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Abstract

Background—Vascular endothelial growth factor (VEGF) that is secreted by tumor cells plays a

key role in angiogenesis. Matrix metalloproteinase 9 (MMP-9) is produced by inflammatory cells,

such as stromal granulocytes (PMN), remodels the extracellular matrix and is known to promote

angiogenesis indirectly by interacting with VEGF. The aim of this study was to determine the role

of PMN-derived MMP-9, its interaction with VEGF, and the efficacy of anti-angiogenic therapy

targeting MMP-9 with oral Doxycycline and VEGF with Bevacizumab in pancreatic cancer

(PDAC).
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Methodology/principal findings—Inhibitors to MMP-9 (Doxycycline) and VEGF

(Bevacizumab) were used alone or in combination in an in vitro angiogenesis assay to test their

effect on angiogenesis caused by MMP-9, VEGF, PMN and PDAC cells. In an in vivo model of

xenografted PDAC, treatment effects after 14 days under monotherapy with oral Doxycycline or

Bevacizumab and a combination of both were evaluated.

In vitro, PMN-derived MMP-9 had a direct and strong proangiogenic effect that was independent

and additive to PDAC-derived VEGF. Complete inhibition of angiogenesis required the inhibition

of VEGF and MMP-9. In vivo, co-localization of MMP-9, PMN and vasculature was observed.

MMP inhibition with oral Doxycycline alone resulted in a significant decrease in PDAC growth

and mean vascular density comparable to VEGF inhibition alone.

Conclusions/significance—PMN derived MMP-9 acts as a potent, direct and VEGF

independent angiogenic factor in the context of PDAC. MMP-9 inhibition is as effective as VEGF

inhibition. Targeting MMP-9 in addition to VEGF is therefore likely to be important for successful

anti-angiogenic treatment in pancreatic cancer.
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Introduction

The acquisition of an angiogenic phenotype is essential for tumor progression beyond a

microscopic size [1, 2]. Tumor angiogenesis is a complex process involving many pro- and

antiangiogenic signalling molecules as well as proteinases. Vascular endothelial growth

factor (VEGF) is the first and best characterized proangiogenic factor. VEGF is required for

endothelial cell proliferation, migration and survival. It plays a key role in tumor

angiogenesis and is commonly produced and secreted by tumor cells [3–7].

Extracellular proteinases of the matrix metalloproteinase (MMP) class are needed for

extracellular matrix remodeling during angiogenesis, but also play an important role during

tumor invasion and metastasis [8]. One MMP, MMP-9, was identified as an essential

indirect factor during the acquisition of an angiogenic phenotype [9–11]. It facilitates VEGF

liberation from the extracellular matrix and is involved in the VEGF-VEGF-receptor

interaction [9, 12–15]. MMP-9 is predominantly secreted by inflammatory cells, such as

tumor associated macrophages (TAM) and stromal polymorphonuclear neutrophil

granulocytes (PMN). TAM are frequently found at the sites of pathological angiogenesis and

important for tumor angiogenesis [16, 17]. PMN promote tumor progression by releasing

their secretory granules that contain prestored proteases, in particular MMP-9 [9–11].

Consequently, ablation of neutrophils or reconstitution experiments with MMP-9 null mice

demonstrated that MMP-9 produced by bone marrow-derived inflammatory cells, such as

TAM and PMN, is important for tumor growth and angiogenesis [9, 15, 18].

The aggressive local growth of pancreatic ductal adenocarcinoma (PDAC) is supported by

peritumoral inflammation and a pronounced desmoplastic reaction. During angiogenesis in

PDAC, PMN derived MMPs may therefore play a particularly important role in addition to

VEGF [10, 19–22]. Consequently, both MMP and VEGF inhibition have been predicted to

affect tumor growth, but in recent clinical trials the efficacy of monotherapy with either

MMP or VEGF inhibitors was limited and inconsistent in advanced and metastatic PDAC

[23–28]. This may in part be due to frequent musculoskeletal side effects caused by the

MMP inhibitor Marimastat which may have prevented sufficient dosage [23–25]. However,

a subgroup of patients with low volume disease benefited from MMP inhibition [23, 25].

Tetracyclines, such as Doxycycline, also act as MMP inhibitors and may be a promising
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alternative to Marimastat [29, 30], since they have been used for decades as antimicrobial

drugs with relatively few side effects.

