UCSF

UC San Francisco Previously Published Works

Title
Intussusceptive Angiogenesis in Human Metastatic Malignant Melanoma

Permalink
https://escholarship.org/uc/item/2hp262w5

Journal
American Journal Of Pathology, 191(11)

ISSN
0002-9440

Authors

Pandita, Ankur
Ekstrand, Matias
Bjursten, Sara

Publication Date
2021-11-01

DOI
10.1016/j.ajpath.2021.07.009

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2hp262w5
https://escholarship.org/uc/item/2hp262w5#author
https://escholarship.org
http://www.cdlib.org/

The American Journal of Pathology, Vol. 191, No. 11, November 2021

The American Journal of

PATHOLOGY

ELSEVIER

ajp.amjpathol.org

TUMORIGENESIS AND NEOPLASTIC PROGRESSION

W) Check for updates

Intussusceptive Angiogenesis in Human
Metastatic Malignant Melanoma
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Accepted for publication

July 26, 2021. Angiogenesis supplies oxygen and nutrients to growing tumors. Inhibiting angiogenesis may stop

tumor growth, but vascular endothelial growth factor inhibitors have limited effect in most tumors. This
limited effect may be explained by an additional, less vascular endothelial growth factor—driven form of
angiogenesis known as intussusceptive angiogenesis. The importance of intussusceptive angiogenesis
in human tumors is not known. Epifluorescence and confocal microscopy was used to visualize intra-
vascular pillars, the hallmark structure of intussusceptive angiogenesis, in tumors. Human malignant
melanoma metastases, patient-derived melanoma xenografts in mice (PDX), and genetically engineered
v-raf murine sarcoma viral oncogene homolog B1 (BRAF)-induced, phosphatase and TENsin homolog
deleted on chromosome 10 (PTEN)-deficient (BPT) mice (Braf™* Pten”Tyr-Cre*/°-mice) were analyzed
for pillars. Gene expression in human melanoma metastases and PDXs was analyzed by RNA sequencing.
Matrix metalloproteinase 9 (MMP9) protein expression and T-cell and macrophage infiltration in tumor
sections were determined with multiplex immunostaining. Intravascular pillars were detected in human
metastases but rarely in PDXs and not in BPT mice. The expression of MMP9 mRNA was higher in human
metastases compared with PDXs. High expression of MMP9 protein as well as infiltration of macrophages
and T-cells were detected in proximity to intravascular pillars. MMP inhibition blocked formation of
pillars, but not tubes or tip cells, in vitro. In conclusion, intussusceptive angiogenesis may contribute to
the growth of human melanoma metastases. MMP inhibition blocked pillar formation in vitro and should
be further investigated as a potential anti-angiogenic drug target in metastatic melanoma.
(Am J Pathol 2021, 191: 2023—2038; https://doi.org/10.1016/j.ajpath.2021.07.009)
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Tumor growth requires formation of new blood vessels, a
process known as angiogenesis. New blood vessels supply
the growing tumor with oxygen and nutrients. Conse-
quently, inhibiting angiogenesis may starve cancer cells and
prevent cancer progression.' Inhibiting angiogenesis is an
attractive clinical strategy for two reasons. First, all solid
tumors, irrespective of histology or mutation profile, are
dependent on angiogenesis. Therefore, angiogenesis inhi-
bition could be universally applicable. Second, adverse ef-
fects would be expected to be mild because physiological
angiogenesis is relatively rare in adults.” Unfortunately,

clinical trials with angiogenesis inhibitors have been
disappointing.™ One possible explanation for the limited
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effect of current angiogenesis inhibitors is that only one type
of angiogenesis is targeted when there are, in fact, at least
two types of angiogenesis.’

Sprouting angiogenesis, the classic form of angiogenesis
known for >150 years, is the outgrowth of a new vessel
branch from an existing vessel. Sprouting angiogenesis is
initiated when hypoxic cells secrete vascular endothelial
growth factor (VEGF) and other angiogenic factors. VEGF
is sensed by specialized tip cells that guide the growing
vessel branch toward the most hypoxic cells to restore ox-
ygen supply.’ ® Current angiogenesis inhibitors target the
VEGF pathway and shrink tumors in many mouse models.
However, in most human cancers, VEGF-targeted angio-
genesis inhibitors either have no effect or only transiently
reduce tumor size.”

In contrast to sprouting angiogenesis, intussusceptive
angiogenesis is understudied and remains enigmatic. Intus-
susceptive angiogenesis is a remodeling process in which
one vessel splits into two parallel vessels. Intussusceptive
angiogenesis starts with the formation of a slender endo-
thelial pillar through the vessel lumen. The pillars widen and
merge to form a wall through the vessel that divides the
single lumen into two parallel lumens.” Intussusceptive
angiogenesis was first described in 1986 as a mechanism
that rapidly expands the vascular networks in the lungs of
postnatal rats.'”>'" Since then, intussusceptive angiogenesis
has been demonstrated in a range of organs during embry-
onic and postnatal growth,'? in chronic inflammation,'*'*
and in lungs of patients with coronavirus disease
2019—induced respiratory failure.'” The role of intussus-
ceptive angiogenesis in human cancer is almost completely
unknown, but it has been described in cancer models.'*~ '8
Interestingly, intussusceptive angiogenesis may not rely on
VEGEF and has even been shown to increase during VEGF
inhibition in experimental tumors.' %>

Metastatic malignant melanoma is an aggressive disease
with poor prognosis. Melanoma metastases are rich in
angiogenesis and often fast growing. Despite their depen-
dence on angiogenesis for growth, melanoma metastases
respond poorly to VEGF-targeted anti-angiogenic ther-
apy.”'~*” This could be explained by untargeted intussuscep-
tive angiogenesis. The aim of the current study was to
investigate whether intussusceptive angiogenesis occurs in

human metastatic melanoma and in mouse melanoma
models. A second aim was to identify mechanisms required
for intussusceptive angiogenesis to define new strategies for
inhibition.

