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Vascular endothelial growth factor (VEGF) plays a key
role in tumor angiogenesis, and blockade of VEGF
receptor 2 (VEGFR-2), with the monoclonal antibody
DC101, inhibits angiogenesis and tumor growth. To
examine the short-term effects of DC101, we surface
transplanted the squamous cell carcinoma cell line
A5-RT3 onto nude mice. After short-term treatment
with DC101, we observed rapid reduction in vascular-
ization and reversion of the tumor phenotype. Begin-
ning 24 hours after treatment, VEGFR-2 inhibition
resulted in decreased vessel density within the tenas-
cin-c-staining tumor-associated stroma and reduced
endothelial cell proliferation. Stromal expression of
matrix metalloproteinase-9 and -13 was drastically
reduced 96 hours after VEGFR-2 inhibition as detected
by in situ hybridization and in situ zymography.
Moreover, the morphology of the tumor-stroma bor-
der changed from a highly invasive carcinoma to a
well-demarcated, premalignant phenotype. The latter
was characterized by the appearance of a regular
basement membrane in immunostaining and ultra-
structural analyses. These findings suggest that
VEGFR-2 inhibition by DC101 evokes very rapid re-
duction of preformed vessels and decreases both stro-
mal protease expression and gelatinolytic activity,
resulting in the modulation of the tumor-stroma bor-
der zone and reversion of the tumor phenotype.
Thus, short-term inhibition of VEGF signaling results

in complex stromal alterations with crucial conse-
quences for the tumor phenotype. (Am J Pathol
2005, 167:1389—-1403)

The formation of new vessels from pre-existing ones,
termed angiogenesis, occurs physiologically in the repro-
ductive cycle, wound healing, and ocular maturation as
well as in a number of pathologies including cancer,
age-related macular degeneration, and diabetic retinop-
athy.”™? Better understanding of angiogenesis and its
mechanisms will optimize current therapies directed at
treating these diseases and will provide new therapeutic
targets directed against them.®** The work described
here analyzed the immediate effects of inhibition of vas-
cular endothelial growth factor (VEGF) signaling on vas-
cular regression and normalization of the tumor-stromal
interface.

The study of new vessel formation is dependent on the
existence of adequate model systems for angiogenic
related diseases. Current in vitro cancer models are only
partially capable of mimicking the complex interaction
between tumor cells, vasculature, and stromal elements
that occur in vivo.® To better understand the complex
interplay between these compartments, we have previ-
ously developed an in vivo assay of tumor invasion with
the aid of matrix-inserted surface transplants.® This assay
involves the growth of a cell monolayer on a collagen gel,
which is grafted within a silicon chamber onto the back
muscle fascia of a nude mouse, resulting in the growth of
a stratified epithelium that allows for the study of tumor-
stromal interactions, including angiogenesis, at different
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stages in a polarized manner.5~" Although initially sepa-
rated by the interposed collagen gel, transplanted cells
rapidly stimulate the formation of granulation tissue, in-
cluding vascular sprouting, from the host side. On re-
placement of the interposed collagen matrix by the newly
formed granulation tissue, tumor invasion commences in
malignant transplants, whereas normal and benign cells
remain as an intact stratified surface epithelia inducing
only transient angiogenesis.®® Furthermore, we have
successfully used this assay to selectively manipulate
numerous components of the tumor-stromal system for
the better understanding of their role in angiogenesis and
tumor growth. 816

Among other components, we have also studied the
role of VEGF in this system. VEGF is considered to be
a key regulatory molecule in angiogenesis in which it
induces vascular growth and permeability while acting
as a survival factor for newly formed vessels.'” One of
its receptors, VEGFR-2 is the major mediator of VEGF's
mitogenic and permeability enhancing effects in endo-
thelial cells.®'® By blocking signaling of VEGFR-2 with
the antibody DC101,'® we have demonstrated inhibi-
tion of tumor vascularization and abrogation of tumor
invasion using this assay.® Systemic and chronic ad-
ministration of DC101 to animals carrying surface
transplants of the highly aggressive and metastasizing
human squamous cell carcinoma cell line A-5RT3 re-
sulted in reversion of the tumor phenotype with a
normalized tumor-stroma border including a well-
demarcated basement membrane.?®?" These initial
experiments examined long-term effects of multiple
DC101 treatments on tumor phenotype and raised nu-
merous questions about which mechanisms were re-
sponsible for the effects of VEGFR-2 inhibition on
tumor-stromal interactions.

An important question was whether DC101-induced
changes in the tumor stroma were due to chronic treat-
ment or if they could be observed as immediate effects of
limited treatments, whose mechanisms of action could be
studied. The study described here examined the early
effects of VEGFR-2 inhibition on tumor phenotype by
using the surface transplant model described above.
Beginning 3 hours after systemic administration of the
VEGFR-2 blocking antibody DC101, vascular density, en-
dothelial proliferation, protease expression, and tumor-
stromal interactions were analyzed until 96 hours after
initial DC101 treatment for the response to VEGFR-2
inhibition.

Materials and Methods

Cells and Culture Conditions

The highly malignant tumorigenic clone (A-5RT3) was
derived from the immortalized human keratinocyte cell
line HaCaT'® after transfection with the c-Ha-ras onco-
gene and recultivation of heterotransplants in nude mice,
as described previously.”'"2° All cells were grown in
enriched minimum essential medium (4X) supplemented

with 5% fetal calf serum and 200 ug/ml geneticin as
described previously.?°

Surface Transplantation Assay

Cells were transplanted onto the dorsal muscle fascia of
7- 10 9-week-old nude mice (Swiss/c nu/nu back crosses)
as monolayer cultures growing on collagen type 1 gels
using a silicone chamber device, as described in de-
tail.>® Transplants were dissected en bloc, embedded in
Tissue-Tek (Miles Laboratories, Elkhart, IN), and frozen in
liquid nitrogen vapor for preparation of cryostat sections.
For labeling of proliferating cells, mice received tail vein
injections of 5-bromodeoxyuridine (BrdU) and 2-deoxy-
cytidine (65 mmol/L each) in 0.9% NaCl (100 wl) 1.5
hours before being sacrificed.

