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Summary. Background: Bone-marrow-derived progenitor cells
are important in myocardial repair mechanisms following
prolonged ischemia. Cell-based therapy of diseased myocardium
is limited by a low level of tissue engraftment. Objectives: The
aim of this study was the development of the bifunctional
protein aCD133—glycoprotein (GP)VI as an effective treatment
for supporting vascular and myocardial repair mecha-
nisms. Results: We have generated and characterized a bifunc-
tional molecule (¢CD133-GPVI) that binds both to the
subendothelium of the injured microvasculature and to
CDI133" progenitor cells with high affinity. «CD133-GPVI
enhances progenitor cell adhesion to extracellular matrix
proteins and differentiation into mature endothelial cells.
In vivo studies showed that aCD133-GPVI favors adhesion
of circulating progenitor cells to the injured vessel wall (intravital
microscopy). Also, treatment of mice undergoing experimental
myocardial infarction with «CD133-GPVI-labeled progenitor
cells reduces infarction size and preserves myocardial func-
tion. Conclusions: The bifunctional trapping protein «CD133—
GPVI represents a novel and promising therapeutic option for
limiting heart failure of the ischemic myocardium.
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Introduction

Myocardial repair is critical for the preservation of myocar-
dial function following reperfusion after prolonged ischemia.
Bone-marrow-derived progenitor cells (BMPCs) and endo-
thelial progenitor cells (EPCs) can preserve myocardial
function [1-5]; however, clinical studies evaluating cell-based
therapy in myocardial infarction have shown variable and
small effects [6-10]. The protective effects of BMPCs and
EPCs on the myocardium following myocardial infarction
appear to be related to the release of humoral factors and
neovascularization [11]. One limiting effect of cell transplan-
tation following myocardial infarction may be the low level
of progenitor cell homing in the diseased myocardium [5].
EPCs, which express the surface antigen CDI133, can
differentiate into mature endothelial cells (ECs) and form
new blood vessels [2]. Over 90% of human CD34" cells in
mobilized peripheral blood and human umbilical cord blood
are also positive for CD133 [12].

Two major EPC populations are present in peripheral blood
[13], early and late outgrowth EPCs [14]. Early EPCs have
monocytic (CD45" or CDI14™) and endothelial (CD317)
characteristics; they show low CD34 expression and a low
proliferation rate, but produce high levels of growth factors
such as vascular endothelial growth factor (VEGF) and
granulocyte colony-stimulating factor [13,15-18]. CDI14%/
VEGF receptor (VEGFR)-2"/CXCR2" cells have been
shown be incorporated into the denuded vessel wall and
enhance endothelial recovery [19,20].

In contrast, late EPCs are endothelial colony-forming EPCs
with high proliferation rates. These cells are non-monocytic
(CD147) and express markers of mature ECs (CD31 ", VEFR-
27", and Tie-2")[15,19]. These late EPCs are able to form tubular
networksembedded in collagen gels[16,18]. However, both types
of EPC, as well as other progenitor cell types (mesenchymal stem
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cells and dendritic cells) [17,21], have been shown to have the
potential to differentiate into mature ECs [12]. It is a very
attractive proposition to locally and selectively trap these cells at
sites of tissue injury in order to foster repair mechanisms.

Recently, we developed a chemically linked bifunctional
guidance molecule, glycoprotein (GP)VI-CD133, that directs
CDI133™ progenitor cells to sites of vascular lesions [22].
In vitro and in vivo, this construct substantially mediates EPC
homing to vascular lesions [22].

Here, we describe and validate a fully recombinant bifunc-
tional molecule, «CD133-GPVI, that preferentially binds to
tissue lesions with destroyed vascular integrity and to CD133™"
cells. We constructed a recombinant bispecific molecule
consisting of a single-chain mAb directed against human
CD133 and a recombinant form of the soluble platelet collagen
receptor GPVI that serves as an anchor structure to direct
BMPC:s to sites of vascular and myocardial damage. We found
that administration of EPCs pretreated with «CD133-GPVI to
mice during myocardial infarction significantly reduced infarc-
tion size (IS) and preserved ventricular function.

Materials and methods

Cloning and protein production

The cDNA sequences coding for the aCD133 single-chain
fragment scFv-lh including a C-terminal strep-tag, for the scFv-
Ih—GPVI-FclgG, fusion protein and the GPVI-FclgG, con-
trol protein, were produced by gene synthesis and cloned into
the mammalian expression vector pcDNAS-FRT via restric-
tion sites HindIIl and BamHI (Geneart, Darmstadt, Germany).
A Flp-In CHO cell line (Invitrogen, Carlsbad, CA, USA) was
transiently transfected with the scFv-lh construct and stably
transfected with either pcDNAS5-scFv-Ih—GPVI-FclgG,,
pcDNAS-GPVI-FclgG,, or FclgG,, by the use of Lipofecta-
mine 2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s protocol [23,24]. ScFv-
Ih-containing supernatant was harvested and purified by means
of Strep-Tactin affinity purification (IBA BioTAGnology,
Gottingen, Germany), according to the manufacturer’s instruc-
tions. Stable cell lines were expanded with Ham’s F12, 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, and
500 pg mL™" hygromycin B. For protein expression, cells were
grown on T500 triple flasks in Ham’s F12, supplemented with
2% FBS, which had been depleted of bovine IgG by protein-G
affinity chromatography. Cellular supernatants were harvested
3-4 days after subculturing, and purified with 1-mL HITRAP
Protein G HP columns (VWR, Darmstadt, Germany), accord-
ing to the manufacturer’s protocol.