Given the important role of PMN derived MMP-9 in tumor angiogenesis, we speculated that

the protease may also directly promote angiogenesis, independent of tumor cell derived

VEGF. The aim of this study was therefore to determine whether PMN derived MMP-9 is

indeed a direct and VEGF independent proangiogenic factor. Furthermore, we evaluated the

efficacy of anti-angiogenic treatment with Doxycycline alone and in combination with

VEGF inhibition in vitro and in vivo.

Methods

Cell culture

Cells were grown as monolayer cultures in humidified 5% CO2 and 95% air at 37°C. Human

umbilical vein endothelial cells (HUVEC) were freshly isolated from human umbilical veins

by collagenase digestion as described previously [31]. HUVEC were grown in endothelial

cell growth medium (ECGM, Promocell, Heidelberg, Germany), containing 10% heat-

inactivated fetal bovine serum (FBS) and 1% Penicillin–Streptomycin (Gibco Invitrogen,

Karlsruhe, Germany).

HUVEC were frozen in liquid nitrogen and cultured for up to 7 passages. Only HUVEC

from passage 1–5 were used in experiments. CAPAN-1 cells (ATCC, Manassas, USA) were

grown in Dulbecco’s modified Eagle’s medium—high glucose (Gibco Invitrogen,

Karlsruhe, Germany) containing 10% FBS and 1% Penicillin–Streptomycin. CAPAN-1

from passage 10–30 were used for experiments.

Human PMN were isolated from heparinized venous blood using Histopaque-1077 and

-1119 kits (Sigma–Aldrich, St. Louis, USA) using a double density gradient in a

polysuccrose and sodium diatrizoate solution as previously described [32]. Only freshly

prepared PMN were used for experiments. All cells were routinely verified by morphology,

growth curve analysis, and tested for Mycoplasma.

In vitro angiogenesis assay

Spheroids were generated as described previously [33, 34]. Briefly, HUVEC were

suspended in ECBM + 10% FBS and 20% Carboxymethylcellulose (Sigma–Aldrich, St.

Louis, USA) and seeded in hanging drops overnight (Karl Roth GmbH, Karlsruhe,

Germany).

Spheroids were harvested within 24 h and embedded into Bovine collagen-I (R&D-Systems

Inc., Minneapolis, USA) gels. To assay angiogenesis, 100 μl ECBM containing 10% FBS

and the corresponding substances VEGF (BD Pharmingen, San Diego, USA), activated

MMP-9 (Chemicon International, Temecula, USA), anti-VEGF antibody (Biozol

Diagnostica, Eching, Germany), anti-MMP-9 antibody (Chemicon International, Temecula,

USA), TIMP-1 (Chemicon International, Temeluca, USA), Batimastat (BB-94, British

Biotech Inc., Oxford, UK) and Doxycycline (Sigma–Aldrich, St. Louis, USA) and/or cells

were added on top of the gels followed by overnight incubation (37°C, 5% CO2, 100%

humidity). The optimal concentration for each reagent was determined in preliminary

experiments (data not shown).

In-gel angiogenesis was quantified by measuring the cumulative length of all capillary like

sprouts originating from the central plain of an individual spheroid (CSL) after 24 h using a

digitized imaging system (AxioVison, Zeiss, Jena, Germany) connected to an inverted

microscope (Axiovert 200, Zeiss, Jena, Germany). At least 10 spheroids per experimental
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group were analyzed. This analysis takes into consideration that the angiogenic response

induced by a specific substance is best reflected by the length of individual capillary-like

sprouts as well as the number of capillary like sprouts. All experiments were performed in

duplicate or triplicate.

Quantitative Western blot analysis

VEGF and MMP-9 expression in HUVEC, PMN and CAPAN-1 supernatants was quantified

by Western blot analysis. Cells were cultured for 72 h in FCS free medium. A fraction of the

supernatant was assayed for VEGF and MMP-9 content.

For SDS polyacrylamide gel electrophoresis, Vertical Minigel Units G42 (Biometra,

Göttingen) were used together with 12% polyacrylamide gels (acrylamide: bis-acrylamide

30:0.8). Protein concentration was equilibrated to 200 μg using a Coomassie protein assay

(Pierce, Rockford, USA).

