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Abstract

Narrowed arteries to limbs provoke critical hindlimb ischemia (CLI). Although CLI results
in irreversible sequelae, such as amputation, there are few therapeutic options that could
induce formation of new functional blood vessels. Based on the proangiogenic potentials of
stem cells, it was examined in this study whether combining dental pulp stem cells (DPSCs)
and human umbilical vein endothelial cells (HUVECSs) could potentiate therapeutic effects
of stem cells for CLI compared with those of DPSCs or HUVECSs alone. The combination
therapy showed significantly higher blood flow and lower ischemia damage than did the other
groups on CLI animal models. The improved therapeutic effects were accompanied by
significantly more microvessels in the ischemic tissue than did the other groups. In vitro
proliferation and tube formation assay showed that VEGF in the conditioned media of DPSCs
induced proliferation and vessel-like tube formation of HUVECs. Altogether, our results
demonstrated that the combination of DPSCs and HUVECs made significantly better
therapeutic effects on CLI via VEGF-mediated crosstalk. This combinational strategy could

be used to develop novel clinical protocols for proangiogenic regenerative treatments for CLI.
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Introduction

Peripheral artery disease (PAD) is a common circulatory problem involving narrowed
arteries to limbs. Critical hindlimb ischemia (CLI) is the most severe clinical symptom among
PADs (1) and can lead to ulcers on the leg and feet. Since those ulcers are difficult to heal,
many CLI patients have to undergo amputation to prevent secondary damage (2). Current
therapies for CLI include intra-arterial stent and bypass surgery (3, 4). However, they have a
high risk of restenosis(5), because those therapies only unclog blood vessels without inducing
angiogenesis. Therefore, novel therapeutics that can make new functional blood vessels need
to be developed for CLI.

Mesenchymal stem cells (MSCs) are the most widely used stem cell type for regenerative
medicine in the world (6, 7). Given that the developmental origin of MSCs might be
perivascular region, their potential applications for angiogenesis have been suggested (8).
Accordingly, MSCs are undergoing Phase | or I1 clinical trials for CLI at several clinical sites
(9, 10). However, it is still controversial that MSCs could differentiate into functional
endothelial cells, which is an essential component for angiogenesis (11). Instead, many
studies have proposed that there are paracrine pro-angiogenic effects of MSCs (12, 13).
Therefore, co-injection of MSCs and endothelial cells (ECs) might upgrade the therapeutic
effects of MSCs for CLI.

Dental pulp stem cells (DPSCs) from dental pulp of teeth show MSC-like characteristics
and have several advantages for being used for CLI (14, 15). Most importantly, DPSCs have
shown significant therapeutic efficacy in preclinical animal models, such as for spinal-cord
injury, ischemic stroke, and CLI that require angiogenesis as a recovery mechanism (16-18).
Moreover, the combination of DPSCs and ECs has shown improved regenerative potentials
in various pathological conditions(19-21). DPSCs could be collected from extracted infantile
teeth and then stored for a long time, which would enable autografts of DPSCs for CLI

patients (22). Since survival of transplanted cells is important for making functional vessels
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with anastomosis in the host (23), autografts would be the most clinically applicable option
to transplant stem cells.

The objectives of this study were to compare the therapeutic effects of co-injection of
DPSCs and human umbilical vein endothelial cells (HUVECSs) in a CLI animal model with
those of injection of DPSCs or HUVECs alone and to elucidate molecular mechanisms of

treatment effects.

Results

Therapeutic effects of DPSCs and HUVECs in CLI animal model

To evaluate the therapeutic effects, HBSS (negative control), HUVECs, DPSCs, or DPSCs
+ HUVECs (1:1) were transplanted into CLI animal models (1.0 x 10° cells/ea),
intramuscularly, after ligation of femoral artery (Fig. S1). MSC-like characteristics of DPSCs,
such as bi-polar morphology (Fig. S2A), expression of MSC-specific markers (Fig. S2B),
and differentiation potential (Fig. S2C) were confirmed. Ischemia damage score and blood
flow were evaluated by observation and laser doppler imaging (LDI), respectively, at 0, 2, 4,
7, and 14 days post injection (Fig. 1A). Images of the legs (Fig. 1B) revealed that the degree
of damage in the DPSCs + HUVECs group was the lowest among the experimental groups,
although both the DPSCs and DPSCs + HUVECs groups showed significantly lower scores
compared with the HBSS negative control group (Fig. 1C). LDI showed that HBSS injection
or HUVEC:s injection produced significantly less blood flow than did DPSCs injection or co-
injection of DPSCs and HUVECs (Fig. 1D). Although the DPSCs group showed recovered
blood flow at 14 days, co-injection of DPSCs and HUVECs resulted in significantly higher
blood flow than the DPSCs group (Fig. 1E) at 14 days post injection. These data suggested
that co-injection of DPSCs and HUVECs had significantly greater therapeutic effects on CLI

animal model than did HBSS injection, DPSCs injection, or HUVECs injection.
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Treatment mechanisms of co-injection of DPSCs and HUVECs in CLI animal model

