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Abstract: Mesenchymal stem cells (MSCs) can serve as a vehicle for gene therapy. Angiopoietin-1 (ANGPT1) plays
an important role in the regulation of endothelial cell survival, vascular stabilization, and angiogenesis. We hypoth-
esized that ANGPT1 gene-modified MSCs might be a potential therapeutic approach for severe acute pancreatitis
(SAP) in rats. Human umbilical cord-derived MSCs with or without transfection with lentiviral vectors containing
the ANGPT1 gene were delivered through the tail vein of rats 12 h after induction of SAP. Administration of MSCs
alone significantly reduced pancreatic injury and inflammation, as reflected by reductions in pancreatitis severity
scores and serum amylase and lipase levels as well as reducing the serum levels of proinflammatory cytokines
(TNF-a, IFN-y, IL-1B, and IL-6). Furthermore, administration of ANGPT1-transfected MSCs resulted in not only further
reductions in pancreatic injury and serum levels of proinflammatory cytokines, but also promotion of pancreatic an-
giogenesis. These results suggest that MSCs and ANGPT1 have a synergistic role in the treatment of SAP. ANGPT1

gene-modified MSCs may be developed as a potential novel therapy strategy for the treatment of SAP.
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Introduction

Acute pancreatitis (AP), a common necroinflam-
matory condition of the pancreas, remains an
unsolved clinical problem. In 80% of patients,
AP is mild and self-limiting, but in up to 20%, AP
is complicated by substantial morbidity and
mortality [1]. Despite efforts to start an appro-
priate treatment, mortality rate of severe
attacks has not substantially decreased during
the past two decades [2]. It is now generally
accepted that AP is initiated by premature acti-
vation of proenzymes within acinar cells, there-
by leading to autodigestion of the pancreatic
gland [3]. Local inflammation is then initiated
with production of inflammatory cytokines such
as interleukin (IL)-1, IL-6, tumor necrosis
factor-a (TNF-), and interferon-y (IFN-y) [4, 5].
Additionally, chemokines such as monocyte
chemoattractant protein-1 (MCP-1) and fractal-
kine (FKN), are demonstrated to play an impor-
tant role in promoting distant organ failure (i.e.,

pulmonary failure) [6-8]. Furthermore, micr-
ocirculatory derangements like leukocyte-endo-
thelial cell interaction and perfusion failure
result in enhancement of microvascular perme-
ability to these inflammatory mediators, playing
a pivotal role in the progression of the acutely
altered pancreatic tissue [1]. The releasing of
both inflammatory cytokines and chemokines
make the disease develop, with the occurrence
of systemic inflammatory response syndrome,
multiple organ failure, or even death [9].
However, despite decades of research, few
therapeutic strategies for severe acute pancre-
atitis (SAP) have emerged, and current specific
options for treatment are still limited [10].

Mesenchymal stem cells (MSCs), since first
described by Friedenstein et al [11], have been
used for the treatment of a number of diseases
that currently have limited or no treatment
options [12]. In the past ten years, numerous
studies have shown MSCs can improve tissue
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repair and reduce inflammation via producing a
number of cytokines [13-15] or homing to
injured tissues or sites of inflammation [16-18].
In addition, MSCs may also promote angiogen-
esis in ischemic tissues by expressing hypoxia
inducible factor-lac (HIF-a) [19]. Therefore,
MSCs may have beneficial effects in their own
right in the treatment of SAP.

Angiopoietin 1 (ANGPT1) plays an essential role
in embryonic vascular development as a ligand
for the receptor-tyrosine kinase Tie2. In the
postnatal state, ANGPT1 is responsible for a
quiescent vascular phenotype and is known as
an endothelial survival and vascular stabiliza-
tion factor that reduces endothelial permeabil-
ity and inhibits leukocyte-endothelium interac-
tions by modifying endothelial cells adhesion
molecules and cell junctions [20, 21]. Several
studies have demonstrated its anti-inflammato-
ry [22], anti-permeability [21], angiogenic [23],
and endothelial protective characteristics [24].
Based upon this, we hypothesized that ANGPT1
gene transfer may be beneficial in the therapy
of SAP.

The combination of MSCs and ANGPT1 gene
therapy has proven successful in the treatment
of myocardial infarction [25], acute lung injury
[16], cerebral ischemia [26], and ischemic limb
disease [23]. This dual strategy not only allows
cells to engraft in the injured tissues, but also
provides therapeutic proteins and other cellular
products of interest. Therefore, the aim of this
study was to evaluate the effect of MSCs alone
or in combination with ANGPT1 on pancreatic
injury, inflammation, and angiogenesis in a rat
model of SAP.