For VEGF detection, rabbit anti-human VEGF polyclonal antibody (Abcam, Cambridge,

UK) was used. MMP-9 was detected by rabbit anti-human MMP-9 polyclonal antibody

(Affinity BioReagents, Golden, USA). The secondary antibody was a HRP-coupled goat

anti-rabbit MMP-9 polyclonal antibody (Sigma–Aldrich, St. Louis, USA).

Mice

All animal procedures were approved by the Massachusetts General Hospital Subcommittee

on Research Animal Care. Athymic female mice (nu/nu) were obtained from the breeding

facility at the Massachusetts General Hospital’s Research Animal Facility. Mice were

maintained in a germ-free environment and had access to food and water available ad

libitum.

In vivo treatment

Eight- to ten-week-old mice (nu/nu) were used as tumor cell recipients. 1 × 106 CAPAN-1

cells/mouse were injected subcutaneously on the back of the mouse approximately 1 cm

distal to the base of the neck. 14 days after tumor cell injection, tumor volume (V) was

calculated (V = width × length × depth) and mice were randomized (n = 6/group). Treatment

with Bevacizumab (Genentech, San Francisco, CA), Doxycycline (Sigma–Aldrich, St.

Louis, MO), a combination of Bevacizumab and Doxycycline or the vehicle (PBS) was

initiated for 14 days. Bevacizumab was injected twice weekly intraperitoneally (5 mg/kg

BW). Doxycycline was administered orally via drinking water (8 mg/d, based on average

water intake of a 30 g mouse). The animals were monitored during the treatment for their

bodyweight to assess side effects and did not show any significant loss in weight (less than

10% of bodyweight).

Tumor volume was also measured weekly. After 14 days, tumors were removed, a section

was preserved with 4% paraformaldehyde in phosphate-buffered saline (PBS; Invitrogen)

and paraffin embedded for immunostaining. The remaining tissue was snap frozen and cryo-

preserved at −80°C for further analysis.

Immunostaining

Primary antibodies for immunohistochemical staining were a rat polyclonal mouse

neutrophil antibody (Angio-Proteomie, Boston, MA), a rat monoclonal CD34 antibody

(Abcam, Cambridge, MA) and a goat polyclonal MMP-9 (R&D Systems, Minneapolis,

MN). Primary antibodies were detected by using anti-goat biotinylated horse antibody

(Vector Laboratories, Burlingame, CA) and anti-rat biotinylated rabbit antibody (Vector

Laboratories, Burlingame, CA). Paraffin embedded sections of tumors deparaffinized,
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hydrated with TBS and blocked with H2O2. Antigen retrieval was achieved by boiling tissue

in Retrievit (BioGenex, San Ramon, CA). After blocking with Avidin/Biotin (Vector

Laboratories, Burlingame, CA) and 5% goat or rabbit serum in TBS, slides were incubated

with primary antibodies overnight at 4°C. Sections were washed three times in TBST,

followed by secondary antibody for 1 h at RT. After washing in TBS, sections were

incubated with Vectastain ABC (Vector Laboratories, Burlingame, CA) for 30 min and

developed with DAB (Invitrogen, Carlsbad, CA). Slides were counterstained with

hematoxylin and viewed with a Y-FL microscope (Nikon, Japan). Images were acquired

with a DP25 camera and acquisition software (Olympus, Japan).

Histological assessment

All histological measurements were performed on composite images of whole slides. Those

were generated with Autostitch® software from overlapping single images of the whole

slides. Mean vascular density was calculated by counting CD-34 positive blood vessels in

the composite images of each slide and dividing the number obtained by the non-necrotic

tumor area on the slide for six animals per group.

Quantitative analysis for MMP-9 and PMN positive cells was performed by counting the

number of cells in the composite images of each slide and dividing the number obtained by

the non-necrotic tumor area on the slide in six animals per group.

VEGF and MMP-9 concentration

MMP-9 and VEGF concentration in the tumor tissue was determined by a MMP-9 ELISA

(MMP-9 Biotrak, Amersham Biosciences, NJ) and VEGF ELISA (Quantikine, R&D

Systems, MN). Briefly, 50 mg of snap frozen tumor tissue were lysed in RIPA buffer and

the lysate was cleared by centrifugation. Protein concentration was determined (2-D Quant

Kit, Amersham Biosciences, NJ) and equal amounts of protein were used in the respective

ELISAs. ELISAs were performed according to the manufacturer’s instructions.