Collagen-binding ELISA

The GPVI-binding capacity of produced proteins was tested
with a collagen-binding ELISA. An Immulon 2 HB 96-well
plate (Nunc, San Diego, CA, USA) was coated with 100 pL
of 10 pgmL™" bovine collagen I. 100 pl of either scFv
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-Ih-GPVI-FclgG, (aCD133-GPVI-FclgG,, in the following
called aCDI133-GPVI), GPVI-FclgG, (in the following
called GPVI) or FclgG, (in the following called Fc) (range
5-1000 nm) was added. Subsequent procedures were carried
out as described previously [23], and can be found in
Data S1.

Competition assay

CDI133" Weri-RB-1 cells (1.5 x 10°) were analyzed by flow
cytometry after incubation with competitive proteins (anti-
CD133, aCD133-GPVI and GPVI at five different concentra-
tions) and human anti-CD133/1 phycoerythrin (PE)-conjugated
antibody (MACS; Miltenyi Biotec, Bergisch-Gladbach, Ger-
many). All experiments were carried out with the corresponding
PE-labeled 1gG isotype control antibody (IgG isotype control;
BD Biosciences, San Jose, CA, USA).

Western blot analysis with anti-IgG and anti-GPVI

Purified supernatant from aCD133-GPVI-producing cells was
detected with western blot. The supernatant was prepared with
reducing sample buffer, separated on a 10% SDS polyacryl-
amide gel, and transferred to a poly(vinylidene fluoride)
membrane (Millipore, Billerica, MA, USA). The membrane
was blocked with 5% powdered skimmed milk in phosphate-
buffered saline with 0,5 % Tween (PBST), and probed with anti-
IgG (peroxidase-conjugated AffiniPure goat anti-human IgG,
Fc fragment-specific; Jackson ImmunoResearch, West Grove,
PA, USA) at a dilution of 1 : 5000 and anti-GPVI (clone 5C4)
at a dilution of 1 : 7500. Anti-GPVI was purified from the
supernatant of hybridoma 5C4 [25]. The membrane was then
incubated with fluorescence-labeled secondary antibodies in
darkness. The membrane was detected with the Odyssey
infrared imaging system (Licor, Bad Homburg, Germany).

Cells

Human CD34 " cells were isolated from remnants of leuka-
pheresis transplants, as described previously [26-28]. Experi-
ments were approved by the local ethics committee of the
University of Tiibingen. Where indicated, we used control
HEK293 cells or CD133-overexpressing HEK293 cells.

Multiple substrate array (MSA)

The MSA assay was carried out in ProPlate (Grace Bio-Labs,
Bend, OR, USA) cultivation chambers mounted on microarray
slides (Fig. S1C, upper panel). The wells were washed with PBS
and coated differently (Data S1). Then, 1x 10° human
CD34" cells or 2 x 10* HEK cells were resuspended in
appropriate culture medium (without FBS) and seeded in each
culture chamber. The colonized microslides were kept at 37 °C
and 5% CO, for 2 h (CD34™ cells) or 30 min (HEK cells).
Subsequent procedures were carried out as described
previously [29].
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Dynamic adhesion assay with a flow chamber

Control CDI133-overexpressing HEK293 cells or human
CD34" cells (1.5 x 10° cells mL™") were gently resuspended,
transferred into a 50-mL syringe, and fixed in the perfusor. The
shear rate was 2000 s~ and the cell flow rate was 15 mL h™'
over the surfaces of precoated coverslips (coating; Data Sl1),
which were fixed in the flow chamber. After 10 min, four
movies of 30 s at different sites of the coverslip were recorded,
and analyzed as previously described [26,27].

Colony-forming unit (CFU) assay

Human CD34 " cells (5 x 10* cm™) were seeded in precoat-
ed 96-well plates (coating; Data S1) and cultivated at 37 °C
and 5% CO, in EC growth medium MV2 (PromoCell,
Germany). After 24 h, non-adherent cells were removed,
and the medium was changed every 3 days. Additionally,
endothelial CFUs were counted at days 1, 3, 5, 7, 10 and 14
by the use of light microscopy (Axiovert; Carl Zeiss,
Oberkochen, Germany) [27,28].

Uptake of LDL Dil-Ac-LDL

Human CD34 ™" cells (5 x 10* cm™2) were seeded as described
for the CFU assay. The uptake of Dil-Ac-LDL (Biomedical
Technologies, Stoughton, MA, USA) of seeded CD34™ cells
was analyzed at days 1, 3, 5, 7, 10, and 14, as described
previously [29].

Immunocytochemistry

Human CD34 " cells (5 x 10* cm™) were seeded and analyzed
as described for the CFU assay. HEK cells (2 x 10* cm™) were
seeded onto uncovered wells and cultivated for 3 days.
Immunocytochemistry was performed as described previously
[29]. Staining of cells was performed with anti-CD133 (Abcam,
Cambridge, UK), anti-CD34 (Abcam, Cambridge, UK), and
VE-cadherin (Santa Cruz Biotechnologies, Santa Cruz, CA,
USA). The actin cytoskeleton was visualized with Alexa-488-
coupled phalloidin (Invitrogen, Darmstadt, Germany).

