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Proangiogenic cells enhanced persistent and
physiologic neovascularization compared with

macrophages

Young-Eun Choil, Young Ryun Chal, Kyoung-min Lee, Hyun Jin Kim and Chang-Hwan Yoon

Proangiogenic cells (PACs) display surface markers and secrete angiogenic factors similar to those used by myelomonocytic cells,
but, unlike myelomonocytic cells, PACs enhance neovascularization activity in experimental ischemic diseases. This study was
performed to reveal the differential neovascularization activities of PACs compared with those of myelomonocytic cells. We
cultured PACs and CD14*-derived macrophages (Macs) for 7 days. Most of the surface markers and cytokines in the two cell
types were alike; the exceptions were KDR, 8 integrin, interleukin-8 and monocyte chemotactic protein-1. Unlike Macs, PACs
significantly enhanced mesenchymal stem cell (MSC) transmigration. PACs and Macs increased neovascularization activity in an
in vitro co-culture of human umbilical vein endothelial cells and MSCs and in an in vivo cotransplantation in Matrigel. However,
the use of Macs resulted in inappropriately dilated and leaky vessels, whereas the use of PACs did not. We induced critical
hindlimb ischemia in nude mice, and then transplanted PACs, Macs or vehicle into the mice. We obtained laser Doppler
perfusion images weekly. At 2 weeks, mice treated with PACs showed significantly enhanced perfusion recovery in contrast to
those treated with Macs. After day 7, when cells were depleted using a suicidal gene, viral thymidine kinase, to induce apoptosis
of the cells in vivo by ganciclovir administration, we found that the improved perfusion was significantly abrogated in the
PAC-treated group, whereas perfusion was not changed in the Mac-treated group. PACs caused an increase in healthy new
vessels in in vitro and in vivo models of angiogenesis and enhanced long-term functional neovascularization activity in the
hindlimb ischemia model, whereas Macs did not. Nevertheless, the angiogenic potential and long-term functional results for a
specific cell type should be validated to confirm effectiveness and safety of the cell type for use in therapeutic angiogenesis

procedures.
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INTRODUCTION

Since the initial discovery of adult CD34% cell-derived
endothelial progenitor cells (EPCs) by Asahara et al.,' various
groups have studied the origin and the therapeutic benefits of
EPCs. Several subsets of CD34% or CD133™ cells were reported
to have the potential to home in on the ischemic region and
enhance neovascularization activity in experimental or clinical
trials.!~ Because putative EPCs are very rare in adult peripheral
blood, some investigators cultured adult peripheral blood
derived-mononuclear cells to expand proangiogenic cell
populations ex vivo.* The culture conditions and the duration
of the culturing period affected the characteristics of the
resultant cells. After a short culture period of 4-7 days for
peripheral blood-derived mononuclear cells, the so-called ‘early
EPCs’ expressed monocytic and hematopoietic surface markers;

therefore, they were called proangiogenic macrophages (Macs)
or proangiogenic cells (PACs), respectively.” Although PACs
showed rare endothelial differentiation, they were preferentially
localized to perivascular spaces in animal models.!%!! Despite
very limited endothelial differentiation, PACs reproducibly
increased neovascularization,'>'? and paracrine mechanisms
were suggested to mediate the neovascularization improvement
by PACs. However, cytokines from PACs are thought to be
effective only in an early phase of neovascularization.'* We
recently demonstrated that the late (> 1-2 weeks) depletion of
injected PACs by means of a suicide gene hinders perfusion in
hindlimb ischemia and acute myocardial infarction models.'>'®
This loss of function within weeks after the in vivo injection of
the cells suggests that PACs persist in the ischemic tissue and
also contribute to the late phase of neovascularization. Because
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the physical contribution of PACs to the endothelial monolayer
is very limited, one may speculate that the perivascular-
localized cells may have contributed to the effect. However,
the exact mechanism of the late-term effect is unclear.

