Cell. Mol. Life Sci. (2011) 68:677-686
DOI 10.1007/s00018-010-0476-6

Cellular and Molecular Life Sciences

RESEARCH ARTICLE

Bone marrow-derived mesenchymal cells and MMP13 contribute
to experimental choroidal neovascularization

Julie Lecomte - Krystel Louis *+ Benoit Detry - Silvia Blacher - Vincent Lambert -
Sandrine Bekaert - Carine Munaut - Jenny Paupert - Pierre Blaise -
Jean-Michel Foidart - Jean-Marie Rakic - Stephen M. Krane - Agnes Noel

Received: 21 January 2010/ Revised: 16 July 2010/ Accepted: 21 July 2010/ Published online: 11 August 2010

© Springer Basel AG 2010

Abstract In this study, we evaluate the potential involve-
ment of collagenase-3 (MMP13), a matrix metalloproteinase
(MMP) family member, in the exudative form of age-related
macular degeneration characterized by a neovascularisation
into the choroid. RT-PCR analysis revealed that human
neovascular membranes issued from patients with AMD
expressed high levels of Mmpl3. The contribution of
MMP13 in choroidal neovascularization (CNV) formation
was explored by using a murine model of laser-induced CNV
and applying it to wild-type mice (WT) and Mmp 1 3-deficient
mice (Mmpl3~~ mice). Angiogenic and inflammatory
reactions were explored by immunohistochemistry. The
implication of bone marrow (BM)-derived cells was deter-
mined by BM engraftment into irradiated mice and by
injecting mesenchymal stem cells (MSC) isolated from WT
BM. The deficiency of MmplI3 impaired CNV formation
which was fully restored by WT BM engraftment and par-
tially rescued by several injections of WT MSC. The present
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Abbreviations

AMD  Age-related macular degeneration
BM Bone marrow

CAM Choroiallantoic membrane

CNV  Choroidal neovascularization
MSC  Mesenchymal stem cells

RPE  Retinal pigmented epithelium
TIMP Tissue inhibitor of metalloprotease
Introduction

Age-related macular degeneration (AMD) is one of the
most common irreversible causes of blindness among
people over 50 years [1]. Ninety percent of all vision loss
due to AMD occurs in the exudative form which is char-
acterized by choroidal neovascularization (CNV). The
newly formed blood vessels arising from choriocapillaries
are directed to the subretinal macular region with sub-
sequent bleeding and/or fluid leakage into the subretinal
space, local retinal detachment and retinal photoreceptor
damage [2]. The pathophysiology of AMD is complex and
age-related changes that induce pathologic neovasculari-
zation are incompletely understood. In combination with
the rapidly growing knowledge on basic mechanisms in
angiogenesis, new evidence in pathogenesis of macular
disease has led to novel developments in therapeutic
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strategies. Indeed, angiogenic factors such as VEGF play
an important role in choroidal neovascular formation [3-5]
and anti-VEGF molecules represent a substantial tool
against AMD [4]. In the process of CNV, the vascular
overgrowth is coupled with a localized proteolysis, extra-
cellular remodelling and cell migration involving different
proteolytic systems among which the matrix metallopro-
teinases (MMPs) are key players [4, 6, 7].

An involvement of MMPs in the progression of retinal
and choroidal neoangiogenesis is supported by both exper-
imental and clinical data. A mutation of Timp-3 gene (tissue
inhibitor of metalloproteinase-3) is the cause of a rare
familial form of macular dystrophy associated with subret-
inal neovascularisation [8—10]. We previously reported the
contribution of different MMPs, such as MMP2 or MMP9,
in a mouse model of choroidal neovascularisation [11].
Here, we focused our interest on MMP13, an important
collagenase displaying distinct properties compared with the
other collagenases: MMP1 (interstitial collagenase), MMPS8
(neutrophil collagenase) and MMP14 (MT1-MMP) [12].
MMP13 has the capacity to cleave native fibrillar collagen
types I, I, III, and V as well as several other extracellular
matrix (ECM) components, including type IV, X, and XIV
collagens, large tenascin C, fibronectin, aggrecan, versican
and fibrillin [13-17]. A role for MMP13 in cartilage matrix
degradation has been proposed based on its expression
during endochondral ossification and its particular potential
to degrade type II collagen [18, 19]. An involvement of
MMP13 in angiogenesis has been documented in the cho-
rioallantoic membrane (CAM) of the chick embryos [20], in
bone fracture healing [19] and in the maintenance of the
angiogenic response induced in developing skin carcinomas
[21]. Nevertheless, a possible involvement of MMP13 in the
neovascularization associated with ocular diseases has not
been examined.

In the current study, we provide evidence for MMP13
expression in late stages of human exudative AMD and
investigate the potential role of MMP13 in choroidal
angiogenesis in a murine model of laser-induced ocular
neovascularisation. We demonstrate the contribution of
MMP13 in experimental CNV and a MSC-mediated
modulation of this angiogenic process.