VEGFR-2 Inhibition by DC101

The in vivo anti-angiogenic activity of the VEGFR-2 neu-
tralizing antibody DC101 was tested in mice carrying
transplants of the highly malignant keratinocyte clone
HaCaT-ras A-5RT3 starting 18 days after transplanta-
tion,?° when invasive tumor tissues had formed.?° Mice
received intraperitoneal injections of the monoclonal an-
tibody DC101 [800 g per mouse in 150 ul of phosphate-
buffered saline (PBS)] or PBS alone at 0 hours and 48
hours after initial injection. Transplants were dissected at
3, 6, 24, 48, 72, and 96 hours after initial injection with all
animals after the 48-hour time point receiving a second
DC101 injection at 48 hours. The experiment was per-
formed with three animals per time point and repeated
two times. All animal experiments were performed in
compliance with the relevant laws and institutional
guidelines with permission of the Regierungsprasidium
Karlsruhe, dated 7.4.1999 and 11.3.2003 (AZ
35-9185.81/G-16/03).

Antibodies and cDNAs

The rat monoclonal antibody DC101 to mouse VEGFR-2
(flk-1) was obtained from ImClone Systems Inc. (New
York, NY) and described in detail previously.'® Rat mono-
clonal antibody against mouse CD31 was obtained from
BD PharMingen (Heidelberg, Germany), guinea pig poly-
clonal pan-keratin anti-serum from Progen (Heidelberg,
Germany), sheep polyclonal antibody against BrdU from
NatuTec (Frankfurt, Germany), rabbit polyclonal antibody
against tenascin-c from Telios Pharmaceuticals (San Di-
ego, CA), rabbit polyclonal antibody against mouse col-
lagen type IV was from Novotec (Lyon, France), rat mono-
clonal antibody against mouse neutrophil granulocytes
from Serotec (Dusseldorf, Germany), and sheep poly-
clonal antibody against mouse matrix metalloproteinase
(MMP)-9 was a gift from Prof. Gillian Murphy (University
of Cambridge, Cambridge, UK). Secondary antibodies
were obtained from Dianova (Hamburg, Germany) and
Hoechst 33258 bisbenzimide for nuclear staining from
Sigma-Aldrich (Taufkirchen, Germany). Mouse cDNA en-
coding MMP-9 was from Novus Molecular Inc. (San Di-



ego, CA) and mouse MMP-13 cDNA was a gift from Dr.
Peter Angel (Deutsches Krebsforschungszentrum, Hei-
delberg, Germany).

Indirect Immunofluorescence

For immunofluorescence staining, frozen sections were
fixed for 5 minutes in 80% methanol at 4°C and 2 minutes
in acetone at —20°C, and rehydrated in PBS. For BrdU
localization in DNA, sections were additionally denatured
in 2 mol/L HCI for 10 minutes at room temperature and
washed (8 X 10 minutes). Primary antibodies were incu-
bated in 12% bovine serum albumin/PBS at room tem-
perature for 2 hours or 4°C overnight. After washing (3 X
10 minutes) sections were incubated with appropriate
secondary antibodies together with 5 wg/ml Hoechst bis-
benzimide for staining of cell nuclei. Before embedding in
Permafluor (Immunotech, Marseille, France) sections
were washed again (3 X 10 minutes) in PBS. Detection of
apoptotic cells was performed using the In Situ Cell
Death Detection kit (Roche, Mannheim, Germany) follow-
ing the manufacturer’s protocol. Stained sections were
examined and photographed with an Olympus AX-70
microscope (Olympus, Hamburg, Germany) fitted with
epifluorescence optics and connected to a PC using
Analysis Imaging Software (Soft Imaging Systems GmbH,
MUnster, Germany).

Quantification of Vascular Regression and
Endothelial Proliferation

Quantification of Microvessel Density in Stromal
Strands

The heterotransplant assay used here, involves the
growth of a tumor cell monolayer on a collagen gel, which
is grafted within a silicon chamber onto a nude mouse. In
this model system, stratified tumor epithelium forms from
the cell monolayer. This, in turn, induces murine stroma
formation from the host toward the stratified cell layer.
Subsequently, tumor cells then invade the stroma allow-
ing for the analysis of tumor-stromal interactions in a
polarized manner.>~ Areas of stromal infiltration into the
tumor, the leading edge of vascular growth thought to
contain the most immature vessels, were chosen for
quantification. In immunostaining, the extracellular matrix
(ECM) of these areas was strongly stained by antibodies
to tenascin-c, a major component of the tumor stroma,??
whereas associated vessels were strongly stained by
antibodies against CD31. Photos were taken over the
entire area to the edge of the stromal and tumor cell fronts
from sections of two to four animals depending on the
time points quantified (control 24 hours, three animals;
control 48 hours; two animals; DC101 treated 3 hours,
two animals; DC101 treated 24 hours, four animals;
DC101 treated 48 hours, three animals; DC101 treated 72
hours, two animals; DC101 96 hours, two animals). The
area of tenascin-c and CD31 staining per photograph
was quantified using Analysis Imaging Software. The
CDg31 staining area was then divided by the tenascin-c
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area of each photograph to obtain a percent value.
Means and standard deviations were calculated using
Microsoft Excel for each time point measured. A non-
paired Mann-Whitney test was performed between con-
trols and treated time points using SAS Stat View (SAS,
Heidelberg, Germany). All column diagrams were made
using Microsoft Excel (Microsoft Deutschland GmbH,
Unterschleissheim, Germany).