On the other hand, macrophage colony-stimulating factor
(M-CSF) stimulates the in vitro proliferation and differentiation
of monocytes into mature authentic Macs, demonstrating
antimicrobial capabilities by the production of cytokines and
peroxide.!” Monocytes, or Macs, have shown contradictory
results regarding whether they enhance arteriogenesis or
neovascularization.!»18-20 Because PACs share many character-
istics with Macs,® we compared the angiogenic properties of
PACs with those of authentic Macs in different experimental
models of angiogenesis to gain further insights into the
mechanisms of PAC-mediated angiogenesis.

MATERIALS AND METHODS

Cells

The protocol was approved by the ethical committee of the Seoul
National University Bundang Hospital (institutional review board
no. B-1111-068-011). Written informed consent was provided by each
donor. Peripheral blood mononuclear cells from healthy volunteers
were isolated by density gradient centrifugation with Ficoll-Paque plus
(GE Healthcare, Uppsala, Sweden). To obtain ex vivo expanded PACs,
8x10° peripheral blood mononuclear cells per ml medium were
plated on culture flasks coated with human fibronectin (Sigma, Seoul,
Korea) and maintained in EGM medium (endothelial basal medium
(Lonza, Basel, Switzerland) supplemented with EGM SingleQuots) and
20% fetal bovine serum (FBS, Life Technologies, Seoul, Korea). After
3 days in culture, nonadherent cells were removed by thorough
washing with phosphate-buffered saline (PBS), and adherent cells were
used for viral transduction.

Pooled human umbilical vein endothelial cells (HUVECs) were
purchased from InnoPharmaScreen (Chungnam, Korea) and cultured
in EGM medium. Human mesenchymal stem cells (MSCs, Lonza)
were purchased and cultured in Dulbecco’s modified Eagle’s medium
containing 10% FBS. HEK 293 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% FBS. CD14" cells were
isolated from peripheral blood by magnetic beads (Miltenyi Biotech,
Seoul, Korea) and were cultured on a noncoated plate in RPMI
medium (Life Technologies) supplemented with M-CSF (50 ngml~1)
and 10% FBS for 7 days; these cells were used as macrophages.

Preparation of lentiviral stocks

Self-inactivating lentiviral vectors containing the enhanced green
fluorescent protein (eGFP) gene or the viral thymidine kinase gene
from herpes simplex type II virus and a WPRE (woodchuck
posttranscriptional regulatory element) were generated by transient
transfection in 293T cells. The packaging plasmid used here was
pCMV8.91, and pMD.G was used for vesicular stomatitis virus—-G
protein pseudotyping as previously described.'® After 4 h, the medium
was replaced by EGM medium with EGM SingleQuots and 20% FBS
for 24 h. Lentiviral particles were collected every 24 h for 3 days and
were filtered through 0.22 pm filters.

Lentiviral transduction

Lentiviral transduction in PACs, HUVECs, Macs and MSCs was
carried out by adding viral supernatant to the specific media. After
24h, the media were changed, and a second transduction was
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performed. Transduced cells were used after three washes with PBS
for the following experiments.

Cytokine array

After PBS washing, PACs and Macs were incubated with EGM
medium without serum for 1 day. The supernatant was harvested
the next day and was then used for cytokine arrays and multiplex
enzyme-linked immunosorbent assays (Quantikine angiogenesis array,
Ray Biotech, Norcross, GA, USA) according to the manufacturer’s
instructions. Briefly, cytokine array membranes were blocked in 2 ml
of 1x blocking buffer for 30 min and then incubated with 1 ml of
samples at room temperature for 1h. Samples were then decanted
from each container, and the membranes were washed five times with
2ml of wash buffer at room temperature with shaking. Membranes
were incubated in 1:250 biotin-conjugated primary antibodies at room
temperature for 1 h and washed as described above, followed by an
incubation in 1:1000 horseradish peroxidase-conjugated streptavidin
for 60 min. After this incubation, membranes were washed thoroughly
and exposed to a peroxidase substrate for 5min in the dark before
imaging. Membranes were exposed to X-ray film (Kodak X-OMAT
AR film, Rochester, NY, USA) for 1min. Signal intensities were
quantified with a Bio-Rad VersaDoc Imaging System 3000 and
analyzed with Quantity One software (Bio-Rad, Seoul, Korea). For
each spot on the membrane, the net optical density level was
determined by subtracting the background optical level from the total
raw optical density level.

