31 immunohistochemistry was performed on
zinc-fixed, paraffin-embedded BM sections as previously
described (Van Valckenborgh et al, 2002; Menu et al, 2006).
Briefly, the femur was fixed in zinc fixative for 48 h, decalci-
fied for 48 h and embedded in paraffin. The sections
were blocked with normal goat serum for 30 min, followed
by overnight incubation with a rat anti-CD31 antibody
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(PECAM-1, 1:10; BD Biosciences, Erembodegem, Belgium) at
4°C. A biotin-conjugated goat anti-rat specific polyclonal
antibody (1:75; BD Biosciences) was used as secondary anti-
body. For visual detection, a streptavidin-horseradish peroxi-
dase conjugate was used in combination with Tyramide
Signal Amplification (TSA; NEN Life Science Products, Bos-
ton, MA, USA). Microvessel density (MVD) was determined
by counting under the microscope (x200) the number of
blood vessels per 0-22 mm?® in the area with the highest
vessel density (hot spot).

Isolation and purification of murine liver iNKT

Murine liver iNKT cells were isolated by liver perfusion as
previously described (Nur et al, 2013b). Mice were anesthe-
tized i.p. with a mixture of 75 mg/kg ketamine (CEVA Santé
Animale, Machelen, Belgium) and 50 mg/kg medetomidine
hydrochloride (Virbac, Leuven, Belgium), and the abdomen
was opened immediately. Renal veins were tied and the infe-
rior vena cava and portal veins were cannulated simulta-
neously with 18G needles. Livers were perfused with 25 ml
of 10 mmol/l EDTA/PBS (pH 7-4) at 7 ml/min within a
closed sterilised catheter system using a peristaltic pump
(Gilson, Villiers, France). The outflow was collected, washed
and lysed with 2 ml Red Blood Cell lysis buffer for 1 min
and neutralized with 10% fetal calf serum (FCS; Biochrom
AG, Berlin, Germany) in RPMI-1640 medium (Lonza) sup-
plemented with 1% penicillin/streptomycin, L-glutamine,
and MEM NEAA-pyruvate (Lonza) (RPMI-1640 supple-
mented medium) (Fang et al, 2010). Mononuclear cells from
at least 6 liver perfusions were collected for purification
through magnetic-activated cell sorting, using a mouse
NK1.1" iNKT cell isolation kit according to the manufac-
turer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Purity of the liver iNKT cell preparation was about
90% as determined by flow cytometry (FACS Canto; BD
Biosciences).

Preparation of conditioned media and controls

BM-derived DCs were prepared as described previously (Nur
et al, 2013b). DCs were loaded overnight with 100 ng/ml o-
GalCer or vehicle. Several conditioned media (CM) were pre-
pared from DCs co-cultured with iNKT cells at 4:1 ratio in
the presence (CM ') or absence (CM ™% of a-GalCer, or
from single cultures of iNKT cells alone (CMNXT) and DCs
alone (CMP). These cultures were performed in RPMI-1640
supplemented medium with 5% FCS and incubated at 37°C
and 5% CO,. The supernatant was harvested after 72 h and
frozen at —20°C until use. The controls for the in vitro
experiments were as follows: 5% FCS in RPMI-1640 supple-
mented medium (Control), 50 ng/ml mouse IFN-y recombi-
nant protein (eBioscience) (rIFN-y) and 10 pug/ml anti-
mouse IFN-y Ab (clone XMG1.2, BioLegend, San diego, CA,
USA) (CM*S + o-TFN-y).

© 2014 John Wiley & Sons Ltd
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Chick chorioallantoic membrane (CAM) assay

Fertilized white Leghorn chicken eggs were incubated in trip-
licate at 37°C at constant humidity. On day 3, the shell was
opened and 2-3 ml of albumen was removed to detach the
CAM. On day 8, the CAMs were implanted with 1 mm? ster-
ilized gelatin sponges (Gelfoam, Upjohn®, Kalamazoo, MI,
USA) loaded with control medium, CM*GL cM Gl cMNKT
or CMP€. The angiogenic response in the CAM was evalu-
ated on day 12 in three separate 50x fields as the number of
vessels converging toward the sponge, and photographed in
ovo (Olympus stereomicroscope, Rozzano, Italy).

