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Abstract (149 words)

Infusion of endothelial progenitor cells (EPCs), but not of mature endothelial cells (ECs),
promotes neovascularization after ischemia. We performed a gene expression profiling of
EPCs and ECs to identify genes, which might be important for the neovascularization capacity
of EPCs. Intriguingly, the protease cathepsin L (CathL) was highly expressed in EPCs as
opposed to ECs and is essential for matrix degradation and invasion by EPCs in vitro. CathL-
deficient mice showed impaired functional recovery after hind limb ischemia supporting the
concept for an important role of CathL in postnatal neovascularization. Infused CathL-
deficient progenitor cells failed to home to sites of ischemia and to augment
neovascularization. In contrast, overexpression of CathL in mature ECs significantly
enhanced their invasive activity and induced their neovascularization capacity in vivo. Taken
together, CathL plays a crucial role for the integration of circulating EPCs into the ischemic

tissue and is required for neovascularization mediated by EPCs.
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Introduction

Postnatal neovascularization is an important process to rescue tissue from critical ischemia 1
Adult blood vessel formation was thought to be mainly attributed to the migration and

proliferation of preexisting, fully differentiated endothelial cells, a process referred to as

angiogenesis 2-4_However, recent studies provide increasing evidence that circulating bone

marrow-derived endothelial progenitor cells (EPCs) significantly contribute to adult blood
vessel formation 9:6. Transplantation of EPCs after ischemia improves neovascularization
and cardiac function in animal models 7-8. Initial clinical studies suggest that EPCs also

improve vascularization after myocardial infarction in humans 9. These endothelial progenitor
cells can be grown from hematopoietic stem cells or peripheral blood mononuclear cells

(PBMCs) 5,6, Cultivated EPCs derived from peripheral blood were shown to express various
endothelial marker proteins such as VEGF receptor 2 (KDR), von Willebrand factor (VWF),

VE-cadherin, and endothelial nitric oxide synthase (Nos3), similar to mature endothelial cells

(EC) 7:10,11 However, only EPCs, but not mature ECs improve neovascularization in vivo,

although they both share a comparable expression of endothelial marker proteins and a

similar in vitro angiogenic capacity /. Therefore, in order to gain insights into the molecular
differences between EPCs and mature ECs, we performed a gene expression analysis. Our
data indicate that one potential reason for the in vivo difference between EPCs and mature
ECs could be the expression of lysosomal cysteine or aspartyl-proteases of the cathepsin
family.

The lysosomal proteases comprise the catalytic classes of serine, aspartic as well as cysteine
peptidases exhibiting endo- or exopeptidase activities or a combination of both. Yet, there is

growing evidence for specific intra- and extracellular functions for these lysosomal enzymes,
especially leading to tumor invasion and metastasis 12-14. In detail, cathepsin D (CathD)
promotes tumor progression by modulating proliferation and angiogenesis 15 and cathepsin L
(CathL) anti-sense oligonucleotides inhibit invasion of osteosarcoma cells 16. For their

extracellular actions, lysosomal peptidases are secreted in considerable amounts. Early
investigations on the cysteine peptidase CathL revealed that this protease is identical to the

“major excreted protein” of malignantly transformed mouse fibroblasts 17. Neovascularization
involves the activation, proliferation, and migration of ECs as well as homing and
transmigration of circulating EPCs in concert with localized proteolytic modification of the
extracellular matrix (ECM). Proteolysis of ECM facilitates endothelial cell migration and
proliferation, releasing stored angiogenic and anti-angiogenic signaling molecules from latent
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reserves as well as loosening the stromal milieu to facilitate migration 18. Moreover, CathL

exerts specific physiological functions, including the regulation of epidermal homeostasis, hair

follicle cycling, cardiac function, and MHC class Il-mediated antigen presentation 19-23.

The present study now demonstrates that CathL is required for invasion of EPCs into
ischemic tissues, because pharmacological inhibition or genetic ablation of CathL prevented

EPC-enhanced neovascularization of ischemic areas.
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Results

Gene expression analysis of EPCs versus HUVECs

Human EPCs were cultivated from peripheral blood mononuclear cells as previously

described 10,11, Phenotypical characterization confirmed the expression of various
endothelial marker proteins including VEGF receptor 2 (KDR), CD105, VE-cadherin, VWF,

CD146, CD31, and Nos3 (Fig. 1a; data not shown; 9-11). Transplantation of these EPCs into
immunodeficient nude mice significantly improved neovascularization in a hind limb ischemia
model (Fig. 1b). In contrast, infusion of human umbilical venous endothelial cells (HUVEC) did
not improve neovascularization (Fig. 1b). In order to explore the expression differences
between EPCs and HUVECs at mRNA level, we performed a global gene expression analysis
of about 10,000 genes. We additionally compared the gene expression profile of CD14"
monocytic cells, since monocytes may contaminate the EPC culture (<5 %). We identified 480
highly differentially expressed genes (5-fold up) in EPCs compared to HUVECs. A gene tree
analysis revealed that EPCs selectively express higher levels of the lysosomal peptidases,
including several cathepsins (Fig. 1c/0).

Especially, the lysosomal aspartic protease cathepsin D as well as the lysosomal cysteine
proteases cathepsin H, cathepsin L, and cathepsin O were significantly upregulated in EPCs
(Fig. 1c¢). In contrast, cathepsin B, E and G were not significantly different in EPCs compared

to HUVECs. CathD and CathL are important for tumor invasion and metastasis 19:16.
Therefore, we selectively confirmed the expression of these cathepsins on protein level.
EPCs showed significantly increased protein levels of cathepsin D and cathepsin L compared
to HUVEC, human microvascular endothelial cells (HMVEC) and isolated CD14" monocytes
as assessed by Western blot (Fig. 2a-d) and immunoassay (Fig. 2e/f).

The activity of lysosomal cysteine proteases is post-transcriptionally controlled by cystatins,
which act as general inhibitors of various cathepsin members. However, the expression of
cystatin 1, cystatin 6, and cystatin D are lower or equally expressed in EPCs versus HUVEC
(Fig. 1d). Only cystatin B, C, and F showed a 2.4-, 2.8- and 3.7-fold increased expression in
EPCs, respectively (Fig. 1d).