Materials and Methods
Ethics

All research was performed in accordance with the Decla-
ration of Helsinki of the World Medical Association. Study
approval was obtained from the Gothenburg Regional
Ethics Committee, and patients gave written informed
consent to participate (numbers 151-16 and 288-12). Animal
studies were performed in accordance with European Union
directive 2010/63 and approved by the Animal Ethics
Committee at the University of Gothenburg (number 36-
2014).

Human Melanoma Metastases

Fourteen biopsies of cutaneous melanoma metastases were
obtained from patients treated for metastatic melanoma at
Sahlgrenska University Hospital (Gothenburg, Sweden). Of
these, six biopsies (Table 1) were paraffin embedded,
sectioned with 6-pm thickness, and stained with hematox-
ylin and eosin and immunofluorescence. An additional eight
surgical biopsies were collected for more detailed three-
dimensional analyses. These biopsies were embedded in
OCT, flash frozen in liquid nitrogen, and stored at —80°C.
The frozen biopsies were sectioned into 20- or 40-um
thickness and stained with immunofluorescence.

Patient-Derived Melanoma Xenografts in Mice and
Braf™”* Pten” Tyr-Cre*/"Mice

To establish patient-derived melanoma xenografts (PDXs),
melanoma cells from human metastases were mixed with
Matrigel (Thermo Fisher Scientific, Waltham, MA) and
injected subcutaneously into the flanks of nonobese severe
combined immune-deficient IL-2 chain receptor y knockout
mice (Taconic, Ry, Denmark) to form xenografts.”* Braf*’
+Pten"/ﬁI‘yr-CreH “mice (BPT mice) is a model in which a

Table 1  Clinical Data of Cutaneous Human Melanoma Metastases Analyzed for Pillars

Sample no. Sex Age, years*  BRAF status Previous/ongoing systemic treatment Location of cutaneous metastasis  Pillars
1 Ff 74 V600E BRAF inhibitor Abdomen Yes

2 F 83 Not analyzed None Inguinal Yes

3 M 52 V600E BRAF inhibitor, alkylating chemotherapy  Shoulder Yes

4 M 58 V600E None Abdomen Yes

5 M 78 Wild type None Thorax Yes

6 F' 74 V600E BRAF inhibitor Abdomen Yes

*At the time of sampling.
Same patient, two different biopsies taken with 5 months’ difference.

F, female; M, male; BRAF, v-raf murine sarcoma viral oncogene homolog B1.
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genetic trigger is activated to generate primary tumors in the
skin, after which spontaneous lymph node metastases
deVGlOp.24’25 Paraffin sections (6 um thick) from flank tu-
mors in the PDX model (n = 6) and lymph node metastases
from BPT mice (n = 8) were obtained and stained with
hematoxylin and  eosin and  processed  for
immunofluorescence.

Histology and Immunofluorescence

Paraffin-embedded sections were deparaffinized, and heat-
induced epitope retrieval in citrate was performed. Frozen
sections were fixed in 2% paraformaldehyde for 5 mi-
nutes. Sections were either stained with hematoxylin and
eosin or labeled using immunofluorescence. Some sec-
tions used for immunofluorescence were permeabilized in
0.1% Triton X-100 for 5 minutes, and blocked with 1%
bovine serum albumin and 0.3 mol/L glycine in
phosphate-buffered saline for 30 minutes. Avidin/strepta-
vidin blocking was performed, and primary antibodies
were added (Table 2) in 4°C overnight. After washing,
secondary antibodies (n = 3) were added for 2 hours,
followed by additional washing and mounting of sections
with Prolong Gold (Thermo Fisher Scientific). Other
sections were stained using a multiplex immunofluores-
cence assay (Opal Multiplex staining system; Akoya
Biosciences, Marlborough, MA), after deparaffinization,
antigen retrieval (heat-induced epitope retrieval in Tris
buffer), and protein blocking (3% peroxidase and 2%
bovine serum albumin). Primary antibodies (Table 2),
diluted in 2% bovine serum albumin, were added to the

tissue samples for 60 minutes at room temperature on a
movable plate. Following a wash in Tris-buffered saline
buffer, the slides were incubated with the secondary
horseradish peroxidase conjugate for 10 minutes. After a
new washing cycle, the slides were incubated with the
corresponding Opal fluorophore diluted in ready-to-use
tyramide amplification buffer for 10 minutes. The slides
were then put into a plastic holder containing Tris-
buffered saline buffer and placed in the microwave at
800 W for 40 seconds, followed by 90 W for 15 minutes.
When the slides had cooled to room temperature, they
were washed and underwent a new cycle of primary
antibody staining. Slides were counterstained with DAPI
once all the primary antibody cycles were finished.
Following another round of washing, the slides were
mounted with Prolong Gold.

Stained sections were imaged with a Metafer Slide
Scanning Platform (MetaSystems GmbH, Altlussheim,
Germany) equipped with custom fluorescence filters.”