Statistical analysis

Statistical comparisons of in vitro and in vivo data sets were performed by a two-tailed

Student’s t test or one-way ANOVA with Tukey post test. The data were considered to be

significantly different when P < 0.05 and are presented as mean ± standard error of the

mean.

Results

In vitro, the angiogenic activity of MMP-9 and VEGF is additive and independent

To determine the role of MMP-9 in angiogenesis in relation to VEGF, a 3-dimensional in

vitro sprouting angiogenesis assay was used (Fig. 1a). Unstimulated HUVEC had a very low

baseline mean cumulative sprout length (CSL) below 500 μm (Fig. 1). The addition of

exogenous MMP-9 alone to the angiogenesis assay resulted in a more than twofold increase

of the CSL compared to the negative control (682 μm vs. 317 μm, P < 0.001; Fig. 1b).

VEGF had a similar effect (764 μm vs. 317 μm, P < 0.001; Fig. 1b). The combined addition

of MMP-9 and VEGF resulted in an additive effect with a more than twofold increase in

sprouting compared to the effect of each protein alone (1,714 μm vs. VEGF: 764 μm and

MMP-9: 682 μm; P < 0.001 Fig. 1b). MMP-9 is therefore a potent stimulant of angiogenesis

and acts additive to VEGF.

Antibodies against VEGF had no effect on MMP-9 stimulated spheroids (764 μm vs. 711

μm; Fig. 1b) but completely inhibited VEGF induced sprouting (385 μm vs. 682 μm, P <

0.001; Fig. 1b). Antibodies against MMP-9 likewise completely inhibited MMP-9 induced
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angiogenesis (285 μm vs. 764 μm, P < 0.001; Fig. 1b) but had no effect on VEGF induced

sprouting (682 μm vs. 712 μm; Fig. 1b). The angiogenic effect of MMP-9 and VEGF

together is only completely blocked if antibodies against both VEGF and MMP-9 are used

(231 μm vs. 1,714 μm, control: 317 μm; Fig. 1b). Antibodies against VEGF (780 μm vs.

1,714 μm, control: 317 μm; Fig. 1b) or antibodies against MMP-9 (686 μm vs. 1,714 μm,

control: 317 μm; Fig. 1b) alone only partially inhibited angiogenesis in spheroids stimulated

with both MMP-9 and VEGF. MMP-9 thus induces angiogenesis independent of VEGF,

implying a direct angiogenic effect of the protease.

In vitro PMN and PDAC cells are additive and independent angiogenic factors

To determine the source of MMP-9 and VEGF in vitro, quantitative Western blot analysis of

supernatants from CAPAN-1, PMN and HUVEC was performed. CAPAN-1 cells were the

major source of secreted VEGF. HUVEC demonstrated minimal secretion of VEGF, while

PMN did not produce the protein. MMP-9 was only secreted by PMN (Fig. 1c).

To determine whether VEGF secreted by CAPAN-1 tumor cells and MMP-9 secreted by

PMN play a functional role in angiogenesis in vitro, the 3-dimensional in vitro sprouting

angiogenesis assay was used. The addition of PMN to the angiogenesis assay resulted in a

more than 2.5-fold increase in sprouting (708 μm vs. 283 μm, P < 0.001; Fig. 1d).

CAPAN-1 cells had a similar effect (1,022 μm vs. 283 μm, P < 0.001; Fig. 1d). Similar to

MMP-9 and VEGF, there is an additive angiogenic effect of PMN and CAPAN-1 cells if

both are added to the assay together (1,632 μm vs. 708 μm and 1,022 μm, P < 0.001; Fig.

1d).

PMN and CAPAN-1 cells also act as independent sources of angiogenic factors. Antibodies

to VEGF completely inhibited the effect caused by CAPAN-1 cells (298 μm vs. 1,022 μm,

control: 283 μm, P < 0.001; Fig. 1d) but did not affect stimulation by PMN (708 μm vs. 772

μm; Fig. 1d). PMN induced sprouting was abolished by antibodies to MMP-9 (708 μm vs.

350 μm, control: 283 μm, P < 0.001; Fig. 1d), which did not inhibit CA-PAN-1 induced

sprouting (1,022 μm vs. 1,074 μm; Fig. 1d). The angiogenic effect of both PMN and

CAPAN-1 to the assay was only completely blocked if antibodies against both VEGF and

MMP-9 are used (171 μm vs. 1,632 μm, control: 283 μm; Fig. 1d). Antibodies against

VEGF (679 μm vs. 1,632 μm, control: 283 μm; Fig. 1d) or antibodies against MMP-9

(1,094 μm vs. 1,632 μm, control: 283 μm; Fig. 1d) alone only partially inhibited

angiogenesis in spheroids stimulated by PMN and CAPAN-1 together.