Materials and methods

Isolation, culture, and characterization of
MSCs

Umbilical cord matrix (UCM)-derived MSCs
were used for this study because of their high
accessibility, painless acquisition, and high
proliferative capacity. Umbilical cords were
taken from healthy women with pregnancies
during elective cesarean section after obtain-
ing informed consent (approved by the Tongji
University Institutional Review Board). To per-
form cell isolation, the cords were cut into
approximately 5-cm long segments, which were
subsequently cut longitudinally to expose the
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umbilical vein. Blood vessels (two arteries and
one vein) were removed from each segment
and the Wharton’s jelly was carefully separated
from the amniotic membrane. Then the cords
were cut into 1-cm pieces and some incisions
were made on the inner matrix. The pieces
were transferred to 6-well plates (Corning
Costar, NY, USA), one piece in each well, and
covered completely with the culture medium
that consisted of Dulbecco’s Modified Eagle’s
Medium-Low Glucose (DMEM-LG; Invitrogen,
Grand Island, NY, USA), 10% lot-selected fetal
bovine serum (FBS; Biological Industries,
Kibbutz Beit Haemek, Israel), 100 units/ml
penicillin (Invitrogen), 100 ug/ml streptomycin
(Invitrogen), and 2 mM L-glutamine (Invitrogen).
The medium was replaced every 2 days and the
cord pieces were left in the medium for two
weeks to ensure enough MSCs migrate from
the Wharton’s jelly to the wells. Then the rem-
nants of the cord pieces were removed from
the wells and cells attached to the wells were
cultured until they were 80% confluent. The
cells were detached with 0.25% trypsin and 1
mM ethylenediaminetetraacetic acid for 1 min-
ute, resuspended with the culture medium, and
seeded at a density of 1.0x10* cells/cm? in
100-mm dishes (Corning) for expansion.
Passage 2 UCM-MSCs were characterized by
expression of cell surface markers with flow
cytometry and trilineage differentiation capaci-
ties or frozen with protein-free cryopreservation
medium (Cyagen Biosciences, CA, USA) at
1.0x10° cells/ml in liquid nitrogen for further
use.

For flow cytometry analysis, UCM-MSCs were
labeled with the selected antibodies CD105-
PerCP-Cy5.5, CD31-PE, CD45-PE, CD73-APC,
CD34-PE, CD11b-PE, CD9O-FITC, CD44-PE,
CD19-PE, CD146-PE, and HLA-DR-PE and cor-
responding isotype controls (BD Biosciences,
San Jose, CA, USA), and analyzed using a BD
FACSCanto™ Il flow cytometry system (BD
Biosciences). Differentiation of UCM-MSCs was
evaluated using a Human Mesenchymal Stem
Cell Differentiation Kit (Cyagen Biosciences).
Osteogenic and adipogenic differentiation
assays were performed in 6-well tissue culture
plates, and chondrogenic differentiation assay
was performed using a pellet culture system in
15-ml polypropylene culture tubes. All assays
were conducted according to the manufactur-
er’'s instructions.
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Production of lentiviral vectors and transfec-
tion of UCM-MSCs

The ANGPT1 open reading frame was cloned
from a human cDNA library and was amplified
by polymerase chain reaction (PCR) using the
primers: 5-GAGGATCCCCGGGTACCGGTCGCCA
CCATGACAGTTTTCCTTTCCTTTG-3"  (Forward)
and 5-TCACCATGGTGGCGACCGGAAAATCTAAA
GGTCGAATCATC-3’ (Reverse). The ANGPT1
cDNA were inserted into the Agel site of the
pUbi-MCS-EGFP expression lentiviral vector
(pGV208) to generate pGV-ANGPTL. Lentiviral
vector without therapeutic gene was used as
control (pGV-EGFP). Then the vectors were indi-
vidually transfected into 293T cells using
Lipofectamine 2000 (Invitrogen) for propaga-
tion. The cells were transfected with respective
vector for 5 h and a subsequent recovery peri-
od of 36 h in DMEM supplemented with 10%
FBS. Fluorescence microscopy and western
blotting were performed to determine transfec-
tion efficiency and expression efficiency of
ANGPT1.

Before being used, the above lentiviral vectors,
expressing either enhanced green fluorescence
protein (EGFP) only or both EGFP and ANGPT1,
were evaluated for their viral titer. The viral
titers of Lenti-ANGPT1 and Lenti-EGFP were
1x108and 1x10°TU/ml, respectively.

To select the best multiplicity of infection (MOI)
for lentivirus-mediated gene transfer, UCM-
MSCs were exposed to lentiviral vectors at MOI
of 1, 10, and 100 for 12 h. Fluorescence
microscopy was used to observe transfection
efficiency and cell viability according to EGFP
expression and cell morphology. The optimal
MOI was chosen for both highest EGFP expres-
sion and viability.