Overall, cathepsin L (CathL)-activity was significantly higher (>10-fold) in EPCs as compared
to HUVEC (Fig. 2g). Consistently, the p41 splice variant (p41(65aa)) of major
histocompatibility complex class ll-associated invariant chain (li), which is known to bind to

CathL and permits the maintenance of a pool of mature activated CathL under neutral pH 24,

was increased in EPCs (Fig. 2h). In contrast, despite increased protein expression, the
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activity of cathepsin D was only slightly elevated in EPCs as compared to HUVEC (EPC:
1.86-fold compared to HUVEC), therefore, we further focused on CathL.

Role of CathL for vasculogenesis and angiogenesis

Next, we investigated the role of CathL for neovascularization in a hind limb ischemia model.
Gene ablation revealed a significant impairment of neovascularization in CathL™ mice (Fig.

3a), demonstrating that CathL is essential for ischemia-induced neovascularization.

Vasculogenesis, an important feature of ischemia-induced neovascularization 2, depends on
various critical steps (Fig. 3b). Because cathepsins exert a widespread substrate specificity,
and, thereby, may influence different cellular processes, we determined the potential
involvement of CathL in each individual step. First, we assessed the mobilization of stem cells
from the bone marrow in wt and CathL” mice. However, mobilization induced by
hematopoietic growth factors (SCF: 300 ug/kg and G-CSF: 250 pg/kg daily for 3 days) was
not impaired in CathL™ mice (wt: 258.8+37% CathL": 342.6+65% increase in c-kit*Sca-1*
(stem cell antigen-17) cells in peripheral blood). Moreover, adhesion of cultivated EPCs to
different matrices or TNFa-stimulated HUVECs was not modulated by pretreatment with the
CathL-inhibitor (Fig. 3c, data not shown). Next, we tested whether the adhesion of EPCs to
denuded arteries in vivo is modulated by CathL inhibition. For that purpose, EPCs were
pretreated with the cell-permeable irreversible CathL-inhibitor Z-Phe-Phe-CH,F (Z-FF-FMK)
for 2 hours, washed twice, and were infused intravenously in nude rats 24 hours after vessel
denudation. However, CathL-inhibitor pretreatment did not affect the homing and adhesion of
EPCs to the denuded arteries in vivo (Fig. 3d/e), although control experiments confirmed that
the inhibition of CathL is irreversible and lasts for more than 20 hours (data not shown).
These data indicate that CathL is not required for the adhesion of EPC in vitro and in vivo.

Next, we determined the role of CathL for proliferation, apoptosis and migration of human

EPCs and murine bone marrow-derived hematopoietic progenitors. Control experiments

confirmed the expression of CathL in murine Sca-1*, Sca-1'Lin" and Sca-1*flk-1* cells

(Supplementary Fig. 1). However, pharmacological inhibition of CathL in human EPCs or

genetic ablation using CathL” cells did not lead to a significant change in any of these
parameters (Fig. 3f). To further address, whether CathL activity can enhance the release of
growth promoting factors from EPCs, which then could act in a paracrine manner on mature
ECs, we determined the pro-angiogenic activity of conditioned medium derived from EPCs,
which were cultivated in the presence or absence of the CathL-inhibitor Z-FF-FMK. The

supernatant (10x concentrated) of untreated EPCs contained high concentrations of VEGF
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and SDF-1, respectively, and increased migration of mature ECs and tube formation in an in
vitro angiogenesis assay (data not shown). However, conditioned medium derived from
EPCs, that were treated for 2 hours with Z-FF-FMK, did not reduce the ability of the medium
to promote angiogenesis (data not shown). Thus, our data rule out that CathL is critically
involved in the regulation of EPC survival, proliferation, migration and the release of
angiogenic growth factors.

Since cathepsins are matrix degrading enzymes, we investigated whether CathL contributes

to the invasive capacity of EPCs in vitro by using a modified Boyden chamber filled with

matrigel 2926, EPCs demonstrated a more than 20-fold higher invasive capacity as
compared to HUVECs and a significantly higher invasion than CD14* monocytes (Fig. 4a).
Incubation of EPCs with the CathL-inhibitor significantly reduced the invasive capacity of
EPCs (Fig. 4a). In addition, incubation of EPCs with cystatin C, which is a general inhibitor of
papain-like cysteine peptidases (e.g. cathepsin B, H, L), also significantly decreased EPC
invasion, whereas the cathepsin S (CathS)-inhibitor Z-Phe-Leu-COCHO 27 MMP-inhibitors
(GM6001, GM1489, MMP-3 inhibitor, MMP-9 inhibitor) or elastase inhibitors did not
significantly affect EPC invasion (Fig. 4a and data not shown). A toxic effect of the inhibitors

on EPC survival was excluded by measuring apoptosis and necrosis (data not shown).
Consistently, the invasion of CathL"Sca-1* cells was significantly reduced as compared to wt
cells (Fig. 4b). These data suggest that CathL contributes to the invasive capacity of EPCs.

In order to identify the CathL targets involved in mediating EPC invasion, we determined the
matrix degradation activity and a possible interference of cathepsins with other proteases.

Extracts of EPCs induced the degradation of the matrix components gelatin and collagen,

which are targets of CathL 28 as assessed by zymography (Fig. 4¢). The proteolytic activity
was abolished by the CathL-inhibitor (Fig. 4c/d), clearly demonstrating that the matrix
degrading activity in EPCs toward these substrates is completely dependent on CathL.
Similar results were obtained, when EPC cell culture supernatants were used (data not
shown), demonstrating that CathL can act extracellularly. In contrast, CathL inhibition did not
affect MMP-2 and MMP-9 activity in EPCs (Fig. 4e). Taken together, these data suggest that
CathL specifically contributes to the invasive activity of EPCs by degrading matrix proteins

such as gelatin or collagen.