Screening for Intravascular Pillars

High-resolution tumor images were visually inspected for
intravascular pillars using VsViewer version 2.1.113 (Met-
aSystems GmbH). Pillars were identified as endothelial
structures with a collagen core and/or a-actin—positive cells
surrounded by endothelium. In human metastases and PDXs,
all vessels located intratumorally and peritumorally (250 pm
beyond the tumor margin) were individually visually
inspected for the presence of intravascular pillars. To
distinguish true pillars from folds or artifacts, cross-sections

Table 2  Antibodies Used for Immunofluorescence Staining of Human and Mouse Material

Target Species Dilution Catalog no.; manufacturer

UEA-1, biotinylated N/A (lectin) 1:200 B-1065; Vector Laboratories, Burlingame, CA
Isolectin B4, biotinylated N/A (lectin) 1:200 L2140; Sigma Aldrich, St. Louis, MO

(D31 Goat 1:200 AF 3628; R&D Systems, Minneapolis, MN
a-Actin, cy3 Mouse 1:1000 (6198; Sigma Aldrich

Collagen I Mouse 1:100 Ab6308; Abcam, Cambridge, UK

Collagen IV Rabbit 1:200 Ab6586; Abcam

MMP9 Mouse 1:200 NBP1-28617B; Novus Biologicals, Littleton, CO
MMP9 Mouse 1:100 SMC-396D-BI; StressMarqg, Cadboro Bay, CA
MMP9 Rabbit 1:200 ab228402; Abcam

Mac2/Galactin-3 Rat 125,412; Biolegend, San Diego, CA

(D68 Mouse 1:100 Ab 955; Abcam

Ki-67 Mouse 1:400 M7240; Dako, Copenhagen, DK

(D3 Rabbit RTU IR503; Dako

Atto425 N/A (streptavidin) 1:100 AD 425-61; ATTO-TEC,Siegen, DE

Mouse IgG, Alexa 488 Donkey Fab’ 1:400 715-547-003; Jackson Immunoresearch, Cambridge, UK
Rabbit IgG, Alexa 594 Donkey Fab’ 1:400 711-587-003; Jackson Immunoresearch

Goat IgG, Alexa 647 Donkey Fab’ 1:200 705-607-003; Jackson Immunoresearch

CF 594 tyramide 1:100 Number 92174; Biotium, Fremont, CA

CF 488A tyramide 1:200 Number 92171; Biotium

CF 555 tyramide 1:200 Number 96021; Biotium

MMP, matrix metalloproteinase; N/A, not applicable.
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of suspected pillars were performed using confocal micro-
scopy. Tumor area (mm?) and vessel and pillar densities
(number/mm?®) were quantified for all samples.

Gene Expression Analysis

RNA was prepared from patient (n = 11) and PDX biopsies
(n = 26), as described previously.”**"**

Alignment and Preprocessing of RNA-Sequencing Data
RNA reads were aligned to the hg38 human and to the
GRCm38 mouse reference genome assembly using STAR
version 2.7.1a,” with splice junctions supplied from the
hg38 GENCODE2" version 27 human and GENCODE
version M22 mouse reference annotation, respectively, using
the parameters “—twopassMode Basic -outSAMmapqUnique
60” and “-sjdbOverhang 75” or “—sjdbOverhang 1257,
depending on sequencing batch. For PDX samples, reads
deriving from human were retrieved using Disambiguate
version 1.0,31 with the parameter “-a star”.

Estimation of Gene Expression Levels

Aligned reads were binned to genes using htseq-count,
(HTSeq version 0.11.2),** with respect to the GENCODE
version 27 reference genome annotation, using the parame-
ters “-r name -q -f bam -m intersection-strict” and “-s reverse”,
“-s yes,” or “-s no”, depending on sequencing batch.

MMP9, Macrophages, and T Cells in Human and Mice
Melanoma

High-resolution tumor images were analyzed to quantify
matrix metalloproteinase 9 (MMP9), macrophages, and T
cells adjacent to blood vessels with or without pillars in
human melanoma metastases. First, blood vessels with
verified pillars were identified. The blood vessels were
analyzed for proliferating endothelial cells, defined as

Table 3  TagMan Probes Used for gPCR

Target Assay ID

MMP1 Hs00899658_m1
MMP2 Hs01548727_m1
MMP3 Hs00968305_m1
MMP9 Hs00957562_m1
MMP10 Hs00233987_m1
MMP11 Hs00968295_m1
MMP12 Hs00159178_m1
MMP13 Hs00942584_m1
MMP14 Hs01037003_g1
ACTB Hs01060665_g1

ACTB, ActinBeta; ID, identifier; MMP, matrix metalloproteinase; gPCR,
real-time quantitative PCR.

colocalization of endothelial cell marker ulex europaeus
agglutinin I (UEA-1) and Ki-67 staining. MMP9, macro-
phages, and T cells were quantified in an area around the
specified pillar containing vessels, corresponding to a region
of interest of 1.23 mm?. Areas without pillars, nonpillar
zones, were analyzed in the same way. In mice tumors,
MMPY, macrophages, and T cells adjacent to blood vessels
were analyzed using the same technique.

In Vitro Models of Pillar and Tube Formation

Two cell co-culture models were used to study either pillar
or tube and tip cell formation in vitro.”® The first model
has features of intussusceptive angiogenesis (pillars) and
the second model has features of both vasculogenesis (de
novo formation of blood vessels) and sprouting angio-
genesis (tip cell formation). In both models, human pul-
monary artery smooth muscle cells (100,000 cells/cm?;
Lonza number CC-2581; Thermo Fisher Scientific) were
seeded onto a Transwell polyester membrane insert
(number 3460; Corning, Corning, NY). After 24 hours,

Formation of intravascular pillar

Endothelial cell

Basement membrane

Figure 1

SMC/pericyte

Endothelial cell

—
Basement membrane

Intravascular pillar: the hallmark structure of intussusceptive angiogenesis. The first step in intussusceptive angiogenesis is that endothelial cells