Materials and methods
Mice

Homozygous Mmp13-deficient mice (MmpI3~'7) and the
corresponding wild-type mice (WT) were generated in
C57BL/6 background as previously described [22]. Mice
expressing a single copy of a transgene that encodes
the enhanced green fluorescent protein (eGFP) under the

control of f-actin promoter C57BL/6-Tg(ACTbEGFP)10sb
were obtained from the Jackson Laboratories (Bar Harbor,
ME, USA). Experimental procedures were performed in
accordance to the guidelines of the University of Liege
regarding the care and use of laboratory animals and are in
line with the “Ethical principles and guidelines for scien-
tific experiments on animals” of the Swiss Academy of
Medical Sciences.

BM transplantation

BM cells were isolated from the tibia and femur of donor
mice (8-10 weeks of age) by slowly flushing DMEM
culture medium (Gibco BRL, Paisley, UK) into the
diaphyseal channel. Recipient mice (8-10 weeks old)
sublethally irradiated with a single dose of 9 Gy were
injected intravenously (i.v.) with BM cells (107 per ani-
mal). At 5 weeks after BM transplantation, impact laser
burns were performed. The success of BM transplantation
was assessed as previously described [23].

CNYV model

CNV was induced in both eyes of mice by photocoagula-
tion with laser burns as previously described [24]. After
14 days (or earlier time points in kinetic analysis), animals
were killed and both eyes were enucleated (n = 4-8 ani-
mals per experimental condition with four lesions per eye).
For immunohistochemical analysis, eyes were embedded in
Tissue Tek for cryostat sectioning. Neovascularization was
estimated by computer-assisted measurement on at least
five sections per lesion of the b/c ratio (b, thickness from
the bottom of the pigmented choroidal layer to the top of
the neovascular membrane; c, thickness of the intact pig-
mented choroid adjacent to the lesion) as previously
described [5, 11, 25].

For confocal visualization of the vasculature, mice were
injected i.v. with 200 pul of fluorescein isothiocyanate
(FITC)-conjugated dextran (2 x 10° kDa average molec-
ular weight; Sigma) (50 mg/ml). After 1 h of fixation in
paraformaldehyde 1% (pH 7.4), retinas were removed and
choroids were flat-mounted using Vectashield mounting
medium (Vector Laboratories, Burlingame, CA, USA).
Spatial distribution of fluorescence was examined using a
Leica TCS SP2 inverted confocal laser microscope (Leica
Microsystems, Wetzlar, Germany) equipped with one
argon and two helium—neon lasers and an acousto-optical
tuneable filter for excitation intensity. FITC was visualized
by using an excitation wavelength of 488 nm, and the
emission light was dispersed and recorded from 500 to
535 nm. For each lesion, serial optical sections were
recorded with a z-step of 1.67 um. After successive scan-
ning for each interval, 3D fluorescent images were
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constructed by using Leica confocal software. The area and
the volume of CNV on choroidal flatmount were deter-
mined using the image analysis toolbox of MATLAB 7.9
software.

Human neovascular membranes

Submacular CNV specimens were obtained during surgery
for 360° macular translocation performed on patients
(n = 3) with exudative AMD, either not amenable to
conventional laser/photodynamic therapy (presence of
occult new vessels or submacular bleeding), or in one
patient, due to a severe recurrence a few months after a
successful medical treatment [26]. The neovascular mem-
branes were snap frozen in liquid nitrogen and stored at
—80°C. Intact posterior segments from healthy donors
(Cornea Bank, Liege, Belgium) collected maximum 8 h
after death were used as controls (n = 4). GAPDH was
used as a control to check for RNA degradation. The
methods conformed to the Declaration of Helsinki for
research involving human subjects.

RNA extraction in experimental CNV

To evaluate the kinetics of MMP expression, CNV was
induced in mice by multiple argon laser burns and animals
were killed at days 3, 5, 7 and 14. The posterior segments
(RPE—choroid complex without neural retina) were cut out
and immediately frozen in liquid nitrogen. Total RNA was
extracted (RNeasy extraction kit; Quiagen, Paris, France)
according to the protocol of the manufacturer.

In some assays, choroidal neovascular membranes and
adjacent neural retina intact regions were separately
extracted from frozen sections by laser capture microdis-
section [laser pressure catapulting (LPC) technique] as
previously described [27]. Total RNA isolation was per-
formed (TRIzol Reagent; Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s protocol.

RT-PCR analysis

RT-PCR was done on 10 ng of total RNA extracted from
tissue using a GeneAmp Thermostable rTth Reverse
Transcriptase RNA PCR kit (Applied Biosystems, Foster
City, CA, USA) following manufacturer’s instructions.
Specific pairs of primers (Eurogentec, Seraing, Belgium)
for mouse Mmpl3 were designed as follows: forward
(exon 6), ATGATCTTTAAAGACAGATTCTTCTGC-3';
reverse (exon 7), 5-TGGGATAACCTTCCAGAATGTCA
TAA-3'. Amplification of 35 cycles was run for 15 s at
94°C, 20 s at 68°C, and 30 s at 72°C. Quantification of
Mmpl3 expression was normalized to 28S signal. Note that

the mutation in Mmp13~'~ mice is in exon 5 that encodes
the critical catalytic domain of the enzyme. This exon is
spliced out in the Mmp]37/ ~ mice [22].