To investigate whether the impaired neovascularization in CathL-deficient mice is also related
to a reduction in angiogenesis, namely the proliferation, migration and sprouting of mature
ECs, we determined the in vitro angiogenic activity of mature ECs. However, incubation of
HUVEC with the CathL-inhibitor (Z-FF-FMK) or cystatin C did not affect proliferation or
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migration (Supplementary Fig. 2a/b). In addition, the incubation of HUVEC with Z-FF-FMK or
the cysteine protease inhibitor L-trans-epoxysuccinyl-leucyl amido(4-guanidio)butane (E64)
did not reduce tube formation in an in vitro sprouting assay, whereas the broad-spectrum
MMP-inhibitor chlorhexidine (CHX) did reduce tube formation (Supplementary Fig. 2¢/d). In
addition, the CathL-inhibitor Z-FF-FMK, cystatin or E64 did not inhibit tube formation as
assessed with a human in vitro angiogenesis assay (data not shown). Likewise, mature aortic
EC isolated from CathL” mice showed no functional impairment with respect to migration,
proliferation or invasion and no increase in apoptosis (Supplementary Fig. 2e-h). Moreover,
the degradation products of extracellular matrix proteins, which had been incubated with
purified CathL enzyme, did not significantly increase in vitro angiogenesis (113.1+4.1% of
matrix without enzyme; n=3). Likewise, tube formation of ECs cultivated on matrix proteins
was not altered in the presence of the purified CathL enzyme (88.1£13.2% of control; n=3).
These data suggest that CathL is not involved in regulation of the angiogenic response of
mature ECs rather than specifically affecting EPC-mediated vasculogenesis.

CathlL is essential for EPC-mediated neovascularization in vivo

Having demonstrated that CathL specifically affects EPC invasion, we investigated the effect
of CathL on integration and function of EPCs during neovascularization in vivo. EPCs were
incubated ex vivo with Z-FF-FMK (10 uM) or vehicle for 2 h prior to infusion. Twenty-four
hours after unilateral induction of hind limb ischemia in nude mice, EPCs were intravenously
injected. Mice receiving EPCs pretreated with the CathL-inhibitor showed significantly less
improvement in limb perfusion as compared to mice receiving vehicle-treated EPCs (Fig.
5a/b). Consistently, capillary density increased to a greater extent in mice receiving untreated

EPCs as compared to CathL-inhibitor-treated EPCs (Fig. 5¢ and supplementary Fig. 3). In

addition, the number of small conductance vessels (< 50 um) was significantly increased in

mice receiving untreated EPCs, whereas CathL-inhibitor-pretreatment of EPCs prevented this

increase (Supplementary Fig. 4). Early EPC homing to the site of ischemia was investigated

in vivo by magnetic resonance imaging (MRI). Twenty-four hours after induction of ischemia,
EPCs labeled with magnetic beads and pretreated with DMSO or the CathL-inhibitor Z-FF-
FMK were intravenously injected. MRI scans were performed after another 24 hours. In the
“Turbo Inversion Recovery Magnitude” (TIRM) images, the area of ischemia is visualized by a
strong hyperintensity compared to the contralateral limb (Fig. 54, upper panel). In the T2*
weighted images, the homing of untreated EPCs led to a marked signal extinction, whereas in
animals receiving EPCs pretreated with the CathL-inhibitor Z-FF-FMK no signal loss was
observed suggesting a significant reduction in early EPC homing (Fig. 5d; lower panel).
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Immunohistochemistry of muscle sections after 14 days further revealed that the incorporation

of human EPCs into vascular structures was significantly reduced in mice receiving EPCs

pretreated with the CathlL-inhibitor as assessed by double-staining against human HLA or
labeling with CM-Dil to detect the transplanted human EPCs, and CD146, vWF or CD31 (Fig.
5e/f and supplementary figure 5). Control experiments confirmed that the viability of the

inhibitor-treated cells was not affected (control: 1.1£0.4% vs. 1.2+0.4% annexin®/7AAD" cells
of inhibitor-treated EPCs) and that CathL-activity was completely inhibited after 2 hours of Z-
FF-FMK incubation (94.1+2.9% inhibition, p<0.05, n=4).

In a gene-based approach, we assessed the functional activity of bone marrow mononuclear
cells derived from male wild-type mice or from male CathL” mice. Consistent with the data for
the pharmacological inhibition of CathL, the improvement of neovascularization of the
ischemic hind limb after 2 weeks was significantly reduced in mice treated with CathL" cells
as compared to mice treated with cells from wild-type controls (Fig. 5g). Accordingly, the
capillary density was significantly lower in animals treated with bone marrow cells from CathL’
" mice (mice treated with wild-type cells: 261+46%; mice treated with CathL" cells: 133+16%;
P=0.032). Finally, we determined the number of Y-chromosome-positive transplanted cells
derived from male CathL-deficient mice, which were incorporated in the host microvessels, by
fluorescence-in-situ-hybridization (FISH) (Supplementary figure 6). The incorporation of

CathL" cells was significantly reduced to 52.7+13.2% in comparison to wild-type cells.

In order to determine the specific involvement of MMP-9, which is known to be important for

angiogenesis 29, or CathD for progenitor cell-mediated augmentation of neovascularization,

we isolated cells from MMP-9- or CathD-deficient mice and infused these cells into nude mice

after induction of hind limb ischemia. However, neither CathD” nor MMP-9”" bone marrow-

derived cells showed a reduction in their neovascularization capacity as compared to wild-

type cells (Fig. 59).

Finally, we determined the contribution of bone marrow-derived circulating progenitor cells for

increased protease activity in ischemic tissues in vivo. Therefore, mice were lethally irradiated

to ablate the bone marrow before induction of hind limb ischemia. Control experiments

confirmed the complete reduction of colony forming activity within the bone marrow after

irradiation (data not shown). 48 hours after induction of ischemia, muscle lysates of the

ischemic and non-ischemic limbs were prepared and subjected to zymographies and Western

blot analysis. As shown in the supplementary figure 7, CathL as well as MMP-9 activity were

significantly induced in the ischemic tissue. In irradiated mice, MMP-9 activity was still

significantly up-requlated after ischemia (supplementary Fig. 7), indicating that MMP-9 is




NMED-LA16306B

increased independent of bone marrow-derived cells, but probably derives from tissue-

residing cells. In contrast, the ischemia-induced augmentation of CathL activity was abolished

in irradiated mice (supplementary Fig. 7). These data demonstrate that the increase of CathL

in ischemic tissue is mediated by irradiation-sensitive, likely bone marrow-derived cells.