Detection of ANGPT1 expression in MSCs after
transfection

ANGPT1 expression of UCM-MSCs was detect-
ed by RT-PCR, Western blot, and ELISA. Total
RNA was extracted from UCM-MSCs 72 h after
transfection with TRIzol reagent (Invitrogen).
For cDNA synthesis, 2 ug of RNA were reverse
transcribed using 500 ng of oligo (dT) primers
and the SuperScript Il First Strand Synthesis
System (Invitrogen) according to the manufac-
turer’'s indications. The ANGPT1 PCR primer
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sequences were: forward 5-GGGGGAGGTTG
GACTGTAAT-3’ and reverse 5-AGGGCACATTTG
CACATACA-3’ (362 bp); the human glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH)
primer sequences were: forward 5-ACCACA
GTCCATGCCATCAC-3’ and reverse 5-TCCACCAC
CCTGTTGCTGTA-3’ (452 bp). The PCR was initi-
ated at 95°C for 1min, followed by denaturation
at 95°C for 15 s, annealing at 58°C for 15 s,
and extension at 72°C for 45 s for 40 cycles.
The PCR products were subject to electropho-
resis on 2% agarose gels.

For Western blot, cells were washed twice with
cold PBS and lysed in extraction buffer (50 mM
Tris-HCI pH7.4, 150 mM NaCl, 1 mM PMSF, 1
mM EDTA, 1% Triton X-100, and 0.1% SDS). The
whole cell lysate samples were centrifuged at
10,000 g at 4°C for 15 min. Protein concentra-
tion was measured using the Bradford method,
and protein lysates were aliquoted and stored
at -70°C until used. The proteins (40 ug/lane)
were separated by 10% SDS-polyacrylamide
gel electrophoresis and electroblotted onto
PVDF membrane by standard procedures. The
membrane was blocked with 5% non-fat milk in
Tris-buffered saline containing 0.1% Tween-20
(TBST) overnight at 4°C. On the second day, the
membrane was incubated with goat polyclonal
anti-ANGPT1 antibody (1:1000 dilution, Santa
Cruz Biotechnology, CA, USA) for 2 h, followed
by horseradish peroxidase conjugated anti-
goat secondary antibody (1:1000 dilution,
Santa Cruz Biotechnology) for 1 h at room tem-
perature. Then the membrane was washed in
TBST and developed using an enhanced chemi-
luminescence (ECL) detection system (Santa
Cruz Biotechnology).

ANGPT1-specific ELISA was performed using
the Quantikine Human Angiopoietin-1 Immu-
noassay (R&D Systems, Minneapolis, Minn-
esota, USA). The supernatant samples were
collected from UCM-MSCs cultures in 6-well
plates at 2-day intervals for up to 15 days after
transfection.

Animal model of severe acute pancreatitis and
cell transplantation protocol

Male Sprague-Dawley rats weighing 180-220 g
were used for the experiment. The present
study conforms to the Guide for the Care and
Use of Laboratory Animals published by the US
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Figure 1. Animal model of acute pancreatitis and experimental scheme for
in vivo study. A: After puncture of the common bile duct using a 24-G blunt-
tipped needle, a temporary ligation was performed in the distal part of the
common bile duct to prevent leakage of sodium taurocholate solution. Injec-

Common bile duct

Temporary ligation

Papilla

puncture wound, and then
into the common bile duct via
the papilla of Vater. The tip of
the needle catheter was
placed 5 mm into the bile
duct, well before the entry of
the pancreatic duct. Then the
catheter was secured in that
position with a 8-0O prolene
ligature and the proximal com-
mon bile duct was occluded at
the liver hilum with a microc-
lamp (Figure 1A). A NaCl solu-
tion (1 mi/kg) of 3% sodium
taurocholate (Sigma-Aldrich,
St Louis, Missouri, USA) was
retrogradely injected into the
bile-pancreatic duct over a
60-second period. Then the
needle catheter, the microc-
lamp, as well as the securing
ligature were removed. The
i puncture site was closed
H2nr using a 6-0 prolene suture,
“Sacrifice and the abdomen was closed
(3 days after treatment)

in two layers with 4-0 prolene
sutures. Subcutaneous bupre-
norphine hydrochloride injec-
tion was given immediately
after wound closure. The ani-

tion of the solution into the liver was prevented by placing a microclamp

at the proximal common bile duct. Sodium taurocholate solution was then
retrogradely infused into pancreatic duct over a 60-second period. B: SD-
rats initially received sodium taurocholate by retrograde pancreatic duct in-
fusion, followed by intravenous injection 12 hours later with saline, MSCs,

mals were given free access
to water and normal laborato-
ry chow 6 hours after the
operation.

MSCs-EGFP, or MSCs-ANGPT1. Rats were then sacrificed 3 days after to eval-

uate the cell migration and therapeutic effects. NaT, sodium taurocholate;
SAP, severe acute pancreatitis; SD-rats, Sprague-Dawley rats.

National Institutes of Health (NIH Publication
No0.85-23, revised 1996) and animal proce-
dures were approved by the Institutional Animal
Care and Use Committee of Tongji University
(Shanghai, China).