In vitro, Doxycycline inhibits MMP-9 and PMN angiogenic activity as effectively as
endogenous and exogenous MMP inhibitors

To determine if the antibiotic Doxycycline inhibits angiogenesis by blocking MMP-9, its

efficacy was compared in vitro to the endogenous MMP-9 inhibitor TIMP-1 and the

exogenous MMP inhibitor Batimastat. The endogenous MMP inhibitor TIMP-1 (40 ng/ml)

specifically blocked MMP-9 (669 μm vs. 207 μm; control: 180 μm, P < 0.001; Fig. 2a) and

PMN activity (897 μm vs. 207 μm; control: 215 μm, P < 0.001; Fig. 2b). TIMP-1 did not

affect VEGF induced angiogenesis (812 μm vs. 798 μm; Fig. 2a). The artificial MMP

inhibitor Batimastat (BB-94, 1 μg/ml) prevented all MMP-9 (669 μm vs. 261 μm, control:

180 μm, P < 0.001; Fig. 2c) and PMN (707 μm vs. 261 μm; control: 215 μm; P < 0.001;

Fig. 2d) angiogenic activity. VEGF (812 μm vs. 763 μm; Fig. 2c) or CAPAN-1 cells (1,053

μm vs. 744 μm; Fig. 2d) retained their angiogenic effect in the presence of BB-94.

Doxycycline (50 μM/ml = 0.052 mg/ml) inhibited angiogenesis as effectively as TIMP-1 or

Batimastat. It completely blocked sprouting by MMP-9 (841 μm vs. 341 μm; control: 336

μm, P < 0.001; Fig. 2e) and PMN (734 μm vs. 191 μm; control: 308 μm, P < 0.001; Fig.

Bausch et al. Page 6

Angiogenesis. Author manuscript; available in PMC 2013 June 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



2f). VEGF or CAPAN-1 induced stimulation was not affected by Doxycycline (VEGF: 752

μm vs. 816 μm; CAPAN-1: 1,002 μm vs. 1,092 μm; Fig. 2e, f). A complete inhibition of

angiogenesis induced by MMP-9 and VEGF together was only achieved if Doxycycline was

used in conjunction with antibodies to VEGF (262 μm vs. control: 336 μm; Fig. 2e).

Doxycycline alone only partially inhibited angiogenesis in spheroids stimulated by both

MMP-9 and VEGF (784 μm vs. control: 336 μm; Fig. 2e). The same effects are observed if

spheroids were stimulated with both CAPAN-1 and PMN (Fig. 2f).

MMP inhibition effectively affects tumor growth and vascular density in vivo

To determine the relevance of the in vitro findings in vivo, mice bearing CAPAN-1 PDAC

cell derived tumors (n = 6/group) were treated for 14 days either with antibodies to VEGF

(Bevacizumab), Doxycycline or the combination of both. Treatment with orally

administered Doxycycline alone was sufficient to significantly reduce the tumor growth rate

and mean vascular density and was comparable to treatment with Bevacizumab. Tumor

volume after 14 days of treatment was 559.5 mm3 in the control group, 173.5 mm3 for

Doxycycline (P < 0.05), 100.4 mm3 for Bevacizumab (P < 0.01) and 120.2 mm3 for the

combination of both (P < 0.01; Fig. 3a).

The reduction of tumor growth correlated with a significant reduction of mean vascular

density (MVD) in the treatment groups. The MVD was 48.51 vessels/1,000 pixels2 viable

tumor in the control group. It was reduced to 34.39 for Doxycycline (P < 0.05), 39.37 for

Bevacizumab (P < 0.05) and 35.39 for the combined treatment with Doxycycline and

Bevacizumab (P < 0.05 Fig. 3b).