Overexpression of CathL in mature endothelial cells partially rescued the impaired

improvement of neovascularization

In order to investigate whether overexpression of CathL might rescue the failure of mature
ECs to promote neovascularization after intravenous infusion, HUVEC were transiently
transfected with CathL before injection in a hind limb ischemia model. The infusion of CathL-
transfected HUVECs significantly increased the recovery of limb perfusion as compared to
vector-transfected cells (Fig. 6a). Control experiments confirmed that the transfection of
CathL in HUVECs resulted in an increased CathL expression and activity (Fig. 6b/c) and
subsequently enhanced their invasive capacity in vitro (Fig. 6d). Likewise, infusion of isolated
mature aortic ECs from CathL overexpressing transgenic mice improved neovascularization
(135£16% of control, n=3).
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Discussion

Proteases are of major importance for the formation of new blood vessels 30-32_ |n order to
form sprouts, endothelial cells must penetrate the extracellular matrix consisting of type IV
collagen, laminin, fibronectin and many other macromolecules. To achieve this goal, mature
endothelial cells are equipped with a set of proteases including matrix metalloproteinases
(MMPs) and the urokinase-type plasminogen activator (UPA). The data of the present study
now indicate that circulating progenitor cells express a different pattern of proteases. Ex vivo
cultivated circulating EPCs showed profoundly increased levels of cathepsins as compared to
mature ECs. These broad-spectrum proteases are potent in degrading several extracellular

matrix proteins (laminin, fibronectin, collagens I and IV, elastin and other structural proteins of

basement membranes (reviewed in 13=33). Indeed, the matrix degrading activity of EPCs
towards gelatin or collagen was abolished by inhibition of CathL. The activity of cathepsins is
determined by the balance with endogenous inhibitors. Whereas CathL expression was 9-fold
higher in EPCs compared to HUVECs, the endogenous protein-based cathepsin inhibitors
(cystatins) showed either no different expression or only a minor increase in expression up to
2 to 3-fold (Fig. 1d). Consistently, CathL activity was significantly higher in EPCs. In contrast,
CathD activity was slightly elevated despite a significantly increased expression. Thus,
whereas CathL activity is maintained in EPCs, CathD appears to be inactivated by a post-
transcriptional mechanism. One may speculate that CathL is protected against destabilization

at neutral pH in the extracellular milieu by binding to p41, a splice variant of major

histocompatibility complex class Il-associated invariant chain 24, which is expressed in EPCs
(Fig. 2h).

Given the overlapping substrate specificity of lysosomal proteases, it is surprising that CathL

appears to be of particular importance. However, previous studies using CathL knockout

animals provide evidence for biological effects being specifically mediated by CathL 22,23 |n
line with these findings, our results demonstrate that the improvement of neovascularization is
significantly reduced in homozygous CathL knockout mice. Moreover, pharmacological
inhibition of CathL abolished the matrix degrading activity of EPC extracts or cell culture

supernatants. CathS was recently shown to contribute to angiogenesis 34. However,
pharmacological inhibition of CathS did not affect EPC invasion. Moreover, genetic ablation of
another related member of the cathepsin family, CathD, did not reduce the functional activity
of bone marrow-derived stem cells to promote neovascularization after ischemia. These data

suggest that CathL exhibits a specific function in EPCs. Our data further indicate that

pharmacological inhibition of other proteases such as elastases or MMPs did not affect the

11
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invasive activity of EPCs in vitro. In line with these in vitro findings, MMP-9-deficient

progenitor cells showed no impairment to augment neovascularization in vivo. Likewise, the

increase of MMP-9 activity after induction of ischemia was independent of bone marrow-

derived cells, but rather reflects an increased release by tissue-residing cells. This is in

contrast to the up-requlation of CathL after ischemia, which was abolished by irradiation-

induced bone marrow ablation. Although we cannot formally rule out the involvement of other

proteases for neovascularization, since the pharmacological inhibition or genetic ablation of

CathL did not completely abrogate the improvement of neovascularization induced by EPCs,

our data indicate that CathL plays a specific role opposed to other cathepsins or MMP-9.

The impairment of neovascularization in CathL” mice may be related to 1) a reduction in
functional activity of mature endothelial cells from CathL” mice resulting in impaired
angiogenesis or 2) a reduced capacity of EPC to promote vasculogenesis. Since we
demonstrated that pharmacological CathL-inhibitors and genetic depletion of CathL did not
affect the pro-angiogenic activity of mature endothelial cells, an interference of CathL with the
classical angiogenesis appears unlikely. In contrast, CathL appears to specifically contribute
to vasculogenesis by promoting the invasive activity of EPCs, whereas EPC mobilization,
adhesion, transmigration, survival and migration were not affected. Inhibition or genetic
ablation of CathL, thus, specifically reduced the invasive potential of EPCs in vitro and
reduced the functional improvement of neovascularization by infused EPCs in vivo. The
finding that the number of incorporated CathL™ cells is reduced compared to wild-type cells
suggests that CathL expression is required for penetration and tissue invasion of EPCs. The
degradation of extracellular matrix by cathepsins can also lead to the release of
angiogenesis-modulating molecules such as endostatin by CathL and angiostatin by CathD

35,36, However, we did not observe a significant CathL-dependent change in angiogenic
activity of conditioned medium from EPCs or after degradation of matrix proteins in vitro.
Specifically, a 1.27-fold, non-significant elevation of pro-angiogenic activity was noted, when
conditioned medium from EPCs was used, which had been incubated with a CathL-inhibitor.
These results are in line with a previous study showing the release of an anti-angiogenic

factor by CathL-induced degradation of collagen 36. Thus, the essential role of CathL for
neovascularization is not due to a dysregulation of angiogenesis or release of pro-angiogenic
paracrine factors. Our data indicate that CathL is responsible for functional integration of
EPCs into newly formed capillaries. Blockade of tissue invasion of EPCs in turn may reduce
neovascularization capacity and neovascularization in CathL™ mice. Indeed, a recent study
demonstrated that genetic ablation of progenitor cell mobilization can abrogate tissue

neovascularization 37.