Assessment of CD34* adhesion with intravital fluorescence
microscopy

Human CD34™ cells were labeled with 5-carboxyfluorescein
diacetate succinimidyl ester (Molecular Probes, Darmstadt,
Germany) and incubated for 30 min with 20 pg mL™
recombinant aGPVI-CD133 or GPVI (equimolecular). Intra-
vital microscopy was performed as described previously [26—
28,30] (see detailed description in Data S1). Fluorescent
CD34™ cells (5 x 10*/250 uL) were injected intravenously into
C57BI/6J mice (Charles River, Sulzfeld, Germany). Before and
after vascular injury of the carotid artery, interaction between
CD34" cells and the vessel wall was visualized and quantified
as described previously [31]. For intravital microscopy of the

mesenteric vessels, segmental intestinal ischemia and reperfu-
sion (I/R) was induced by ligation. Interaction between CD34 "
cells (preincubated with 10 pg mL™" trapping protein or
control [22]) and the vessel wall in arterioles and venules was
recorded and quantified as described previously [32].

Myocardial I/R

Anesthesia and surgery were performed as described previously
[33,34]. To induce myocardial infarction, left anterior descend-
ing artery (LAD) ligation was performed for 45 min in male
NOD.CB17-Prkdc®®/J mice (The Jackson Laboratory, Bar
Harbor, MN, USA). Immediately and 3 days after surgery, the
mice received 5 x 10° human CD34 ™" cells per 250 pL via the
tail vein, preincubated for 30 min with oaCDI133-GPVI
(20 pg mL™"), GPVI (equimolecular), or FcIgG, (equimolec-
ular). An additional control group did not receive any cells.
Seven days and 28 days after I/R, left ventricular function
was assessed echocardiographically (Vevo 770; VisualSonics,
Amsterdam, the Netherlands) by determination of the frac-
tional area change (FAC). Reperfusion of the ischemic area
(area at risk [AaR]) was estimated by Evans Blue/triphenyltet-
razolium chloride (TTC) staining at days 1, 7, and 28. After
religation of the left coronary artery at the level marked by the
suture left in place, 4% Evans Blue was injected as a negative
stain for perfused regions, and the infarcted area (IS) was
determined by TTC staining (Sigma Aldrich, St. Louis, MO,
USA). 1% TTC added to metabolically active tissue turns red;
a white color indicates ischemic regions. The ISs were
determined by quantitative morphometric planimetry, with
an image analysis software program. The IS/AaR ratio
indicates the size of damage/regeneration occurring in the
heart after myocardial infarction [33,35].

Specific detection of injected human CD34" cells in the
infarcted myocardium

Human CD34 " cells (5 x 10%) were resuspended in 250 pL of
PBS and stained with PKH26-GL (Sigma-Aldrich, Darmstadt,
Germany), according to the manufacturer’s protocol. Cells
were then incubated for 30 min with 10 pug g~' body weight
aCD133-GPVI or FclgG, (equimolecular). Prepared CD34™
cells were injected intravenously directly after transient LAD
ligation. Human CD34 ™" cells pretreated with aCD133-GPVI
(10 pg g™ body weight) were also injected intravenously into
healthy control mice. Two hours after I/R, hearts were
removed, cut in cryosections, stained with 4’,6-diamidino
-2-phenylindole (Sigma-Aldrich, Darmstadt, Germany), and
analyzed by immunofluorescence. The numbers of PKH26-
GL-labeled human CD34" cells were quantified from 10
random cryosections of each heart sample (n = 3).

Immunohistochemistry

Paraffin-embedded cardiac sections taken 1 day after myocar-
dial infarction were stained with hematoxylin and eosin,
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according to a standard protocol. Immunostaining of
infarcted cardiac sections was performed with a streptavidin
—biotin-immunoperoxidase method (StreptABComplex/HRP,
liquid diaminobenzidine, Substrate-Chromogen; Dako, Glostr-
up, Denmark). Paraffin-embedded cardiac sections taken on
days 7 and 28 after I/R were stained with an anti-CD31 mAb
(Santa Cruz Biotechnology, Santa Curz, CA, USA), cryosec-
tions taken 2 h after I/R were stained with an anti-IgG mAb
(peroxidase-conjugated AffiniPure goat anti-human IgG, Fc
fragment-specific; Jackson ImmunoResearch, West Grove, PA,
USA), and paraffin-embedded cardiac sections taken day 1
after I/R were stained with an anti-Mac3 mAb (BD Bioscienc-
es, San Jose, CA, USA), an anti-polymorphonuclear (PMN)
mAb (NIMP-R14; GeneTex, Irvine, CA, USA), and isotype
control antibodies, according to a standard protocol. Corre-
sponding secondary antibodies (Dako, Amsterdam, the
Netherlands) were used. The percentages of Mac3-positive
and PMN-positive cells were counted from six random areas in
the infarcted myocardium of each heart sample (n = 3) in a
blinded manner. The numbers of CD31-positive capillaries
were quantified from six random areas from the infarction
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border zone of each heart sample (n = 3), and were referred to
a certain tissue area (mm?).