BrdU Quantification

Serial sections from the same animals analyzed for
tenascin-c and CD31 quantification were stained for
BrdU, Hoechst, and collagen IV using the immunofluo-
rescence techniques described above. Stromal areas
were photographed as described above and endothelial
nuclei (those located within collagen IV staining luminal
areas) staining for Hoechst and those for BrdU were
counted. A percentage of those nuclei staining positive
for both BrdU and Hoechst was made, with means and
standard deviations being calculated with Microsoft Ex-
cel. A nonpaired Mann-Whitney test was performed be-
tween controls and treated time points using SAS Stat
View. All column diagrams were also made using Mi-
crosoft Excel.

In Situ Hybridization

In situ hybridization was performed as described.?2" In
brief, Digoxenin (DIG)-labeled RNA probes for mouse
MMP-9 and MMP-13 were prepared using T7, SP6, or T3
RNA polymerase (for anti-sense and sense, respectively)
according to the manufacturer’s instructions (Roche,
Mannheim, Germany). Cryostat sections were fixed in 4%
paraformaldehyde, pretreated, hybridized, and washed
at high stringency as described.?® DIG was labeled by
anti-DIG-AP (Roche) and alkaline-phosphatase reaction
was detected by NBT/BCIP (Gibco-Life Technologies/
Invitrogen, Eggenstein-Leopoldshafen, Germany). After
DIG in situ hybridization of MMP-9 or MMP-13 counter-
staining was performed by indirect immunofluorescence
with antisera against pankeratin and collagen type IV.
Sections were photographed with different channels be-
ing assigned different colors for further analysis using
Analysis Imaging Software.

In Situ Zymography

Gelatinolytic activity was demonstrated in unfixed cryo-
stat sections using DQ gelatin (EnzChek; Molecular
Probes, Leiden, The Netherlands) as a substrate. Cryo-
stat sections (7 um) were incubated with 40 ug/ml DQ
gelatin for 30 minutes at room temperature. After washing
(3 X 10 minutes) sections were stained for CD31 and
Hoechst using immunofluorescence techniques de-
scribed above.

Quantification of Gelatinolytic Activity

Areas of gelatinolytic activity staining were quantified in
vision fields (0.38 mm?) from sections of two to four
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animals per time point stained with DQ gelatin using
Analysis Imaging Software.

Transmission Electron Microscopy

Fresh samples of A-5RT3 transplants of control and
DC101-treated mice (two animals per time point) were
prefixed in ice-cold 4% glutaraldehyde in 0.2 mol/L
sodium cacodylate buffer, pH 7.3, for 3 hours and
postfixed in 2% osmium tetroxide in 0.1 mol/L sodium
cacodylate buffer for 2.5 hours at 4°C. Tissue blocs
were then washed with distilled H,O, stained en bloc
with 0.5% aqueous uranyl acetate overnight at 4°C,
and again washed with distilled H,O. After dehydration
through two graded series of ethanol and infiltration
with propylene oxide, specimens were embedded in
Epon 812-equivalent (glycidether 100; Serva, Heidel-
berg, Germany) and finally polymerized at 60°C for 48
hours. Semithin sections of 1 um were stained with
0.1% toluidine blue for light microscopy. Ultrathin sec-
tions (50 to 90 nm) were cut by a Reichert Young
ultramicrotome (Leica Microsystems Nussloch GmbH,
Nussloch, Germany), counterstained with uranyl ace-
tate, and subsequently lead citrate, and examined with
a Zeiss EM10B electron microscope (Carl Zeiss NTS
GmbH, Oberkochen, Germany). Samples were cut
from the top of the surface transplant containing tumor
epithelium toward the underlying stroma to accurately
analyze the tumor-stromal border.

Results

Inhibition of Tumor Vascularization and Invasion
through VEGFR-2 Inhibition

As shown recently, long-term application of the monoclo-
nal antibody DC101 blocks angiogenesis, normalizes the
tumor-stroma border zone, and reverts tumor pheno-
type.?" To better visualize and understand the altered
interactions between tumor and stromal cells, early time
points after inhibition of angiogenesis were analyzed us-
ing the same A-5RT3 carcinoma cells in surface trans-
plants.®® This assay involves the growth of a tumor cell
monolayer on a collagen gel, which is grafted within a
silicon chamber onto a nude mouse. In this model sys-
tem, stratified tumor epithelium forms from the cell mono-
layer. This, in turn, induces murine stroma formation from
the host toward the stratified cell layer. Subsequently,
tumor cells then invade the stroma allowing for the anal-
ysis of tumor-stromal interactions in a polarized manner
(Figure 1A).5~7 The A-5RT3 tumor cell transplants studied
here, induced rapid stromal activation with accumulation
of fibroblasts and inflammatory cells and growth of new
blood vessels in a directed and well-defined pattern. This
was followed by tumor cell invasion and reciprocal infil-
tration of vascularized stromal strands into the tumor
parenchyma, as visualized by differential immunostaining
of tumor cells, with antibodies to keratin, and endothelial
cells, with antibodies to CD31, at 24 days after transplan-
tation in control animals (Figure 1B).

Beginning 24 hours and progressively continuing
through 96 hours of DC101 treatment, vascularization of
the tumor tissue was rapidly reversed and tumor invasion
was strongly inhibited (Figure 1, C and D, compared to
B). In particular, stromal areas localized within the tumor
parenchyma showed reduced numbers of CD31 staining
vessels at 72 and 96 hours after DC101 treatment (Figure
1, C and D; arrowheads). This suggested that VEGFR-2
inhibition not only limited the formation of new vessels but
may have also caused rapid regression of pre-existing
vessels. Moreover, the avascular but vital tumor tissue
exhibited only minor invasion into the underlying stromal
tissue. As a consequence of this reduced tumor vascu-
larization, tumor areas distant from the underlying stroma
exhibited large areas of necrosis (Figure 1, C and D; N)
that exhibited typical features in hematoxylin and eosin-
stained sections.