12
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Taken together, the present study for the first time demonstrates a critical role of CathL for the
invasive and functional capacity of EPCs. The high expression levels of CathL exquisitely
equippe the cells for “drilling for oxygen” in order to improve blood supply to ischemic tissues.
In contrast, inhibition of the invasive potential of circulating progenitor cells by CathL-inhibitors
may be an attractive target for limiting tumor vascularization, which is critically dependent on

EPC invasion 37,38,
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Methods

Generation of CathL-deficient mice and transgenic mice overexpressing the human CathL
CathL-deficient mice have been generated by gene targeting in mouse embryonic stem cells
as described 20,21 Expression of CathL mRNA, protein and activity was completely
abolished in CathL-deficient mice 21. CathL-transgenic mice were generated as previously

described 39. CathD- and MMP-9-deficient mice have been generated as described 40,41

Cell culture

PBMCs were isolated by density gradient centrifugation from healthy human volunteers ",
8x10° PBMCs/ml were plated on human fibronectin (Sigma, Taufkirchen, Germany) and
maintained in endothelial basal medium (EBM; CellSystems, St. Katharinen, Germany) with
EGM SingleQuots and 20% FCS. After 3 days, nonadherent cells were removed and
adherent cells were incubated in fresh medium for 24 h before starting experiments. EPCs
were characterized by dual-staining for 1,1’—dioctadecyl-,3,3’,3'—
tetramethylindocarbocyanine-labeled acetylated low-density lipoprotein (Dil-Ac-LDL) and

lectin and expression of endothelial markers KDR, VE-Cadherin, Nos3, and von Willebrand
factor 11. Pooled HUVEC and HMVEC were purchased from CellSystems and cultured as

described 42. CD14* monocytes were purified from MNCs by positive selection with anti-
CD14-microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Sca-1" cells were purified
from total bone marrow cells by positive selection with anti-sca-1*-microbeads (Miltenyi

Biotec, Bergisch-Gladbach, Germany). Purity assessed by FACS analysis was >95%.

Outgrowth of ECs from aortic tissue was performed as previously described 43,

Oligonucleotide microarrays

Ten microgram of total RNA was hybridized to the HG-U95Av2 microarray (Affymetrix, Santa
Clara, California; 9670 human genes). The standard protocol used for sample preparation
and microarray processing is available from Affymetrix. Expression data were analyzed using

Microarray Suite version 5.0 (Affymetrix) and GeneSpring version 4.2 (Silicon Genetics, San

Carlos, California) as previously described 44,

Western blot analysis and ELISA

Cells were lyzed as previously described 42. Blots were incubated with antibodies against
CathD, CathL (BD Biosciences, Heidelberg, Germany) or tubulin (Neomarkers, Fremont,

California). The autoradiographs were scanned and semiquantitatively analyzed. CathD and

14
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CathL expression was measured with an ELISA according to the manufacturer (Oncogene
Research Products, San Diego, California).

CathL-activity

Cell lysates were incubated with the fluorogenic substrate Z-Phe-Arg-4-methoxy-B3-

naphthylamide-hydrochloride (50 pM; Sigma) in the presence of 4 M urea at pH 4.7 45,46,
Fluorescence was measured using a fluorometer with an excitation of 360 nm and an

emission at 405 nm.

Proliferation, migration, invasion, apoptosis and tube formation

Proliferation was quantified with a colorimetric cell proliferation ELISA or FACS analysis of

BrdU incorporation (Roche Diagnostics, Mannheim, Germany and BD Biosciences,
respectively) as previously described 47 For EC migration, cells were placed in the upper

chamber of a modified Boyden chamber as previously described 11, The formation of tube-
like structures was determined with a matrigel assay. HUVEC (10° cells/ml) were seeded in
medium on Matrigel Basement Membrane Matrix (BD Biosciences) in the presence or

absence of inhibitors as indicated. Apoptosis was detected by FACS analysis using Annexin-

PE binding as described 47,

Plasmid transfection

A plasmid encoding human full length pro-CathL was cloned by PCR from cDNA of EPCs into
pcDNAS3.1-Myc-His (Invitrogen, The Netherlands). Transient transfection of HUVEC was

performed as described previously 47 using Superfect™ (Qiagen, Hilden, Germany).

RT-PCR

The mRBNA expression of the p41 splice variant (p41(65aa)) was detected by semi-
quantitative RT-PCR (primers: p41-forward 5-ACCAAGTGCCAGGAAGAGGTCAGC-3' and
p41-reverse 5-TGACTCACTGCAGTTATGGTGCCCG-3).

In vitro invasion

A modified Boyden chamber (Transwell, 8 um pore size, BD Falcon) was filled with matrigel
(4 mg/ml; BD Biosciences). Detached cells (10° cells) were placed in the upper compartment
of the chamber in the presence or absence of the inhibitors cystatin C, CathL-inhibitor Z-FF-
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FMK or Z-FL-COCHO (all Calbiochem, Schwalbach, Germany). After 24 hours at 37°C,
chambers were removed and cells at the bottom of the culture plate were stained with Dil-Ac-
LDL and counted manually in three random microscopic fields by two independent

investigators.

EPC adhesion

EPCs were washed and detached at day 4, labeled with CellTracker green CMFDA
(Molecular probes, Portland, Oregon) and plated on fibronectin, collagen or laminin-coated
dishes (each 10 pg/ml) for 40 min. Plates were washed and adherent cells were counted

manually in three random microscopic fields by two independent investigators.
Zymography

Cell cultured supernatants were concentrated (10x) using Ultrafree-4 centrifugal filter tubes
with Biomax-5 membrane (Millipore, Schwalbach, Germany). Cells were lyzed in buffer with
urea (4 M urea, 100 mM sodium acetate, 1 mM EDTA, 0.5% Triton X-100). Metalloproteinase

activity was analyzed by gelatinolytic zymography as described 48, The gelatin and collagen

zymography for acidic proteases was performed according to Dennhéfer et al. 49. After

gelelectrophoresis, the gels were washed twice for 20 min with 25% isopropanol to remove

SDS 50,
Murine model of hind limb ischemia

The murine model of hind limb ischemia was performed by use of 8-10 wk old athymic NMRI
nude mice (The Jackson Laboratory, Bar Harbor, Maine). The proximal femoral artery
including the superficial and the deep branch as well as the distal saphenous artery were
ligated. Cells were intravenously injected 24 hours after induction of hind limb ischemia.
Animals received human untreated EPCs and pretreated EPCs (Z-FF-FMK; 10 uM; 2h) or
sex-mismatched crude bone marrow cells (10° cells/mouse) from male CathL-deficient and
wild-type mice, respectively. Bone marrow was harvested aseptically by flushing tibias and
femurs of donor mice and filtered (100 um).