To measure the degree of fibrosis and angiogenesis, ischemic hindlimb muscles of the four
experimental groups were removed at 14 days post injection. After H&E staining, the degree
of inflammation and integrity of muscles were analyzed. In the HBSS group, there was severe
inflammation with numerous infiltrated leukocytes. The severity of inflammation in the
HUVECs group was similar to that in the HBSS group. In the DPSCs and DPSCs + HUVECs
groups, there was less inflammation and damaged muscles than in the other groups (Fig. 2A).
The degree of fibrosis was further found by Masson’s trichrome staining (Fig. 2B), which
showed that the degree of fibrosis was decreased significantly more by the co-injection of
DPSCs and HUVECs, followed by DPSCs, HUVECSs, and HBSS injection. Importantly, the
degree fibrosis of the DPSCs + HUVECs group was significantly lower than that of the
DPSCs group (Fig. 2C). The number of microvessels was quantified by
immunohistochemistry against CD31. As shown in Fig. 2D, the greatest number of
microvessels was observed from the co-injection of DPSCs and HUVECs among the
experimental groups. In the quantification of microvessels, the co-injection group had
significantly more microvessels than did the HBSS, HUVECs, or DPSCs group (Fig. 2E).
These results suggest that co-injection of DPSCs and HUVECSs could increase angiogenesis
significantly and decrease inflammation and fibrosis of damaged muscles in the CLI animal

models.

Pro-angiogenic paracrine factors of DPSCs

Combination of DPSCs and HUVEC:s significantly increased in the number of microvessels
(Fig. 2E) in the CLI animal models, which indicated that DPSCs might exert their therapeutic
effects by promoting new vessel formation. In vitro tube formation assay, the conditioned
media (CM) of DPSCs significantly increase the tube formation of HUVECs (Fig. 3A).

Moreover, the in vitro proliferation of HUVECs was significantly induced by the CM of
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DPSCs (Fig. 3B). Those results suggested that paracrine mediators of DPSCs provoke new
vessel formation of HUVECSs. Accordingly, high levels of pro-angiogenic factors such as
VEGF and HGF were measured in the CM of DPSCs by ELISA assay (Fig. 3C). Compared
with the CM of neural stem cells (NSCs) and Warton’s Jelly-derived MSCs (MSCs), the CM
of DPSCs showed significantly higher level of VEGF. Although the concentrations of HGF
in the CM of MSCs and DPSCs were similar each other, they were much higher than that of
NSCs. In contrast, the levels of TNF-o were not different among the CM of NSCs, MSCs,
and DPSCs (Fig. 3C). Functionally, phosphorylation of Akt and Erk1/2 in HUVECs was
increased by the treatment of the CM of DPSCs (Fig. 3D). The results indicated that the
paracrine mediators from DPSCs such as VEGF and HGF mediate the pro-angiogenic effects

of DPSCs.

Pro-angiogenic effects of DPSCs mediated by VEGF

To confirm the paracrine mediator of pro-angiogenic activities of DPSCs,
bevacizumab(Sigma-Aldrich), a VEGF-neutralizing antibody was utilized. When
bevacizumab was added to the CM of DPSCs, increased tube formation (Fig. 4A) and
proliferation (Fig. 4B) of HUVECs by the CM of DPSCs disappeared, which indicated that
VEGF is the major paracrine factor that make the pro-angiogenic effects of DPSCs.
Accordingly, phosphorylation of Akt and Erk1/2 was not induced by the CM of DPSCs when

VEGF in the CM was neutralized by bevacizumab (Fig. 4C and D).

Discussion

Stem cell therapies are emerging as alternative therapeutic options for CLI (24). MSCs
are the most widely used in clinical trials for CLI, but the efficacy may not be enough to be
developed commercially (25). In this study, we preclinically demonstrated that therapeutic

effects of stem cells can be potentiated significantly when two or more kinds of stem cells
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are combined (26, 27) . Use of multiple sources of stem cells might be inferior economically,
which could be compensated by improved isolation and/or primary culture techniques.