Quantification of cytokines by multiplex immunoassays

The concentrations of angiogenic cytokines monocyte chemotactic
protein-1 (MCP-1), hepatocyte growth factor, interleukin-8 (IL-8),
IL-17, basic fibroblast growth factor, platelet-derived growth factor-bb,
vascular endothelial growth factor, IL-10 and tumor necrosis factor-o
were measured by Bio-Plex Pro assays (Bio-Rad). These are multiplex
immunoassays based on xMAP technology that was developed by
Luminex (Austin, TX, USA). An antibody specific to each cytokine is
covalently coupled to microspheres, with each antibody coupled to a
different magnetic (MagPlex, Luminex) microsphere uniquely labeled
with a fluorescent dye. The microspheres are incubated with stan-
dards, controls and samples in a 96-well microtiter plate at 300 r.p.m.
for 30 min at room temperature. After washing with assay wash buffer,
diluted biotinylated secondary antibody was added to the appropriate
wells and incubated at 300 r.p.m. for 30min. After washing,
streptavidin—phycoerythrin was added to each well and incubated
for 10 min. After a final wash, the plate was analyzed using the Bio-
Plex 200 analyzer (Bio-Rad) to determine the concentration of the
cytokines. The detection range of the standards is ~ 1-10 000 pg ml ..

Ganciclovir dose used to deplete target cells

We used 500 pm gancyclovir (GCV) for 5 days to deplete the thymidin
kinase (TK)-transduced cells in vitro, and 100 mgkg™! GCV was
injected intraperitoneally to deplete the cells in vivo beginning 7 days
after cell transplantation.

Two-dimensional pseudovascular tube formation assay

We used an in vitro angiogenesis model to compare the effects of the
presence of PACs or Macs on angiogenesis, as we have previously
described.?! We cocultured MSCs that had been transduced with cyan
fluorescent protein-expressing lentivirus and HUVECs that had been
transduced with yellow fluorescent protein-expressing lentivirus in the
presence of either PACs or Macs in EGM medium with 10% FBS on a
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Figure 1 Comparison of surface markers and cytokine expression in proangiogenic cells (PACs) and macrophages (Macs). (@) Morphology of
PACs and Macs in culture. PACs are long spindles and small, round cells, whereas Macs are short spindles and large, round and flat cells.
(b) PACs and Macs similarly expressed CD11b and CD14; however, PACs showed higher KDR expression, and Macs showed higher integrin
B8 expression. (c) Cytokine array of the conditioned media for both types of cells. PACs secreted more interleukin-8 (IL-8) and less
angiogenin and monocyte chemotactic protein-1 (MCP-1). PACs also secreted more angiopoietin-2, more angiostatin and different matrix
metalloproteinases (*statistical significance, P<0.05). (d) Multiplex immunoassay revealed a significantly higher level of IL-8 and a lower
level of MCP-1 in PAC cultures than in Mac cultures (P=0.032, n=6 and P=0.008, n=8, respectively, paired t-test).

Experimental & Molecular Medicine



Neovascularization by proangiogenic cells
Y-E Choi et al

N

c
Relative optical density
3,000,000
2,500,000
2,000,000
1,500,000
1,000,000
500,000 I I
0 iﬂvivjv-‘—l
CLPULOET QP ETIULO L TNELD ELLYOIENTOONT TR T FEYQ
EON O EL D 2Bd PO ZEadBOL E‘“W%ff._w;ld(nuu.u.gmu_<ﬂffﬁ
g P00 Teghrziazslp 13277557 Thg9s2FTEgS
o 2 E 23 £ = E D0 = o s
g e = 2 L
* * * **é * * *
* ok
m PAC acrophage
d
IL8 MCP-1
200 - A 200 =
*
150 4 150 A
100 - 100
50 50
0- 0 -

PAC

Mac

Figure 1 Continued

fibronectin-coated plate. We covered the cells with 200 pl growth
factor-reduced Matrigel (BD Biosciences, Seoul, Korea) in each well
on 12-well plates. Images were taken after 7 days of culture.