Immunohistochemistry

Cryostat sections (6 pm thick) were fixed in acetone at
—20°C and in methanol 80% at 4°C before incubation with
primary antibodies (Abs). For double-immunofluorescent-
labeling, sections were incubated with two primary Abs.
Abs raised against MMP13 (sheep anti-mouse, diluted
1/200; home-made Ab from Dr. M. Muller, Heidelberg,
Germany), PECAM/CD31 (rat anti-mouse, diluted 1/100;
BMA, Switzerland), NG2 chondroitin sulphate proteogly-
can (pericytes, rabbit anti-rat, diluted 1/200; Chemicon,
Temecula, CA, USA), a-smooth muscle actin («SMA)
(FITC-coupled mouse monoclonal, diluted 1/200; Sigma-
Aldrich, USA), neutrophils (rat anti-mouse, diluted 1/20;
Serotec, Oxford, UK), CDI11b (biotin-coupled rat anti-
mouse, diluted 1/250; Pharmingen, San Diego, CA, USA)
were incubated for 1 h at room temperature. After wash-
ings, the appropriate secondary Abs conjugated to FITC,
TRITC or Texas Red were applied for 30 min, rabbit anti-
sheep (dilution 1/500; Cappel Pharmaceuticals), swine
anti-rabbit (diluted 1/40; Dakopat, Glostrup, Denmark),
mouse anti-guinea pig (diluted 1/40; Sigma), and goat anti-
rat (diluted 1/100; Molecular Probes, Eugene, OR, USA).
For the CDI11b labelling, CY3 conjugated streptavidin
(diluted 1/200; Sigma) was applied after washing the sec-
tions. For measurement of vessel coverage with pericytes,
automatic computer-assisted image analysis was performed
in image of lesions obtained after double immunostaining
for CD31 and NG2. The ratio between the surface of CD31
staining and NG2 staining was measured by using Aphelio
3.2 software (Asis, France) [28].

Isolation and expansion of murine
mesenchymal stem cell

Mesenchymal stem cells (MSC) were obtained from at
least two C57B1/6] mice 8-10 weeks old. BM cells were
isolated from the tibia and femur of donor mice as
described above for BM transplantation. BM cells were
filtrated and plated in Mesencult medium (StemCell
Technologies, Vancouver, Canada). After 24 h, non-
adherent cells were removed by washing with phosphate-
buffered saline and fresh medium was added. MSC were
used from passages 6—10. MSC phenotype was character-
ised by immunostaining and FACS analysis (CD106%,
Scal™, CD34~, CD45~, CD11b"). Osteogenic, adipogenic
and chondrogenic differentiation assays were performed on
MSC as previously described [29].
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Statistical analyses

Data were analyzed with GraphPad Prism 4.0 (San Diego,
CA, USA). The unpaired Student’s r test was used to
determine the significance (p < 0.05) of differences
between experimental groups (*p < 0.05, **p < 0.01,
*#%kp < 0.001).

Results

Mmpl3 is expressed in human neovascular membranes
and in mouse choroidal neovascular lesions induced
by laser burn

Mmp13 mRNAs expression was evaluated on submacular
CNV specimens collected on AMD patients during surgery
for 360° macular translocation. Mmpl3 mRNAs were
strongly expressed in all human CNV specimens analyzed
(Fig. 1a). In sharp contrast, a faint basal expression of
Mmpl3 mRNA was detected in some control specimens (in
or out of the macula) collected from healthy donors. The
expression of 285 rRNA and Gapdh mRNA was used as a
control to assess the good preservation of mRNA in AMD
patients and healthy donors.

In mouse, photocoagulation with an argon laser induced
a trauma leading to the formation of choroidal neovascular
lesions under the retina. RT-PCR analysis revealed that
levels of Mmpl3 mRNA were low in the early stage of
lesion formation and then progressively increased from day
5 to day 7 (p < 0.05). From day 7 to day 14, coinciding
with the period of stabilization, Mmpl3 mRNA levels did
not progress any further (p = 0.3627) (n = 8) (Fig. 1a).
Mmpl3 mRNAs were specifically detected on microdis-
sected neovascular choroidal membranes from WT mice,
but not from MmpI3~'~ mice. Neighboring intact chorio-
retinal areas were negative for Mmp13 mRNA, confirming
that Mmpl3 expression was locally induced during the
photocoagulation (Fig. 1b). Immunohistochemical analysis
confirmed the presence of MMP13 protein in the neovas-
cular lesions in WT mice (Fig. 3a, b).