The vast majority of MMP-9 positive cells and PMN co-localized immediately adjacent to

areas with the highest density of tumor vasculature in all groups. The majority of MMP-9

positive cells, PMN and vasculature were found in the periphery of the tumors in all groups

(Fig. 3c). Treatment with Doxycycline did not affect the number of MMP-9 positive cells

and PMN within the tumor tissue (data not shown). The concentration of total MMP-9

within the tumor tissue was also not reduced by the presence of Doxycycline, indicating that

the drug acts through the inhibition of activated MMP-9. It was 0.90 ng/100 mg tumor in the

control group, 0.75 ng/100 mg tumor for Doxycycline (P > 0.05), 0.61 ng/100 mg tumor for

Bevacizumab (P > 0.05) and 0.66 ng/100 mg tumor for the combination of both (P > 0.05;

Fig. 3d). In contrast, treatment with Bevacizumab resulted in a significant reduction of

VEGF within the tumor tissue. The concentration of VEGF was 6,291 pg/100 mg tumor in

the control group. It was reduced to 391 pg/100 mg tumor by monotherapy with

Bevacizumab (P < 0.001) and to 651 pg/100 mg tumor by combined treatment with

Bevacizumab and Doxycycline (P < 0.01). Treatment with Doxycycline alone did not cause

a significant reduction of VEGF within tumor tissue (3,058 pg/100 mg tumor, P > 0.05; Fig.

3e).

Discussion

MMP-9 was originally thought to be involved in tumor angiogenesis indirectly by

remodeling of the extracellular matrix [8] and interacting with VEGF [9, 12].

In this study, we show that MMP-9 derived from PMN also is a direct and potent factor in

tumor angiogenesis. MMP-9 and PMN alone induced robust in vitro angiogenesis, even in

the absence of VEGF and in the presence of antibodies to VEGF. MMP-9 thus has a direct

proangiogenic effect in addition to its interaction with VEGF and the VEGF receptor [9, 12].

Interestingly, MMP-9 and VEGF together consistently caused about 15% more sprouting in

the in vitro angiogenesis assay than expected based on the sprouting induced by VEGF or

MMP-9 alone. This may in part be due to the interaction of MMP-9 with VEGF [9, 12].
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Remodeling of the extracellular matrix by MMP-9 [35, 36] cannot account for the direct

proangiogenic effect of MMP-9 since collagen I, which is no substrate for the protease [37,

38], was used exclusively in all in vitro experiments. However, MMP-9 is known to directly

promote cell migration by altering cell–cell adhesions and MMP-9 induced cell migration is

abolished by TIMP-1, its specific endogenous inhibitor [39, 40]. We also observed that

angiogenesis induced by MMP-9 was abolished by TIMP-1, which did not affect CAPAN-1

and VEGF mediated angiogenic activity. MMP-9 may therefore exert its direct

proangiogenic effect by promoting endothelial cell migration.

In vivo, MMP-9 positive cells predominantly co-localized with PMN. TAM, which are

another important source of MMP-9 in cancer [16, 17], were therefore not a major source of

stromal MMP-9 in our model system. Our findings thus suggest that MMP-9 derived from

PMN may be as important as VEGF in tumor angiogenesis in the context of pancreatic

cancer. Its potential to induce sprouting in the vitro assay equalled that of VEGF and its

action was additive to VEGF. Consequently, angiogenesis induced by both VEGF and

MMP-9 required the inhibition of both proteins to completely abolish all sprouting activity

in vitro. In vivo, oral treatment with the MMP-9 inhibitor Doxycycline alone was as

effective as VEGF inhibition with Bevacizumab. MMP-9 is therefore likely an important

potential target for anti-angiogenic therapy. Clinical trials targeting either VEGF or MMP in

advanced and metastatic pancreatic cancer have been of limited success [23–28]. This may

in part be due to insufficient MMP inhibition caused dosage limitations necessary to prevent

the musculoskeletal side effects of the synthetic MMP inhibitor Marimastat [23–25].

Doxycycline, used in this study, may be a viable alternate MMP inhibitor. It effectively

inhibited MMP-9 activity in vitro. In vivo, its oral administration alone was sufficient to

effectively inhibit angiogenesis and reduce tumor growth comparable to VEGF inhibition.

The concentration used is easily achievable and has demonstrated few severe side effects in

its decade long use as antimicrobial agent in humans [30].

Incomplete inhibition of angiogenesis by targeting VEGF or MMP alone, as observed in

vitro in this study, may also account for the limited efficacy in clinical trials. Moreover,

malignant progression and increased metastasis formation has been described in animal

models under anti-angiogenic monotherapy with VEGF inhibitors [41, 42]. Therefore, anti-

angiogenic therapy that targets several independent angiogenic factors may be favourable.