Matrigel plug assay

Female non-obese diabetic severe combined immunodefi-
ciency (NOD-scid) mice, 6-8 weeks of age, were anesthetized
with tribromoethanol (Avertin; 0-5 ml i.p., Sigma-Aldrich,
Diegem, Belgium) and injected s.c. with 300 pl of ice-cold
matrigel (BD Biosciences) premixed with 40 p/ml heparin
and 50 pl of CM* (1 = 5 mice), CM~ %! (n = 4), CM™*T
(n=4) or CMP€ (n=75). Negative controls (n =5) were
injected with 300 ul matrigel, 40 p/ml heparin, and 50 pl of
serum-free medium. After 7 d, mice were euthanized by CO,
asphyxia and cervical dislocation. Matrigel plugs were
removed, placed in OCT cryomatrix and snap frozen in
liquid nitrogen for further analysis. Frozen sections (7 um)
of the matrigel plugs were stained with CD31-phycoerythrin
(PE) antibody (R&D Systems, Abingdon, UK) and DAPI
(Invitrogen, Gent, Belgium) and photographed on Nikon
Eclipse TE2000E inverted fluorescence microscope (Nikon
Belux, Brussels, Belgium). ECs were counted as number of
nuclei inside the PE fluorescence in two sections per sample.

Murine endothelial cell line cultures

Two EC lines were used; the BM EC line, STR-10, and the
brain EC line, bEnd.3. STR-10 (a gift from Dr. Kobayashi,
Laboratory of Pathology, Cancer Institute, Hokkaido Univer-
sity School of Medicine, Japan) was previously established by
transfecting primary EC cultures with SV40, and immortal-
ized cells were selected (Imai et al, 1999), whereas bEnd.3 (a
gift from Dr. Y. St-Pierre, Immunology Research Center,
Institut Armand-Frappier, Québec, Canada) was established
from polyoma-induced brain haemangiomas (Hahne et al,
1993). The ECs were cultured in RPMI-1640 supplemented
medium with 10% FCS and incubated at 37°C in a humidi-
fied 5% CO, incubator (Aoudjit et al, 1998; Imai et al,
1999). After reaching confluence, cells were detached with
0-05% trypsin-EDTA (Gibco, Gent, Belgium).

Cell viability and proliferation assays

For in vitro studies, STR-10 and bEnd.3 cells were plated out
(1000 cells per well) in triplicate in RPMI-1640 medium
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supplemented with 10% FCS in 96-well plates. Once they
had grown to approximately 70% confluence, the cells were
starved for 24 h. CM and controls were added for another
48 h. Cell Titer-Glo (Promega, Leiden, The Netherlands) and
bromodeoxyuridine (BrdU) cell proliferation (Cell Signaling
Technology, Leiden, The Netherlands) assays were performed
separately according to the manufacturer’s instructions.
Briefly, proliferation was determined by adding BrdU to the
culture for 4 h, then the cells were fixed, denatured and
BrdU detection performed with a mouse monoclonal anti-
body (mAb) and quantified by measuring the absorbance at
450 nm.

Wound healing assay

STR-10 cells (~30 x 10°/well) were grown in 24-well plates
in RPMI-1640 medium supplemented with 10% FCS until
they reached 70-80% confluence. Then, the cells were trea-
ted with 10 pg/ml mitomycin C (Sigma, Saint Louis, MO,
USA) in RPMI-1640 medium supplemented with 5% FCS
to inhibit cell proliferation. After 1 h, wounds were made
by horizontally scraping the cell monolayers with P200 pip-
ette tips and floating cells were removed by extensive
washing with cold PBS. CM and controls were added and
the migration distance was recorded immediately (0 time
point) and 24 h after scratching, using a Nikon Eclipse
TE2000E inverted fluorescence microscope (Nikon). The
empty area along each wound was measured after tracing
the wound margins using an image analysis program (Ima-
geJ; National Institutes of Health, Bethesda, MD, USA).
The percentage of migration area was calculated as follows:
(area of original wound — area of actual wound) x 100/
area of original wound.

In vitro matrigel capillarogenesis assay

STR-10 cells (/10 x 10°/well) were plated on matrigel-
coated (BD Biosciences) 96-well plates (Greiner bio-one,
Wemmel, Belgium) specific for confocal imaging and treated
with CM or control media. After 16-18 h, the skeletoniza-
tions of the network were examined and photographed using
a Nikon Eclipse TE2000E inverted fluorescence microscope
(Nikon). Each experiment was performed in triplicate and
the 3-dimensional network organization was quantified using
the Image] program. The ‘mesh areas’ were considered as the
surface of empty regions of the field delimited by tubules
and cell clusters and were calculated as a percentage of the
total area.