Mmp13-deficiency impairs choroidal
neovascularization

Retinal damage and CNV were estimated by measuring
different parameters: the area of CNV on choroidal flat-
mounts observed by confocal microscopy (Fig. 2a) and the
ratio between the maximal height of the lesion (b) and
the thickness of the normal choroid (c¢) observed in the
neighburing intact zones (b/c ratio) determined on tissue
sections (Fig. 2b) [5]. A reduced neovascularization was
observed in MmpI3~'~ mice as compared to WT mice. The

analysis by confocal microscopy of flatmounted choroids
revealed a two-fold reduction of vessel area (Fig. 2a).
Similar results were obtained by measuring the volume of
vascularisation through a 3D analysis (0.11 x 10° pm® +
0.03 x 10° SEM in WT mice vs 0.05 x 10° um® +
0.01 x 10° SEM in Mmpl3~'~ mice; p = 0.047). The
severity of neovascularisation was also estimated histo-
logically on serial sections by measuring the maximal
height of lesion (b) above the thickness of the normal
choroid observed in neighboring intact zones (c). In
MmpI3™~ mice, the b/c ratio was significantly reduced in
comparison to WT mice (p < 0.0001) (Fig. 2b). Newly
formed blood vessels were characterized by immuno-
staining of endothelial cells (PECAM positive cells) and
perivascular cells (xSMA positive cells) or pericytes (NG2
positive cells) (Fig. 3c—f). While newly formed vessels
were “naked” in Mmpl3~'~ mice, they were covered by
NG2* cells and «aSMA™ cells in WT mice. Indeed, the
percentage of NG2/SMA co-localization was ten-fold
higher in WT mice as compared to Mmpl3~'~ mice
(9.18 £ 3.45 in WT vs 0.97 £ 0.39 in KO mice). These
results reveal that Mmpl3 deficiency not only affected
vessel recruitment, but also impaired their maturation
through pericyte coverage.

The inflammatory reaction was next explored by
immunostaining of CD11b (Fig. 3g, h) and neutrophils
(Fig. 3i, j). In accordance with our previous data [23],
inflammatory cells were not detected before injury induc-
tion (at day 0) and appeared at day 3 post-injury. No
significant difference in the number of inflammatory
CD11b" cells was observed in Mmpl3-deficient mice
(0.077 4 0.006 CDI11b™ cells/mm” and 0.064 & 0.005
neutrophils/mm?) compared to the WT mice (0.051 +
0.003 cells CD11b" cell/mm? and 0.048 + 0.009
neutrophils/mm?) (p > 0.05).

WT bone marrow-derived cells rescue choroidal
angiogenesis in Mmp13-deficient mice

Bone marrow (BM) was harvested from WT mice and
RT-PCR analysis revealed Mmp13 expression in BM cells.
WT or Mmpl3~'~ mice were irradiated and transplanted
with unfractionned BM issued from WT or Mmpl3~'~
mice. Five weeks after BM transplantation (i.e., after
allowing for BM reconstitution), laser burns were per-
formed to induce CNV. Genotyping of spleen was
performed for all animals to assess BM transplantation
success. New blood vessel formation was quantified by
both flatmount and histological analysis. When irradiated
mice were reconstituted with BM from WT mice, a slight
decrease but not significant (p > 0.05) in vessel formation
was observed in grafted mice as compared to ungrafted
mice (Fig. 4). Interestingly, a complete restoration of the
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Fig. 1 MmpI3 expression is induced during CNV. a Representative
example of MMP13 mRNA expression in surgically extracted
choroidal neovascular membranes of patients with exudative AMD
(1-3, n = 3). Intact posterior segments from healthy donors collected
maximum 8 h after death were used as controls (n = 4). 28S rRNA
and GAPDH mRNA were used as a control to check for RNA
degradation. Samples were harvested from tissue in (M) or out of the
macula (O) (4-7, n = 4). b,c RT-PCR analysis of Mmpl3 mRNA

CNV was observed in MmpI3~'~ mice engrafted with WT
BM. In this experimental group, lesion formation was
similar to that observed in WT mice engrafted with WT
BM and significantly higher than that of Mmp13~'~ mice
engrafted with MmpI3~'~ BM (p = 0.0097). Moreover,
the engraftment of Mmpl3-deficient BM into WT mice
significantly decreased lesion formation in comparison to
WT control mice (p = 0.0009) (Fig. 4). Similar results
were obtained by evaluating lesion formation through
confocal analysis of flatmount choroids (Fig. 4a) and
through histological analysis of eye sections (Fig. 4b).
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expression in experimental CNV induced by laser burn in mice. RNA
was extracted from the entire posterior segment prepared at different
times (D0-D14) after laser burn (b). Mmpl3 mRNA expression was
analyzed after microdissection of intact choroid (intact choroid),
burned choroid of wild-type (WT) mice (WT lesion) and Mmpl 3=
mice (Mmpl3 -/= lesion) (c¢). The graphs illustrate the densitometric
quantification of Mmpl3 mRNA expression normalized to 28S
mRNA (*p < 0.05, **p < 0.01, ***p < 0.001)

BM-derived MSC are implicated in Mmp13-mediated
choroidal angiogenesis

Effects of BM-produced MMP13 could not only be
attributed to hematopoietic cells but also to MSC. It has
been described that MMP13 is mainly expressed by mes-
enchymal cells [21]. To provide new insights into the type
of BM-derived cells involved in lesion formation, we iso-
lated MSC from WT BM. The expression of Mmpl3 by
MSC-cultured cells was assessed by RT-PCR analysis.
Mmp13 mRNA is more expressed by isolated MSC than by
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Mmp13--