Statistics

All experiments were carried out more than three times in
duplicate. Results are shown throughout as means + standard
errors of the mean. Statistical analysis was performed
with prism (GraphPad Software, La Jolla, CA, USA),
Student’s #-test, and non-parametric Mann—Whitney test
statistics. Statistical significance was set at P < 0.05.

Results

The recombinant bifunctional aCD133-GPVI protein displays
functional binding sites

We designed and constructed two proteins, the bifunctional
protein and a corresponding control protein. The bifunctional
protein (termed trapping protein [Fig. 1A]; for sequences, see
Fig. SIA) contains an anti-CD133 single-chain fragment
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Fig. 1. In vitro characterization of aCD133—glycoprotein (GP)VI. (A) Construction of the fusion proteins. Both functional proteins contain a C-terminal-
located FclgG, domain (gray) followed by a functional GPVI collagen-binding domain (red). The N-terminus of each protein is formed by an IgK leader.
In the trapping protein aCD133-GPVI-FclgG,, the functional anti-CD133 (aCD133)-binding domain (yellow) is positioned between the GPVI domain
and the IgK leader. The «CD133-binding domain (ScFv-1h) consists of the variable regions of the anti-CD133 mAb W6B3H 10 connected by an amino acid
linker. (B) Western blot (WB) analysis. Stable protein-producing/secreting cells were generated. Proteins were purified from supernatants. Coomassie gel
displayed the presence of protein dimers (non-reducing conditions) and monomers (reducing conditions). More detailed immunoblotting revealed, under
reducing conditions, the IgG domain and GPVI domain at the predicted band sizes for both proteins. (C) Collagen binding. The GPVI-induced collagen-
binding capacity of the constructed proteins was shown with a collagen-binding ELISA. Only the GPVI domain-containing proteins (trapping protein and
GPVI-FclgG,) showed concentration-dependent collagen-binding qualities; FclgG, did not. (D) CD133-binding assay. A CD133 competition assay using
flow cytochemistry and «CD133 control antibody showed strong concentration-dependent neutralizing qualities. The use of the bifunctional recombinant
trapping protein resulted in diminished but clearly detectable CD133-binding capacity, whereas the control protein GPVI-FclgG, showed no CD133-
binding potential. OD, optical density; PE, phycoerythrin; VH, heavy chain variable region; VL, light chain variable region.
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(aCD133) to selectively home CD133-presenting progenitor
cells out of the bloodstream to the injured tissue. This single-
chain fragment consists of the variable regions of the anti-
CD133 mAb W6B3H 10 [36] connected by an amino acid linker
with the sequence (G4S);. Additionally, this recombinant
bifunctional protein contains a GPVI domain for mediating
high-affinity protein binding to collagen presented on disrupted
endothelium, which was cloned and characterized [23,24,37].
We also developed a corresponding control protein not
containing an o«CD133 domain (Fig. 1A).

Both proteins were produced in cell culture and purified
from cell supernatants. By western blot analysis aimed at IgG,
we were able to demonstrate that supernatants contained the
constructed proteins (Fig. 1B). Coomassie staining revealed
that the proteins were expressed as dimers under non-reducing
conditions (Fig. 1B). Under reducing conditions, monomers
were present (Fig. 1B). Additionally, we showed that superna-
tants of GPVI-producing and trapping protein-producing cells
showed western blot bands indicative of IgG (Fig. 1B, middle
panel) and GPVI (Fig. 1B, right panel) at each predicted band
size. Positively evaluated cell populations were expanded, and
the proteins were purified from the corresponding supernatant.

In a second step, recombinant proteins were characterized
with regard to their binding properties. The specificity of the
GPVI-binding site was quantified with a collagen-binding assay
(Fig. 1C). This ELISA-based method clearly demonstrated
that both GPVI-containing proteins (monofunctional control
and bifunctional protein) showed the same concentration-
dependent collagen-binding efficiency, whereas an Fc negative
control protein showed no collagen binding, indicating that the
GPVI domain introduced into the proteins was functional.
Next, we tested the aCD133-binding capacity of the recombi-
nant bifunctional protein by performing a CD133 competition-
based binding assay (Fig. 1D). Stable CD133-overexpressing
(Weri-RB-1) cells were incubated with different concentrations
of each protein construct or an aCD133-neutralizing antibody
(W6B3H10) [22]. The CDI133 expression levels on these
preincubated cells were then analyzed by flow cytometry.
Incubation of CDI33-overexpressing cells with the GPVI
protein revealed no effects on detectable CD133. In contrast,
the neutralizing antibody (used as a positive control) showed a
clear concentration-dependent decrease in detectable CD133
(Fig. 1D). Also, preincubation of CDI133" cells with the
trapping protein resulted in a concentration-dependent
decrease in CD133, demonstrating that the novel recombinant
trapping protein was functional and bound CD133 of CD133-
expressing cells.

aCD133-GPVI enhances cell adhesion under static and
dynamic conditions

To examine the bifunctional character of «CD133-GPVI, we
used stable CDI133-overexpressing HEK cells and human
CD34" progenitor cells. Both cell types and the parent
HEK“P'3~ control cell line were examined for the expression
of characteristic markers. In contrast to native HEK cells,

HEK“P'3" cells expressed CD133 but not CD34. CD34*
cells served as a positive control, and displayed both CD133
and CD34 (Fig. S1C).