Rapid Decrease in Microvessel Density in
Tumor-Adjacent Stroma

To study in greater detail the effects of VEGFR-2 inhibition
on vascular regression, vessels were quantified in tumor-
associated stromal strands identified by immunostaining
with antibodies to tenascin-c, a major component of the
tumor’s stromal ECM.?? Whereas these intratumoral stro-
mal strands in control transplants were filled with CD31
staining vessels (Figure 2A), a progressive reduction of
these vessels was found throughout 4 days after treat-
ment with DC101 (Figure 2; B to D). Of note, these stro-
mal areas, as well as adjacent tumor tissue, were not
considered to be necrotic as seen by nuclear staining
with Hoechst (Figure 2D).

The differences in tenascin-c-associated vasculariza-
tion were quantified for all animals and all time points
studied. Figure 3 shows a progressive reduction of CD31
staining vessels within the strands of the tumor stroma
after treatment with DC101 beginning as soon as 3 hours
after treatment. Despite the standard deviations seen in
this quantification, statistical significance using the
Mann-Whitney test was seen between treated and control
animals beginning 24 hours after treatment (P = 0.03)
and continuing through 48 hours (P = 0.01), 72 hours
(P = 0.001), and 96 hours (P = 0.01). In separate exper-
iments analyzing long-term effects of VEGF inhibition, the
reduction of CD31 staining within tenascin-c staining ar-
eas continued throughout the duration of DC101 treat-
ment. This resulted in a complete lack of vessels within
tenascin-c-positive strands of the tumor parenchyma af-
ter 8 weeks of DC101 treatment.?’

Inhibition of VEGFR-2 Reduces Endothelial Cell
Proliferation

To better define the effects of VEGFR-2 inhibition on
vascular physiology, sections from the same animals
were then analyzed for endothelial cell proliferation using
immunofluorescent staining with antibodies against BrdU
and collagen IV, with staining of all nuclei by Hoechst
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Figure 1. DC101 blocks invasion in surface heterotransplants. A: Diagram of surface heterotransplants. Stratified tumor epithelium is invaded by underlying
tumor stroma and vessels. B: In control A-5RT3 transplants, invasive tumor tissue (T) labeled by a cytokeratin antibody (green) was interspersed with
well-vascularized stromal regions (S) with CD31 staining vessels (red). C and D: Treatment with DC101 blocked vascularization and tumor invasion shown
here at 72 hours (C) and 96 hours (D) after beginning treatment. Both C and D show a reduction in vital tumor areas (T) with thinning of tumor epithelia
under areas of necrosis (N). Furthermore, stromal areas penetrating into the tumor parenchyma showed reduced numbers of CD31 staining vessels

(arrowheads). Scale bar, 200 um.

dye. Collagen IV was chosen as a vascular (basement
membrane) marker because antibody staining of CD31
was strongly reduced after the acid pretreatment re-
quired for unmasking of BrdU incorporated within the
DNA. Figure 4 shows representative slides of control
(Figure 4A) and 72-hour DC101-treated transplants (Fig-
ure 4B) stained for BrdU, collagen IV, and Hoechst. Nu-
clear Hoechst staining (blue) with overlapping BrdU
staining (green) within lumen forming stromal areas pos-
itive for collagen IV (red) were considered to be endo-
thelial nuclei undergoing proliferation. Areas, in which
reduced vascular density was seen, as described above,
were quantified for BrdU expression. This revealed an
increasing difference in the percentage of BrdU staining
endothelial nuclei between control animals and animals
treated by DC101 starting at 3 hours after initial injection
and reaching statistical significance after 24 hours (P <
0.0001), 48 hours (P < 0.0001), 72 hours (P = 0.01), and
96 hours (P = 0.002) using the Mann-Whitney test (Figure
5). Whereas endothelial proliferation was reduced in
those vessels that remained after treatment, no detect-

able apoptotic endothelial cell could be found at any of
the time points studied using the terminal dUTP nick-end
labeling (TUNEL) assay (data not shown). This data sug-
gests that VEGFR-2 inhibition is not only capable of lim-
iting the formation of new vessels but may have also
caused rapid regression of preformed vessels leading to
reduction in microvessel density as soon as 24 hours
after initial DC101 treatment and continuing throughout
the duration of these studies.

Increase in Normal VVasculature after VEGFR-2
Inhibition

Ultrastructural analysis of the remnant microvasculature
within close proximity to tumor cells revealed a rather
normal phenotype, as can be seen in representative elec-
tron micrographs of tumor-associated vessels. In controls
endothelial cells of small vessels closely associated to
tumor epithelium (T) were found to be deformed, thinned,
and had intercellular gaps (arrowhead), as well as endo-
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Figure 2. Decrease in microvessel density within intratumoral stromal strands of surface transplants. Fluorescence micrographs showing reduction of CD31 staining
vasculature (red) within tumor-associated stromal strands staining for tenascin-c (green) during the duration of VEGFR-2 inhibition by DC101. The four panels compare
control transplants to three different DC101 treatment durations. A: Control section shows tenascin-c staining stromal strands (green) dispersed throughout tumor tissue
(darker green/black) and filled with CD31 staining vessels (red). B-D: With increased duration of treatment, there was a progressive reduction in CD31 vessels within
tenascin-c staining stroma. D: Micrograph with Hoechst nuclear staining (blue), demonstrating that the surrounding tissue is viable and not necrotic after 96 hours of
DC101 treatment. A: Control; B: 24 hours DC101; C: 72 hours DC101; and D: 96 hours DC101. Original magnifications, X200.

thelial fenestrations (Figure 6A, box and B; arrowheads).
Furthermore, the endothelial basement membrane was
almost entirely absent as were associated pericytes. Fi-
broblasts in a support cell position and extravasated
erythrocytes could also been seen in the vicinity of these
vessels. Beginning as soon as 24 hours after treatment
with DC101, vessels within 100 um of the tumor showed
a rather normal ultrastructural phenotype, which was fur-
ther increased 96 hours after DC101 treatment (Figure 6,
C and D). Endothelial cells displayed normal intercellular
junctions (Figure 6C, filled arrowheads) and complete
coverage with pericytes (Figure 6, C and D; P). At further
magnification, a continuous basement membrane could

be seen surrounding both endothelial cells (Figure 6D,
filled arrowheads) and endothelial associated pericytes
(Figure 6D, outlined arrowheads). These results demon-
strate that treatment with DC101 results in a rapid regres-
sion of immature vessels leading to the predominance of
the mature vascular phenotype.