Fig. 2 Mmpl3 deficiency impairs choroidal neovascular lesion for-
mation. a Confocal observation of neovascularization on flatmounted
eyes 14 days after laser burn. Mice were intraveinously injected with
FITC-conjugated dextran before sacrifice. Fluorescent neovessels
were visualized on flatmount choroids by confocal microscopy and
their areas were quantified by computerized analysis (graph). b His-
tological analysis of choroidal lesion. Sections of laser-burned eyes

whole BM (Fig. 5b). MSC were then i.v. injected at days 1,
3, 7 and 10 post-laser injury. Interestingly, MSC injection
into WT mice did not affect lesion formation (Fig. 5a). In
contrast, a partial restoration of lesion formation was
observed in Mmp13-deficient mice injected with WT MSC.
These results demonstrate a contribution of MSC in cho-
roidal neovascular lesion formation mediated by MMP13.

Discussion

Through a genetic approach, the present study provides
evidences for a contribution of MMP13 during BM-
dependent CNV in a mouse model of laser burn-induced
CNV. This concept is supported by [1] the increased
expression of Mmp13 during the course of CNV induction,
[2] the impaired CNV in Mmp137/ ~ mice and [3] the res-
toration of CNV in Mmp13~'~ mice by the engraftment of
BM or the injection of MSC derived from WT mice. These
experimental findings are consistent with the expression of
MMP13 detected in late stages of human exudative AMD.

The contribution of MMP13 in angiogenesis has been
previously documented in a physiological model of angi-
ogenesis, the CAM assay [20]. In this system, purified
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resected from WT and Mmpl3~'~ mice at day 14 were stained with
hematoxylin—eosin. The white bars delineate the total thickness from
the bottom of choroid to the top of lesion (b) and the thickness of
adjacent normal choroid (c¢). The neovascular reaction was quantified
by determining the b/c ratio (graph). Number of impacts per
experiment group N; = 36—40. Unpaired Student’s 7 test was used as
statistical analysis to generate p value. (*p < 0.05, ***p < 0.001)

chicken MMP13 elicited an angiogenic response in the
CAM onplant comparable to that induced by angiogenic
growth factors. In line with our finding of angiogenesis
dysfunction in Mmp13-deficient mice is the observation of
defective vascular penetration into the fracture callus
observed in a murine model of bone fracture healing [19],
impaired tumoral angiogenesis in murine models of skin
carcinomas [21], and delayed vascularization of primary
ossification centres in Mmpl3~'~ mice during embryonic
development [22]. Our work extends the role of MMP13
to pathological angiogenesis and specifically to ocular
diseases such as AMD.

The action of MMP13 in CNV can involve different
mechanisms. As a principal interstitial collagenase,
MMP13 could contribute to tissue remodeling paving the
way for endothelial cell migration. We found, however,
that collagen deposition assessed by saffron staining did
not reveal differences between genotypes (data not shown).
MMP13 could also participate in a proteolysis cascade
including MT1-MMP, MMP2 and MMP9 [30]. Indeed, the
latter MMPs could have the most critical function in ECM
remodeling occurring during angiogenesis associated with
AMD. In this context, we previously reported the key
contribution of MMP2 and MMP9 in CNV [11]. A pro-
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Fig. 3 Angiogenesis and
inflammation are reduced in
neovascular lesions of Mmp13-
deficient mice. Immunostaining
was performed on samples from
WT and Mmp]3_/_ mice.
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Fig. 4 Bone marrow transplantation restores choroidal neovascular
lesion formation in Mmpl3-deficient mice. Mice were irradiated
(recipient mice) and engrafted with bone marrow (BM) before laser-
induced CNV. Quantification of lesions was performed by analysing
the size of the lesions on choroidal flatmounts (a) and histological
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Fig. 5 MSC intraveinous injections partially restore choroidal neo-
vascular lesion formation in MMPI3-deficient mice. MSC issued
from WT mice were injected four times into the tail vein of WT and
Mmp13™'~ mice. The effects of MSC injection on lesions was
observed at day 14 after laser injury. Quantification of lesion areas
were performed by computer-assisted image analysis as described in
“Materials and methods” (see also legend of Fig. 1). Number of
impacts per experiment group N; = 13-28. (*p < 0.05, **p < 0.01)

angiogenic effect of MMP13 may also require release from
cryptic sites of angiogenic factors such as bFGF [31] or
VEGF [21]. A combination of different mechanisms of
action cannot be excluded. The present demonstration that
MMP13 plays a role in CNV provides an incentive to
further study the mechanisms underlying the pro-angio-
genic functions of MMP13.