extending from opposing sides of a vessel lumen fuse to form a slender pillar. Then, the pillar develops a core of collagen I and collagen 1V, and finally, smooth
muscle cells (SMCs) or pericytes migrate into the widening pillar. Several pillars are formed downstream of the initial pillar, and as they fuse together, the
vessel is split into two parallel vessels. Asterisks indicate cross-section of pillars.
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Figure 2  Intravascular pillars are common in human melanoma metastases and rare in mouse melanoma models. A: Tumor sections were immunostained with
fluorescently labeled antibodies and scanned. Every blood vessel was visually inspected for suspected intravascular pillars. Three-dimensional confirmation of sus-
pected pillars was performed using serial confocal microscopy and subsequent reconstruction of pillar cross-sections. B: Scanned tumor section (human metastasis); all
blood vessels (cross) within the sections were examined for intravascular pillars (red dot). C—F: Intravascular pillars were found in all human metastases analyzed.
Intravascular pillars consisted of an outside of endothelial cells with a core of collagen IV and smooth muscle cells/pericytes (SMCs/PCs). G—I: Intravascular pillars were
only detected in one of six patient-derived melanoma xenograft in mice (PDX) tumors but had a similar structure as in human metastases. J—L: No intravascular pillars
were detected in metastases from BRAF-induced, PTEN-deficient (BPT) mice. M: There were significantly more pillars in human metastases than in the mouse models.
The closed red dots represent two different metastases in one patient. The biopsies were taken at different time points. N: There was no significant difference in vessel
density between human and mouse tumors but significantly higher vessel density in BPT versus PDX mice. The closed red dots represent two different metastases in one
patient. The biopsies were taken at different time points. M and N: Analysis of variance with the Tukey multiple comparisons test was performed. n = 6 (C—F); n = 8
(I—L). *P < 0.05, **P < 0.01 versus human. Scale bars: 2 mm (B); 30 um (D); 5 um (E, F, and I); 10 pm (H and L); 40 pm (K). BRAF, v-raf murine sarcoma viral
oncogene homolog B1; PTEN, phosphatase and TENsin homolog deleted on chromosome 10.
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telomerase-immortalized microvascular endothelial cells
(ATCC CRL-4025; ATCC, Manassas, VA) were added on
top of the smooth muscle cells. A high density of
telomerase-immortalized microvascular endothelial cells
(50,000/cm?) was added on top of the smooth muscle cells
to form pillars, and a low density of telomerase-
immortalized microvascular endothelial cells (10,000/
cm?) was added to form tubes and tip cells. Medium
(EGM2-MV; Lonza, CC-3202; Thermo Fisher Scientific)
was changed every second day. The membranes with cells
were fixed in 4% paraformaldehyde for 30 minutes, and
stored in 0.1% paraformaldehyde until staining of whole
filters in the same manner as described above, with the
addition of 0.1% saponin during antibody incubations. To
investigate the effect of broad-spectrum MMP inhibition
on pillar formation, MMP inhibitor batimastat (BB94;
British Biotech, Oxford, UK) or ilomastat (Sigma Aldrich,
St. Louis, MO) was added to the cell culture medium.

Expression of MMP mRNAs in Pillar Co-Culture Model

mRNA expression of MMPs was analyzed in pillar co-
cultures as well as in single cultures of smooth muscle cells
or endothelial cells. Isolation of mRNA was performed after
7 days using an RNeasy minikit (Qiagen, Hilden, Germany).
cDNA was produced using a High-Capacity cDNA reverse
transcription kit (4368813; Applied Biosystems, Foster,
CA) with random primers. mRNA expression of the genes
of interest was analyzed through a TagMan real-time PCR
in a ViiA 7 system (Thermo Fisher Scientific) with the
primers listed in Table 3, using ActinBeta (ACTB) as an
internal control.

Live Cell Confocal Microscopy

To investigate if MMP inhibition reduces movement of
smooth muscle cells in pillars, live-cell confocal microscopy
was used. Smooth muscle cells were marked with Celltracker
orange (Thermo Fisher Scientific), and endothelial cells were
marked with Celltracker green (Thermo Fisher Scientific). The
cells were grown in 96-well cover glass bottom plates
(Thermo Fisher Scientific) for 7 days to form pillars. Then,
MMP inhibitor batimastat (50 pmol/L; Sigma Aldrich) or
vehicle (dimethyl sulfoxide) was added, and smooth muscle
cell movement during 24 hours was quantified using live-cell
imaging. Live-cell imaging was performed on a custom
spinning disk confocal microscope system (Solamere Tech-
nology Group, Salt Lake City, UT). Briefly, the system was

built around a Zeiss Axiovert 200 M microscope (Zeiss,
Oberkochen, Germany), a Yokogawa CSU-10 confocal
(Yokogawa, Sugar Land, TX), argon and krypton lasers from
Dynamic Lasers (Salt Lake City, UT), a Blue Sky 405 solid
state laser (Blue Skye Research, Milpitas, CA), an Applied
Scientific Instruments (Eugene, OR) MS-2000 motorized
stage, and an Applied Scientific Instruments FW-1000 filter
wheel. Zeiss Fluar (10x to 40x), LD-Plan Neofluar (20x to
40x), and LD-LCI C-Apochromat (40x) objective lenses
were used (Carl Zeiss, Oberkochen, Germany). Image
collection relied on QED In Vivo (Media Cybernetics,
Rockville, MD). Image analysis was performed using Imaris
version 4.1 (Bitplane, Belfast, UK). Environmental control
was achieved using a custom-built enclosure and a World
Precision Instruments Air Therm ATX (Sarasota, FL).

Statistical Analysis

The r-test for unpaired data or analysis of variance with
Tukey multiple comparisons or Holm-Sidak test was per-
formed to assess significance, and P < 0.05 was considered
significant. Differentially expressed genes between human
biopsies and PDX samples were assessed using DESeq2
version 1.26.0°* with the parameter “alpha = 0.05” in R
version 3.6.1 (R Foundation for  Statistical
Computing, Vienna, Austria; https://www.r-project.org),
accounting for sequencing batch. False discovery
rate—adjusted P values were calculated using the
Benjamini-Hochberg method, and P < 0.05 was considered
statistically significant.