Re-Established Epithelial Basement Membrane
after VEGFR-2 Inhibition

In addition to an increased normalization of the vascula-
ture, a reorganization of the tumor-stromal border zone
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Figure 3. Quantification of microvessel density within intratumoral stromal
strands. Quantification of mean vessel density (MVD) within tumor-associ-
ated stroma revealed a progressive reduction in CD31 staining vasculature
within tenascin-c¢ staining stroma throughout the duration of DC101 treat-
ment. Statistically significant differences (*) were found beginning at 24
hours after initial DC101 treatment. Standard deviations are indicated for each
treatment time point by bars. The area of CD31 staining vasculature within
tenascin-c staining intratumoral stroma was quantified for all animals studied.

was also observed. Sections stained for BrdU and colla-
gen IV described above also displayed an increase in
collagen IV staining at the epithelial basement membrane
zone with duration of DC101 treatment. This staining of
the epithelial basement membrane zone was particularly
noticeable when sections were counterstained with an
antibody to collagen IV and keratin (Figure 7, A and B;
arrowheads), with keratin serving as a marker for tumor
cells. Whereas in control transplants collagen IV staining
was almost exclusively restricted to vessels, the basal
pole of the tumor epithelium was increasingly stained
after 96 hours of DC101 treatment.

TEndotheIiaI Cell Proliferation

T

Control| 3h
DC101

24h 48h | 72h 96h
DC101

Figure 5. Quantification of endothelial proliferation. Quantification of endo-
thelial proliferation within tumor-associated stroma revealed a progressive
reduction in endothelial proliferation throughout the duration of DC101
treatment. Statistically significant differences (*) were found beginning at 24
hours after initial DC101 treatment. Standard deviations are indicated for each
treatment time point by bars. Endothelial proliferation within intratumoral
strands was quantified for all animals studied.

This normalization of the tumor-stromal border was
even more obvious in semithin sections and at the ultra-
structural level. In semithin sections, the differences in
the tumor-stromal border zone between control animals
and DC101-treated ones were striking. The tumor-stromal
border in untreated control animals (Figure 8A) had an
irregular contour with multiple finger-like stromal projec-
tions (S) into the overlying tumor epithelium (T) on one
side and invading tumor cells on the other. Forty-eight
hours after treatment with DC101 (Figure 8B), the tumor-
stromal border had a regular contour with a near absence
of such finger-like projections and the stromal tissue dis-
played a reduced number of vessels as compared to

DC101 72h @7 ¢

0

Figure 4. Endothelial proliferation within intratumoral stromal strands. Fluorescence micrographs showing proliferating endothelium within intratumoral stromal
strands of control (A) and 72-hour DC101-treated (B) sections. Triple staining of Hoechst nuclear staining (blue), collagen IV (red), and BrdU (green) revealed
tumor areas (predominantly blue staining tumor nuclei) interspersed with collagen IV (red) staining endothelial basement membrane (luminal structures) and
tumor epithelial basement membrane (red, stromal-tumor interface). Proliferating nuclei (green) could be seen within both tumor and stromal areas. BrdU staining
(green) of collagen IV-positive luminal areas (red) revealed proliferating endothelial cells (A, open arrowheads). A: Control 24 hours; B: 72 hours DC101.
Original magnifications, X200.
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Figure 6. Ultrastructure of tumor microvasculature. A: Electron micrographs of control animals show endothelial cells (EC) closely associated to tumor cells (T)
and fibroblasts (FB). A predominate endothelial cell nucleus is seen in the bottom right endothelial cell. Arrowhead indicates a gap between endothelial cells.
Extravasated erythrocytes (RBC) are also present. The box in A is shown at higher magnification in B where arrowheads highlight endothelial fenestrations. In
contrast to control sections, those from DC101-treated animals (C and D) have a normal phenotype with regular intercellular junctions (C, arrowheads) and
pericytic association (P). At higher magnification (D), regular endothelial cell (D, filled arrowheads) and pericyte (D, open arrowheads) basement membranes

could be detected.

control animals. Significantly, these changes were ob-
served beginning at 24 hours, became more apparent
throughout treatment, and were seen in parallel animals
at each time point.

The changes toward a normalized epithelial-stromal
border zone became striking at the ultrastructural level.
In control animals, the irregular tumor-stromal border
showed many cellular projections from the tumor into the
adjacent stroma (Figure 8C). In contrast, after 96 hours of
DC101 treatment, samples from treated animals exhib-
ited a regular tumor cell border adjacent to a stroma rich

in collagen bundles (Figure 8, D to F, open arrowhead)
separated by long stretches of epithelial basement mem-
brane (Figure 8, E and F, filled arrowheads). Here, a
structured basement membrane was formed, including
hemidesmosomes with inserted intermediate filaments
clearly apparent at higher magnification (Figure 8E, in-
set). This indicated a normalization of the epithelial-stro-
mal border zone, a characteristic indicator for the rever-
sion of the malignant tumor phenotype to a premalignant
one. Remarkably, smoothing of the tumor cell’s contour
and the appearance of ordered basement membrane
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Figure 7. Staining of basement membrane at tumor-stroma border. Immunostaining with antibodies against collagen 1V (red) and keratin (green) in control
transplants (A) showed an irregular tumor-stromal border with stromal projections filled with vasculature (red) between keratin staining tumor cells (green). After
96 hours of DC101 treatment (B), staining of collagen IV marked the basal pole of the tumor epithelium (red, open arrowheads) and vessels (red luminal
structures) away from overlying tumor cells (green). Original magnifications, X200.