An unexpected finding of our work is the contribution of
BM-derived cells to the pro-angiogenic action of MMP13.
The formation of choroidal neovascular lesion may involve
different mechanisms such as angiogenesis (the endothelial
cell spouting from pre-existing vessels) and vasculogenesis
(the recruitment of BM-derived cells) [23, 32, 33]. We and
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Fig. 1). Recipient mice and BM engraftment are indicated below each
graph. Number of impacts (N;) per experiment group N; = 8-12
(*p < 0.05, ¥*p < 0.01; ***p < 0.001)

others previously demonstrated the recruitment of BM-
derived cells in CNV [23, 33-36]. These observations are
further supported by previous experiments in which GFP™
BM cells were engrafted into WT mice [23, 33-36]. Of
interest is the demonstration here that WT BM-derived
cells are sufficient to restore the vascularization impaired
by Mmpl3 deficiency. This report provides the first
experimental evidence for a key role played by BM-
derived MMP13 in pathological ocular vascularization.
This is in line with the levels of MMP13 expression
reported in BM-derived cells that contributed to the
pathology in a model of liver fibrosis [37]. It is worth
noting that whole body irradiation followed by BM
reconstitution can potentially affect neovascularization.
Indeed, radiation is well known to cause damage to
endothelial cells and to inhibit neovascularization by sup-
pressing the recruitment of BM-derived endothelial cells
[38]. Accordingly, a slight radiation-induced defect in
neovascularization was observed in the present model. The
present study demonstrates that MmpI3~'~ mice engrafted
with WT BM displayed similar lesion formation to WT
mice engrafted with WT BM revealing a restoration of the
angiogenic response through BM transplantation.

The effect of BM-derived cells could be attributed to
MSC, vascular progenitor cells and/or inflammatory cells
which could migrate into reconstituted tissues or secrete
soluble factors that mediate inflammation and angiogene-
sis. We previously demonstrated that several BM-derived
cells could contribute to CNV development, such as
inflammatory CD11b positive cells and/or mesenchymal
cells positive for aSMA (myofibroblasts or vascular
smooth muscle cells) [23]. In the current study, we dem-
onstrate the key role in lesion formation played by Mmp13-
expressing MSC. Indeed, four repetitive injections of MSC
derived from WT mice partially rescued the impaired
angiogenic phenotype in MmpI3~'~ mice. This partial
restoration achieved with MSC injection as compared to
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the complete restoration of the phenotype achieved with
BM engraftment could be explained either by a combined
effect of different types of BM-derived cells, a transient
effect of MSC or an insufficient supplementation of MSC
through cell injections. Nevertheless, these data point to a
novel role for MSC in CNV.

In conclusion, we have identified MMP13 as a key
regulator of choroidal angiogenesis. Our findings extend
the potential roles of MMP13 initially observed in carti-
lage/bone resorption [18] and tumor development [39, 40]
to ocular diseases such as AMD. This pro-angiogenic effect
of MMP13 is mainly mediated by BM-derived mesen-
chymal cells. These findings pave the way for therapeutic
strategies based on the targeting of MMP13 with synthetic
inhibitors or on the use of MSC as delivery vehicle for anti-
angiogenic agents as a “Trojan horse” approach [4].

Acknowledgments The authors acknowledge P. Gavitelli, F.
Olivier, M.-R. Pignon, E. Feyereisen, L. Poma, G. Roland and N.
Lefin for collaboration and technical assistance. They thank the GIGA
imaging and flow cytometry platform for their help. This work was
supported by grants from the European Union Framework Program
projects (FP7, MICROENVIMET), the Fonds de la Recherche Sci-
entifique Médicale, the Fonds National de la Recherche Scientifique
(F.N.R.S., Belgium), the Federation belge contre le Cancer, the Fonds
spéciaux de la Recherche (University of Liege), the Centre Anti-
cancéreux pres I’Université de Liége, the Fonds Léon Fredericq
(University of Liege), the D.G.T.R.E. from the “Région Wallonne”
the Interuniversity Attraction Poles Program-Belgian Science Policy
(Brussels, Belgium). JL is recipient of a Televie-FNRS grant. SMK
was supported by a grant from the US National Institutes of Health.

References

1. Bressler NM (2004) Age-related macular degeneration is the
leading cause of blindness. JAMA 291:1900-1901

2. Rattner A, Nathans J (2006) Macular degeneration: recent
advances and therapeutic opportunities. Nat Rev Neurosci
7:860-872

3. Ferrara N, Kerbel RS (2005) Angiogenesis as a therapeutic target.
Nature 438:967-974

4. Noel A, Jost M, Lambert V, Lecomte J, Rakic JM (2007) Anti-
angiogenic therapy of exudative age-related macular degenera-
tion: current progress and emerging concepts. Trends Mol Med
13:345-352

5. Rakic JM, Lambert V, Devy L, Luttun A, Carmeliet P, Claes C,
Nguyen L, Foidart JM, Noel A, Munaut C (2003) Placental
growth factor, a member of the VEGF family, contributes to the
development of choroidal neovascularization. Invest Ophthalmol
Vis Sci 44:3186-3193

6. Rundhaug JE (2005) Matrix metalloproteinases and angiogenesis.
J Cell Mol Med 9:267-285

7. Raffetto JD, Khalil RA (2008) Matrix metalloproteinases and
their inhibitors in vascular remodeling and vascular disease.
Biochem Pharmacol 75:346-359