MSC transmigration assay

We seeded 6 x 10* MSCs in each well of a 24-well plate. At 1 day after
seeding, we covered the MSCs with 250 pul growth factor-reduced
Matrigel on ice. After 30min of incubation at 37°C, a control
containing no cells or cultures containing PACs or Macs was seeded
on the Matrigel. We quantified the total lengths of MSC filopodia that
transmigrated upward through the Matrigel.

Modified in vivo Matrigel plug model

All procedures were approved by and performed in accordance with
the Institutional Animal Care and Use Committee. MSCs and yellow
fluorescent protein-labeled HUVECs that had been cultured for 7 days
with overlying Matrigel, as described above, were harvested by cell
scraper and then transplanted subcutaneously through lateral skin
incisions on the backs of 8-week-old female athymic nude mice
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(ORIENT, Seongnam, Korea). After 7 or 14 days, blood vessel growth
into the Matrigel plugs was visualized by pre-mortem BS-1 lectin
infusion (200 pg, intravenous).

Hindlimb ischemia model

Eight-week-old male Balb/c nude mice (ORIENT) were anesthetized
with isoflurane. The right femoral artery and vein were coagulated and
then cut out to induce critical ischemia. The first laser Doppler
perfusion image was taken 1 day after the operation at the time of cell
administration via the tail vein. We injected 5 X 10° PACs or Macs into
each animal. On days 7, 14 and 21, sequential laser Doppler perfusion
images were taken. Perfusion to each limb was calculated from the
mean value multiplied by the number of valid pixels in the region
below the inguinal ligament. Data were represented as the ratio of the
ischemic limb perfusion to that of the nonischemic limb.

Immunostainings
At 30min before killing mice, 200 pug TRITC-labeled BS-1 lectin
(Sigma) was administered intravenously to stain perfused vessels.
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Figure 2 Proangiogenic cells (PACs) recruit mesenchymal stem cells (MSCs) more efficiently than do macrophages (Macs). (a) PACs
induced the plaque formation of transmigrated MSCs in three-dimensional (3D) Matrigel. Arrows (upper panel) indicate the distinct
morphology of MSC plaques. MSCs appeared as multilayered web-like networks (lower panel). (b) The presence of PACs significantly
increased the transmigration of MSCs (P=0.0003 by analysis of variance (ANOVA); n=15, 16 and 15, respectively; post hoc analysis:
Mac vs PAC—significant, phosphate-buffered saline (PBS) vs PAC—significant). * denotes statistical significance, P<0.05.

To create frozen sections, tissues or in vivo Matrigel were immersed in
optimum cutting temperature compound and then frozen at —80 °C.
Frozen tissues were cut by cryotome to a thickness of 10 to 50 pm. The
following antibodies were used in overnight incubations: fluorescein
isothiocyanate-labeled antibody against o-smooth muscle actin
(Sigma) for hindlimb muscle and TRITC-labeled antibody against
a-smooth muscle actin (Sigma) for in vivo Matrigel. Tissues were
imaged on a 510 META confocal laser scanning microscope (Zeiss,
Jena, Germany). Samples were excited with 405, 458, 488, 514, 543 or
633 nm laser lines with a BP420-480, LP505, BP560-615 and LP650
chroma filter set or a variable spectral setting with a meta-detector
using Plan-Neofluar objectives (20x/0.5 or 40x/1.3 Oil). Three-
dimensional stacks of the tissues were taken at 2—4 pm intervals
spanning whole GFP (+) cells (20-40 pm). The pinhole settings
were at 2.0 airy units. The Z-stack images were reconstructed as
three-dimensional images or reformatted by projection view using
Zeiss LSM image software.

Capillary density

Capillary density was quantified using the three-dimensional
reconstructed images from 30 pm-thick hindlimb muscle tissue. In
the muscle tissue, we quantified the number of capillaries that run
along the muscle fibers through a random vertical plane to the
muscle fiber.

Statistics

Continuous variables are represented as the meanz+s.e. SPSS 20.0
software (IBM, Armonk, NY, USA) was used for statistical analysis of
the data. Mean data were analyzed by Mann—-Whitney tests between
two groups and one-way analysis of variance or Kruskal-Wallis tests
followed by post hoc analysis by Bonferroni for more than three
groups.

