Sustained Persistence of Transplanted Proangiogenic Cells
Contributes to Neovascularization and Cardiac Function
After Ischemia

Thomas Ziebart,* Chang-Hwan Yoon,* Thomas Trepels, Astrid Wietelmann, Thomas Braun,
Fabian Kiessling, Stefan Stein, Manuel Grez, Christian IThling, Marion Muhly-Reinholz,
Guillaume Carmona, Carmen Urbich, Andreas M. Zeiher, Stefanie Dimmeler

Abstract—Circulating blood—derived vasculogenic cells improve neovascularization of ischemic tissue by a broad
repertoire of potential therapeutic actions. Whereas initial studies documented that the cells incorporate and differentiate
to cardiovascular cells, other studies suggested that short-time paracrine mechanisms mediate the beneficial effects. The
question remains to what extent a physical incorporation is contributing to the beneficial effects of cell therapy. By using
the inducible suicide gene thymidine kinase to deplete transplanted cells, we determined the contribution of physical
incorporation in 3 animal models. After acute myocardial infarction, depletion of cells 14 days after infusion resulted
in a reduction of capillary density and a substantial deterioration of heart function. Likewise, neovascularization of
Matrigel plugs and ischemic limbs was significantly suppressed when infused cells were depleted 7 days after infusion.
Induction of cell death in the previously transplanted cells reduced perfusion and led to vascular leakage as evidenced
by Evans blue extravasation. These results indicate that physical incorporation and persistence of cells contribute to
cell-mediated improvement of neovascularization and cardiac function. Long-term paracrine activities and/or cell
intrinsic mechanisms may have contributed to the maintenance of functional improvement. (Circ Res. 2008;103:1327-1334.)
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ell therapy is a promising option for treating ischemic

diseases. Adult stem and progenitor cells from various
sources have experimentally been shown to augment the
functional recovery after ischemia. Clinical trials confirmed
that autologous cell therapy using bone marrow—derived or
circulating blood-derived progenitor cells is safe and provides
beneficial effects'— (see also recent metaanalysis*). Endothe-
lial progenitor cells (EPCs) were initially isolated from bone
marrow or peripheral blood and were characterized by the
expression of the hematopoietic stem cell marker CD34 or
CD133 and endothelial markers such as vascular endothelial
growth factor receptor 2 (KDR).5¢ Isolated CD34™" cells
differentiate to endothelial cells in vitro and incorporate into
newly formed vessels during angiogenesis in vivo.> These
pioneering studies suggested that bone marrow—derived cells
can participate in vascular repair. Indeed, a single hemato-
poietic stem cell was shown to give rise to both blood cells
and vascular endothelium.”® The contribution of circulating
cells to the endothelium was further supported by sex-
mismatched heart transplantation in humans.'%!! Other inves-
tigators used culture assays to enrich for EPC-yielding cells,

which coexpress endothelial and myeloid marker (“early
EPCs,” proangiogenic cells), or to show a more mature
endothelial cell phenotype on further culture and expansion
(“late or outgrowing EPCs”).12:13 Although the origin and the
phenotype of the cultured EPCs is not entirely clear and may
vary depending on the defined specific culture conditions,'*
the therapeutic potential and improved neovascularization
mediated by the cultured cells has been documented exten-
sively in ischemic models.!215.16

Progenitor cell-mediated improved neovascularization of
ischemic tissue might be attributable to various therapeutic
actions including a physical incorporation of the infused cells
in the endothelium leading to the formation of new capillar-
ies.'0-18 Transplanted or infused hematopoietic or endothelial
progenitor cells also were shown to differentiate to cardiac
muscle cells.>!920 However, the capacity of hematopoietic or
endothelial progenitor cells to acquire a cardiac phenotype is
not well established.?! Bone marrow—derived cells also were
detected in the perivascular region, where they were proposed
to provide paracrine factors contributing to vessel growth.??
Indeed, cultured endothelial progenitor cells release proan-
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giogenic and antiapoptotic cytokines, which may contribute
to enhanced angiogenesis and endogenous repair.2*24 Based
on these findings, it was speculated that short-term paracrine
mechanisms account for the observed therapeutic benefits of
cell therapy.?>-27

Thus, despite ample data providing evidence for functional
improvements after cell therapy, the mechanisms by which
cells augment the functional recovery after ischemia are not
well defined, and it is not known to what extent the physical
incorporation and persistence of transplanted cells contributes
to the beneficial effects of cell therapy.