Apoptosis assay using terminal deoxynucleotidyl
transferase AUTP nick end labelling (TUNEL) staining

After in wvitro matrigel capillarogenesis assay, cells were
fixed with 2% paraformaldehyde for 20 min at 4°C and
permeabilized with 0-2% Triton X-100 for 10 min at room
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temperature. To detect apoptosis, cells were stained using a
TUNEL staining method according to the manufacturer’s
instructions (DeadEnd™ Fluorometric TUNEL System; Pro-
mega). Briefly, cells were incubated in a mixture containing
terminal deoxynucleotidyl transferase and fluorescein-12-
dUTPs for 1 h at 37°C. Then, cells were counterstained
with Hoechst 33258. Cells were photographed using a Mul-
tiphoton Laser-Scanning confocal microscope (LSM710 and
Confocal 3 System, Zeiss, Oberkochen, Germany). The total
number of TUNEL-positive cells and counter-stained
positive cells were individually counted in 2 areas from
each well. The percentage of apoptotic cells was calculated
compared to the total number of cells.

Western blot

STR-10 and bEnd.3 cells were cultured in different CM and
control media at 0-5 x 10°/500 pl. After 10- and 48-h, cell
pellets were harvested, lysed in lysis buffer containing differ-
ent protease and phosphatase inhibitors and Western blotting
performed as previously described (Menu et al, 2004). Pri-
mary Abs against CASP3 (caspase 3; 8G10), STATI, p-STAT1
(Tyr701) (58D6), STAT3 (79D7), p-STAT3 (Tyr705) (3E2),
JAKI, p-JAK1 (Tyr1022/1023), JAK2 (D2E12) XP®, p-JAK2
(Tyr1007/1008) (C80C3), and IRF1 (D5E4) XP® were incu-
bated with blotted samples overnight at 4°C. Membranes
were reprobed with ACTB (B-actin). HRP-coupled secondary
Ab (anti-rabbit or anti-mouse) was used and bands were
visualized using the enhanced chemiluminescence (ECL) sys-
tem (Amersham, Diegem, Belgium). All Abs were purchased
from Cell Signaling Technology.

Statistical analysis

Differences between groups were determined by a Mann—
Whitney and Student’s t test wherever relevant. P-values
<0-05 were considered as significant.

Results

Effect of a-GalCer treatment on MM-induced
angiogenesis

To determine whether o-GalCer treatment could directly
affect angiogenesis in the 5T33MM mice, 2 pg of a-GalCer
was injected i.p. at 4-d intervals, beginning on the same day
of MM inoculation. Administration of a-GalCer significantly
reduced both the serum M-protein concentration, from
21-8 &+ 31 g/l in vehicles to 5-3 &+ 2-4 g/l in the a-GalCer
treated group (Fig 1A), and BM tumour load, from
68-22 £ 5:03% in vehicles to 22 & 7-91% in the o-GalCer
treated group (Fig 1B). We further measured the MVD in
the BM and found that it was significantly reduced in the a-
GalCer treated group (23-7 + 0-93%) compared to the vehi-
cles (33-33 £ 1-32%) (Fig 1C). Interestingly, the MVD was
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Fig 1. The effect of a-GalCer administration
on multiple myeloma development and
tumour angiogenesis. C57B1/KaLwRij mice
were inoculated with 5T33MM cells and (©)
injected i.p. with a-GalCer or vehicle on the
same day of inoculation and then at 4-d inter-
vals. (A) M-protein concentration (g/l) as
determined by serum protein electrophoresis.
(B) Tumour load was assessed on May-
Griinwald Giemsa stained cytosmears obtained
from the isolated bone marrow (BM). (C)
Microvessel density (MVD; % CD31 positive-
cells) in the BM. All data represent the

mean £ SD of 10 mice in each group

(*P < 0-05, **P < 0-005 and ***P < 0-001).
(D) Representative scatter blot of MVD versus
tumour load using the values obtained from
5T33MM mice treated or not with a-GalCer.

also reduced in the mice with high tumour load (Fig 1D).
However, a significant difference, albeit small, persisted
between the naive and MM group (19 £ 1:70% vs.
23-7 + 0-93%) when both were treated with o-GalCer. We
also observed that IFN-y was secreted early in response to
o-GalCer injection (mean = 4-42 ng/ml on week 1) and
gradually declined during the progression of the disease (2-18
and 1-04 ng/ml at week 2 and 3, respectively). These data
suggest that o-GalCer treatment can be used in the 5T33MM
model as an anti-angiogenic co-therapy. As a-GalCer is the
activator of iINKT cells, we assumed that a-GalCer-activated
iNKT cells might play a significant role in the inhibition of
angiogenesis in the 5T33MM model.