RESULTS

PACs express and secrete different cytokines than do Macs
The cultured PACs were spindle-shaped cells mixed with
small round cells, and MACs were large, round, tightly
attached cells mixed with spindle-shaped cells (Figure la).
Most of the expressed surface markers, such as CD11b and
CD14, were very similar between PACs and Macs, except
for differences in KDR and integrin B8 expression levels
(Figure 1b).

PACs and Macs secreted different profiles of cytokines and
matrix metalloproteinases related to angiogenesis, as detected
by a cytokine array (Figure 1c). For example, PACs secreted
more IL-8 but less MCP-1 than did Macs. A multiplex
immunoassay also revealed higher levels of IL-8 and lower
levels of MCP-1 in PACs than in Macs (Figure 1d). Hepatocyte

[&)]
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Figure 3 An in vitro model of angiogenesis. (@) A schematic figure of an in vitro model of angiogenesis. Yellow fluorescent protein
(YFP)-labeled human umbilical vein endothelial cells (HUVECs) were cultured on cyan fluorescent protein (CFP)-labeled mesenchymal stem
cells (MSCs) in the presence of either red fluorescent protein (RFP)-labeled proangiogenic cells (PACs) or RFP-labeled macrophages
(Macs). (b) After 7 days of culture, HUVECs formed vessel-like tubes on the MSC layer. (c) Representative figures of endothelial vessel-like
tube formation of HUVECs for each group. (d) Both Macs and PACs significantly increased the number of tubes compared with the control
(n=8, respectively; Tukey’s post hoc analysis—control vs Mac, P=0.002; control vs PAC, P=0.016). * denotes statistical significance,
P<0.05. (e) Only Macs significantly increased the total area of the tubes compared with the control (n=8, respectively; Tukey's post hoc

analysis—control vs Mac, P=0.018).

growth factor, IL-17, basic fibroblast growth factor,
platelet-derived growth factor-bb, vascular endothelial growth
factor, IL-10 and tumor necrosis factor-o expression were not
significantly different between PACs and Macs.

PACs recruit more MSCs than do Macs in vitro
Because the recruitment of pericytes or smooth muscle cells is
necessary for neovascularization and vessel stabilization, we

Experimental & Molecular Medicine

compared the interaction of PACs and Macs with MSCs
in vitro. When we cultured MSCs covered with Matrigel,
we observed a transmigration of MSCs through the Matrigel.
PACs stimulated the transmigration of MSCs, leading to more
MSC plaques in the Matrigel than there were when using Macs
or PBS, suggesting that PACs stimulate chemotaxis in MSCs
(Figure 2a, upper panel). We can quantify the total length of
the transmigrated MSC network in the Matrigel (Figure 2a,
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Figure 4 An in vivo model of angiogenesis. (a, b) Large and microscopic morphologies of thick sections (50 pm) of in vivo Matrigel that
was transplanted with human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) in the presence of either
proangiogenic cells (PACs) or macrophages (Macs). Macs and PACs significantly increased blood perfusion into the Matrigel. Notably, Macs
also increased hematoma formation in the Matrigel. (c) The density of vessels containing red blood cells in the Matrigel thick section.
PACs significantly increased vessel density compared with those in the control and in the Mac-treated sections. Macs also increased vessel
density compared with the control (n=9, respectively, P<0.001 by analysis of variance (ANOVA)). Every pair is significant by Tukey’s post
hoc analysis. * denotes statistical significance, P<0.05. (d) The mean area of the vessels in Mac-transplanted Matrigel is significantly
larger than in PAC-transplanted Matrigel or in the control (n=9, respectively, P<0.001 by ANOVA). Control vs Mac and Mac vs PAC were
significant by Tukey’s post hoc analysis. (e) Confocal microscopy revealed that the diameter of the vessels in the Mac group was larger

than that in the PAC group or in the control.

lower panel). Stimulation by PACs significantly increased the
total length of MSC transmigration compared with stimulation
by PBS or Macs (Figure 2b).

As demonstrated above, PACs and Macs showed a small but
significant difference in the characteristics of their surface
markers, cytokines and MSC recruitment. To investigate
whether there is difference between PACs and Macs in
supporting vessel growth, we compared the effects of the

presence of PACs and Macs in three different models of
angiogenesis.