elements also occurred adjacent to remaining thin stro-
mal projections in between tumor epithelium filled with
ECM material but devoid of vessels (Figure 8F). The
presence of such thin stromal projections at the ultra-
structural level suggested that finger-like projections,
once devoid of vessels, were either completely abro-
gated or reduced in size under VEGFR-2 inhibition in
large areas of the transplants. Such changes could not
be detected in control animals and support our earlier
studies in surface transplants showing that long-term
VEGFR-2 inhibition is capable of converting the malig-
nant phenotype into a premalignant one.®'° This restruc-
turing of stromal elements and normalization of the
border zone, suggested altered turnover of ECM compo-
nents after VEGFR-2 blockade, possibly due to modu-
lated protease expression.

VEGFR-2 Inhibition Abrogates MMP-9 and
MMP-13 Expression While Reducing Gelatinase
Activity

Matrix-degrading metalloproteases, in particular the ge-
latinases and interstitial collagenases, have been found
to be differentially regulated in premalignant and malig-
nant tumor cells and, importantly, in their adjacent stro-
ma.?*~2” One of the matrix-degrading proteases most
frequently associated with malignant tumors is MMP-9
(gelatinase B), which is known to cleave components of
the basement membrane.?® Whereas stromal MMP-9 is
only transiently up-regulated in premalignant transplants,
this MMP is strongly and persistently expressed in the
stroma of malignant transplants.®®192° Here it was
shown in control surface transplants that MMP-9, visual-

ized by in situ hybridization with a mouse-specific probe,
was localized in the tumor-associated stroma. Specifi-
cally, it was predominately found in the infiltrating stromal
strands adjacent to blood vessels, (Figure 9A). Strikingly,
this expression was drastically reduced and mostly ab-
sent in transplants treated with DC101 for 96 hours (Fig-
ure 9B). In malignant control transplants, stromal MMP-9
protein, detected by a mouse-specific antibody, was lo-
calized in the tumor-associated stroma, particularly in the
infiltration stromal strands mostly adjacent to blood ves-
sels and co-localized with neutrophil granulocytes. On
reduction of infiltrating stromal areas in the tumor epithe-
lium of DC101-treated transplants, MMP-9 protein was
reduced within the tumor tissue but still present in the
underlying tumor-adjacent stroma (data not shown).?
For murine MMP-13, a mouse interstitial collagenase, a
similar localization of RNA expression closely associated
with intratumoral vessels was seen in control transplants
(Figure 9C). Again short-term treatment with DC101 for
96 hours abolished this expression with exception of a
few spots at the tumor-stroma border zone (Figure 9D).
This clearly demonstrates rapid and drastic down-regu-
lation of a major gelatinase (MMP-9) and collagenase
(MMP-13) in the tumor-stroma border zone after VEGFR-2
blockade by DC101.

However, not only RNA expression was down-regu-
lated. Analysis of protein activity, by EnzChek with DQ-
gelatin, showed striking differences in gelatinase activity
between control and DC101 transplants. Gelatinase ac-
tivity in control transplants was restricted to distinct areas
in the vicinity to blood vessels at the immediate tumor
border and particularly in stromal strands (Figure 10A).
After short-term DC101 treatment, this activity was dras-
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Control DC101 96h

DC101 96h

mMMP13 (ISH) / Collagen IV / Keratin

Figure 9. Reduction of MMP-9 and MMP-13 expression 96 hours after DC101. A—C: Double-immunofluorescence microscopy staining of tumor cells (T) with a
cytokeratin antibody (blue) and endothelial basement membrane by a collagen type IV antibody (green) with nonradioactive in situ hybridization signals (red).
A: Murine MMP-9 expression is localized (ISH, red) in controls to distinct spots in intratumoral stromal strands (S) adjacent to vessels (green) and tumor cells (T)
(blue). B: After DC101-treatment, there is a reduction of stromal MMP-9 expression to a few spots at the tumor-stromal border. C: Murine MMP-13 (red) is strongly
expressed in the intratumoral stromal strands close to vessels (green) and to the tumor border (blue). D: After short-term treatment with DC101 virtually no
expression is seen. Scale bar, 200 wm.

tically reduced to a small rim at the tumor-stroma border Discussion
(Figure 10B). In brief, the active gelatinase staining area

in control transplants was 15.0 *+ 8.0%, whereas short- This work shows the rapid effects of VEGFR-2 inhibition

term DC101-treated transplants showed 4.5 = 2.5% pos- on vascular regression and reversion of the tumor-phe-
itive gelatinase staining area (Figure 10C). Thus, short- notype in an experimental model of angiogenesis and
term inhibition of VEGFR-2 signaling caused rapid tumor invasion using surface heterotransplants of the
regression of tumor vasculature with drastically reduced highly malignant human squamous cell carcinoma cell
MMP-9 and MMP-13 expression and down-regulated ge- line A5-RT3. Whereas much evidence exists for the key
latinase activity resulting in a normalized tumor-stromal role of VEGF in angiogenesis,®*°~2 changes in tumor-