The animals were anesthetized by intraperito-
neal injection of pentobarbital (50 mg/kg body
weight). A 2-cm midline laparotomy was per-
formed and the first loop of duodenum was
identified. The duodenum was flipped over to
expose the pancreas and was immobilized with
a 6-0 traction suture, and the papilla of Vater
was identified. A puncture was made on the
wall of the duodenum directly opposite to the
papilla with a 20-G needle and a 24-G blunt-
tipped needle catheter was passed through the
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Saline, MSCs, MSCs transfect-
ed with pGV-EGFP (MSCs-
EGFP, null-transfected MSCs),
and MSCs transfected with pGV-ANGPT1
(MSCs-ANGPT1) (2.0%10° cells in 200 pl saline
for each rat) were slowly infused via the tail vein
12 hours after the operation (Figure 1B).
Chloromethylbenzamido-1,1-dioctadecyl3,3,
3’,3-Tetramethylindocarbocyanine Perchlorate
(CM-Dil) was used to label cells before injection
into the animals. CM-Dil was selected as the
tracking system as it dose not affect cell divi-
sion or cell differentiation and was stable for six
weeks during long-term cell transplantation
studies [27]. Briefly, cells were incubated with 2
UM CM-Dil for 5 minutes at 37°C and for addi-
tional 15 minutes at 4°C, and were visualized
for fluorescent staining under fluorescence
microscopy (Leica, DMIGO00B, Germany).

Int J Clin Exp Pathol 2014;7(7):3580-3595
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Sacrifice was performed 3 days after UCM-
MSCs treatment, and blood samples were
obtained and centrifuged (400 g, 30 minutes,
4°C). Serum samples were then collected and
stored at -70°C until assaying. The pancreas
was dissected, rinsed in cold PBS and halved.
One half was fixed overnight in 10% neutral
buffered formaldehyde and embedded in par-
affin. The other half was protected from light
and fixed in 4% paraformaldehyde-PBS at 4°C
for 4 h, then rinsed three times in cold PBS and
transferred in PBS-30% sucrose at 4°C over-
night for cryopreservation. Tissues were then
embedded in Tissue Tek OCT compound and
snap-frozen.

Histopathology

Paraffin sections of 5 ym were cut and stained
with hematoxylin and eosin (H&E). Tissue sec-
tions were evaluated using light microscopy at
10x magpnification. For each animal, three inde-
pendent sections were evaluated by two sepa-
rate observers in a blinded manner. Grading of
pancreatitis severity was performed using a
scale from O to 4 for the degree of edema (0 =
absent; 1 = diffuse expansion of interlobar
septa; 2 = diffuse expansion of interlobular
septa; 3 = diffuse expansion of interacinar
septa; 4 = diffuse expansion of intercellular
septa), inflammation (O = absent; 1 = around
ductal margin; 2 = in parenchyma, < 50% of
lobules; 3 = in parenchyma, 50%-75% of lob-
ules; 4 = in parenchyma, >75% of lobules), vac-
uolization (O = absent; 1 = periductal, < 5%; 2 =
focal, 5%-20%; 3 = diffuse, 21%-50%; 4
severe, >50%), and necrosis (0 = absent; 1
1-4 necrotic cells/high-power field [HPF]; 2
5-10 necrotic cells/HPF; 3 = 11-15 necrotic
cells/HPF; 4 > 16 necrotic cells/HPF).

Measurement of amylase, lipase, myeloperoxi-
dase, cytokines, and chemokines

Serum amylase activity was measured by a
colorimetric assay kit (BioVision, Milpitas, CA,
USA) using ethylidene-pNP-G7 as the substrate.
The chromophore in 50 pl serum was mea-
sured spectrophotometrically at 405 nm. The
absorbance was linear to the enzyme activity.
Serum lipase levels were also measured by a
colorimetric assay kit (BioVision) according to
the manufacturer’s instructions. The method is
based on the principle that lipase hydrolyzes a
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triglyceride substrate to form glycerol, which is
quantified enzymatically via monitoring a linked
change in the OxiRed probe absorbance at 570
nm. The concentrations of amylase and lipase
were expressed as units per liter (U/L).

Neutrophil infiltration within the pancreas was
detected by measuring tissue myeloperoxidase
(MPO) activity as previously described. Briefly,
pancreas specimens were homogenized in 50
mM phosphate buffer (pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide. The
suspensions were subjected to three cycles of
freezing and thawing and further disrupted by
sonication (40 seconds). Then the samples
were centrifuged (10,000 g, 5 min, 4°C), and
supernatants were used for the MPO assay.
The supernatant (50 ul) was incubated in reac-
tion solution consisting of 1.6 mM tetramethyl-
benzidine, 80 mM sodium phosphate buffer,
and 0.3 mM hydrogen peroxidase at 37°C for 2
min, and absorbance at 655 nm was recorded.
The results were corrected in terms of protein
concentration, and MPO activity was expressed
as units per milligram of protein (U/mg).