PACs and Macs enhanced two-dimensional pseudovascular
tube formation in vitro

First, we co-cultured HUVECs and MSCs with PACs, Macs or
a control with no cells after lentiviral transduction of yellow
fluorescent protein, GFP and red fluorescent protein,

)
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Figure 5 Proangiogenic cells (PACs) enhanced revascularization activity, and late depletion of PACs reversed the benefit in a hindlimb
ischemia model. (@) Sequential measurement of relative perfusion in the ischemic limb by laser Doppler image analyses. * denotes
statistical significance, P<0.05. (b) Green fluorescent protein (GFP)-labeled PACs or macrophages (Macs; green) were injected into the
ischemic muscle. Robust cells were persistent in the ischemic muscle, particularly on the ischemic border zone (red: murine vessels,
green: transplanted cells, scale bar: 100 um). (c) Compared with the phosphate-buffered saline (PBS)-treated group, PACs significantly
improved perfusion recovery to the ischemic limb at day 14. However, the presence of Macs did not result in significant recovery relative
to treatment with PBS (n=13, 9 and 12 in PBS, Mac and PAC, respectively. Each P-value was determined by one-way analysis of
variance (ANOVA). For PAC vs PBS at day 14, P=0.003 by Tukey’s post hoc analysis). (d) Capillary density was significantly higher in the
PAC-treated group at day 21 (n=8, P=0.05 by the Kruskal-Wallis test; P<0.05 for PAC vs PBS by Tukey's post hoc analysis). (e) The
MTT viability test shows that ganciclovir (GCV) incubation significantly decreases the survival of TK-PACs and TK-Macs relative to their
survival after PBS incubation (n=4, respectively). TK-Mac, TK-transduced Macs; TK-PAC, thymidine kinase-transduced PACs. (f) When
GCV was injected into the mice at 7 days to 11 days after TK-PAC or TK-Mac transplantation, the perfusion of the TK-PAC-treated group
deteriorated significantly compared with the PBS-treated group (n=14, 6 and 18 in PBS, TK-Mac, and TK-PAC, respectively; P=0.002
by one-way ANOVA. For TK-PAC vs PBS, P=0.001 by Tukey's post hoc analysis). However, perfusion in the TK-Mac-treated group did not
significantly change after GCV administration.
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respectively (Figure 3a). After 7 days, HUVECs formed
capillary-like pseudovascular tubes on the MSC layer
(Figure 3b). PACs and Macs were viable around the pseudo-
vascular tubes for over a few weeks. When we quantified the
pseudovascular tubes by yellow fluorescent protein signal, the
presence of PACs and Macs was shown to have significantly
increased the number of tubes compared with the control
(Figures 3c and d). However, Macs but not PACs significantly
increased the total area of the tubes compared with the control
(Figure 3e).

PACs and Macs increased the number of perfused vessels in
Matrigel in vivo, but only PACs supported vessel stability
We transplanted growth factor-reduced Matrigels containing
HUVECs and MSCEs with an equal number of PACs, Macs or
a control with no cells into the subcutaneous pockets of nude
mice. After 7 days, we harvested the Matrigel, and en-face
images of the Matrigel clearly revealed blood-filled vessels lined
with HUVECs, as we previously reported.!® When the Matrigel
was sliced, blood-filled vessels were clearly visible in both cell-
treated groups, whereas the control group showed very few
vessels in the Matrigel (Figure 4a). Under high magnification,
the Matrigel that contained PACs supported an abundant
formation of well-organized small vessels, whereas the presence
of Macs induced disorganized large vessels that appeared to be
unstable, leading to the formation of hematomas in the
Matrigel (Figure 4b). The Matrigel plugs from the control
group looked pale and gray when harvested because of low or
no blood content inside. The number of blood-filled vessels
was significantly higher in the PAC cotransplanted group than
in the Mac group (Figure 4c). However, the mean vessel area
(the total vessel area divided by the number of vessels) was
significantly higher in Matrigels from the Mac group than in
those from the PAC group, indicating that cotransplantation
with Macs results in the formation of vessels with large
diameters (Figure 4d).