8. Das A, McGuire PG, Erigat C, Ober RR, DeJuan E Jr, Williams
GA, McLamore A, Biswas J, Johnson DW (1999) Human dia-
betic neovascular membranes contain high levels of urokinase
and metalloproteinase enzymes. Invest Ophthalmol Vis Sci
40:809-813

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Kadonosono K, Yazama F, Itoh N, Sawada H, Ohno S (1999)

Expression of matrix metalloproteinase-7 in choroidal neovas-
cular membranes in age-related macular degeneration. Am J
Ophthalmol 128:382-384

Weber BH, Vogt G, Pruett RC, Stohr H, Felbor U (1994)
Mutations in the tissue inhibitor of metalloproteinases-3 (TIMP3)
in patients with Sorsby’s fundus dystrophy. Nat Genet 8:352-356
Lambert V, Wielockx B, Munaut C, Galopin C, Jost M, Itoh T,
Werb Z, Baker A, Libert C, Krell HW, Foidart JM, Noel A, Rakic
IJM (2003) MMP-2 and MMP-9 synergize in promoting choroidal
neovascularization. FASEB J 17:2290-2292

Overall CM, Lopez-Otin C (2002) Strategies for MMP inhibition
in cancer: innovations for the post-trial era. Nat Rev Cancer
2:657-672

Fosang AJ, Last K, Knauper V, Murphy G, Neame PJ (1996)
Degradation of cartilage aggrecan by collagenase-3 (MMP-13).
FEBS Lett 380:17-20

Knauper V, Smith B, Lopez-Otin C, Murphy G (1997) Activation
of progelatinase B (proMMP-9) by active collagenase-3 (MMP-
13). Eur J Biochem 248:369-373

Ashworth JL, Murphy G, Rock MJ, Sherratt MJ, Shapiro SD,
Shuttleworth CA, Kielty CM (1999) Fibrillin degradation by
matrix metalloproteinases: implications for connective tissue
remodelling. Biochem J 340:171-181

Leeman MF, Curran S, Murray GI (2002) The structure, regu-
lation, and function of human matrix metalloproteinase-13. Crit
Rev Biochem Mol Biol 37:149-166

Cowell S, Knauper V, Stewart ML, D’Ortho MP, Stanton H,
Hembry RM, Lopez-Otin C, Reynolds JJ, Murphy G (1998)
Induction of matrix metalloproteinase activation cascades based
on membrane-type 1 matrix metalloproteinase: associated acti-
vation of gelatinase A, gelatinase B and collagenase 3. Biochem J
331:453-458

Takaishi H, Kimura T, Dalal S, Okada Y, D’ Armiento J (2008)
Joint diseases and matrix metalloproteinases: a role for MMP-13.
Curr Pharm Biotechnol 9:47-54

Kosaki N, Takaishi H, Kamekura S, Kimura T, Okada Y, Minqi
L, Amizuka N, Chung UI, Nakamura K, Kawaguchi H, Toyama
Y, D’ Armiento J (2007) Impaired bone fracture healing in matrix
metalloproteinase-13 deficient mice. Biochem Biophys Res
Commun 354:846-851

Zijlstra A, Aimes RT, Zhu D, Regazzoni K, Kupriyanova T,
Seandel M, Deryugina EI, Quigley JP (2004) Collagenolysis-
dependent angiogenesis mediated by matrix metalloproteinase-13
(collagenase-3). J Biol Chem 279:27633-27645

Lederle W, Hartenstein B, Meides A, Kunzelmann H, Werb Z,
Angel P, Mueller MM (2009) MMP13 as a stromal mediator in
controlling persistent angiogenesis in skin carcinoma. Carcino-
genesis 31:1175-1184

Inada M, Wang Y, Byrne MH, Rahman MU, Miyaura C, Lopez-
Otin C, Krane SM (2004) Critical roles for collagenase-3
(Mmp13) in development of growth plate cartilage and in
endochondral ossification. Proc Natl Acad Sci USA 101:17192—
17197

Jost M, Maillard C, Lecomte J, Lambert V, Tjwa M, Blaise P,
Alvarez Gonzalez ML, Bajou K, Blacher S, Motte P, Humblet C,
Defresne MP, Thiry M, Frankenne F, Gothot A, Carmeliet P,
Rakic JM, Foidart JM, Noel A (2007) Tumoral and choroidal
vascularization: differential cellular mechanisms involving plas-
minogen activator inhibitor type I. Am J Pathol 171:1369-1380
Lambert V, Munaut C, Noel A, Frankenne F, Bajou K, Gerard R,
Carmeliet P, Defresne MP, Foidart JM, Rakic JM (2001) Influ-
ence of plasminogen activator inhibitor type 1 on choroidal
neovascularization. FASEB J 15:1021-1027

Rakic JM, Maillard C, Jost M, Bajou K, Masson V, Devy L,
Lambert V, Foidart JM, Noel A (2003) Role of plasminogen



686

J. Lecomte et al.

26.

217.

28.

29.

30.

31.