Serum cytokines (TNF-a, IFN-y, IL-13, IL-4, IL-6,
and IL-10) and chemokines (MCP-1 and FKN)
were measured with rat-specific Quantikine
ELISA Kits (R&D Systems) according to the
manufacturer’s instructions.

Immunohistochemistry and evaluation of vas-
cular density

Immunohistochemistry was performed on sec-
tions (5 um) from formalin-fixed pancreatic tis-
sues. The sections were dewaxed, rehydrated,
and incubated in hydrogen peroxide solution for
5 minutes to block endogenous peroxidases.
Then, mouse monoclonal anti-CD31 antibody
(IgG1 clone P2B1, Abcam, Cambridge, UK) was
applied to the sections at a 1:100 dilution for 1
hour at room temperature, followed by biotinyl-
ated rabbit anti-mouse secondary antibody and
streptavidin-horseradish peroxidase conjugate
for 30 minutes. The sections were developed
with 3-amino-9-ethylcarbazole (AEC) substrate
(Boster Biotechnology, Wuhan, China) for 5
minutes, and then counterstained with hema-
toxylin and mounted.

To determine the microvascular density (MVD),
sections of pancreatic tissues that stained with
CD31 antibody were used. According to previ-
ous recommendations [28], all independent
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Figure 2. Characterization of MSCs isolated from human umbilical cord matrix. A: Fibroblast-like UCM-MSCs and
crystal violet staining of a single cell-derived colony of UCM-MSCs for clear visualization. B: Multilineage differentia-
tion capacity of UCM-MSCs: osteogenic, adipogenic, and chondrogenic differentiation. C: Surface marker expression

of UCM-MSCs by flow cytometry.

CD31-positive structures were counted, irre- section (expressed as vessels/mm?). Values
spectively of the presence of an identifiable reported for each experimental condition cor-
lumen. MVD was calculated by dividing the total respond to the average values were obtained
number of microvessels by the area of each from 8 individual animals.
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Figure 3. Detection of ANGPT1 expression in MSCs after transfection. A: The expression of EGFP was detectable
on day 3 after transfection at a MOI of 100 with high cell viability and transfection efficiency (>95%). B: RT-PCR
detection of ANGPT1 in MSCs 3 days post-transfection. The ANGPT1 mRNA in ANGPT1-transfected MSCs (lane 2)
was more evident than in EGFP-transfected MSCs (lane 1). C: Western blot detection of ANGPT1 expression 3 days
post-transfection. The expression of ANGPT1 protein in ANGPT1-transfected MSCs (lane 2) was higher than in EGFP-
transfected MSCs (lane 1). D: Detection of ANGPT1 secretion in cell culture supernatants at different time points
by ELISA. The level of ANGPT1 in ANGPT1-transfected MSCs culture medium reached 1400 pg/ml on day 3 and
remained at a high level over a 1-week period, while in EGFP-transfected MSCs culture medium, the level of ANGPT1
maintained at a low level of less than 300 pg/ml.

Statistical analysis

Data were presented as means % standard
deviations (SD). Comparisons between two
groups were made with the use of unpaired
two-tailed Student’s t tests using SPSS soft-
ware (SPSS 12.0, Chicago, IL). P < 0.05 was
considered statistically significant.
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Results

Characterization and ANGPT1 transfection of
MSCs

The isolated cells showed fibroblast-like shapes
when cultured on plastic culture plates (Figure
2A). The cells were demonstrated to differenti-

Int J Clin Exp Pathol 2014;7(7):3580-3595
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Figure 4. Effects of MSCs and MSCs-ANGPT1 on pancreatic histopathology and markers. A: Representative im-
ages of hematoxylin and eosin stained pancreatic sections from 6 experimental groups. B: Histological analysis of
pancreatitis severity. Each value represents the mean + standard deviation of scores from eight randomly chosen
microscopic fields of eight independent sections. C: Activities of amylase (U/L), lipase (U/L), and MPO (U/mg). *P
< 0.05, **P < 0.01, and ***P < 0.001, compared between the SAP+saline group and each treated group (MSCs,

MSCs+EGFP, or MSCs+ANGPT1). N = 8 per group.

ate into three predominant mesenchymal lin-
eages: osteocytes, adipocytes, and chondro-
cytes (Figure 2B). The cells were uniformly posi-
tive for CD44, CD73, CD90, and CD105 by flow
cytometry, and were negative for CD11b (mono-
cyte marker), CD19 (B-cell marker), CD31
(endothelial cell marker), CD34 (endothelial cell
marker), CD45 (leukocyte marker), or HLA-DR.
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In addition, nearly 70% of these cells were posi-
tive for CD146, which is a marker of multipo-
tency (Figure 2C).