To determine the role of cell incorporation and persistence
after cell therapy, we used the suicide gene thymidine kinase
(TK), which activates the prodrug gancyclovir (GV),?® to
induce cell death in infused cells at specific time points after
infusion and assessed the influence on neovascularization and
cardiac function after induction of ischemia. Our results
demonstrate that depletion of cells weeks after infusion
reduces vascularization and causes a deterioration of function
in 3 different animal models.

Materials and Methods

Culture of Proangiogenic Cells

Human peripheral blood mononuclear cells (MNCs) were isolated by
density gradient centrifugation with Biocoll (Biochrom AG) from
peripheral venous blood according to Vasa et al.>® Immediately
following isolation, 8X10° MNCs per milliliter of medium were
plated on culture flask coated with human fibronectin (Sigma,
Taufkirchen, Germany) and maintained in endothelial basal medium
(EBM; LONZA, Verviers, Belgium) supplemented with EGM
SingleQuots and 20% FBS. After 3 days in culture, nonadherent cells
were removed by thorough washing with PBS, and adherent cells
were incubated in fresh medium.

Cell Culture

Pooled human umbilical vein endothelial cells (HUVECs) were
purchased from LONZA (Verviers, Belgium) and were cultured in
EBM medium supplemented with EGM SingleQuots and 10% FBS.
HEK 293 cells were maintained in DMEM containing 10% FBS and
penicillin—streptomycin.

Preparation of Lentiviral Stocks

Self-inactivating lentiviral vectors containing the enhanced green
fluorescent protein (GFP) gene or the viral TK gene of the herpes
simplex type 2 virus and a WPRE (woodchuck posttranscriptional
regulatory element) under the control of a spleen focus-forming virus
promoter were generated by transient transfection in 293T cells using
pCMVARS8.91 as packaging plasmid and pMD2.G for vesicular
stomatitis virus—G protein (VSV-G) pseudotyping as described.30:3!
After 8 hours, the medium was replaced by DMEM/10 mmol/L
sodium butyrate for 20 hours. Lentiviral particles were collected in
EBM supplemented with EGM SingleQuots and 20% FBS every 24
hours for 2 days, pooled (200 to 250 mL), and filtered through
0.22-pm filters.

Lentiviral Transduction

For lentiviral transduction, EPCs were transduced on days 3 and 4
after isolation. Transduction was carried out by adding viral super-
natant to the EBM supplemented with EGM SingleQuots and 20%
FBS. After 8 hours, medium was changed and EPCs were transduced
a second time. Transduced EPCs were used on days 5 or 6 after
isolation for the following experiments.

Matrigel Plug Model

All animal experiments were approved by the Refierungspracsidium
Darmstadt, Germany. A total of 500 uL of Matrigel Basement
Membrane Matrix (BD Biosciences) without supplements was in-
jected subcutaneously into 6- to 8-week-old female athymic nude
mice (Harlan) along the abdominal midline. After 7 or 14 days, blood
vessel infiltration in Matrigel plugs was quantified by analysis of
lectin and smooth muscle actin-stained sections using microscopy.

Hindlimb Ischemia Model

Eight-week-old male Balb/c nude mice (Charles River) were anes-
thetized with isoflurane. Right femoral artery and vein were coagu-
lated and then cut out to induce critical ischemia. One day after
operation, EPCs (1 million) were administrated via the tail vein.
Laser Doppler perfusion image was taken as indicated and perfusion
of each limb was calculated from mean value multiplied by the
number of pixel of the region below the inguinal ligament. Data were
represented as ratios of the ischemic limb to the nonischemic limb.
Evans blue (30 mg/kg) was injected intravenously at day 9. Mice
were euthanized 24 hours after dye injection and cardioperfused with
normal saline. Tissue was harvested and frozen. Evans blue was
extracted from tissue using trichloroacetic acid and ethanol. Absor-
bance was measured at 620 nm.