Limb perfusion. After two weeks, ischemic (right)/normal (left) limb blood flow ratio was
measured with a laser Doppler blood flow meter (MoorLDI™-Mark 2, Moor Instruments, Inc.,
Wilmington, Delaware). After twice recording laser Doppler color images, the average
perfusions of the ischemic and non-ischemic limb were calculated on the basis of colored
histogram pixels.
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Denudation model

To study homing and adhesion of infused EPCs, we used a rat model of iliac artery injury. In
immunodeficient athymic rnu:rnu rats (5 to 7 weeks old males; 120 to 150 g; Charles River,
Sulzfeld, Germany), endoluminal injury to the external iliac artery was produced by three
passages of a 0.25-mm-diameter angioplasty guidewire (Advanced Cardiovascular Systems,
Santa Clara, California). Briefly, the common and superficial femoral arteries were dissected
free along its length and temporarily clamped at the level of the inguinal ligament. Then, an
arteriotomy was made distal to the epigastric branch. The angioplasty guidewire was inserted,
the clamp removed, and the wire advanced to the level of the aortic bifurcation and pulled
back. This was repeated two more times. After removal of the wire, the arteriotomy site was
ligated with a 7.0 silk suture (Ethicon). Twenty-four hours after endoluminal injury, a total of
2x10° CM-Dil-labeled (Molecular Probes) human EPCs that were either untreated or
pretreated with the CathL-inhibitor Z-FF-FMK (10 uM; 2h) were intravenously infused in each
animal. After 7 days, the external iliac arteries were harvested. Cryosections (5 um) were
stained for the endothelial marker von Willebrand factor (Acris Antibodies, Hiddenhausen,
Germany) and the number of incorporated EPCs (CM-Dil positive) per section was assessed.
A total of three sections per rat were analyzed. SYTOX (Molecular Probes) was used for

nuclear staining.

EPC tracking by Magnetic Resonance Imaging (MRI)

EPCs were labeled with 0.9 pum superparamagnetic di-vinyl benzene inert polymer

microspheres (Bangs Laboratories, Fishers, Indiana) 21 and intravenously injected 24 hours
after induction of limb ischemia. After another 24 hours, mice were placed inside a small loop
coil at a 1.5 Tesla system (Magnetom Sonata, Siemens, Erlangen, Germany). 2D-MRI was
performed using TIRM-sequences (Turbo Inversion Recovery Magnitude) to visualize the
edema related to the ischemia and T2*-weighted gradient echo sequences to visualize the
magnetic field distortion related to the superparamagnetic particles-labeled EPCs.

Histological evaluation

Capillary density was determined in 8-um frozen sections of the adductor and

semimembraneous muscles. Endothelial cells were stained for CD146 (Chemicon, Hofheim,

Germany) or CD31 (BD Biosciences), respectively. Capillary density is expressed as number

of capillaries/myocyte. Human EPCs were identified by co-staining for HLA-A,B.C (APC-

labeled; BD Biosciences).
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Statistical analysis

Results for continuous variables are expressed as meanszSEM or as stated otherwise.
Comparisons between groups were analyzed by t test (two-sided) or ANOVA for experiments
with more than two subgroups. Post hoc range tests and pair wise multiple comparisons were
performed with ftest (two-sided) with Bonferroni adjustment. P values <0.05 were considered

statistically significant. All analyses were performed with SPSS 11.5 (SPSS Inc.).
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Figure legends

Figure 1: Gene expression analysis of EPCs and HUVECs

a, Expression of endothelial marker proteins in EPCs (left panel) and HUVECs (right panel)
was measured by FACS analysis. Staining of KDR, CD105 and VE-cadherin (bold lines) is
shown compared to isotype controls (dotted lines). Representative images out of at least 3
independent experiments are shown. b, PBS, HUVEC or EPC (each 8x10° cells; n=5) were
injected into a murine model of hind limb ischemia. Results are shown as box plots
representing median 25" and 75" percentiles as boxes and 5" and 95" percentiles as
whiskers. *P<0.001 versus PBS, **P<0.001 versus EPCs. ¢, Total RNA of EPCs, HUVECs
and CD14" monocytes (each n=3) was isolated and the gene expression profile was
assessed with the Affymetrix gene chip expression assay. A gene tree analysis is shown. The
colour scale is shown on the right. The brightness indicates the trust. Blue colour indicates
low expression, red colour indicates high expression. Expression of prominent clusters is
marked on the right side. d, The mRNA expression (normalized data) of various cathepsins
and cystatins in HUVECs, EPCs and monocytes is summarized. Data are mean + SEM, n=3;
*P<0.05 versus HUVEC.

Figure 2: The expression and activity of cathepsin L is increased in EPCs

a-d, HUVECs, EPCs and CD14" monocytes were lyzed and the protein expression of CathD
(a) or CathL (c¢) was analyzed by Western blot. Tubulin serves as loading control. A
representative blot out of 4 independent experiments is shown. b/d, Blots were scanned and
protein expression was quantified by densitometric analysis. The ratio for CathD/tubulin (b) or
CathL/tubulin (d) is shown. Data are mean = SEM, n=4; *P<0.05 versus HUVEC. e/,
HUVECs, EPCs, CD14" monocytes or HMVECs were lyzed and the amount of CathD (e) or
CathL (f) was measured by immunoassay. Data are mean + SEM, n=4; *P<0.05 versus
HUVEC. g, CathL activity was measured in HUVECs, EPCs or CD14" monocytes using the
fluorogenic substrate Z-Phe-Arg-4-methoxy-B3-naphthylamide-hydrochloride (50 uM). Data are
mean + SEM, n=4; *P<0.05 versus HUVEC. h, The mRNA expression of p41 was measured
by RT-PCR. A representative gel electrophoresis is shown. GAPDH serves as control. Data

are mean + SEM, n=3 (right panel).