To determine the transfection efficiency, MSCs
were infected with lentiviral vectors (pGV-ANG-
PT1 or pGV-EGFP) at MOI of 1, 10, and 100 for
12 h. We found that MSCs tolerated an MOI of

Int J Clin Exp Pathol 2014;7(7):3580-3595



MSCs-ANGPT1 treatment of SAP in rats

100 well and the expression of EGFP was
detectable on day 3 after transfection with high
cell viability and transfection efficiency (>95%)
assessed by fluorescence microscopy (Figure
3A). To further determine the expression of
ANGPT1 by ANGPT1-modified MSCs, RT-PCR,
Western blot, and ELISA were performed. A
specific band corresponding to an expected
362bp PCR product was observed and it was
more evident in ANGPT1-transfected MSCs
than in EGFP-transfected MSCs (Figure 3B).
Western blot also showed a 70 kDa-specific
band in ANGPT1-transfected MSCs, indicating
an obviously increased expression of ANGPT1
protein (Figure 3C). The ELISA results also
revealed a markedly higher levels of ANGPT1 in
ANGPT1-transfected MSCs culture medium
compared with EGFP-transfected MSCs culture
medium (Figure 3D).

Effect of MSCs and MSCs-ANGPT1 on pancre-
atic histopathology and markers

Histological assessment of pancreatic sections
3 days after induction of SAP revealed evidence
of marked edema, inflammation, vacuolization,
and necrosis, which was significantly reduced
in animals receiving MSCs, MSCs-EGFP, or
MSCs-ANGPT1 (Figure 4A). Severity of pancre-
atic injury was scored using a histopathology
score system, which evaluates the pancreatic
injury in four categories: edema, inflammation,
vacuolization, and necrosis. Although treat-
ment with MSCs, MSCs-EGFP, or MSCs-ANGPT1
reduced pancreatitis severity, the differences
among these three groups did not reach statis-
tical significance (Figure 4B).

Serum amylase activity was significantly elevat-
ed 3 days after saline infusion in SAP rats
(Figure 4C). MSCs alone treatment markedly
decreased serum amylase levels (P < 0.01),
which was more apparent in rats treated with
MSCs-ANGPT1 (P < 0.001). Similar results were
observed in serum lipase activity with a reduc-
tion of about 50%. MPO is an enzyme that is
found predominantly in the azurophilic gran-
ules of polymorphonuclear leukocytes (PMN).
Tissue MPO activity is frequently utilized to esti-
mate tissue PMN accumulation in inflamed tis-
sues and correlates significantly with the num-
ber of PMN determined histochemically in tis-
sues. As was expected, pancreatic MPO activity
was markedly increased in SAP animals receiv-
ing saline infusion, which was suppressed sig-
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nificantly in the treatment groups (MSCs,
MSCs-EGFP, or MSCs-ANGPT1).

Effect of MSCs and MSCs-ANGPT1 on inflam-
matory cytokines and chemokines

To further evaluate the inflammation actions by
MSCs and MSCs-ANGPT1, levels of inflamma-
tory cytokines and chemokines were measured
with serum samples collected from animals. As
shown in Figure 5, proinflammatory cytokines
(TNF-¢, IFN-y, IL-13, and IL-6) were all elevated
in SAP+saline group compared with the two
control groups. Treatment with MSCs and
MSCs-ANGPT1 significantly reduced the levels
of these proinflammatory cytokines. The levels
of anti-inflammatory cytokines (IL-4 and IL-10)
in SAP rats receiving saline infusion were lower
than the control groups, whereas they were dra-
matically increased in SAP animals treated with
MSCs and MSCs-ANGPT1. In addition, SAP also
increased the serum level of MCP-1, an impor-
tant chemokine in the pathogenesis of pancre-
atitis, whereas treatment with MSCs and MSCs-
ANGPT1 attenuated this increase. Another che-
mokine FKN was also elevated 3 days after
induction of SAP. Although MSCs and MSCs-
ANGPT1 infusion in SAP rats tended to decrease
the serum level of FKN, the results did not dif-
fer significantly from saline infusion.

Effect of MSCs and MSCs-ANGPT1 on pancre-
atic angiogenesis

To evaluate pancreatic angiogenesis after cell
transplantation, immunohistochemical staining
of pancreatic sections was performed by using
the endothelial cell-specific antibody CD31. In
normal control groups treated with saline or
MSCs, capillary vessels were observed in the
periacinar space with small and round shapes.
The CD31-positive structures were scattered in
the SAP+saline group, while in the treated
groups (MSCs, MSCs-EGFP, or MSCs-ANGPT1)
they were obvious. Numerous vascular struc-
tures with varying thickness were detectable in
the SAP+MSCs-ANGPT1 group (Figure 6A). The
MSCs-ANGPT1 group had a markedly higher
vascular density than both MSCs-alone and
MSCs-EGFP groups (P < 0.05, Figure 6B).