Acute Myocardial Infarction Model

Left coronary artery occlusion was performed in female nu/nu mice
(8 to 9 weeks; Harlan) under mechanical ventilation and anesthesia.
Acute myocardial ischemia was induced by ligating the left coronary
artery. Cells (2 million) were intravenously infused 24 hours after
operation.

Physiological Assessment of Left

Ventricular Function

In the myocardial infarction study, transthoracic echocardiography
was performed to evaluate left ventricular function by measuring
ejection fraction 2, 3, and 4 weeks after myocardial ischemia.

MRI Procedure

Cardiac MRI was performed under volatile isoflurane (1.5% to
2.0%) anesthesia with a Bruker Pharmascan 7.0 T, a custom-built
circularly polarized birdcage resonator and use of the Early Access
Package for Self-gated Cardiac Imaging (Intragate).3? This measure-
ment is based on the gradient echo method (repetition time=44.4 ms;
echo time=6.0 ms; field of view=2.20X2.20 cm; slice thick-
ness=1.0 mm; matrix=128X128; repetitions=100). The imaging
plane was localized using scout images showing the 4- and
2-chamber view of the heart, followed by acquisition in short axis
view, orthogonal on the septum in both scouts. Multiple contiguous
short-axis slices consisting of 6 to 8 slices were acquired for complete
coverage of the left ventricle. All MRI data were analyzed using Qmass
digital imaging software (Medis, Leiden, The Netherlands).

Immunostainings

Sections were deparaffinized and were incubated with biotinylated
Isolectin B4 (Vector B1201) followed by streptavidin Alexa Fluor
488. TUNEL assays (Roche) was performed according to the
instructions of the manufacturer. Confocal microscopic analysis was
performed using a Zeiss LSM 510 Meta.

Statistical Analysis
Data are expressed as means*SEM. Two treatment groups were
compared by Mann—Whitney test, 3 or more treatment groups were
compared by 1-way ANOVA, followed by post hoc analysis adjusted
with a least significant difference correction for multiple compari-
sons (SPSS). Results were considered statistically significant when
P<0.05.

An expanded Materials and Methods section is available in the
online data supplement at http://circres.ahajournals.org.
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Figure 1. GV induces cell death in TK-expressing cells. a, GV reduces cell viability (MTT assay) dose-dependently in TK-transduced
peripheral blood-derived fibronectin-adherent cells after 36 hours of incubation (N=3). b, Incubation with conditioned medium of
GV-treated TK-expressing cell did not affect viability of HUVECs. MTT assay after 24 hours of incubation is shown in comparison with

1 mmol/L H,0, treatment (N=3).

Results

Induction of Cell Death by Virally Transduced
Suicide Gene

To investigate the physical contribution of proangiogenic
cells, peripheral blood—derived mononuclear cells were cul-
tivated on fibronectin-coated dishes under conditions favor-
ing endothelial commitment as previously described.!s:16
Adherent cells at day 4 express endothelial markers (KDR,
von Willebrand factor, endothelial nitric oxide synthase), but
also hematopoietic/myeloid markers such as CD31, CD45,
and CD14 (see previous publications for cell characteris-
tics'333). To determine the role of cell incorporation and
persistence, cells were transduced using a lentiviral vector
encoding TK. The transfection efficiency of the GFP control
vector was >80%, and control experiments confirmed that
the viral transduction did not affect cell function (viability,
migration, colony forming activity) (data not shown). Addi-
tion of GV induced toxicity in the TK-transduced cells but
not in the GFP control vector—expressing cells (Figure 1a).
To determine potential indirect effects of GV-induced cyto-
toxicity, culture supernatants of the GV treated TK-
expressing cells were added to HUVECs or cardiomyocytes.
However, conditioned medium did not induce cell death
(Figure 1b and data not shown). Moreover, TK-expressing
cells were cocultured with GFP-transfected HUVECS before
adding GV to induce cell death in the TK-expressing cells.
The viability of GFP-transfected HUVECs was not reduced
by inducing cell death in the TK-expressing cells (99.9% of
control), indicating that the treatment with GV selectively
kills the transduced cells.