Perivascular cell-like characteristics of MSCs (28) can be identified by the expression of
pericyte markers, such as NG2, PDGFRp, CD146, and a-SMA (29). DPSCs also have
perivascular cell-like characteristics that may play important roles in in vitro and in vivo
angiogenesis in this study. Our finding, that DPSCs alone could not create functional
microvessels in vitro and in vivo, in agreement with a previous report (30), suggests that
paracrine effects of DPSCs might not be enough to treat CLI. In contrast, when DPSCs and
HUVECSs were co-injected into CLI animal models, they provoked significantly increased
numbers of microvessel-like structures. These results also agree with a previous report (31).
A previous report has suggested that VEGF/VEGFR, PDGF-BB/PDGFR-a and/or SDF-
1/CXCR4 axis might relay communication between DPSCs and HUVECs (23). In this
research, VEGF might be the critical paracrine factor, which mediates the paracrine pro-
angiogenic activities of DPSCs.

The injection route of stem cells is important clinically, since it can affect the efficacy
of stem cells (32). In the clinical trials of CLI, stem cells were transplanted via intramuscular
or intra-arterial injection routes. In this study, DPSCs and HUVECs were transplanted
intramuscularly at three points (Fig. S1). Weak points of intramuscular injection include
possible leakage, uneven injection, the number of cells per site, and differences of injection
sites for each patient with diverse body sizes. In contrast, intra-arterial injection needs to risk
the danger of a surgical procedure under anesthesia. Moreover, injected stem cells might act
as a new embolus to induce new intraarterial blockages. When intramuscular transplantation
methods are optimized, it would be available in clinical trials for CLI.

The number of injected stem cells is another issue for clinical trial, because the efficacy
of stem cells could increase with the number of transplanted cells. Human equivalent dose of

a chemical drug can be calculated by converting preclinical doses to those for humans based
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on a simple equation (33). However, it is not simple to convert a preclinical dose of stem
cells into that of clinical trials, because they do not dissolve in blood. In addition, they should
have different pharmacokinetics compared with those of chemical drugs. Using the same
calculation method as for chemical drugs, the number of co-injected DPSCs and HUVECs
in this study (1 x 10° cells for a 20-gram mouse) could be translated into 5 x 102 cells for a
60 kg patient.

Presently, more than 12 clinical trials of cell therapies for CLI can be found at
ClinicalTrial.gov. In those trials, various kinds of cells have been hired. However, in most
trials, a single kind of stem cells or cells was transplanted for CLI patients. One clinical trial
for CLI (NCT00390767) reported to use ECs and smooth muscle cells (SMCs)
simultaneously (34), which are isolated from patients’ own short vein segments. Those ECs
and SMCs are genetically modified to express angiopoietin | and VEGF, respectively. The
genetic modifications might intend to increase paracrine interactions between two types of
cells or to activate residual stem cells of patients (35). However, the technique has its own
disadvantages, such as potential mutagenesis and continuous systemic release of growth
factors, which might provoke transformation of cells (36).

Autologous transplantation of stem cells can minimize immune rejection, which could
induce restenosis of vessels and/or secondary inflammation. It is more important in the
treatment of CLI, since vessels continuously interact with circulating immune cells (37).
Although autologous HUVECSs can be isolated at birth, ECs are hard to isolate from older
patients. In several preclinical studies, ECs were derived from human-induced pluripotent
stem cells (iPSCs) (38). However, iPSCs could be an adequate option as a source of
autologous ECs when their safety issues, such as teratoma formation after transplantation,
are addressed properly (39). Direct conversion could be another solution to acquire
autologous ECs (40). Despite of immunological pros of autograft, properties of DPSCs and

ECs from various individuals could be different, which could lead unequal therapeutic effects.
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Those inconsistencies need to be overcame using potency factors (i.e., VEGF) that guarantee
the therapeutic potentials of stem cells.

In this study, we demonstrated that co-injection of DPSCs and HUVECs has
significantly better therapeutic effects on CLI than does injection of DPSCs or HUVECs
alone. The difference could originate from induced angiogenesis by interaction between
DPSCs and HUVECs, which might be mediated by VEGF from DPSCs. The combination
strategy for CL1I in this study could be used in the development of clinical trial protocols that

have better therapeutic effects on CLI.