Detection of MSCs and MSCs-ANGPT1 in rat
pancreas

CM-Dil-labeled cells retained the proliferative
ability with fibroblast-like shapes in in vitro cul-
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Figure 5. Effect of MSCs and MSCs-ANGPT1 on inflammatory cytokines and chemokines. Levels of inflammatory cytokines
(TNF-at, IFN-y, IL-1B, IL-4, IL-6, and IL-10) and chemokines (MCP-1 and FKN) were measured using ELISA. *P < 0.05, **P
< 0.04, and ***P < 0.001, compared between the SAP+saline group and each treated group (MSCs, MSCs+EGFP, or
MSCs+ANGPT1). N = 8 per group.

ture, indicating the stability of MSCs after label- comparable with that of non- or null-transfect-
ing process (Figure 7A). MSCs migration to the ed MSCs treated groups. No cell-specific red
injured pancreas was verified by confocal fluorescence was observed in sections from
microscopy. MSCs labeled with fluorescent animals that did not receive CM-Dil-labeled
tracking dye CM-Dil were observed in pancre- MSCs.

atic sections 3 days after infusion (Figure 7B). Discussion

Interestingly, the MSCs-infused groups with

pancreatic injury showed a higher number of In this study, we found that MSCs could be
labeled MSCs than the MSCs-infused group transfected with the recombinant lentivirus
without pancreatic injury (Figure 7C). Cell (pGV-ANGPT1) with high expression of ANGPT1
migration of MSCs-ANGPT1 treated group was while maintaining high cell viability. We also
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demonstrated that MSCs exerted a beneficial
therapeutic effect in the treatment of SAP by
reducing inflammation, whereas administration
of ANGPT1-transfected MSCs resulted in fur-
ther improvement in both inflammation and
angiogenesis. These findings suggested that
ANGPT1-transfected MSCs could serve as a
more effective therapy for SAP.

Cell-based gene therapy has been proved to be
effective in the treatment of various diseases
[29-31]. Since MSCs have the ability to effi-
ciently home to sites of tissue injury and are
immune privileged, the combination of MSCs
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Figure 6. Effect of MSCs and MSCs-ANGPT1 on
pancreatic angiogenesis. A: Representative im-
munohistochemical staining images of pancreat-
ic microvascular stained with CD31 antibody. The
CD31-positive structures in the SAP+saline group
were sparse, while in the treated groups (MSCs,
MSCs+EGFP, or MSCs+ANGPT1) they were obvi-
ous. Numerous vascular structures with varying
thickness were observed in the SAP+MSCs-ANG-
PT1 group (arrowhead). B: Vascular density calcu-
lated by counting CD31-positive structures from
pancreatic immunohistochemical sections. Each
value represents the mean * standard deviation
of eight separate calculations at a magnifica-
tion of 400x%. ***P < 0.001, n.s., not significant.
MVD, microvascular density.

and gene therapy may provide additive bene-
fits. Indeed, studies have investigated the ther-
apeutic effects of MSCs-based gene therapy in
many diseases, even in solid tumors, providing
novel therapy strategies for these refractory
diseases [16, 23, 25, 26, 32].

The choice of the most appropriate therapeutic
gene is a critical determinant of the potential
efficacy of a gene therapy strategy, and requires
a detailed understanding of the pathogenic
mechanisms underlying the target disorder
[33]. SAP is an inflammatory disease which is
initially caused by the unregulated activation of

Int J Clin Exp Pathol 2014;7(7):3580-3595



MSCs-ANGPT1 treatment of SAP in rats

o
<
(@]
| =
Q
=
(&)
B Control+Saline Control+MSCs SAP+Saline
SAP+MSCs SAP+MSCs-EGFP SAP+MSCs-ANGPT1
*kk
140
n.s.
120 n.s.
2 ' Figure 7. Detection of MSCs and MSCs-ANGPT1
= 100 in rat pancreas. A: CM-Dil-labeled cells in in
% vitro culture. Labeled cells (red) also showed
O g0 fibroblast-like shapes (left), suggesting that the
E labeling process did not alter the cell morpholo-
2 60 - gy of MSCs. Labeled MSCs were counterstained
2 with DAPI (blue) to visualize the nuclei in the
8 40 culture (right). B: CM-Dil-labeled cells were de-
= ] tected by confocal microscopy in rat pancreas
o 3 days after MSCs infusion. C: CM-Dil-labeled
20 4 cells were counted in 20 randomly selected
200x magnification fields for each group. Data
0 T T are presented as mean * standard deviation.
) o ) P Q A ***P < 0.001, n.s., not significant.
5 Y & BY & (52«
;\& 9 ,\* < &
& & Q" Q o’ s
% N s A & &
& 00° @ x‘s' 60
© ro"g Q"‘\\
s
trypsin within the pancreatic acinar cells. Then chemokines contributes to the injury. In addi-
the production of inflammatory mediators and tion, activation of endothelial cells enables the
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transendothelial migration of leukocytes, which
release other harmful enzymes. Activation of
endothelial cells is also accompanied by the
enhancement of microvascular permeability in
particular to large molecules, thereby leading
to edema formation in the acutely inflamed
pancreatic tissue [34]. ANGPT1, the natural
agonist for Tie2, has been found to be associ-
ated with the activation of endothelial cells in
response to inflammatory cytokines [33]. Given
its anti-inflammatory, anti-permeability, angio-
genic, and endothelial protective characteris-
tics, we believe adding it to MSCs would improve
pancreatic microcirculation, and therefore
improve the therapeutic outcome of SAP.