Figure 3: Role of CathL for neovascularization
a, CathL**, CathL*" or CathL” mice were subjected to a model of hind limb ischemia. After
two weeks, ischemic (right)/normal (left) limb blood flow ratio was measured with a laser
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Doppler blood flow meter. Results are shown as box plots representing median 25" and 75"
percentiles as boxes and 5" and 95" percentiles as whiskers. n=3, *p<0.05 vs. wt. b,
Schematic illustration of the multi-step process of vasculogenesis. ¢, EPCs were detached at
day 4, labeled with CellTracker green CMFDA and plated on fibronectin, collagen or laminin-
coated dishes for 40 min. Plates were washed and adherent cells were counted. Data are
mean = SEM, n=5. d, Reendothelialization by EPCs was determined as described in the
method section. Attachment and homing of EPCs to previously denuded arterial segments
was assessed by cryosections stained for the endothelial marker von Willebrand factor
(green) and SYTOX (blue). e, the number of incorporated EPCs (CM-Dil positive, red) per
section was assessed. A total of three sections per rat were analyzed. Data are mean + SEM,
n=6. f, proliferation of flk-1* bone marrow-derived cells or human EPCs that were either
untreated or pretreated with Z-FF-FMK (10 uM; 2h) was measured by FACS analysis after
pulsing with BrdU and staining with BrdU-FITC or BrdU ELISA. Data are mean + SEM (% of
control or wt, respectively), n=3-4. Apoptosis of sca-1*/flk-1* bone marrow-derived cells cells
or human EPCs that were either untreated or pretreated with Z-FF-FMK (10 uM; 2h) was
assessed by FACS analysis after staining with annexin-PE. Data are mean + SEM (% of
control or wt, respectively), n=5. For determination of migration, sca-1* bone marrow-derived
cells or human EPCs that were either untreated or pretreated with Z-FF-FMK (10 uM; 2h)
were placed in a modified Boyden chamber. Data are mean + SEM (% of control or wt,

respectively), n=4-5.

Figure 4: Role of CathL for EPC invasion

a, In vitro invasion: a modified Boyden chamber was filled with 50 pl matrigel and 1x10° cells
were seeded in serum-free EBM medium in the upper compartment in the presence or
absence of the inhibitors (cystatin C: 10 nM; CathL-inhibitor Z-FF-FMK: 10 uM; CathS-
inhibitor Z-FL-COCHO: 10 uM) as indicated. After 24 h of incubation, the cells in the lower
part of the chamber were stained with Dil-Ac-LDL. The invasion of EPCs, HUVECs and
CD14" monocytes was determined by two independent investigators (cells per high
powerfield). Data are mean + SEM, n=4, *P<0.05 versus HUVEC, *P<0.05 versus EPC. b,
The invasion of sca-1* bone marrow-derived cells of wt or CathL™ mice was measured using
a modified Boyden chamber filled with matrigel. Data are mean + SEM (% of wt), n=3,
*p<0.05. ¢, Cell lysates of HUVECs or EPCs that were either untreated or pretreated with Z-
FF-FMK (10 uM; 2h) were analyzed by modified gelatin or collagen zymography.
Representative zymographies are shown. d, Densitometric quantification of the gelatin

zymographies are shown. Data are mean + SEM, n=4, *p<0.05 vs. HUVEC, *p<0.05 vs.
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EPCs. e, Cell culture supernatants (SN, 10x) of EPCs that were either untreated or pretreated
with Z-FF-FMK (10 uM; 2h) were analyzed by gelatin zymography for determination of MMP
activity. A representative zymography is shown.

Figure 5: CathL is required for improvement of nheovascularization

Human EPCs or human EPCs pretreated for 2 h with the CathL-inhibitor Z-FF-FMK (8x10°
cells; each n=7-8) were injected into a murine model of hind limb ischemia. a, Representative
laser Doppler images 2 weeks after induction of hind limb ischemia are shown. Arrows
indicate the ischemic leg. b, Results are shown as box plots representing median 25" and
75" percentiles as boxes and 5" and 95" percentiles as whiskers. *P<0.01 vs. EPC. ¢,
Capillary density was determined in 8-um frozen sections of the adductor and
semimembraneous muscles. Endothelial cells were stained for CD31 (PE-labeled; BD
Biosciences). Myocyte membranes were stained using an antibody to laminin (rabbit) followed
by anti-rabbit-Alexa 488. Data are mean = SEM, n=4. *P<0.05 vs. PBS, **P<0.05 vs. EPC. d,
Early EPC homing to the area of ischemia was investigated by magnetic resonance imaging.
After 24 hours of ischemia, EPCs labeled with magnetic beads and pretreated with DMSO or
the CathL-inhibitor Z-FF-FMK were injected. MRI scans were performed after another 24
hours. The TIRM images are shown in the upper panel. The white arrows indicate the area of
ischemia. Enriched magnetically-labeled EPCs can be visualized as hypointense spots, which
disappear in mice transplanted with CathL-inhibitor-pretreated EPCs. The greatest magnitude
of changes related to the incorporation of superparamagnetic particles-loaded EPCs involved
T2*-weighted images as shown in the lower panel. The black arrows indicate an area of
marked EPC enrichment. e, Histological sections were obtained 2 weeks after induction of
ischemia. Endothelial cells were stained with CD146-FITC. Human EPCs were identified by
co-staining for HLA-A,B,C-APC and CD146-FITC. f, Incorporation of EPCs was quantified
and results are shown as box plots representing median 25" and 75" percentiles as boxes
and 5" and 95" percentiles as whiskers. *P<0.05 vs. EPC, **P<0.01 vs. EPC. g, Bone
marrow cells (BMC) from wild-type (wt), CathL”, CathD” or MMP-9” mice (10° cells; each

n=4-6) were isolated and injected into a murine model of hind limb ischemia. Laser Doppler

images were quantified as box plots representing median 25" and 75" percentiles as boxes

and 5" and 95" percentiles as whiskers (right panel).

Figure 6: Overexpression of CathL in mature endothelial cells partially rescued the
impaired improvement of neovascularization

HUVEC were transfected with an empty vector or human pro-CathL for 24 h. a, The cells
(1.5x10° cells; each n=4-5) were injected into a murine model of hind limb ischemia. Laser

Doppler-derived relative blood flow was measured two weeks after induction of hind limb
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ischemia. Results are shown as box plots representing median 25" and 75" percentiles as
boxes and 5" and 95" percentiles as whiskers. *P<0.05 vs. vector-transfected cells. b,
Transfected HUVEC were lyzed and expression of overexpressed CathL was detected by
Western blot analysis. Tubulin serves as loading control. ¢, Cells were lyzed and CathL
activity was measured using the fluorogenic substrate Z-Phe-Arg-4-methoxy-B3-
naphthylamide-hydrochloride (50 uM). Data are mean + SEM (% of vector-transfected cells),
n=3. d, In vitro invasion was determined in a modified Boyden chamber filled with matrigel.