Results

Intravascular Pillars Are Frequent in Human Melanoma
Metastases

Intussusceptive angiogenesis starts with the formation of
intravascular pillars (Figure 1). To investigate if intussus-
ceptive angiogenesis occurs in human melanoma, human
metastases (n = 6) were scanned for pillars (Figure 2).
Pillars were detected in all six metastases examined
(Figure 2) and were mainly observed in the periphery of the
metastases. To perform detailed structural characterization
of pillars, thick cryosections of flash-frozen human mela-
noma metastases (n = 8) were analyzed using confocal
microscopy. Pillars in different stages of maturation were
detected with this approach (Figure 3). Pillars were 2 to 5
wm in diameter and consisted of endothelial cells with an

Figure 3

Structure of intravascular pillars in human melanoma metastases. A: Three different intravascular pillars within blood vessels in human melanoma

metastases. B—D: Detailed structure of each pillar is shown. Intravascular pillar stained for endothelium (UEA-1; green), collagen I (Coll I; purple), and a-actin
(red) (B). Note the endothelial coating with a collagen I core throughout the pillar. Asterisks indicate level of the pillar cross-section that is shown in the inserted
box. Identically stained pillar, in which an extension from an adjacent smooth muscle cell/pericyte (SMC/PC) projects into the pillar core (C). Pillar stained for
basement membrane protein collagen IV (Coll IV) in the purple channel (D). The presence of collagen IV suggests remodeling of the basement membrane during
pillar formation. Also note the smooth muscle cells/pericytes extending, possibly migrating into, the pillar. Scale bars: 25 um (A); 5 um (B—D).
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Table 4 Morphologic Features of the Human and Mice Tumors
Morphologic feature Human PDX model BPT model
Vascularization ++ + ++
Inflammation ++ + +
Necrosis ++ + -

Cell density ++ ++ +

Stroma + + ++

Assessment by a pathologist.

+, Present; ++, pronounced; —, not present; BRAF, v-raf murine sar-
coma viral oncogene homolog B1; BPT, BRAF-induced, PTEN deficient; PDX,
patient-derived melanoma xenografts in mice; PTEN, phosphatase and
TENsin homolog deleted on chromosome 10.

underlying basement membrane (collagen type IV) and a
collagen type I core (Figure 3). a-Actin—positive pericytes/
smooth muscle were present inside mature pillars (Figure 3).
There was less proliferation in endothelial cells in blood
vessels with pillars compared with blood vessels without

>

Human PDX mice
| W |
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3
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Endothelium (UEA-1)
;.,,_.;:"’ ”
Figure 4

pillars (16.8% =+ 7.5% versus 28.8% + 9.2%; P = 0.033,
t-test). Taken together, these data demonstrate the presence
of intravascular pillars in human melanoma metastases.
Pillars were common in viable peripheral parts of the tumor
and rare in central necrotic and perinecrotic areas. The
presence of pillars in melanoma metastases suggests that
intussusceptive angiogenesis may promote expansion of the
vascular network during tumor growth. Taken together,
pillars were detected in all human samples, often in the
peripheral parts of the metastases and with lower percent-
ages of proliferation endothelial cells compared with non-
pillar zones.

Intravascular Pillars Are Rare in PDX and BPT Mice

The next aim was to establish an experimental melanoma
model to study mechanisms of pillar formation and how
intussusceptive angiogenesis contributes to tumor growth.
Therefore, intravasular pillars were analyzed in two
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Higher expression of matrix metalloproteinase 9 (MMP9) mRNA in human metastases than in patient-derived melanoma xenografts in mice (PDX). A:

RNA-sequencing data on human melanoma metastases and patient-derived melanoma xenografts in mice. B: MMP9 expression was significantly higher in human
metastases after false discovery rate correction (g < 0.05; Benjamini-Hochberg method; significance level indicated by red dashed line). MMPs 2, 7, and 11 were
nominally higher expressed (P < 0.05; indicated by gray dashed line), as were collagen 11 and Delta-like ligand 4 (DLL4). C: Section of s.c. human melanoma
metastasis stained for endothelium (UEA-1; green), collagen IV (purple), and MMP9 (white). Note MMP9 positivity in endothelial and perivascular cells. D:
Enlargement of intravascular pillar, showing MMP9 expression within the pillar and colocalization with basement membrane protein collagen type IV, an MMP9
substrate. n = 11 human melanoma metastases (A); n = 33 PDXs (A). *P < 0.05 (unadjusted); ''q < 0.05 (Benjamini-Hochberg adjusted). Scale bars: 25 um (C);

5 um (D). RPKM, reads per kilobase of transcript, per million mapped reads.
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Figure 5  Higher perivascular matrix metalloproteinase 9 (MMP9) expression, more macrophages, and more CD3™ T cells in regions with intussusceptive angio-

genesis. A: The perivascular expression of MMP9 was higher in regions of human metastases with intussusceptive pillars than in regions without pillars. B and C: There
were more perivascular macrophages (B) and CD3* T cells (C) in regions with pillars than in regions without pillars. A—C: The t-test was used. D—F: There was less MMP9
expression and lower numbers of perivascular macrophages and CD3™ T cells in patient-derived melanoma xenografts in mice (PDX) and BRAF-induced, PTEN-deficient
(BPT) mice than in pillar regions of human metastases regions. The closed red dots represent two different metastases in one patient. The biopsies were taken at
different time points. D—F: Analysis of variance with Holm-Sidak test was used. *P < 0.05, **P < 0.01 versus pillar regions; TP < 0.001, '"'P < 0.0001 versus human
pillar regions. BRAF, v-raf murine sarcoma viral oncogene homolog B1; PTEN, phosphatase and TENsin homolog deleted on chromosome 10.

different mouse melanoma models: PDX mice and
Braf” " Pten Tyr-Cre™ (BPT mice). In contrast to
human metastases, only one of six samples contained
pillars in the PDX model (Figure 2). In lymph node
metastases from BPT mice (n = 8), no intravascular

Endothelium WBAL1)
Collagen IV

Figure 6

pillars were detected (Figure 2). In summary, intravas-
cular pillars were rare in PDXs and could not be detected
at all in BPT mice. Consequently, intussusceptive
angiogenesis is not likely to contribute to tumor growth
in these models.