MSAs were employed to characterize cell attachment to
extracellular matrix (ECM) proteins under static conditions
(Fig. 2A,B; Fig. SID). Fourteen different purified proteins
(Fig. S1B) were microspotted onto nitrocellulose-coated glass
slides (NMI TT, Germany) (spot size: 300 pm) [38]. Then, these
spotted proteins were not coated (PBS) or coated (with GPVI
or trapping protein), and subsequently incubated with different
cell types (triple combination: ECM component—test protein—
cell). All cell types showed attachment to poly(L-lysine)
(positive control), whereas they did not adhere to serum
albumin-coated surfaces (negative control). We could clearly
detect enhanced cell attachment of CD133-expressing cells
(Fig. 2A; Fig. S1D) specifically on trapping protein-coated
ECM proteins (blue bars). Enhanced trapping protein
-mediated cell attachment was evident on fibronectin, vitro-
nectin, and collagens I-VI. Coatings with GPVI showed a
similar background as with any other coating, indicating that
enhanced attachment of exclusively CD133-expressing cells is
mediated via an intact «CD133-binding site of the bifunctional
protein. Essentially the same results were obtained when
human CD34 ™" progenitor cells were used (Fig. 2B; Fig. SID).
In summary, we demonstrated that the novel bifunctional
protein is able to mediate enhanced and specific attachment of
CD133" cells.

Besides these static adherence conditions, a dynamic para-
digm was realized in flow chambers (Fig. 2C,D; Fig. SIE).
Both native and CD133-overexpressing HEK cells were
perfused over different coated surfaces under flow conditions.
HEK“P'33~ cells showed no adherence for all coatings (e.g.
collagen coating: 1.25 + 0.3 adherent cells per high-power
field [HPF]). In contrast, HEKP'3* cells strongly adhered
when surfaces were coated with the bifunctional protein
(16 £ 1.6 adherent cells per HPF) as compared with control
protein GPVI (0.25 + 0.3 adherent cells per HPF) or collagen
(0 £ 0 adherent cells per HPF; Fig. 2C). Moreover, this effect
was completely abolished by the addition of a soluble anti-
CD133 antibody (1.25 £+ 0.5 adherent cells per HPF). In
addition, a strong increase in firm adhesion of CD347
progenitor cells was detected when surfaces were coated with
the bifunctional protein (14.33 + 4.0 adherent cells per HPF),
and adherence was inhibited by a soluble anti-CD133 antibody
(0.5 £ 0 adherent cells per HPF), similar to what was found
for HEK“P'3** cells (Fig. 2D). These data strongly support
the MSA findings.

aCD133-GPVI enhances endothelial differentiation of
progenitor cells in vitro

Characterization of in vitro endothelialization was performed
with CFU assays (Fig. 3A). Cultivation of progenitor cells on
trapping protein-coated surfaces under endothelial medium
conditions clearly resulted in faster and enhanced endothelial-
like colony formation. Within the first 5 days in vitro, we
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Fig. 2. In vitro bifunctionality of «CD133-glycoprotein (GP)VI. (A) Static adhesion. Static adhesion on different extracellular matrix proteins was tested
with multisubstrate arrays (MSAs). Only cells expressing CD133 (HEK CD133 cells) showed enhanced adhesion to trapping protein-coated MSAs on
fibronectin (FN), vitronectin (VIN) and collagen type I (CI). The adhesion of added cells (independently of CD133 expression levels) was not modified when
MSAs were uncoated or coated with GPVI-FclgG,. (B) Adhesion of human CD34 " cells was analyzed with MSAs. CD34 " cells showed significantly
enhanced adhesion to aCD133-GPVI-FclgG,-coated MSAs on FN, VN, and collagen. (C) Dynamic adhesion experiments. These experiments revealed
increased adhesion of only CD133" HEK?293 cells on trapping protein-coated surfaces, which was abolished by a soluble anti-CD133 antibody. (D)
Human CD34 ™" cells showed increased adhesion on «CD133-GPVI-FclgG,-coated surfaces under flow conditions as compared to other coated surfaces.
Adhesion was inhibited by a soluble anti-CD133 antibody. *P < 0.05. ab, antibody; BSA, bovine serum albumin; CIV, collagen IV; HPF, high-power

field; PLL, Poly-L-Lysine.

detected three times as many colonies on trapping protein-
coated surfaces (37 + 3.6 colonies per 10° CD34 " cells) as on
uncoated ones (12 + 2.6 colonies per 10° CD34™" cells). This
positive effect on CFU efficacy remained for up to 14 days
in vitro (trapping protein, 68 + 5.8 colonies per 10° CD34"
cells; control, 37 + 4.7 colonies per 10° CD34™" cells), indi-
cating a clear benefit for progenitor cells cultivated on the
bifunctional protein.

These findings were substantiated by analysis of the uptake
of Dil-labeled acetylated LDL (Fig. 3B; red fluorescence).
Human CD34" progenitor cells cultivated on trapping
protein-coated surfaces showed: (i) enhanced attachment of
living cells (green calcein staining) (Fig. 3B, d as compared with
a—c); and (ii) more rapid (day 5) and more efficient uptake of
Dil-Ac-LDL (red fluorescence in Fig. 3B, | as compared with
i-k). Moreover, these cells on trapping protein-coated surfaces
had a more endothelial-like morphology (Fig. 3B, x as
compared with u—w). These results support the hypothesis of
enhanced endothelialization mediated by the trapping protein.