Confocal microscopy revealed that the control group
induced endothelial tube formation, although these tubes did
not contain blood-filled lumens as in the Matrigel above
(Figure 4e). However, the samples that contained Macs or
PACs showed host vessel connections in the Matrigel
(Supplementary Figure 1). The Mac group showed enlarged
vessels with wider lumen diameters than those in the PAC
group (Figure 4e).

Evaluation of the contribution of PACs and Macs to
neovascularization after hindlimb ischemia

To determine the contribution of PACs and Macs to
neovascularization after the induction of hindlimb ischemia,
we injected PACs or Macs intravenously 1 day after the onset of
ischemia. We analyzed the relative perfusion in the ischemic
limb sequentially using laser Doppler images (Figure 5a). When
the transplanted cells were transduced with lentiviral vectors
expressing GFP and then injected into mice 1 day after the
induction of hindlimb ischemia, GFP-labeled PACs and Macs
were found incorporated at the border of the ischemic zone
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(Figure 5b and Supplementary Figure 2). Interestingly, PACs
were detected at a perivascular position around the vessels and
were localized in the proximity of perfused and well-organized
vessels, whereas Macs were often surrounded by enlarged
vessels, similar to the in vivo findings we observed in the
Matrigel assay. Although Macs did not enhance the recovery of
the laser Doppler-derived blood flow 2 weeks after ischemia
induction, PACs significantly increased the flow at 2 weeks
after ischemia induction (Figure 5c). Capillary density, as
measured 21 days after ischemia induction, was significantly
higher in the PAC-treated mice than in the PBS-treated
mice (Figure 5d). However, Mac-treated mice showed a
statistically insignificant difference in capillary density from
PBS-treated mice.

Finally, we evaluated the long-term effects of the presence of
PACs or Macs on neovascularization by depleting the cells
using an in vivo suicide gene approach, as we previously
reported.'® We transduced PACs and Macs with a lentiviral
vector encoding the TK gene that can activate the
pro-apoptosis drug GCV to induce apoptosis in vivo.
TK-transduced PACs (TK-PAC) and TK-transduced Macs
(TK-Mac) were transduced with a similar efficiency, and
~ 80% of the transduced cells became apoptotic by the addition
of GCV in vitro (Figure 5e). Apoptosis in TK-transduced cells
in vivo was induced by the daily injection of GCV from day 7 to
day 11. Laser Doppler perfusion image analyses revealed that
the relative blood flow to the ischemic limb was significantly
reduced in the TK-PAC group, whereas the TK-Mac group
showed only a minor reduction of blood flow recovery that was
not significantly different from that in the control group
(Figure 5f).

DISCUSSION
In the present study, although PACs and Macs shared some
surface markers and secreted cytokines, they showed different
expression profiles of angiogenic cytokines, different expression
levels of some surface markers and different capabilities to
recruit MSCs. The presence of Macs and PACs enhanced
angiogenesis in an in vitro model, but Macs induced larger
endothelial tubes than did PACs. In an in vivo Matrigel plug
model, Macs induced disorganized and unstably enlarged
vessels. In contrast, PACs induced well-organized perfused
vessels. In the hindlimb ischemia model, we found that PAC
transplantation  significantly enhanced neovascularization
activity. The depletion of PACs on day 7 abrogated this
beneficial effect. In contrast, Mac transplantation did not
improve the perfusion recovery of the ischemic limbs, and
their depletion did not lead to a functional deterioration.
Various types of myeloid lineage cells, such as tumor-
associated Macs, Tie2-expressing monocytes and myeloid-
derived suppressor cells, have been reported to have angiogenic
capacities.””>* The ex vivo cultured adult myeloid cells also
demonstrated efficacy for therapeutic angiogenesis.*® All of
the above myeloid lineage cells expressed monocytic and
hematopoietic surface markers; however, they did not all
enhance arteriogenesis or neovascularization.!>18-20 Therefore,
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the choice of one type of myeloid cell for therapeutic
angiogenesis should be made with care because minor differ-
ences in the characterization of the two myeloid cells that were
used in the present study were associated with a marked
difference in the functional recovery and long-term outcome.