border zone. stromal morphology resulting from its inhibition have

Figure 8. Ultrastructure of the tumor-stroma border zone. Semithin sections of control (A) and 48-hour DC101-treated (B) surface transplants. A: Control with
irregular tumor (T)-stromal (S) borders with mitotic tumor cells (*). Forty-eight hours after DC101 treatment (B) there is a regular tumor-stromal border with a
reduction of vessels within the underlying stroma as compared to the control (A). These changes were pronounced at the ultrastructural level in controls (C) with
numerous cellular extensions invading the surrounding stroma. D—F: After 96 hours of DC101 treatment there is a regular tumor-stromal border with collagen
bundles (open arrowheads). The treated sample in E shows a continuous basement membrane (filled arrowheads) along the tumor-stromal border with
collagen bundles present in the stroma (open arrowheads). The inset in E shows a higher magnification of the basement membrane after 96 hours of DC101
treatment showing a distinct lamina densa (LD) as well as hemidesmosomes (HD) connected to intermediate filaments (IF). F: A 96-hour DC101-treated sample
with a finger-like stromal projection with regular tumor-stromal borders, collagen bundles (open arrowheads), and an adjacent basement membrane (filled
arrowheads) between two tumor areas.
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been primarily unstudied. Here, the initial phases of a
phenotypic shift from a malignant to a premalignant phe-
notype after VEGFR-2 inhibition were associated with
both vascular regression and quiescence and remodel-
ing of the tumor-stromal border. These changes compare
to our previous data showing that benign transplants
exhibit only transient angiogenesis which rapidly stops
on the formation of stratified epithelium.®®2" Further-
more, normalization of the tumor-stromal border was de-
tected after DC101 treatment on an ultrastructural level
with reduction of tumor cell protrusions from the sur-
rounding stroma and formation of a typical basement
membrane at the tumor surface. Additionally, as a con-
sequence of immature vessel regression, DC101 treat-
ment resulted in a normalization of the microvasculature
with capillaries exhibiting complete endothelial and peri-
cytic basement membranes and interendothelial junc-
tions as well as close association with surrounding
pericytes.

On a histological level, normalization of the tumor-
stromal border was characterized by the disappearance
of stromal projections from the tumor and reversion of the
invasive phenotype. These findings were especially strik-
ing at the ultrastructural level, with accumulation of col-

m control 24h + 96h
OoDC101 72h + 96h

Figure 10. DC101 Inhibits gelatinolytic activity
in tumor adjacent stroma. A and B: In situ zy-
mography of gelatinolytic activity (green) with
DQ-gelatin as substrate in surface transplants
counterstained with an endothelial cell marker
(CD31) showing high gelatinase activity in vas-
cularized stroma strands (S) invading the malig-
nant tumor tissue (T) of control transplants (A).
B: After short-term DC101 treatment, gelatinase
activity is drastically reduced to a small rim at the
tumor-stroma border. C: Morphometric quantifi-
cation of active gelatinase staining. Columns,
mean of four to six animals; bars, SD. Scale bar,
100 pm.

lagen bundles in tumor adjacent stroma and the forma-
tion of a well-structured basement membrane attached to
the basal tumor cell pole by hemidesmosomes. This was
striking considering the aggressive growth characteris-
tics of the squamous cell carcinoma cell line A5-RT3.2°
Formation of a structured basement membrane is a di-
agnostic feature of benign or premalignant tumors. Ad-
ditionally, there has been an inverse correlation reported
between the amount of tumor-associated basement
membrane and tumor aggressiveness.®® Therefore, the
normalization of the basement membrane shown here is
a clear indication of a phenotypic shift in the invasive
malignant transplants to a premalignant tumor phenotype
after VEGFR-2 inhibition.

The extent to which basement membrane and stromal
maturation are due to altered expression of ECM compo-
nents and/or their reduced turnover through lowered pro-
tease activity remains to be studied.>* However, our data
showing reduced expression of both MMP-9 (gelatinase
B) and MMP-13 (collagenase), with reduced levels of
gelatinase activity as seen by in situ zymography indi-
cated that altered protease expression may play an im-
portant role in the maturation process. MMP-9 is one of
the matrix-degrading proteases most frequently associ-



ated with malignant tumors and is known to cleave com-
ponents of the ECM, particularly those of the basement
membrane.®=5 It has been shown to facilitate endothe-
lial cell migration as well as tumor cell invasion.®¢37 Fur-
thermore, MMP-9-deficient mice display inhibited angio-
genesis, tumor progression, and metastasis.?®2”*® Qur
studies not only showed a reduction in the expression of
MMP-9 after VEGFR-2 inhibition but also a reduction in
general gelatinase activity, which suggested their inhibi-
tion plays a crucial role in the stromal maturation process
after DC101 treatment. Comparably, reduced MMP-13
expression in tumor-adjacent stroma most likely contrib-
uted to decreased turnover of collagen type |. Addition-
ally, blockade of VEGFR-2 by a tyrosine kinase inhibitor
also reduces the secretion of other matrix metallopro-
teases such as MMP-2 and MMP-3 in endothelial cells,
inhibiting their migration.®® However, the molecular
mechanisms by which MMPs promote tumor invasion
and angiogenesis are still poorly understood.*® We hy-
pothesize that reduced expression of MMP-9 and MMP-
13, with subsequently reduced gelatinase activity was
responsible for reduced degradation of basement mem-
brane components, therefore allowing for their accumu-
lation and structural reorganization. In particular, laminin
is a critical determinant of morphogenesis and differen-
tiation and directs tissue-specific gene expression in tis-
sue-type in vitro models.*' Its reduced turnover due to
MMP-9 down-regulation may contribute not only to base-
ment membrane reconstitution but also to normalization
of epithelial polarity and, thus, to the reverted tumor phe-
notype. Significantly, these normalization effects were not
caused by the direct blockade of VEGF on tumor cells.
The human A-5RT3 tumor cells express VEGFR-2 in vitro
at the RNA level (data not shown), however, the mouse-
specific DC101 antibody does not cross-react with the
human VEGFR-2."° Thus, the normalizing effect on the
tumor cell phenotype must be caused indirectly by stro-
mal alterations.** ** Although the MMP-9 and MMP-13
synthesizing cell types have not yet been identified, the
localization of RNA signals indicated that perivascular
cells, most probably fibroblasts, were likely candidates.
Their localization close to endothelial cells and tumor
cells suggests that their expression was induced by
paracrine signals from both neighboring cells. Blockade
of endothelial cell activation resulted in down-regulation
of both MMPs, suggesting a major paracrine role of en-
dothelial cell-derived factors to control these stromal
MMPs.