Depletion of Infused Cells Impairs Functional
Recovery After Acute Myocardial Infarction

Next, we infused TK-expressing cells in nude mice after
acute myocardial infarction to determine the effect of cell
ablation on heart function in vivo (Figure 2a). Myocardial
infarction was induced by permanent ligation of the left
coronary artery, and TK- or GFP-transduced cells were
injected 1 day later. After 4 weeks, 1.55+0.2% of cells were
positive for human specific Alu sequence in the border zone
of the infarcts. Human cells were preferentially localized in or
around vessels, whereas only a small number of myocytes

(<0.1%) were detected (Figures I and II in the online data
supplement). Two weeks after acute myocardial infarction,
left ventricular ejection fraction was significantly improved
in both cell-treated groups compared with PBS control mice
(Figure 2b). In GFP cell-treated mice, the ejection fraction
was not affected by GV treatment, which was initiated 2
weeks after cell transplantation, and the beneficial effect of
cell therapy was maintained during the 4-week observation
period. In contrast, left ventricular ejection fraction signifi-
cantly deteriorated after injection of GV in TK cell-treated
mice, indicating that ablation of the cells 2 weeks after
infusion impaired heart function. To confirm these results,
MRI was used as an additional means to corroborate our
results. Again, left ventricular ejection fraction was signifi-
cantly improved in mice treated with TK cells in the absence
of GV (Figure 2c and 2e). Injection of GV after 2 weeks in
TK cell-treated mice resulted in a reduced left ventricular
ejection fraction at 4 weeks compared with TK cell-treated
mice not receiving GV (Figure 2c). Consistent with these
results, end-systolic volume was significantly reduced in
mice injected with TK cells but significantly increased by
additional GV treatment (Figure 2d and 2e).

Because injected cells preferentially incorporated in or
around capillaries, we investigated whether ablation of the
cells affected capillary density. We detected a significant
reduction of the increased capillary density area in TK
cell-treated mice 4 weeks after myocardial infarction, when
GV was injected at 2 weeks (Figure 2f; for higher magnifi-
cation, see supplemental Figure IV). To obtain a more
detailed view of the acute effects induced by GV treatment in
TK cell-treated mice, TUNEL stainings were performed. As
shown in Figure 2g and supplemental Figure III, GV treat-
ment induced cell death in TK cell-treated mice 3 days after
onset of GV treatment (1.7%0.28-fold compared with mice,
which had received TK cells without GV treatment, P<<0.05).

Depletion of Infused Cells

Reduces Neovascularization

Having demonstrated that depletion of transplanted cells
reduced capillary density, we investigated the relevance of
cell incorporation in 2 models of vascularization. First, we
infused TK-expressing cells in nude mice implanted with a
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Figure 2. Depletion of infused TK-expressing cells by GV impairs functional recovery of hearts after acute myocardial infarction. a and
b, PBS-transduced (N=6), GFP-transduced (N=4), or TK-transduced cells (N=8) were injected 1 day after induction of acute myocar-
dial infarction. GV (100 mg/kg) was injected at days 14 to 18 daily. Echocardiography was performed to assess heart function at day
14 (before GV injection), at day 21 and day 28 as indicated. ¢ through e, Heart function and end-systolic volumes were determined by
MRI in N=4 cell-treated mice per group after 28 days. *P<0.05 compared with PBS, P=0.06 compared with TK cells+GV, *P<0.05 vs
TK cells+GV. Representative images are shown in e. f, Vessel density was determined by automatic measurement of lectin-positive
area per total area of a cross-section of the left ventricle (N=5). *P<0.05 compared with PBS and TK cells+GV. g, TUNEL staining
(red) was performed in sections of mice receiving TK-transduced cells 1 day after induction of acute myocardial infarction. GV was
injected at day 14 to day 17 daily, and mice were euthanized at day 17. Sections were counterstained with lectin (green) and DAPI
(nuclei, blue). Representative images of the border zone are shown.
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Figure 3. Depletion of infused TK-expressing cells by GV impairs vessel-growth in Matrigel plugs (a and b). GFP- or TK-expressing
cells were injected IV in mice with subcutaneously implanted Matrigel plugs at the same day (day 0). GV (100 mg/kg) or PBS was
injected daily at days 7 to 11. Matrigel plugs were explanted at days 7 (N=4) or 14 (N=4), and vessels were counted in sections