© 2012 International Society on Thrombosis and Haemostasis

aCD133-GPVI augments progenitor cell adhesion in vivo and
preserves myocardial function after infarction

To study the effect of aCD133-GPVI-mediated recruitment of
progenitor cells in vivo, we performed intravital microscopy of
injured murine carotid artery (Fig. 4A). «CD133-GPVI signif-
icantly increased the number of stably adherent progenitor cells
at denuded vessels within 5 min after ligation (892 + 81
adherent CD34 ™ cells) as compared with GPVI-coated cells
(633 + 66 adherent CD34" cells, P < 0.05). We also
performed intravital microscopy after mesenteric I/R (Fig. 4B).
Again, preincubation of human CD34 " cells with the trapping
protein [22] resulted in increased adhesion 60 min after reper-
fusion as compared with control labeled cells (67.69 £+ 10.10
adherent CD34 " cells vs. 26.73 + 5.89 adherent CD34 ™ cells).
These data support the in vitro findings of selective homing of
progenitor cells mediated by aCD133-GPVI.

To assess the effects of aCDI133-GPVI on myocardial
infarction in vivo, we used a mouse model of myocardial
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Fig. 3. In vitro endothelialization. Analysis by colony-forming unit assay
(A) showed significantly enhanced endothelial colony formation of human
CD34™ cells when they were cultured on trapping protein-coated surfaces
from day 5 onwards as compared with the other coatings. The number of
adherent alive cells (calcein staining, green [B]) was increased on trapping
protein-coated surfaces from the start onwards. The uptake of Dil-labeled
acetylated LDL (Dil-Ac-LDL, red fluorescence [B]) of differentiating
CD34 " cells was increased on trapping protein-coated surfaces from
day 5 onwards. Scale bar: 50 um. *P < 0.05 indicates significant differ-
ences relative to control or glycoprotein (GP)VI-FclgG,-coated condi-
tions. Error bars indicate standard error of the mean.

ischemia [33,34]. In this model, myocardial damage is assessed
after LAD ligation for 45 min followed by reperfusion. NOD/
Scid mice were given two administrations of human CD34 "
cells pretreated with aCD133—-GPVI or control Fc, respectively
(Fig. 4C). Twenty-eight days after reperfusion, infarction areas
in aCD133-GPVI-treated mice, as assessed by TTC staining to
differentiate between metabolically active and inactive tissue,
were significantly reduced by up to 50% in comparison with
mice treated with Fc control (IS/left ventricle, 15.8% + 3% vs.
30.3% + 2%, P < 0.05; IS/AaR, 29.6%% + 6% vs.
46.6% + 2%, P < 0.05; Fig. 4D). No significant differences
were noted at day 1 and day 7 after transient ischemia between
oCD133-GPVI and control Fc (Fig. 4D; control vs. aCD133—
GPVI-treated mice, P > 0.4 atday 1,and P > 0.07 atday 7).

The reduction in IS was functionally relevant, because echo-
cardiography 28 days after IS/R showed significantly improved
cardiac left ventricular systolic function in mice treated with
oCDI133-GPVI as compared with Fc control-treated mice
(FAC: 41.7% =+ 3% vs. 30.5% =+ 2%, P < 0.05; Fig. 4E
and Video Clip S1). Again, no difference in left ventricular
function was found at day 7 (Fig. 4E).

Total cell number and cell quality were analyzed by
immunohistochemical staining 1 day after myocardial infarc-
tion. We found that, 1 day after myocardial infarction, the
heart sections from mice treated with cells and protein
(CD133-GPVI or control protein) did not show a significant
difference in total cell number. In contrast, 1 day after
myocardial ischemia, mice without cell treatment showed a
significantly lower total cell count than mice treated with cells
(no cells vs. cell-treated mice, P < 0.05). At 7 days and 28 days
after myocardial infarction, all groups showed equal total cell
counts (Fig. 4F). In addition, we found increased numbers of
macrophages (Mac3 staining, P = (0.200) and similar numbers
of PMN cells (PMN staining, P = 0.299) in the infarcted
myocardium in «CD133-GPVI-treated mice as compared with
the control group 1 day after myocardial infarction (Fig. 4G).

Next, neovascularization in the infarct border zone was
detected with a CD31 antibody. In the aCD133-GPVI-treated
group, the average capillary density was enhanced at day 7 as
compared with the FclgG, control group by trend (599 + 47
capillaries mm ™ vs. 487 + 36 capillaries mm ™2, P = 0.123),
and was significantly enhanced at day 28 after I/R
(330 + 14 capillaries mm™> vs. 143 + 24 capillaries mm™2,
P = 0.002; Fig. 4H).

Specific accumulation of «CD133-GPVI in the injured
myocardium was shown by immunohistochemistry. We found
enhanced oCD133-GPVI accumulation in the infarcted myo-
cardium, especially around the blood vessels, 2 h after I/R as
compared with control FclgG, accumulation in the infarcted
myocardium or oCD133-GPVI accumulation in the intact
myocardium (Fig. 41).