Data are mean = SEM (% of vector-transfected cells), n=3.
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Figure 1: Urbich et al.
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Figure 2: Urbich et al.
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Laser Doppler-derived blood flow

Figure 3: Urbich et al.
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Figure 4: Urbich et al.
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Figure 5: Urbich et al.
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Figure 6:
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Supplementary figure 1
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Supplementary figure 1, Sca-1+ cells were purified from total bone marrow cells (BMC) using positive selection with anti-Sca-
1- microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Lineage (Lin)- cells were purified from total bone marrow cells
using negative depletion with anti-lineage-microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Sca-1+ cells were
subsequently purified by FACS sorting of flk-1+ cells. Purity assessed by FACS analysis was >95%. Cells were lyzed and the
protein expression of CathL was analyzed by Western blot. Tubulin serves as loading control. Representative blots are shown.




Supplementary figure 2 NMED-LA16306B
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Supplementary figure 2 a-d, HUVECs were incubated as indicated with Z-FF-FMK (10 puM), cystatin C (10 nM), E64 (10 uM) or
chlorhexidine (CHX, 10 uM) for 24 h. a, Proliferation was measured by BrdU incorporation, b, migration was assessed in a modified
Boyden chamber and ¢, tube formation was detected in a matrigel assay; *p<0.05, n=3. d, Representative micrographs are shown for
the tube formation assay. e-h, aortic endothelial cells were isolated from CathL++or CathL" mice. Migration (e) was measured using a
modified Boyden chamber, proliferation (f) was assessed by FACS analysis of BrdU incorporation, invasion (g) was measured with a
matrigel-filled modified Boyden chamber and apoptosis (h) was detected by staining with Annexin-PE and FACS analysis.
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Supplementary figure 3
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Supplementary figure 3, Capillary density was determined in 8-um frozen sections of the adductor and semimembraneous
muscles. Endothelial cells were stained for CD31 (PE-labeled; BD Biosciences, Heidelberg, Germany). For better identification, cell
membranes of the myocytes were stained using an antibody to laminin (rabbit, abcam, Cambridge, UK) followed by anti-rabbit-Alexa
488. Three representative images of each treatment are shown.



Supplementary figure 4 NMED-LA16306B
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Supplementary figure 4 a,b, Conductance vessels in the adductor and semimembraneous muscles were identified by size (> 20 um)
and smooth muscle actin staining using a Cy3-labeled mouse monoclonal antibody for smooth muscle actin (Sigma). The number of
small (<50 pm), medium (50 - 100 um), and large vessels was counted separately. b, data are mean + SEM, n=5, *p<0.05 vs. PBS,
**p<0.05 vs. EPC.
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Supplementary figure 5

High resolution images: incorporation of EPC

Example 1:

Red = CM-DIL
Green = VWF
Blue = Topro-3

Supplementary figure 5,
Human EPCs (8x105 cells)
were labeled with CM-Dil
(Molecular probes, Portland,
Oregon) and injected into
nude mice 24 h after induction
of hind limb ischemia.
Histological sections were
obtained 2 weeks after
induction of ischemia.
Endothelial cells were stained
with  von Willebrand-(vWF)-
FITC (Acris Antibodies,
Hiddenhausen, Germany).
Nuclei were stained with
Topro-3 (Molecular Probes).
Incorporation of EPCs was
detected by confocal
microscopy.  Representative
images of two different
examples are shown.

See movie file ,supplementary movie 1« X
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Supplementary figure 6
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Supplementary figure 6, bone marrow cells (BMC) from male wild-type (wt) or CathL-deficient mice (106 cells; each n=5) were
isolated and injected into female mice after induction of hind limb ischemia. Incorporated male murine EPCs were identified by
FISH using probes against the murine Y-chromosome (PE-labeled; Vysis, Downers Grove, lllinois) according to Muller et al.
(Circulation, 2002 Jul 2;106(1):31-5). Arrows indicate Y-chromosome-positive cells (red fluorescence). Endothelial cells were
stained with CD31-FITC and nuclei were stained with 4',6-diamidine-2-phenylidole-dihydrochloride (DAPI, Roche Diagnostics).
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Supplementary figure 7: MMP-9 and cathepsin L activity in ischemic tissues

NMRI nude mice (The Jackson Laboratory, Bar Harbor, Maine) were either untreated or lethally irradiated once with 9.5 Gy.
After 48 h, mice were subjected to unilateral induction of hind limb ischemia. Therefore, the proximal femoral artery
including the superficial and the deep branches as well as the distal saphenous artery were ligated. After 48 h, animals
were sacrificed and adductor and semimembraneous muscles were lyzed in buffer (1% Triton-X-100, 1 mM EDTA, 1mM
EGTA, 150 mM NaCl, 1 mM PMSF, 20 mM Tris (pH 7.4), 2.5 mM Na-pyrophosphate, 1 mM B-glycerolphosphate, 1 mM Na-
orthovanadate, 1 ug/ml leupeptin) for 30 min at 4°C, followed by centrifugation (20000 x g, 15 min). The protein content of
the samples was determined according to Bradford. Muscle lysates were used to measure MMP-9 or cathepsin L activity
and MMP-9 expression.

Zymography

Metalloproteinase activity was analyzed by gelatinolytic zymography as described (Aicher et al., Nat Med. 2003
Nov;9(11):1370-6). Modified gelatin zymography for acidic proteases was performed according to Dennhdfer et al. (Int J
Cancer. 2003 Sep 1;106(3):316-23). After gel electrophoresis, the gels were washed twice for 20 min with 25% isopropanol
to remove SDS (Kaberdin et al., Genome Res. 2003 Aug;13(8):1961-5).

Western blot analysis

Blots were incubated with an antibody against MMP-9 (1:200, R&D Systems, Wiesbaden, Germany). Blots were reprobed
with ERK1/2 (1:1000, Cell Signaling, Frankfurt, Germany). The autoradiographies were scanned and semiquantitatively
analyzed.

CathL-activity assay

Lysates were incubated with the fluorogenic substrate Z-Phe-Arg-4-methoxy-B-naphthylamide-hydrochloride (50 pM;
Sigma) in the presence of 4 M urea at pH 4.7 (Kamboj et al., Biochimie. 1993;75(10):873-8; Ebert et al., J Biol Chem. 2002
Jul 5;277(27):24609-17). Fluorescence was measured using a fluorometer with an excitation of 360 nm and an emission at
405 nm in the presence or absence of the CathL-inhibitor Z-FF-FMK (10 uM). CathL activity was assessed as the difference
between fluorescence with or without CathL-inhibitor.