stained with smooth muscle actin antibodies.

Matrigel plug to determine the effect of cell ablation on
angiogenesis. Infusion of GFP- or TK-expressing cells in-
creased the number of invading vessel-like structures in a
time-dependent manner (Figure 3a and 3b). To determine
whether persistence of the cells contributes to angiogenesis 7
days after infusion of the cells, we started GV infusion at day
7 and documented vessel growth at day 14 (Figure 3a and 3b).
As shown in Figure 3b, GV treatment at day 7 significantly
reduced Matrigel plaque vascularization in mice treated with
TK cells, but not in mice receiving GFP cells. Similarly, in
TK cell-infused mice, the number of lectin-positive cells was
decreased by GV treatment to 38.9%1.4% (P<0.05). How-
ever, only a partial inhibition by GV-induced cell depletion
was observed and the vascularization of plaques from mice
receiving TK cells and GV was significantly higher compared
with the PBS controls group (Figure 3b), indicating that in
this angiogenesis model vascularization is mediated by both
immediate paracrine effects on host-derived endothelial cells
and physical incorporation of the infused cells.

To additionally determine the role of physical incorpora-
tion and persistence of infused cells in blood flow recovery
after ischemia, we used a hindlimb ischemia model (Figure 4a
and 4b). Infusion of TK-transduced cells time-dependently
improved blood flow recovery after ischemia (Figure 4b). At
day 7 after infusion of TK cells, mice were randomized to
receive either GV or PBS and laser Doppler-derived blood
flow was analyzed at 14 and 21 days (Figure 4b). The TK
cell-treated mice receiving PBS showed a further increase in
blood flow recovery (Figure 4b, blue line). However, in the
TK cell-treated mice receiving GV, perfusion did not further
increase and remained at the levels detected at day 7 (Figure
4b, red line). Consistently, capillary density was significantly
reduced by GV treatment in TK cell-treated mice (Figure 4c
and 4d). Moreover, 3 days after injection of GV, a reduced
perfusion was detected by MRI in TK cell-treated mice
compared with TK cell-treated mice, which received PBS
(supplemental Figure V). However, the extension of the
observation period revealed a recovery of perfusion at day 21
in the GV-treated group, indicating that ablation of cells does
not irreversibly affect the recovery after ischemia. As a
control, we infused TK-expressing macrophages. Intravenous

infusion of macrophages did not augment laser Doppler—
derived blood flow compared with PBS and was not affected
by GV treatment (data not shown).

Depletion of Infused Cells Induce

Vascular Leakage

Previous studies documented the incorporation of trans-
planted human EPCs in 10 to 20% of the capillaries in the
ischemic hindlimb muscle.'®!8 Therefore, we investigated
whether ablation of the TK-transduced cells might induce
capillary damage and leakage leading to edema formation and
transient perfusion defects in the hindlimb ischemia model.
Injections of Evans blue in TK cell-treated mice 3 days after
onset of GV treatment (Figure 4e; GV treatment started at day
7) revealed multiple spots of Evans blue staining in the thigh
muscle of GV-injected mice (305+78% increase quantified
by dye extraction of muscle tissue compared with PBS
controls, P<<0.05), whereas no staining was evident in PBS-
injected mice (Figure 4e), suggesting that ablation of the
previously administered cells by GV injection induces vas-
cular damage and increases permeability.