Human CD34 " cells linked with PKH-26, and preincubated
with aCD133-GPVI or control FclgG,, were specifically
detected in the myocardium after 2 h. We found enhanced
accumulation of human CD34" cells in the presence of
aCD133-GPVI (59.0 + 9.29 CD34 ™ cells per 10 cryosections;
Fig. 4]) compared to control FclgG, (36.33 + 9.21 CD34™
cells per 10 cryosections), or control hearts (40.0 + 8.01
CD34" cells per 10 cryosections). P = 0.158 indicates
increased accumulation in the presence of aCD133—-GPVI as
compared with Fc control by trend.

Discussion

The major findings of the present study are as follows: (i) we
generated a recombinant bifunctional aCD133-GPVI mole-
cule that binds with high affinity to the CD133 antigen (single-
chain anti-CD133) and to ECM proteins such as collagen and
fibronectin (GPVI receptor); (ii) aCD133-GPVI augments
adhesion of progenitor cells to ECM proteins and stimulates

© 2012 International Society on Thrombosis and Haemostasis



differentiation into mature ECs; and (iii) the bifunctional
molecule aCD133-GPVI augments adhesion of progenitor
cells at sites of injured microvasculature in vivo, and improves
neovascularization and preserves myocardial function after
infarction in mice.

The findings imply that the bifunctional molecule aCD133—
GPVI facilitates homing/entrapment of circulating progenitor
cells at sites of myocardial injury, and thus favors repair
mechanisms and preserves the function of infarcted myocar-
dium. aCD133-GPVI-mediated progenitor cell adhesion may
provide a novel strategy for the treatment of heart failure in
patients with acute myocardial infarction.

Ischemia and subsequent reperfusion results in injury to the
endothelial monolayer within the microvasculature of diseased
myocardium [39]. The subendothelial matrix is exposed to the
blood flow, resulting in platelet activation with subsequent
enhanced platelet adhesion and accumulation of circulating
blood cells such as monocytes and progenitor cells [39]. Since
Asahara reported in 1997 that peripheral blood contains a
small number of bone marrow-derived EPCs, it has been
suggested that these cells could be used for myocardial repair
and endothelial regeneration [40] and neovascularization [2].
Especially in the case of denuding injury, progenitor cells were
reported to contribute to endothelial repair mechanisms
[41,42]. Cell-based therapies for endothelial or myocardial
repair are limited by low efficiency of engraftment to the target
tissue and an unclear delivery system [43]. To improve
myocardial engraftment of progenitor cells, we aimed to
develop a single recombinant fusion protein that binds
primarily to the injured microvasculature [22,23,37] and
entraps circulating CD133™ progenitor cells in the affected
myocardium. We hypothesized that augmented enrichment of
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CDI133" progenitor cells within infarcted myocardium favors
repair mechanisms.

Several subpopulations of EPCs with a diverse spectrum of
marker expression have been reported to differentiate into
mature endothelium and, in this way, to reconstitute the
endothelial monolayer after injury. Bone marrow-derived
CD34" /VEGFR-2" monocytic cells were found to be embed-
ded in newly formed blood vessels in ischemic tissue [40,44].
Additionally, EPCs positive for CD133 were shown to play a
crucial role in regeneration of infarcted myocardium [45].
Under normal healthy conditions, the number of circulating
EPCs is very low. However, acute tissue injury results in an
increased number of circulating CD34" [46] as well as
VEGFR-2"/CDI133" EPCs [47]. Ischemic tissue is known to
produce chemokines such as stromal cell-derived factor-1 and
VEGF, resulting in enhanced EPC mobilization and chemoat-
traction [48,49], and homing of EPCs to the subendothelial
matrix [11,19,50]. Autologous administration of CD133™ cells
has been shown to improve the function of ischemic myocar-
dium in humans [45]. A major limitation of cell-based therapy
is, however, the low level of EPC entrapment within the
diseased myocardium [50].

We constructed a bifunctional fusion protein that binds to
ECM proteins of the injured subendothelium and also to the
CD133 antigen of EPCs. We hypothesized that the ‘anchor’
molecule GPVI binds preferentially to the injured vasculature
of the microcirculation, and thereby increases the accumulation
of ‘repair’ cells [22]. Indeed, we found enhanced cell accumu-
lation within the injured myocardium in mice treated with
oCD133-GPVI (Fig. 4]) Furthermore, we provide in vitro and
in vivo evidence that aCD133-GPVI augments progenitor cell
adhesion to ECM proteins and promotes differentiation into