Combination therapy targeting both VEGF and MMP-9 did not show a clear advantage in

vivo in this study. We attribute this observation to the marked effects of each mono-therapy.

Additionally, angiogenic factors in a tumor may change and increase with malignant

progression. A clear advantage of antiangiogenic therapy with both MMP and VEGF

inhibitors may thus only become apparent in advanced or metastatic cancers, whereas

monotherapy is sufficient in the small cancers that were treated in this study. Since

combined MMP and VEGF inhibition was required to abolish all sprouting angiogenesis in

vitro, further evaluation of the benefits of combination therapy in vivo seems warranted.

Taken together, PMN derived MMP-9 is a potent, direct and VEGF independent angiogenic

factor. Therapeutic strategies targeting MMP-9 in addition to or together with VEGF may

thus be important for successful anti-angiogenic treatment in human pancreatic cancer and

offer a viable alternate treatment for this devastating disease.
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Fig. 1.
Comparison of the angiogenic effect of PDAC tumor cells, VEGF, granulocytes and

MMP-9. Quantitative three-dimensional in vitro angiogenesis assay. Capillary sprouting

originating from the spheroids was quantified. Human umbilical vein endothelial cells

(HUVEC) have a low baseline level of capillary sprouting. Representatives are shown in a
from left to right: control HUVEC, HUVEC + VEGF (10 ng/ml), HUVEC + MMP-9 (0.1

ng/ml), HU-VEC + VEGF (10 ng/ml) + MMP-9 (0.1 ng/ml). b The effect of VEGF and

MMP-9 is additive (P < 0.001, compared to VEGF or MMP-9 alone). Antibodies to VEGF

or MMP-9 (10 μg/ml each) inhibit the specific stimulus induced by VEGF or MMP-9 but

not vice versa (P < 0.001 compared to corresponding control). c Quantitative Western blot

analysis of CAPAN-1, PMN and HUVEC culture supernatants for VEGF and MMP-9. After

72 h of culture in FCS free medium, HUVEC, PMN and CAPAN-1 supernatants were

quantified by SDS–PAGE and Western Blot. MMP-9 was only found only in the PMN

supernatant whereas VEGF was identified in the CAPAN-1 and HUVEC supernatants. d
The effect of PMN and CAPAN-1 cells is additive (P < 0.001, compared to CAPAN-1 or

PMN alone). Antibodies to VEGF or MMP-9 (10 μg/ml each) inhibit the specific stimulus

induced by CAPAN-1 or PMN but not vice versa (P < 0.001 compared to corresponding

control). Error bars: SEM; **: P < 0.001. To avoid overcrowding of the graphs, not all P

values are denoted, please see Results section
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Fig. 2.
Characterization of the antiangiogenic effect of TIMP-1, BB-94 and Doxycycline.

Quantitative three-dimensional in vitro angiogenesis assay. Capillary sprouting originating

from the spheroids was quantified. Human umbilical vein endothelial cells (HUVEC) have a

low baseline level of capillary sprouting. Using VEGF and MMP-9 or CAPAN-1 and PMN,

antibodies to MMP-9 can be replaced by the endogenous MMP inhibitor TIMP-1 (40 ng/ml;

a, b), the synthetic MMP inhibitor BB-94 (1 μg/ml; c, d) or by Doxycycline (50 μM/ml; e,

f). Error bars: SEM; **: P < 0.001. To avoid overcrowding of the graphs, not all P values are

denoted, please see Sec Results
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Fig. 3.
Treatment of xenografted human PDAC with the MMP-9 inhibitor Doxycycline, the VEGF

inhibitor Bevacizumab or a combination of both for 14 d. a Tumor volume during treatment.

Monotherapy with Bevacizumab and Doxycycline and the combination of both significantly

reduced tumor growth. b Mean vascular density was significantly lower in all treated

animals if compared to control. c The majority of the vasculature present in the xenografted

CAPAN-1 PDAC tumors was found in the periphery, adjacent to PMN and MMP-9 positive

cells. Vasculature was less frequently found towards the center of the tumor, PMN- and

MMP-9 positive cells were almost absent here. d Total MMP-9 in the tumor was not

different in the different groups, whereas Bevacizumab caused a significant reduction in

VEGF (e). Error bars: SEM; *:P < 0.05
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