\"

Endothelium (UEA-1)“

Collagen IV

Macrophage and T cell adjacent to intravascular pillars. A: CD68" macrophage (arrow) in close proximity to intravascular pillar (asterisk). B:

CD3" T cell (arrow) adjacent to blood vessel with intravascular pillar (asterisk). Scale bars: 20 um (A); 15 um (B).
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More Inflammation in Human Metastases than in
Mouse Tumors

The histologic characteristics, as determined by an experi-
enced pathologist (L.M.A.), of the two different models in
comparison with human metastases are summarized in
Table 4. Human metastases had higher infiltration of in-
flammatory cells than tumors in PDX and BPT mice.
Human metastases and PDXs were otherwise histologically
similar, whereas tumors from BPT mice had a lower cellular
density, more stroma, and no necrotic areas.

MMP9 Expression Is Higher in Human Melanoma than
in Melanoma PDX

Intravascular pillars were detected in human metastases but
rarely when cells from human metastases were grown in
mice (PDXs). Consequently, differences in gene expression
between human metastases and PDXs may reveal genes
required for pillar formation. Therefore, a comparison of the
gene expression in human melanoma metastases (with pil-
lars) and with PDXs (without pillars) was performed.
Figure 4A shows expression levels of genes important in
sprouting angiogenesis and intussusceptive angiogenesis, as
well as genes involved in remodeling of basement mem-
brane proteins, because formation of intravascular pillars
also requires remodeling of the endothelial basement
membrane. After false discovery rate correction, one gene,
MMP9, was found to be expressed significantly higher in
human metastases (¢ < 0.05). MMPs 2, 7, and 11 and Delta-
like ligand 4 (DLL4) were nominally significantly higher in
human metastases (P < 0.05) (Figure 4B). More impor-
tantly, MMP9 protein was expressed around blood vessels
and within pillars in human melanoma biopsies (Figure 4, C
and D). On the basis of this analysis, MMP activity seems to
be required for the formation of intravascular pillars.

MMP9, Macrophages, and T Cells Adjacent to Blood
Vessels with or without Pillars

More inflammatory cells and higher MMP9 mRNA
expression characterized human metastases compared with

mouse tumors, suggesting potential roles in intussusceptive
angiogenesis. Therefore, human and mouse tumors were
stained for MMP9, macrophages, and T cells. In human
melanoma metastases, expression of MMP9, macrophages,
and T cells was higher adjacent to blood vessels with
intussusceptive pillars than in blood vessels without pillars
in the same metastases (Figure 5, A—C). Also, MMP9,
macrophages, and T cells were more abundant in human
metastases than in mouse tumors (Figure 5, D—F). Macro-
phages and T cells were detected in close proximity to
pillars (Figure 6), suggesting a potential role in pillar
formation.

Effects of MMP Inhibition on Pillar and Tube Formation
in Vitro

On the basis of the findings of higher MMPs in human
metastases compared with PDXs and BPT mice, the hy-
pothesis that MMP inhibition decreases pillar formation was
addressed. For these experiments, a three-dimensional co-
culture model was used (Figure 7A).™ In vitro pillars in this
model were similar to in vivo pillars with an outside of
endothelial cells with basement membrane and an inside of
smooth muscle cells (Figure 7, B—D). MMP mRNA
expression in co-cultures is shown in Figure 7E. Interest-
ingly, MMP9, MMP11, and MMP12 were significantly
higher in co-cultures compared with the smooth muscle
cells or endothelial cells grown as monocultures. In agree-
ment with the hypothesis, the MMP inhibitor batimastat
blocked pillar formation in vitro, and similar results were
obtained with ilomastat (GM6001), a structurally and
mechanistically different MMP inhibitor (Figure 7, F and
G). Endothelial cells in co-cultures treated with MMP in-
hibitors grew as a confluent monolayer on top of the smooth
muscle cells but did not form pillars (Figure 7H). The
endothelial basement membrane was extensively remodeled
during pillar formation but not in co-cultures treated with
MMP inhibition (Figure 7I). Collectively, the results indi-
cate that MMP inhibition decreases plasticity of co-cultures
and thus prevents pillar formation.

The effect of MMP inhibition on in vitro formation of
tubes and tip cells was also investigated. The in vitro model

Figure 7

Matrix metalloproteinase (MMP) inhibitors stop in vitro pillar formation. A: To grow pillars, a high density of endothelial cells was added on top of