Fig. 4. In vivo characterization of «CD133—glycoprotein (GP)VI and effect on functional outcome after myocardial infarction (MI). (A) In C57BL/6J
mice, 5-carboxyfluorescein diacetate succinimidyl ester (DCF)-stained human CD34 " cells were injected intravenously, and the common carotid artery
was injured by ligation [22]. Preincubation with «CD133-GPVI (20 pg mL™") led to significantly more cells adhering to the injured vessel wall than GPVI
incubation. Scale bar: 50 um. *P < 0.05, n = 6. The upper panel shows representative images of the lesion site 5 min and 30 min after injury. (B) In
C57BL/6J mice, DCF-stained human CD34 " cells were injected intravenously, and mesenteric ischemia/reperfusion was performed [32]. Preincubation
with aCD133-GPVI (10 pg mL™") [22] led to significantly more cells adhering to the injured vessel wall in arterioles and venules 60 min after reperfusion
than incubation with GPVI + aCD133. **P < 0.01,n = 5.(C) In NOD/Scid mice, MI was induced by temporary ligation of the left anterior descending
artery [33]. After reperfusion, the mice received human CD34 " cells that were pretreated with either «CD133-GPVI (20 pg mL™") or control Fc
(equimolar). An additional group of mice received no cell treatment. The experimental protocol is shown in the time line. (D) One day, 7 days and 28 days
after myocardial ischemia/reperfusion, the infarction size of the «CD133-GPVI-treated mice was determined. There were no significant differences between
the cell-treated groups and the group without cells at day 1 (P > 0.4) and at day 7 (P > 0.07). At day 28, the infarction size was significantly reduced as
compared with both control groups. Scale bar: | mm. *P < 0.05, **P < 0.01, n = 5-6. Representative Evans Blue-stained and triphenyltetrazolium
chloride-stained myocardial sections are shown in the left panel. (E) This morphologic improvement was reflected by significantly better cardiac function
28 days after surgery, as assessed by echocardiography in vivo (right panel, *P < 0.05, **P < 0.01,n = 5-6). The left panel shows representative systolic
and diastolic echocardiograms in long-axis view at day 28. (F) Murine cardiac sections were stained with hematoxylin and eosin (H&E). The left panel
shows representative images. Scale bar: 100 pm. Magnification x 200. Quantitative analysis of H&E staining (right panel) showed an increase in total cell
number after 1 day in mice treated with cells (¢CD133-GPVI and control) as compared with mice without cell treatment (the difference between cell-
treated groups and the group without cell treatment showed significance; *P < 0.05). At day 7 and day 28 after ischemia/reperfusion, there were similar
total cell numbers. (G) Murine cardiac sections were immunostained for Mac3 and polymorphonuclear (PMN) cells. The upper panel shows representative
images. Scale bar: 100 pum. Magnification: x 200. Quantitative analysis of immunostained sections showed increased numbers of Mac3-positive cells

(P = 0.200) and similar numbers of PMN-positive cells (P = 0.299) in the infarcted myocardium. (H) Cardiac sections from mice were immunostained
for CD31. Representative images (left panel) and quantitative analysis (right panel) showed enhanced neovascularization in the infarcted areas of «CD133—
GPVI-treated mice as compared with the Fc control group. Scale bar: 50 pm. Magnification: X 200. There was no significance difference on day 7

(P = 0.123), but there was a significant difference on day 28 (P = 0.002). (I) Cardiac sections from mice 2 h after MI were immunostained for FclgG, to
detect the fusion protein aCD133-GPVI; representative images are shown. Scale bar: 50 um. Magnification: x 200x. (J) Quantification of recruited human
CD34 " cells into the heart 2 h after ischemia/reperfusion. Accumulation of human CD34 ™ cells preincubated with «CD133-GPVI was enhanced as
compared with the FclgG, control group by trend (P = 0.158). LV, left ventricular; FAC, fractional area change.

© 2012 International Society on Thrombosis and Haemostasis
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Fig. 4 Continued

mature endothelial cells. After transient myocardial ischemia
(LAD ligation), systemic administration of human CD34™"
cells labeled with aCD133-GPVI significantly reduces IS
and preserves myocardial function in mice (Fig. 4D.E).
Although we were able to show that our transplanted
CD133-GPVI-pretreated cells accumulate within the diseased
myocardium, this seems to be less pronounced than shown by
our intravital microscopy analysis. However, owing to the
limitations of the two-dimensional histologic analysis, we might
have underestimated the proportion of recruited cells.

© 2012 International Society on Thrombosis and Haemostasis

Capture of circulating EPCs is an attractive approach to
improve vascular and tissue healing after injury. In a different
context, King et al. demonstrated that circulating hematopio-
etic stem and progenitor cells positive for CD34 are preferen-
tially trapped under flow conditions when surfaces are coated
with P-selectin [51]. Using the P-selectin approach seemed to be
more effective with regard to CD34 ™" cell homing than the use
of anti-CD34 antibodies in microtubes [47]. Also, CD31-
specific aptamers were developed to selectively recruit endo-
thelial precursors to vascular grafts in a porcine in vitro model
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[52]. All of these approaches have in common the fact that
monofunctional capture molecules are coated onto different
implant surfaces in order to endothelialize the technical devices.
Recently, we have shown that a mAb directed against CD133
and chemically linked to the soluble collagen receptor GPVI
augments vascular healing after carotid injury in mice [22]. In
the present study, we show that pretreatment of progenitor cells
with aCDI133-GPVI may facilitate and improve cell trans-
plantation in patients with myocardial infarction. Although
not directly shown in the present study, it is tempting to
speculate that systemic administration of «CD133-GPVI at the
time of reperfusion of the infarction-related artery may be an
alternative strategy to favor repair mechanisms of the infarcted
myocardium.

In conclusion, we provide evidence that the bispecific molecule
oCDI133-GPVI is highly effective in preserving myocardial
function after ischemia. Administration of aCD133-GPVI
during reperfusion and thereafter might be a promising strategy
for the treatment of myocardial infarction in order to promote
myocardial repair and limit heart failure.

Addendum
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in vitro endothelialization assays; B. Schmid-Horch: purifica-
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