The observed therapeutic effect of MSCs alone
in SAP was not entirely unexpected, since MSCs
can suppress T cells, dendritic cells, and natu-
ral killer cells, thereby reducing the secretion of
pro-inflammatory cytokines (TNF-c, IFN-y, IL-1,
and IL-6), increasing the release of anti-inflam-
matory cytokines (IL-4, and IL-10), and inducing
a tolerant phenotype [35, 36]. As MSCs have
the ability to home to sites of inflammation and
then enhance tissue repair, the observed MSCs
engraftment in pancreas may explain the
pathologic improvements in SAP. In addition,
previous reports by our group [37] and others
[38] have also demonstrated the therapeutic
effect of MSCs for SAP, adding the evidence for
the use of MSCs in SAP.

In the present study, there was an additional
effect of ANGPT1-transfected MSCs compared
with MSCs alone, not only on inflammatory
cytokines and pancreatic histopathology, but
also on pancreatic angiogenesis. This may be
due to ANGPT1 protein produced by engrafted
MSCs. As it directly targets to endothelial cell-
to-cell junctions and has a major role in main-
taining the integrity of endothelial monolayers
[21], thus reducing capillary leakage with fluid
loss into the pancreatic interstitium and leuko-
cyte transmigration. Therefore, the observed
further reduction in edema and inflammation in
the SAP+MSCs-ANGPT1 group may be attribut-
ed to ANGPT1-induced inhibition of permeabili-
ty. ANGPT1 has been found to be angiogenic
both in development and in vitro and was used
to promote angiogenesis for ischemic diseas-
es, such as myocardial infarction [25]. In our
study, SAP rats receiving ANGPT1-transfected
MSCs resulted in a significant increased MVD,
nearly twice than the control groups, confirming
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the strong angiogenic effect of ANGPT1.
Interestingly, near complete normalization of
vascular density was achieved with MSCs alone
delivery. A recent study by Edwards SS et al
[39] revealed that UCM-MSCs have a strong
expression of several well-characterized growth
factors, such as VEGF-A, ANGPT1, and aFGF,
which are directly linked to angiogenesis. They
have also demonstrated in vitro and in vivo
angiogenic capacity of UCM-MSCs through
tubule formation and chicken chorioallantoic
membrane assay. Thus, the increased vascular
density observed in the SAP+MSCs group in our
study may be attributed to the natural angio-
genic effect of UCM-MSCs.

On a separate note, we were unable to detect a
significant decrease in serum FKN level after
injection of ANGPT1-transfected MSCs or MSCs
alone. We believe that this is due to the early
elevation of serum level of FKN in SAP. In a
recent study in which the role of FKN was evalu-
ated in the development of SAP, the authors
found that serum FKN level reached a peak at
16 h after the induction of SAP and then
declined in the subsequent time [40]. In our
study, we detected serum FKN level 3days after
MSCs or saline treatment, which was much
later than 16 hours. The time-dependent serum
FKN level makes it not elevated as high as
expected in the SAP+Saline group and there-
fore not significantly different between MSCs
treatment and saline treatment groups.
However, there is still a downward trend in
serum FKN level after MSCs or MSCs-ANGPT1
treatment.

It is important to recognize certain limitations
of this study. First of all, as SAP is usually
accompanied by systemic complications, such
as multiple organ failure, whether MSCs-
ANGPT1 will be beneficial to other organs under
this disease condition is unknown. Therefore, it
will be necessary to explore the therapeutic
capacity of MSCs-ANGPT1 in other related
models, such as pancreatitis-associated lung
injury and renal injury. As well, more than 20%
of patients may suffer from impaired pancreat-
ic functions (both endocrine and exocrine func-
tions) after SAP [41], so it is important to deter-
mine whether this therapy strategy helps to
improve pancreatic functions following pancre-
atitis, especially B-cell function. A further limita-
tion relates to the use of lentiviral vectors,
which may bring potential biological hazards
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although it is so-called “suicide” lentivirus. The
translation of the promising results of this study
into an effective new therapy of SAP in patients
will require, at the very least, that these limita-
tions be addressed.

In conclusion, we have shown that UCM-MSCs
significantly inhibited inflammation, decreased
pancreatic injury, and promoted pancreatic
angiogenesis in SAP models. However, this
effect was greatly potentiated when these cells
were engineered to overexpress the vasculo-
protective factor ANGPT1. Our data show, to
our knowledge for the first time, the synergistic
action of combined cell and gene therapy for
SAP, and may provide a basis for the develop-
ment of an innovative approach for the treat-
ment of SAP.
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