32.

activator-plasmin system in tumor angiogenesis. Cell Mol Life
Sci 60:463-473

Rakic JM, Lambert V, Munaut C, Bajou K, Peyrollier K, Alva-
rez-Gonzalez ML, Carmeliet P, Foidart JM, Noel A (2003) Mice
without uPA, tPA, or plasminogen genes are resistant to experi-
mental choroidal neovascularization. Invest Ophthalmol Vis Sci
44:1732-1739

Lambert V, Munaut C, Jost M, Noel A, Werb Z, Foidart JM,
Rakic JM (2002) Matrix metalloproteinase-9 contributes to cho-
roidal neovascularization. Am J Pathol 161:1247-1253

El Hour M, Moncada-Pazos A, Blacher S, Masset A, Cal S,
Berndt S, Detilleux J, Host L, Obaya AJ, Maillard C, Foidart JM,
Ectors F, Noel A, Lopez-Otin C (2010) Higher sensitivity of
Adamts12-deficient mice to tumor growth and angiogenesis.
Oncogene 29:3025-3032

Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop
DJ (2004) Adult stem cells from bone marrow (MSCs) isolated
from different strains of inbred mice vary in surface epitopes,
rates of proliferation, and differentiation potential. Blood
103:1662-1668

Knauper V, Will H, Lopez-Otin C, Smith B, Atkinson SJ, Stanton
H, Hembry RM, Murphy G (1996) Cellular mechanisms for
human procollagenase-3 (MMP-13) activation. Evidence that
MTI1-MMP (MMP-14) and gelatinase a (MMP-2) are able to
generate active enzyme. J Biol Chem 271:17124-17131
Whitelock JM, Murdoch AD, Iozzo RV, Underwood PA (1996)
The degradation of human endothelial cell-derived perlecan and
release of bound basic fibroblast growth factor by stromelysin,
collagenase, plasmin, and heparanases. J Biol Chem
271:10079-10086

Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver
M, Kearne M, Magner M, Isner JM (1999) Bone marrow origin of
endothelial progenitor cells responsible for postnatal vasculo-
genesis in physiological and pathological neovascularization.
Circ Res 85:221-228

33.

34.

35.

36.

37.

38.

39.

40.

Sengupta N, Caballero S, Mames RN, Butler JM, Scott EW,
Grant MB (2003) The role of adult bone marrow-derived stem
cells in choroidal neovascularization. Invest Ophthalmol Vis Sci
44:4908-4913

Csaky KG, Baffi JZ, Byrnes GA, Wolfe JD, Hilmer SC, Flippin J,
Cousins SW (2004) Recruitment of marrow-derived endothelial
cells to experimental choroidal neovascularization by local
expression of vascular endothelial growth factor. Exp Eye Res
78:1107-1116

Espinosa-Heidmann DG, Caicedo A, Hernandez EP, Csaky KG,
Cousins SW (2003) Bone marrow-derived progenitor cells con-
tribute to experimental choroidal neovascularization. Invest
Ophthalmol Vis Sci 44:4914-4919

Tomita M, Yamada H, Adachi Y, Cui Y, Yamada E, Higuchi A,
Minamino K, Suzuki Y, Matsumura M, Ikehara S (2004) Cho-
roidal neovascularization is provided by bone marrow cells. Stem
Cells 22:21-26

Higashiyama R, Inagaki Y, Hong YY, Kushida M, Nakao S,
Niioka M, Watanabe T, Okano H, Matsuzaki Y, Shiota G,
Okazaki I (2007) Bone marrow-derived cells express matrix
metalloproteinases and contribute to regression of liver fibrosis in
mice. Hepatology 45:213-222

Udagawa T, Birsner AE, Wood M, D’ Amato RJ (2007) Chronic
suppression of angiogenesis following radiation exposure is
independent of hematopoietic reconstitution. Cancer Res
67:2040-2045

Nielsen BS, Rank F, Lopez JM, Balbin M, Vizoso F, Lund LR,
Dano K, Lopez-Otin C (2001) Collagenase-3 expression in breast
myofibroblasts as a molecular marker of transition of ductal
carcinoma in situ lesions to invasive ductal carcinomas. Cancer
Res 61:7091-7100

Zhang B, Cao X, Liu Y, Cao W, Zhang F, Zhang S, Li H, Ning L,
Fu L, Niu Y, Niu R, Sun B, Hao X (2008) Tumor-derived matrix
metalloproteinase-13 (MMP-13) correlates with poor prognoses
of invasive breast cancer. BMC Cancer 8:83



	Bone marrow-derived mesenchymal cells and MMP13 contribute to experimental choroidal neovascularization
	Abstract
	Introduction
	Materials and methods
	Mice
	BM transplantation
	CNV model
	Human neovascular membranes
	RNA extraction in experimental CNV
	RT-PCR analysis
	Immunohistochemistry
	Isolation and expansion of murine mesenchymal stem cell 
	Statistical analyses

	Results
	Mmp13 is expressed in human neovascular membranes and in mouse choroidal neovascular lesions induced by laser burn
	Mmp13-deficiency impairs choroidal neovascularization
	WT bone marrow-derived cells rescue choroidal angiogenesis in Mmp13-deficient mice
	BM-derived MSC are implicated in Mmp13-mediated choroidal angiogenesis

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