established layers of smooth muscle cells (SMCs). After approximately 7 days, multiple pillars are formed, extending like arches above the monolayer. The black
boxed area indicates a pillar above the monolayer. B: High-resolution images of pillar cross-section. The cartoon shows the principal components of in vitro
pillars: an outside of endothelial cells (ECs; green) with an underlying basement membrane (BM; blue) and smooth muscle cells (red) inside the pillar. C:
In vitro pillar stained for endothelium (green) and collagen IV. The collagen IV staining demonstrates an endothelial basement membrane inside the pillar
(arrow). D: The same pillar was also stained for smooth muscle cells (red). Smooth muscle cells are present within the core of in vitro pillars, similar to mature
pillars in vivo (arrow). E: mRNA expression of MMPs in smooth muscle cells (red bar), endothelial cells (green bar), and co-cultures (blue bar). MMP9 mRNA
expression and MMP11 expression were higher in pillar co-cultures (SMCs + ECs) than in ECs or SMCs grown in monoculture. F: MMP inhibitors batimastat and
ilomastat decreased formation of in vitro pillars. E and F: One-way analysis of variance with Holm-Sidak test was used. G: Effect of different concentrations of
ilomastat on in vitro pillar formation. H: Cross-section of co-cultures with or without ilomastat. Co-cultures grown without ilomastat formed pillars [dimethyl
sulfoxide (DMSO); top panel], whereas co-cultures treated with ilomastat grew as a monolayer of endothelial cells on top of smooth muscle cell (Ilomastat;
bottom panel). I: Top view of basement membrane in co-cultures with or without treatment with ilomastat. Left panel: The basement membrane inside pillars
in co-cultures grown without ilomastat is visualized. Right panel: The flat basement membrane between the endothelial and smooth muscle cell layer in co-
cultures treated with ilomastat. *P < 0.05, **P < 0.01, and ***P < 0.001 versus DMSO0. Scale bars: 5 um (C, D, and H); 80 um (I).
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Figure 8  Matrix metalloproteinase (MMP) inhibition does not affect vascular tube or tip cell formation. A: To grow vascular tubes and tip cells, a low
density of endothelial cells was added on top of established layers of smooth muscle cells (SMCs). A lower number of endothelial cells was added than in pillar
co-cultures. The scattered endothelial cells aggregate into vascular-like networks of endothelial tubes. Endothelial cells at the top of blind ending tubes have a
typical tip cell phenotype with multiple filopodia (arrow). B: Top view of vascular tubes, showing a blood vessel—Llike morphology. C—E: High-resolution
images of the areas indicated by white boxed areas in B. High-resolution images of vascular tube; note lumen (asterisk; C), basement membrane, and
surrounding smooth muscle cells (C and D). Detail of endothelial cell at the end of a tube. Note tip cell—like morphology with sprouting filopodia (arrow) (E).
F and G: MMP inhibition with ilomastat did not affect tube or tip cell formation. One-way analysis of variance with Holm-Sidak test was used. Scale bars: 80 pm
(B); 10 pum (C and D); 5 um (E). DMSO, dimethyl sulfoxide.

used had features of both vasculogenesis and sprouting smooth muscle cells (Figure 8D). Endothelial cells at the
angiogenesis (Figure 8A). In vitro tubes were similar to end of blind ending tubes had extensive spouting filopodia
blood vessels with lumen and basement membrane (Figure 8E). Thus, these cells had a similar phenotype as tip
(Figure 8, B and C), and the tubes were surrounded by cells formed during sprouting angiogenesis.” MMP
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Figure 9  Matrix metalloproteinase (MMP) inhibition decreases smooth muscle cell (SMC) movement in pillars. Az MMP inhibition decreased smooth muscle

cell migration in pillars (¢-test). B: Migration tracks of smooth muscle cells in pillars with or without MMP inhibition. Each migration track (one red and one
blue) shows the migration of a smooth muscle cell over 10 hours. The corresponding movie is available as a supplement (Supplemental Video S1). Note that
smooth muscle cells make oscillating movements in cultures with MMP inhibitor but do not migrate. C: MMP inhibition had no effect on migration in the deep
smooth muscle cell layers of the same co-culture (t-test). D: Migration tracks from the deep smooth muscle cell layer. Each migration track shows the migration
of a smooth muscle cell over 10 hours. Note that smooth muscle cells migrate at similar speed with or without MMP inhibition. Also note the higher migration
speed in deep layers compared with pillars. The corresponding movies are available as a supplement (Supplemental Video S2 is without MMP inhibition, and
Supplemental Video S3 is with MMP inhibitor). n = 8 independent movies (A and C). ***P < 0.001 versus DMSO0. Scale bars = 50 um (B and D). DMSO,

dimethyl sulfoxide.

inhibition had no effect on either tube or tip cell formation
in this model (Figure 8, F and G).

Effect of MMP Inhibition on Smooth Muscle Cell
Movement in Pillar Co-Cultures

Live cell imaging was performed to further investigate
the potential effects of MMP inhibition on plasticity
during pillar formation. The 24-hour live cell time-lapse
confocal movies were made to track smooth muscle cell
movement in co-cultures with or without the addition of
batimastat. The movies were obtained from two
different confocal planes, the level of pillars and the
deep smooth muscle cell layer just above the cover
glass. MMP inhibition significantly decreased migration
of smooth muscle cells in pillars (Figure 9, A and B,
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and Supplemental Video S1), but did not affect
migration in deep smooth muscle cell layers (Figure 9,
C and D, and Supplemental Videos S2 and S3).
Smooth muscle cells migrated faster in deep layers than
in pillars (both with and without MMP inhibitor),
possibly reflecting the difference in both matrix and cell
composition between the layers. In summary, the com-
bined in vitro and in vivo data suggest that MMP-
dependent proteolysis of extracellular matrix proteins
allows cells to move and form pillars.

Discussion

This study presents evidence of intussusceptive angiogen-
esis in human melanoma metastases. Intraluminal pillars,
the hallmark of intussusceptive angiogenesis, were found
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within blood vessels in human metastases and had similar
structure, as shown in embryonic and pathologic
angiogenesis. 10,11,20,35,36

Tumor angiogenesis has been an intense area of research
for many decades, but there is surprisingly limited knowl-
edge on how new blood vessels are formed within human
tumors. Sprouting is often assumed to be the dominating
angiogenic mechanism, but new blood vessels could also
form via intussusceptive angiogenesis.”’*' Intussusceptive
angiogenesis may be underestimated because intraluminal
pillars are not detected by conventional microscopy. Previ-
ously, intravascular pillars in tumors have mainly been
visualized in experimental models using advanced three-
dimensional reconstructions of serial ultrathin sections or
vascular cast techniques.””"'*'®'”'>*! In the current study,
pillars were demonstrated and quantified using a combina-
tion of more widely available epifluorescence and confocal
microscopy. Using this approach, pillars were detected in
high numbers in human melanoma metastases. More
important, there are very few previous studies on intussus-
ceptive angiogenesis in human tumors.”’? In one of these
previous studies, phase contrast microscopy demonstrated
intraluminal tissue folds, a histologic feature indicating
intussusceptive angiogenesis, extending across the blood
vessel lumen in primary melanomas.” Interestingly, intra-
luminal tissue folds were more commonly detected in thick
than in thin primary melanomas. Thick melanomas are more
aggressive and prone to metastasize, suggesting that intus-
susceptive angiogenesis may be linked to a more aggressive
tumor biology.