Conditioned medium of activated iNKT cells reduces
neovascularization in CAM and matrigel plug assays

To further assess the involvement of o-GalCer-activated
iNKT cells in angiogenesis, we first prepared CM of o-Gal-
Cer-stimulated iNKT cells (CM*“¥). This CM contained, on
average, 2-03 ng/ml IFN-y as measured by enzyme-linked
immunosorbent assay (ELISA) and was then used to first
examine the effects of iNKT cells in vivo in the CAM assay.
CAMs were implanted with a gelatine sponge soaked with
CM*“ or controls. Newly-formed blood capillaries, converg-
ing radially toward the sponge in a ‘spoked-wheel’ pattern,
were fewer in CM*“¥ (mean vessel count = 13 £ 3) com-
pared to CM~ % (26 + 3), CM™T (27 + 3) and CMPC
(25 £ 4) (Fig 2A,C). Next, we performed a matrigel plug

© 2014 John Wiley & Sons Ltd
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assay in NOD-scid mice using injected matrigel mixed with
CM and angiogenesis was quantified within the explanted
plugs after 7 d. A significant reduction of microvascular
count was clearly seen in CM'™ (CD31" cell
count = 25 + 8) compared to CM~ % (112 £ 14), CM T
(93 + 9) and CMP€ (85 + 11) (Fig 2B,D). The significant
reduction in neovascularization observed with CM*%¥ con-
firms the role of activated iNKT cells in angiogenesis, and
indicates that the soluble mediators secreted by a-GalCer-
activated iNKT cells in the CM*™® were involved in this
process. As CM*“ contains large amounts of IFN-y, this
cytokine is most probably involved in the inhibition of
angiogenesis.

Inhibition of proliferation, migration and tube formation
in murine endothelial cell lines

To investigate the potential mechanisms by which activated
iINKT cells can affect EC functions, and to determine whether
IFN-y secreted by the activated iNKT cells contributes in the
angiostatic processes, STR-10 and bEnd.3 EC lines were
examined in vitro. First, we checked whether CM could affect
the viability of ECs. The cell lines were cultured in CM and
controls for 48 h and then the Cell Titer-Glo assay was per-
formed. We found a significant reduction in the viability of
both STR-10 and bEnd.3 cells treated with 50 ng/ml rIFN-y
or with CM*! compared to control (Fig 3A). The ECs via-
bility was partially, but significantly rescued by 10 pg/ml
IFN-y Ab added to the CM™®%. Other CM had little or no
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Fig 2. In vivo angiogenesis assays showing the impact of CM from stimulated iNKT cells on neovascularisation. (A) Representative pictures
(x50) of the chick chorioallantoic membrane (CAM) assay of a fertilized chick embryo. (B) Representative pictures (x400) of the matrigel plug
assay as assessed by CD31 staining. (C) Bar graph showing the number of vessels sprouting out in the CAM assay, counted by light and dark field
microscopy. (D) Bar graph showing the number of CD31-positive cells, counted by fluorescence microscopy. Values are represented as the

mean + SD, n =3 (*P < 0:05, **P < 0-005). iNKT cells, invariant natural killer T cells; CM, conditioned media.

effect. Next we wanted to determine whether this reduction
in viability was related to decreased proliferation or survival.
Using a BrdU assay, there was a significant reduction
(~50%) in the proliferation of both STR-10 and bEnd.3
cells exposed to CM+Gal, and rIFN-y reduced growth more
apparently in STR-10 cells (Fig 3B). Addition of 10 pg/ml
IFN-y Ab to CM*“ almost completely restored the growth
of ECs, implying that activated iNKT cells can partially
block EC proliferation via the IFN-y pathway. We next
examined the migratory capacity of STR-10 cells by an in
vitro migration and matrigel capillarogenesis assays. Using a
‘wound healing’ assay we found that CM*“ could signifi-
cantly reduce migration after 24 h (% of EC migra-
tion = 46 + 6.7 compared to 56% in control and CM )