Because these stromal alterations were seen after al-
teration of VEGF signaling by DC101 it can be assumed
that endothelial cell activity may have essential functional
consequences for the pathophysiology of the tumor
stroma. Although features of stromal maturation and tu-
mor phenotype reversion are also seen in subcutaneous
tumors, they are particularly well demonstrated in the
surface transplants used here with their distinct geometry
and the well-defined stromal development.® In this in vivo
model, early changes in the tumor-stroma border are
manifest and available for detailed analysis. As with other
in vivo models, quantification of results is still difficult and
remains restricted to morphometric analysis of vascular-
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ization by determining mean vessel density®'*%4% or by
counting nuclei with incorporated BrdU as mean of cell
proliferation.

In addition to the ultrastructural changes seen at the
tumor-stromal border zone, use of the surface transplant
model displayed significant changes at the vascular
level. These changes began as soon as 24 hours after
DC101 treatment, progressing throughout the latest time
points studied. Treatment resulted in a significant reduc-
tion of endothelial fenestrations (considered to be in-
duced by VEGF*) and a normalization of interendothelial
junctions. After treatment, the relation of pericyte-free
microvasculature shifted toward vessels associated with
pericytes with normalization of both endothelial and peri-
cytic basement membranes. These changes coincided
with the reduction of vessels from stromal projections as
shown by simultaneous staining of CD31 and tenascin-c,
a major component of the tumor-stromal ECM.22:48:49
This latter effect was apparently due to the elimination of
VEGF signaling as a critical survival factor for endothelial
cells of immature vessels.” This resulted in a relative
increase in mature vessels and was probably not a direct
normalizing effect of DC101. Interestingly, quantification
of vascular regression showed a stepwise reduction in
the number of CD31 staining vessels within tenascin-c
staining ECM until the latest time point measured. Fur-
thermore, separate studies under long-term DC101 treat-
ment showed a nearly complete absence of CD31 stain-
ing vessels from such areas.?' This suggested that such
vascular regression is sustained throughout the course of
VEGFR-2 inhibition, indicating the continuing need of
VEGF as an endothelial survival factor for the tumor mi-
crovasculature. Notably, the time course of vascular re-
gression found in this study also mirrored the decrease in
tumor vasculature previously documented by MRI imag-
ing studies of heterotransplants.*®

Furthermore, studies in other model systems also sup-
port the findings on vascular regression reported here.
Brown and colleagues®® have demonstrated that vascular
pruning of immature tumor vessels may occur as soon as 24
hours after treatment with VEGFR-2 inhibitors, resulting in
normalization of tumor vasculature. Additionally, recent
studies indicate that inhibition of VEGFR-1 and R-2 by
VEGF-Trap, or inhibition of multiple angiogenic compounds
by the tyrosine kinase inhibitor AG013736, result in a reduc-
tion of vascularity, vascular perfusion, and VEGFR-2 ex-
pression between 1 and 7 days after treatment.®' The
changes in ECM morphology and MMP-9 and MMP-13
expression shown here, therefore, demonstrate a normal-
ization of tumor phenotype concomitant with that of the
tumor vasculature after VEGFR-2 inhibition.

The exact mechanism of vascular regression through
VEGFR-2 inhibition was, however, only partly elucidated
in our studies. Whereas endothelial proliferation was re-
duced in those vessels that remained after treatment, no
detectable apoptotic endothelial cells could be found
using the TUNEL assay at any of the time points (begin-
ning 3 hours after initial treatment) studied here (data not
shown). This suggests that endothelial apoptotic pro-
cesses associated with VEGF inhibition may be difficult to
detect due to the short time frame in which they can be
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ascertained by standard TUNEL assays after inhibition of
VEGFR-2. The extent to which vascular maturity altered
responses to VEGF inhibition was not directly considered
in this study. In separate studies using the same assay,
the number of vessels associated with pericyte markers
considered to reflect vascular maturity, such as a-smooth
muscle actin, was only found to increase after treatment
periods of up to 2 weeks in animals receiving multiple
treatments.?’

Also important in vascular regression, the role of the
angiopoietins in this model system has yet to be evalu-
ated. The recent increase in understanding of the angio-
poietins and their receptor tie-2 suggest that, in the ab-
sence of VEGF, angiopoietin 2 (ang-2) may be the causal
factor in vascular regression and apoptosis.®?>* Ele-
gantly demonstrated by Lobov and colleagues using the
pupillary membrane assay of the murine eye, ang-2 has
been reported to be proapoptotic and enhance vascular
regression in the absence of VEGF.%? The study of the
early stages of vascular regression reported on here, in
the context of tumor-associated stroma stained by tena-
scin-c, provide a unique platform for the study of vascular
regression and studies are planned to assess the role of
the angiopoietins using this model system.

This study demonstrates the rapid effects of VEGFR-2
inhibition on reduction in vascular density, protease ex-
pression, and modulation of tumor-stromal morphology.
The decreased expression of a major gelatinase repre-
sented by MMP-9 and an interstitial collagenase (MMP-
13) as well as the regression of preformed vessels after
treatment with DC101 was thought to aid in the reversion
of the tumor phenotype from a malignant to a premalig-
nant one beginning as soon as 24 hours after treatment.
Further studies into the detailed mechanisms of VEGF
inhibition on MMP-9 and MMP-13 expression and its con-
sequences on the tumor-stroma phenotype are currently
underway.
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