Macs induced angiogenesis via endothelial tube formation
in vitro and vessel formation in the Matrigel model in vivo.
However, Mac-induced angiogenesis was characterized by
inappropriately dilated vessels; weak vascular stability, leading
to hemorrhage or hematoma formation in the in vivo Matrigel;
and insignificant in vivo functional recovery after hindlimb
ischemia induction. This is similar to pathologic angiogenesis
in tumors. Tumors frequently induce hypervascularization or
abortive vessels. This process involves tumor-associated Macs
and mast cells.?»?® M-CSF is known to induce the differentia-
tion of monocyte lineage cells, promoting the formation of
high-density vessel networks in tumors.?”>?8¢ M-CSF inhibition
reduced the abundance of Macs, resulting in suppressed
pathological neovascularization, but it did not affect the
recovery of normal vasculature.?’ Therefore, in the present
study, Macs cultured in the presence of M-CSF might not show
functional recovery in the ischemic hindlimb.

In contrast, PACs reproducibly induced healthy
neovascularization.!»!3 Although the mechanisms of healthy
PAC-mediated angiogenesis and pathologic Mac-mediated
angiogenesis were not thoroughly investigated in this study,
we speculate that the following may be involved.

PACs and Macs showed rare endothelial differentiation. In
the present study, they were preferentially localized to perivas-
cular spaces, as was previously reported.'®!! The different
cytokines used by PACs or Macs are suggested to have used
paracrine mechanisms to mediate the difference in neovascu-
larization that was found between these two cell types.
Interestingly, PACs displayed a different cytokine expression
profile than did Macs. Among the different cytokines, IL-8 was
highly expressed in PACs. IL-8 was demonstrated to be a key
angiogenic paracrine factor, and the blockade of IL-8 but not of
vascular endothelial growth factor prevented myeloid cell-
induced angiogenesis.>® Some anti-angiogenic cytokines, such
as angiopoietin 2 and angiostatin, were also differentially
secreted by PACs. Anti-angiogenic cytokines regulate angio-
genesis, and the absence of these cytokines leads to abnormal
endothelial proliferation and vascular maturation.?'3? In
addition, many clinical trials that tested single angiogenic
factors to induce therapeutic angiogenesis failed to show
a significant improvement,>* and an excess of angiogenic
cytokines produced nonfunctioning vessels.>> Therefore, PACs
seem to support healthy neovascularization activity not only by
stimulating this process by angiogenic cytokines but also
counterbalancing it by anti-angiogenic cytokines.

PACs were also better able to recruit MSCs in the Matrigel
transmigration model. If PACs recruited mural cells to
neovascularization sites, this may result in a more balanced
and healthy revascularization of the ischemic organ. The
recruitment of mural cells is a fundamental feature of vessel
maturation and is known to be mediated by Transforming
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growth  factor TGF-beta signaling, platelet-derived growth
factor-p, and angiopoietin-1/Tie-2 signaling;36 however, the
cytokine array assay revealed no significant differences in these
cytokines between PACs and Macs. How PACs recruited more
MSCs remains to be evaluated.

The balanced neovascularization that was mediated by PACs
seemed to be effective for at least 7 days after transplantation
because the depletion of PACs led to a decline in perfusion,
whereas depletion of Macs did not affect perfusion, although
both cell types persisted over 7 days after transplantation. This
fact suggests that the presence of PACs not only increases vessel
density but also supports the maturation of the newly formed
vessels, leading to enhanced perfusion. Long-term effects may
be mediated by the interaction between PACs and endothelial
tip cells, leading to the bridging of tip cells from different vessel
segments and to an increase in the fusion of endothelial tubes
at neovascularization sites.!”” The fact that we frequently
observed PACs at the fronts of angiogenic spouts in the
ischemic hindlimb, in addition to the finding that PACs
improved blood perfusion into the transplanted Matrigel
in vivo, strongly supports the role of PACs as cellular
chaperones for vascular anastomosis and maturation.

In the present study, we compared the angiogenic properties
of PACs with those of authentic Macs in different experimental
models of angiogenesis to gain further insights into the
mechanisms of PAC-mediated angiogenesis. In conclusion,
long-term persistence and healthy neovascularization seem to
be unique to PACs and are probably mediated by balanced
cytokines and by the recruitment of mural cells.
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