Study approval

Usage of DPSCs was approved by the Institutional Review Board of Samsung Medical
Center (SMC, Seoul, South Korea) (IRB File No. SMC 2016-09-120). Animal experiments
were approved by the Institutional Animal Care and Use Committee (IACUC) of Samsung
Biomedical Research Institute (SBRI, Seoul, South Korea) with approval number

20180813001.

Further detailed information is provided in the Supplementary Information.
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Figures legends

Figure 1. Therapeutic effects of DPSCs and/or HUVECSs transplantation for CLI.

(A) Experimental schedule. (B) Images of the legs of CLI animal models. (C) The degrees
of damage of legs were analyzed and compared. n = 10 for each group. *, p < 0.05. (D) Blood
flow of the legs of CLI animal models was measured by LDI. (E) The blood flow was

analyzed and compared. n = 10 for each group. *, p < 0.05.

Figure 2. Histological analysis of CLI animal models.

Ischemic hind-limb muscles were retrieved at 14 days post injection for histological analysis.
(A) In H&E staining, the severity of muscle degeneration and infiltration of immune cells
were analyzed and compared. (B) Degree of fibrosis was assessed by Masson’s trichrome
staining. (C) Fibrosis area was quantified from Masson’s trichrome staining and compared.
(D) The number of vessels was assessed by immunohistochemistry against CD31. (E) The

number of vessels was quantified and compared. n = 10 for each group. *, p < 0.05.

Figure 3. Angiogenic paracrine effects of CM of DPSCs. (A) Effects of the CM of DPSCs
on the differentiation of HUVECs were analyzed by the in vitro tube formation assay. (B)
Effects of the CM of DPSCs on the proliferation of HUVECs were analyzed. (C)
Concentration of VEGF, HGF, and TNF-a was quantified by ELISA. n = 10 for each group.
*, p <0.05. n.s., not significant. LLOQ = lower limit of quantification. (D) Effects of the CM

of DPSCs on the signaling pathways of HUVECs were analyzed by western blot analysis.

Figure 4. Proangiogenic effects of DPSCs mediated by VEGF. Effects of the CM of
DPSCs on the differentiation (A), proliferation (B), and signaling pathways (C, D) of
HUVECs with or without bevacizumab, a VEGF neutralizing antibody were analyzed and

compared. *, p <0.05.
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Supplementary Materials and Methods

Cell culture

Third molar teeth were acquired with informed consent. For the primary culture of DPSCs,
human dental pulp was extracted and then mechanically and chemically dissociated in an
enzyme solution containing 1 mg/mL of Collagenase type | (Gibco, Grand Island, NY, USA)
and 2.4 mg/mL of Dispase (Gibco) at 37°C for one hour. After enzyme inactivation with o-
MEM (Gibco) supplemented with 10% FBS (Gibco), cells were washed twice with a-MEM.
After being filtered with 70 um mesh (BD Falcon, Bedford, MA, USA), a single-cell
suspension was maintained in a-MEM supplemented with 10% FBS. Human umbilical vein
endothelial cells (HUVECs) were purchased from Promocell (Heidelberg, Germany) and
cultivated in endothelial cell growth medium (Promocell) with 1% penicillin/streptomycin
(Life Technologies, Carlsbad, CA, USA) in 5% CO; at 37°C. All experiments were conducted

using DPSCs at in vitro passage 5 (P5), and HUVECs at P6.

CLI animal model

Animal experiments were conducted in accordance with the Institute for Laboratory Animal
Research Guide for the Care and Use of Laboratory Animals and followed protocols approved
by the IRB at the Samsung Medical Center (Seoul, Korea). After the Balb/c-nu mice were
anesthetized by intraperitoneal injection of 30 mg/kg Zoletil (Virbac Korea, Seoul, South
Korea) and 10 mg/kg Rompun (Bayer Korea, Seoul, South Korea), the hindlimb skin was
removed to make an incision according to femoral artery location (approximately 1 cm in
length). After dissection, the proximal and distal end points of the femoral artery were ligated
tightly using a 6-0 silk (Ailee, Busan, South Korea). The femoral artery between the ligation

points was then removed.
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Cell transplantation

The experimental groups received Hank’s balanced salt solution (HBSS) (Welgene) injection,
DPSCs injection, HUVECs injection, or a co-injection of DPSCs and HUVECs (1:1). A total
of 1.0 x 10° cells was resuspended in 80 uL. HBSS and then injected intramuscularly into the
skeletal muscles of induced ischemic hindlimb (Fig.S1) according to the previous report (1).

Ten mice were used in each group.