Intussusceptive and sprouting angiogenesis are prob-
ably complementary, rather than independent, processes
in tumor development and progression. Sprouting allows
introduction of blood vessels into an avascular
space.””*** Once the basic vascular network is formed
by sprouting, an angioadaptive switch to intussusceptive
angiogenesis occurs.”’ During intussusceptive angiogen-
esis, single vessels divide into two new vessels by the
insertion and expansion of intraluminal pillars. In this
way, the initial plexus expands and remodels into a
larger vascular network.”>*” In agreement with this
hypothesis, pillars were predominantly detected in the
peripheral zone, including the adjacent stroma, of human
melanoma metastases, rather than in the more hypoxic
tumor center. Similar peripheral localization of intus-
susceptive angiogenesis has been reported in a mouse
model of colorectal cancer.’’ In addition, there was
significantly lower endothelial cell proliferation in pillar
zones compared with nonpillar zones. This observation
supports that intussusceptive angiogenesis is present
in pillar zones because intussusceptive blood vessels,
in contrast to sprouting vessels, are mainly
nonproliferative.”’

A higher expression of MMP9 mRNA was detected in
human pillar-rich metastases than in pillar-poor PDXs.
More important, the presence of MMP9 protein adjacent to

2036

and inside of pillars was also verified. MMPs are master
regulators of remodeling™® and have previously been
implicated in both intussusceptive and sprouting angio-
genesis.”"” This led us to hypothesize that MMPs are
important in pillar formation. MMP inhibition decreased
pillar formation in vitro. In contrast, MMP inhibition had
no effect on sprouting angiogenesis and vasculogenesis (de
novo formation of blood vessels) in vitro. Furthermore,
live-cell analysis showed that MMP inhibition reduced the
migration of smooth muscle cells through established pil-
lars. Accordingly, MMP inhibition may prevent the base-
ment membrane remodeling and smooth muscle migration
required for pillar formation. In addition to MMP9, mRNA
levels of MMPs 2, 7, and 11 were expressed nominally
higher in human tumors, but the difference was not sig-
nificant. Data from genetically modified mice have estab-
lished that knockout of a single MMP is often
compensated by increased activity of other MMPs.*” For
example, knockout of MMP9 is compensated by increased
MMP2 activity. Both MMP9 and MMP2 degrade base-
ment membrane protein collagen IV and may thus be
required for basement membrane remodeling during
intussusceptive angiogenesis. As a further level of
complexity, there is also cross talk between MMPs (eg,
MMP14/membrane type-1 (MT-1), an important activator
of MMP2). Because of such compensations and cross talk,
broad-spectrum MMP inhibitors targeting many MMPs
simultaneously are probably required to inhibit intussus-
ceptive angiogenesis.

MMPs have recently been shown to have an additional
role in intussusceptive angiogenesis that is not related to
matrix remodeling. In a mouse-colitis model, endothelial
cell MMP14/MT1-MMP cleaves thrombospondin-1 to
generate C-terminal fragments of thrombospondin-1."’
These fragments bind ovp3 integrin and lead to nitric
oxide production, which induces vasodilation in arterioles
and thus initiates intussusceptive angiogenesis. This obser-
vation further supports the rationale to use MMP inhibitors
to block intussusceptive angiogenesis. However, it will be
essential to establish animal melanoma models to directly
investigate if MMP inhibition blocks intussusceptive
angiogenesis in vivo.

Both human and experimental evidence suggests that
inflammation promotes intussusceptive angiogenesis.'” ">/
The study found higher degrees of intussusceptive angio-
genesis in human tumors, with more intratumoral inflam-
mation, compared with mouse tumors with less
inflammation. In human metastases, both macrophages and T
cells were detected in higher numbers in close proximity to
pillars compared with blood vessels without pillars. These
results suggest that macrophages and T cells may promote
pillar formation. These results are thus in line with previ-
ously published observations. However, the exact mechanism
explaining how macrophages and T cells promote intussus-
ceptive angiogenesis remains to be determined. One
contributing factor may be MMP9 production by
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macrophages, as macrophages often are a major source of
MMP9 in tumors.*®

There are several limitations to the study. Pillar quan-
tification was performed on thin tissue sections, and only
pillars with a confirmed three-dimensional structure veri-
fied with confocal microscopy were included. Pillars torn
by sectioning and small endothelial pillars in blood vessels
without smooth muscle cells, such as postcapillary ve-
nules, were not counted. Therefore, the technique used is
likely to underestimate the true number of pillars. How-
ever, this would not influence the relative differences in
pillars between human metastases and mouse tumors.
Finally, the in vitro system used to study pillar formation
has several limitations. The model lacks important com-
ponents that are likely to initiate pillar formation in vivo,
such as immune cells and blood flow. There is solid evi-
dence indicating an important role of flow hemodynamics
in intussusceptive angiogenesis.””'**7*0 ¥ In partic-
ular, flow-induced release of nitric oxide from endothelial
cells seems to be essential for initiation of intussusception
in vivo. In our model, pillars form spontaneously and in the
absence of flow. Therefore, the in vitro model used herein
is not suitable to define factors that initiate pillar forma-
tion. In vivo models would be needed to define those
factors. The strength of our model is that it constitutes a
flexible system to study the mechanics of pillar assembly,
such as the matrix remodeling and cell movements
described in this article.

In conclusion, the findings in this study suggest that
intussusceptive angiogenesis may contribute to the growth
of human melanoma metastases. Furthermore, MMP inhi-
bition may be a new therapeutic strategy to inhibit intus-
susceptive  angiogenesis. = Combined  targeting  of
intussusceptive angiogenesis and sprouting angiogenesis
should be further explored as a treatment option in therapy-
resistant metastatic melanomas.
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