(Fig 3C,D). The IFN-y Ab could only block this reduction
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by 25%. This indicates that IFN-y is not the main cytokine
involved in the anti-migratory activity of iNKT cells and
implies the contribution of other factors secreted by acti-
vated iNKT cells in this process. The matrigel capillarogene-
sis assay was then performed to investigate the
morphological defects that could be induced by the CM
from activated INKT cells. After a 16- to 18-h incubation,
CM*“ was shown to induce more non-structured cell
clumps throughout the matrigel surface with less branching
and poorly organized capillary-like structures (Fig 4A). In
these clumps, ECs are clustered and densely packed
together, making the connections wider than normal vessels
and suggesting an arrest of the differentiation into network
vessels. To quantify this defect, the mesh area was summa-
rized for each condition, defined as the empty region

© 2014 John Wiley & Sons Ltd
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Fig 3. In vitro angiogenesis assays. (A) Effect
of CM from stimulated iNKT cells on the cell
viability of STR-10 (top) and bEnd.3 (bottom) B
cells as measured by the Cell Titer-Glo assay ( )o.a
after 48-h culture. Results are given relative to
control and represented as the mean + SD of
5 independent experiments. (B) Inhibition of
STR-10 (top) and bEnd.3 (bottom) cell prolif-
eration by CM from stimulated iNKT cells as
measured by BrdU incorporation after 48-h
culture. The mean + SD of 5 independent 0.0
experiments are shown. (¥*P < 0-05, **P < 0-01
and ***P < 0-0005). (C) A representative
image for each condition is shown at time 0
and after 24-h culture highlighting the differ- 15 -
ence between the original and final wound
space. (D) The wound closure was estimated
using Image] software, by tracing the wound
margins at time 0 and 24 h, and by quantifying
the migration area as a percentage of the origi-
nal wound size. Data (% of the migrated area
after 24 h) from 3 independent experiments
are presented in the bar graph (*P < 0-05,

*#%P < 0-01 and ***P < 0-0005). iNKT cells,
invariant natural killer T cells; CM, condi-
tioned media.

Absorbance 459 nm

Absorbance 450,

delimited by tubules and cell clusters, and we calculated
them as a percentage of an assigned total area. We found
that the mesh area covered only 7-83% of the total space in
CM+G31, resulting in an inhibition of more than 75% of the
net formation compared to control (35-16%). In contrast,
the inhibition induced by rIFN-y did not exceed 25%
(Fig 4C). The percentage of the mesh areas was also lowered
by ~62% in CM** compared to CM~“* (20.78%). Reduc-
tion of mesh area formation in CM from stimulated iNKT
cells not only confirms the significant role of a-GalCer, but
also indicates that IFN-y secreted by stimulated iNKT cells
could interfere with the normal skeletonization of STR-10
cells. This was demonstrated by blocking IFN-y signaling
with an IFN-y Ab, which increased the percentage of mesh
area by ~70% compared to CM*“?,

© 2014 John Wiley & Sons Ltd
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Activation of apoptosis in murine endothelial cell lines in
vitro

As CM obtained from o-GalCer-activated iNKT cells has
been shown to reduce angiogenesis in EC lines by reducing
proliferation, migration and network formation, we wanted
to examine if CM " could induce apoptosis in STR-10 cells.
To address this, we used the same matrigel capillarogenesis
assay to stain for apoptotic cells by means of the TUNEL
assay (Fig 4B). Cells positive for TUNEL (pink colour) were
significantly increased in  CM*® (% of apoptotic
cells = 31-92 £+ 13) compared to control (10-6 £+ 7-1%) and
CM ™% (9.71 + 6-5%) (Fig 4D). The IFN-y blocking anti-
body reduced apoptosis in CM™ by ~60%, demonstrating
that IFN-y partially contributes to the increased cell death
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Fig 4. Assessment of skeletonization and apoptosis of STR-10 cells (A) Representative images of network formation in the matrigel capillarogene-
sis assay, scale bar = 120 pm. (B) Representative images of the number of apoptotic cells (TUNEL positive) induced by CM from stimulated
iNKT cells, scale bar = 42 um. The Z-stacks pictures from each matrigel layer were merged in a single focussed image, using Volocity 5 software.
(C) Bar graph of the % of mesh area, defined as the surface of empty regions of the field delimited by tubules and cell clusters. (D) Bar graph
representing the % of apoptotic cells relative to the total number of cells. Results are given as mean = SD (*¥P < 0-05, **P < 0-01 and ***
P < 0:0001, n = 3). iNKT cells, invariant natural killer T cells; CM, conditioned media.

and can be suggested as a possible mediator of the apoptotic
pathway besides others. We further confirmed the contribu-
tion of IFN-v in this pathway by measuring CASP3 cleavage
in Western blot assays. We found that in the two EC lines
(STR10 and bEnd.3), both rIFN-y and CM'™“ increased
CASP3 cleavage relative to control, and that this could be
partially blocked by an IFN-y blocking antibody (Fig 5).