Discussion
Our data demonstrate that ablation of transplanted cells 1
week after infusion reduced vessel growth and perfusion
recovery in 2 different models of neovascularization. More-
over, ablation of infused cells 2 weeks after administration
induced a rapid decline of ejection fraction and capillary
density in a model of acute myocardial infarction. These data
demonstrate that infused cells are physically incorporated
into host tissue and persist weeks after administration. Thus,
it appears unlikely that the beneficial effects of cell therapy
using EPCs can be solely explained by short-time paracrine
effects. However, the present study does not exclude that the
incorporated cells may provide long term paracrine effects.
Of note, the functional consequences of cell depletion were
different in the animal models used. In the angiogenesis
Matrigel plug assay, vessel growth was only partially inhib-
ited, indicating that a paracrine mechanism promoting host-
derived angiogenesis within the first days after infusion
significantly contributed to the vascularization of the plugs.
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Figure 4. a and b, Depletion of infused TK-expressing cells after hindlimb ischemia by GV reduces perfusion and induces vascular
leakage. TK-expressing cells or PBS was injected 1 day after induction of hindlimb ischemia. GV (100 mg/kg) or PBS was injected daily
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*P<0.05 vs PBS and TK cells+GV. e, TK-expressing cells were injected 1 day after inducing hindlimb ischemia. GV was injected at
days 7 to 9 daily. At day 9, Evans blue was injected to determine vessel leakage. A representative image of thigh muscles is shown.

Arrows indicate Evans blue uptake.

After hindlimb ischemia, a profound increase in vascular
leakage and decreased perfusion was detected after cell
ablation. However, this defect was transient and mice treated
with GV partially recovered at day 21, indicating that
host-derived endogenous repair compensated for the loss of
cells at later time points. The extent to which early paracrine
mechanisms may have contributed to the rapid recovery
detected later is difficult to evaluate.

In contrast to the partial inhibitory or transient effects
detected in the Matrigel and hindlimb ischemia model,
depletion of the cells after acute myocardial infarction in-
duced a profound and sustained deterioration of cardiac
function and capillary density was still significantly reduced
in the GV treated group at 4 weeks. These findings might be
explained by the crucial role of angiogenesis in the heart.
Two recently published experimental models demonstrated
that disruption of angiogenesis in the heart induced a decline
in heart function,?* resulting in heart failure during pressure

overload or induction of hypertrophy.>> In addition, the
induction of cell death in cardiac myocytes derived from the
injected cells might have contributed to a reduction of heart
function. However, although we detected human cardiac
myocytes, the number was below 0.1%, suggesting that this is
unlikely to account for the deterioration of function. How-
ever, we cannot exclude that the activated prodrug GV can be
transported by gap junctions to physically connected neigh-
boring cells,?¢ although we excluded unspecific cytotoxicity
of GV in vivo (supplemental Figure VI) and “kiss of death”
effects imposed by TK-transduced cells on neighboring
endothelial cells in culture in vitro. Because cultivated
vascular progenitor cells were previously shown to connect to
cardiac myocytes via gap junctions in vitro,° and trans-
planted c-kit™ bone marrow—derived cells were shown to
form interactions with host cells via gap junctions,?” such
bystander effects might have amplified the detrimental effects
caused by depletion of TK-expressing cells on cardiac func-
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tion in the myocardial infarction model. Nevertheless, even if
bystander effects on physically connected neighboring cells
might have contributed to the observed abrogation of neovas-
cularization recovery and deterioration of cardiac function
following ablation of the administered cells, such mecha-
nisms would require physical incorporation of the cells into
the host tissue. Thus, sustained persistence of the adminis-
tered cells in the host tissue contributes to the beneficial
effects of cell therapy on neovascularization and recovery of
cardiac function. The contribution of specific cell lineages to
the maintenance of functional improvement warrants further
investigations.
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