In vivo assessment of hindlimb ischemic damages

Semiquantitative assessment of hindlimb ischemia damage was done using a clinical score (0
= No difference from the normal, 1 = Mild discoloration, 2 = Moderate discoloration, 3 =
Severe discoloration or subcutaneous tissue loss of necrosis, 4 = Toes amputation, 5 = Plantar
amputation, 6 = Ankle amputation, 7 = Complete amputation) as in previous report (2). In
addition, serial non-invasive physiological evaluations of blood perfusion using a Laser
Doppler perfusion imager (Moor Instruments, Devon, UK) were performed at 0, 2, 4, 7, 9, 11,
and 14 days post-injection. Color-coded digital images were calculated to quantify blood flow
in ischemic hindlimbs as compared to that of the opposite normal hindlimbs. Mean perfusion

values were analyzed using moor LDI Image Review Ver 5.3 (Moor Instruments).

Histological analysis and immunohistochemistry

At 14 days post injection, ischemic hindlimb muscles of the four experimental groups were
removed, fixed in 4% paraformaldehyde (Biosesang), embedded in paraffin, and sectioned (4
um in thickness). We used H&E (Sigma—Aldrich, St.Louis, MO, USA) or Masson’s trichrome
(Sigma—Aldrich) staining for histologic analysis. In Masson’s staining, quantification of
fibrosis was expressed as average percentage of collagen content present in the field of view.

For immunohistochemistry, tissue slides were deparaffinized, hydrated, and then incubated
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with a primary antibody against CD31 (Abcam, Cambridge, UK) overnight at 4°C. CD31-
positive cells were visualized by 3,3’-diaminobenzidine (DAB) using ChemMate Envision Kits
(Dako System, Glostrup, Denmark) according to the manufacturer’s protocol. Slides were

counterstained with hematoxylin.

Collection of CM
After 2.0 x 10° cells DPSCs at in vitro passage 5 were plated into 55 cm? culture dishes and
incubated for 2 days. Attached cells were washed twice with PBS and then maintained in

serum-free basal medium, o-MEM. After 24 h of culture, CM was collected.

In vitro tube formation and proliferation assay

A total of 2.0 x 10* HUVECs in endothelial-cell growth medium (Promocell) was seeded onto
96-well plates precoated with Matrigel (Corning, NY, USA). Morphologies of tube-like
structures were observed after 8 hours. The cumulative tube length in nine random fields was
analyzed with Image J software (National Institutes of Health, Bethesda, MD, USA).
HUVECs (5.0 x 10° Cells/well) were seeded into a 96-well plate and incubated in endothelial
cell growth medium with/without DPSC CM. The cell population was estimated by MTT assay

for 72 hours.

ELISA assay
ELISA kits for VEGF (cat. no. DY293B-05), HGF (cat. no. DY294) and TNF-a (cat. no.
DY210) (all from R&D Systems, Inc., Minneapolis, MN, USA) were used to determine the

concentrations of secretory proteins in the DPSC conditioned media to manufacturer’s protocol.

Western blot analysis
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To identify a VEGF signaling, we were used p-Akt(Cell Signaling Technology, Danvers, MA,
USA), Akt(Cell Signaling Technology), p-Erk1/2(Santa Cruz Biotechnology, Dallas, TX, USA)
Erk1/2(Santa Cruz Biotechnology) and B-actin(Santa Cruz Biotechnology) antibody for
Western blot analysis. The cells were harvested and lysed in nuclear extraction (NE) buffer (20
mM HEPES (pH 7.6), 20% glycerol, 250 mM NaCl, 1.5 mM MgClz, 0.1% Triton X-100, 1
mM PMSF, 1 mM DTT and protease inhibitor cocktail (Roche)). Equal amounts of protein
were separated through SDS-PAGE and analyzed through immunoblotting with the indicated

antibodies.

Statistical analysis
We analyzed data using PASW statistics 18 software (SPSS, Inc., Chicago, IL, USA). Values
were calculated as means * standard deviation (SD) or expressed as percentage + SD of

controls. Statistical significance was considered when p < 0.05.



¥t Injection site

Supplementary Figure S1. Injection sites of stem cells.
There were four experimental groups. Cells were injected into mice via intramuscular injection

route, A total of 1.0 x 10° cells were injected into each three sites of legs intramuscularly.
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Supplementary Figure S2. MSC-like characteristics of DPSCs.
Morphology (A), expression of MSC-specific markers (B), and differentiation potential into

osteogenic and adipogenic cells (C) of DPSCs were analyzed.
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