Activation of JAK-STAT signalling pathway indicates the
role of IEN-y in angiogenesis

Given that IFN-y activates the JAK-STAT pathway, which
affects different cell functions, such as cell growth, prolifera-
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tion, migration and apoptosis (Rawlings et al, 2004), we
sought to confirm the essential role of IFN-v in the observed
anti-angiogenic effects. We therefore analysed STAT1, STAT3,
JAK1 and JAK2 phosphorylations by Western blot in STR-10
and bEnd.3 cells treated with CM*™“", We found that CM*!
markedly induced P-STAT1, total STATI and P-JAK2 in STR-
10 (Fig 5A) and bEnd.3 cells (Fig 5B) much more than
CM %L cM*S also induced JAK1 phosphorylation, but to a
lesser extent. Furthermore, we examined the downstream sig-
nalling protein IFN-y regulatory factor-1 (IRF1) and found it
was upregulated in CM*“* when compared to the other con-
ditions. However, the STAT3 activation was not clearly distin-
guishable between CM*“ and the other conditions,

© 2014 John Wiley & Sons Ltd
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particularly in bEnd.3 cells. Altogether, these data indicate that
IFN-v secreted by a-GalCer-activated iNKT cells activates the
JAK-STAT pathway in ECs, thereby affecting angiogenesis.

Discussion

Angiogenesis is a hallmark of cancer (Folkman, 1971). It is
described as a prognostic index and an increase of pro-angio-
genic factors is a predictor of poor prognosis in MM (Rajku-
mar et al, 2000; Giles, 2002). Hayakawa et al (2002)
demonstrated that a-GalCer stimulated NKT cells could inhi-
bit tumour-induced angiogenesis in a solid tumour such as
B6-derived melanoma by IFN-y secretion from both iNKT
cells and NK cells. We have recently described that in the
5T33MM model and in MM patients, there is a defect in
iNKT numbers leading to a defect in IFN-y production.
However, stimulating iNKT cells with a-GalCer during early
stages of the disease increased animal survival (Nur et al,
2013b). Furthermore, disease progression was reported to be
correlated with angiogenesis in this model (Van Valcken-
borgh et al, 2002). In the present study, we wanted to exam-
ine whether the anti-tumour effects of a-GalCer are also
mediated through anti-angiogenic effects. As many other cells
can be activated in vivo, we preferred to investigate the direct
effects of iNKT cells on murine EC lines in vitro to assess
their role in MM-related angiogenesis.

We treated 5T33MM mice with o-GalCer during the
course of the disease and noticed a clear reduction in

© 2014 John Wiley & Sons Ltd
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tumour load and paraprotein, therefore confirming our pre-
vious data (Nur et al, 2013b). More importantly, this was
associated with a reduction in MVD, even in mice with a
higher tumour burden. This indicates that a-GalCer has both
direct anti-angiogenic effects and anti-tumour effects.

While analysing the direct effects of iNKT cells on angio-
genesis we found that CM of a-GalCer stimulated iNKT cells
reduced neovasculogenesis in the CAM and matrigel plug
assays in vivo, and that it reduced proliferation, migration
and network formation, but induced apoptosis of EC lines in
vitro. This was further confirmed by activation of CASP3 in
response to CM*Y, To further examine the mechanisms
underlying these anti-angiogenic effects, we focussed on IFN-
v, which is the predominant cytokine secreted by iNKT cells
in response to a-GalCer. It has been reported that o-GalCer-
activated human iNKT cells can induce anti-tumour effects
via the release of soluble mediators, such as IFN-vy, rather
than through the cytolytic toxicity of the cells (Kikuchi et al,
2001). This is consistent with the reported findings from the
Okumura group (Hayakawa et al, 2001). Furthermore, it has
been demonstrated that the anti-tumour effect of IFN-y is
partly mediated by inhibition of angiogenesis (Ikeda et al,
2002) and that IFN-vy inhibits EC proliferation and vasular-
ization, and induces apoptosis (Ribatti et al, 2006). Therefore
we assume that IFN-v is the key mediator in the anti-tumour
and anti-angiogenic effects of iNKT cells. This is indeed con-
firmed by our findings that addition of an IFN-y blocking Ab
reduced the anti-angiogenic effects of CM'“*. However,
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given the stronger effects of CM™S¥ versus rIFN-v, we pre-
sume that other mediators derived from activated iNKT cells
might work synergistically with IFN-y. To this end, we per-
formed a cytokine array comparing CM*“ to CM~“ to
determine whether other anti-angiogenic cytokines were
secreted. We found that IFN-y-inducible protein (IP-10, also
known as CXCL10) was also strongly secreted by stimulated
iNKT cells (Figure S1A). IP-10 and monokine-induced by
IFN-y (MIG, also known as CXCL9), have been shown to
possess potent anti-angiogenic effects in vivo, such as the
inhibition of basic fibroblast growth factor-induced neovascu-
larization in the murine athymic model (Angiolillo et al,
1995; Sgadari et al, 1996). IP-10 was also described to exert
angiostatic effects in different xenograft models (Arenberg
et al, 1996; Feldman et al, 2002; Yang & Richmond, 2004).
However, the direct addition of IP-10 to the culture, did not
result in any anti-angiogenic effects on STR-10 or bEnd.3 cells
(Figure S1B), which is in contrast with the result reported by
Campanella et al (2010), who showed anti-proliferative effects
of IP-10 on ECs isolated from different organs. This could be
due to a low expression of IP-10 receptor (CXCR3) on the
STR-10 and bEnd.3 cells. Other possible cytokines with an-
giostatic activity are interleukin (IL) 12 and IL18, which are
known to synergize to induce IFN-y production by T cells
and many studies indicated that their anti-tumour and angio-
static activities are I[FN-y-dependent (Nastala et al, 1994; Vo-
est et al, 1995; Coughlin et al, 1998; Cao et al, 1999; Ikeda
et al, 2002). In addition, IL12 has been shown to inhibit EC
activities, such as proliferation, in an IFN-y-dependent way
(Strasly et al, 2001; Hayakawa et al, 2002). As DCs are IL12
producers, we suppose that IL12 triggers IFN-y secretion by
a-GalCer-activated iNKT cells and this would amplify the
anti-angiogenic loops mediated by IFN-y.

Further supporting the hypothesis that IFN-y is a key
mediator of the anti-angiogenic activity of iNKT cells, is the
observation that the JAK-STAT signalling pathway, including
STAT1, JAK2 and IRFI, is strongly activated in ECs when
cultured in CM*“. In response to IEN-y, STAT1 is highly
activated and freely translocates to the nucleus to bind
Gamma Activating Sequence (GAS) to initiate several pri-
mary response genes such as IRFI (Kerr et al, 2003; Saha
et al, 2010). IRFI is involved in stimulating other IFN-y-
inducible genes, such as NOS2 (nitric oxide synthase 2,
inducible), which can also impair angiogenesis (Mayo et al,
2014). IRF1 can furthermore trigger IL12 secretion and IL12
receptor, which, leads to restimulation by IFN-y and IRF1 in
an autocrine manner (Saha et al, 2010). We also observed a
slight activation of STAT1 in CM~“* conditions. This can be
explained by the fact that unstimulated iNKT cells also pro-
duce small amounts of IFN-y (200 pg/ml). Although JAK1 is
also required in IFN-y receptor signalling (Kerr et al, 2003;
Schindler et al, 2007), we could not detect high activation of
JAK1 compared to STAT1 and JAK2. Instead, JAK1 and
STAT3 are known to play major roles in IL6 responses (Kerr
et al, 2003; Schindler et al, 2007). We found through the
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cytokine array that IL6 was present in both CM™S¥ and
CM % in similar measures. Therefore, activation of STAT3
and JAKI in these conditions is most likely a response to
IL6. In conclusion, we found that activation of the JAK-
STAT pathway in an IFN-y-dependent manner is the most
likely mechanism through which activated iNKT cells exert
their anti-angiogenic effects. Moreover, activation of this
pathway has also been shown to promote apoptosis of EC
through activation of caspases or Fas/FasL (Li et al, 2002).
The upregulation of IRF1 observed in CM*“* can induce
proapoptotic activity through caspases (Chin et al, 1997; Sch-
roder et al, 2004). In our study, we detected apoptotic activ-
ity when EC were cultured in CM*Gal, as we clearly observed
more TUNEL-positive ECs. On the other hand, CASP3 cleav-
age was only slightly enhanced, indicating the involvement of
other death-linked mechanisms.

From a clinical point of view, there has been great interest
in anti-angiogenic therapy for MM patients. Several angiogen-
esis inhibitors have been discovered and used as a single agent
or in combination with chemotherapy in cancer (Daly et al,
2003; Grepin & Pages, 2010). These inhibitors can target vas-
cular endothelial growth factor (VEGF) (e.g., Bevacizumab)
or their receptors (e.g., tyrosine kinase inhibitors, such as So-
rafenib tosylate and Sunitinib malate), and have been investi-
gated in different clinical trials of solid tumours (Grepin &
Pages, 2010). Also for MM, VEGF-neutralizing mAbs and
tyrosine kinase inhibitors have been approved (Medinger &
Mross, 2010). Unfortunately, these anti-angiogenesis therapies
significantly reduced tumour progression, but did not induce
tumour regression and in many cases, patients only
responded transiently. In addition, few studies reported an
increase in thrombotic or haemorrhagic complications in
some patients following these treatments (Daly et al, 2003).
Therefore, treatments that have a broader effect are preferred.
In MM, the immunomodulatory drug, lenalidomide, is now
widely used as a first line therapy. Besides having potent
immune-stimulating effects executed by increasing conven-
tional T cell functions, DC activation, NKT cell co-stimula-
tion, NK cell cytotoxicity and decreasing regulatory T cell
functions (Davies et al, 2001; Marriott et al, 2002; Chang
et al, 2006; Song et al, 2008; Galustian et al, 2009; Quach
et al, 2010; De Keersmaecker et al, 2012; Mitsiades & Chen-
Kiang, 2013), lenalidomide has also been shown to efficiently
reduce migration and vessel formation of ECs isolated from
patients with active MM while having no effect on their pro-
liferation or apoptosis (Lu et al, 2009; De Luisi et al, 2011). It
also reduces the expression of pro-angiogenic factors, such as
VEGF and IL6 (Medinger & Mross, 2010). Similarly, another
promising immunomodulatory drug, pomalidomide, has been
shown to inhibit angiogenesis in MM by reducing VEGF and
hypoxia-inducible factor 1 (Chanan-Khan et al, 2013).

Administration of free a-GalCer has shown promising anti-
tumour effects in murine models. However, its clinical use has
been limited by the hyporesponsiveness of the iNKT cells. A
possible explanation is the development of an uncontrolled
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response given the uncertainty about the cells that pick up the
o-GalCer (Macho-Fernandez et al, 2014). The use of a-Gal-
Cer-loaded DCs can overcome this problem and was shown to
be more potent (Chang et al, 2005). In a preclinical melanoma
model, Macho-Fernandez et al (2014) examined the delivery
of encapsulated a-GalCer together with ovalbumin antigens in
poly(lactic-co-glycolic acid) -based particles, directed to DCs.
This vaccine triggered more specific adaptive responses
(Macho-Fernandez et al, 2014). Similarly, Hong et al (2013)
examined the effects of using a-GalCer-loaded MOPC315BM
myeloma cells as a vaccine in a murine MM model. The vac-
cine induced expansion and activation of iNKT cells, and
promising therapeutical responses were detected. Interestingly,
in a recent clinical report, 3 out of 4 asymptomatic MM
patients who received lenalidomide together with autologous
a-GalCer-loaded DCs experienced a reduction in monoclonal
immunoglobulin and an expansion of neutrophils, monocytes
and NK cells in the peripheral circulation (Richter et al, 2013).
These data demonstrate the possible use of (vectorized) a-Gal-
Cer in MM patients. Furthermore, activation of iNKT cells can
be combined with established anti-MM drugs, such as bortezo-
mib, which has been shown to mediate strong anti-tumour
effects together with potent anti-angiogenic effects in MM
patient-derived ECs by down regulating VEGF, IL6, angiopoie-
tin 1 and 2 (Roccaro et al, 2006). Combination therapy has the
advantage of activating the immune system at a time when
tumour burden is low. In summary, we found that activating
iNKT cells with a-GalCer not only has strong anti-tumour
effects, but it also has promising anti-angiogenic actions.
Therefore iNKT cell stimulation is a good candidate for com-
plementary combination therapies, which could lead to novel
treatment regimens for MM patients.
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Fig S1. Effect of IP-10 on EC lines. (A) Cytokine array to
show some of the secretory products of CM+Gal and
CM-Gal. (B) Testing IP-10 on the viability of STR-10 and
bEnd.3 cells after 48 h using cell Titer-Glo assay. The
mean + SD of 3 independent experiments is shown.
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