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a b s t r a c t

The most dreaded complication of colorectal surgery is anastomotic leakage. Adipose tissue-derived stem
cell sheets (ASC sheets) prepared from temperature-responsive culture surfaces can be easily trans-
planted onto tissues. These sheets are proposed to improve cell transplant efficiency and enhance wound
healing. The aim of this study was to investigate whether application of ASC sheets could prevent leakage
of sutured colorectal anastomoses. Insufficient suturing of colorectal anastomoses was performed in
Wistar rats to create a colorectal anastomotic leakage model. Rats were randomized to ASC sheet
application or control group. Leakage, abscess formation, adhesion formation, anastomotic bursting
pressure (ABP), and histology were evaluated on postoperative day 3 or 7. ASC sheet application
significantly reduced anastomotic leakage compared to controls, without increased adhesion formation.
ASC sheet transplantation resulted in more CD3þ T-cells and CD163þ anti-inflammatory macrophages at
the anastomotic site than the control group. ABP, vessel density and collagen deposition were not
different between groups. Using cell sheet technology, we generated ASC sheets that prevented
disruption of sutured colorectal anastomoses as shown by reduced leakage. Increased numbers of anti-
inflammatory macrophages and T-cells might have contributed to this positive effect.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Gastrointestinal (GI) disease is the third most common cause of
death, the leading cause of cancer death, and the most common
cause of hospital admission (Source: British Society of Gastroen-
terology, clinical services 2007). In 2009, the US National Institutes
of Health reported 20 million ambulatory surgical GI procedures, to
resect tumors, to relieve obstruction, after trauma, or as part of
bariatric surgery [1]. An important and life-threatening complica-
tion of GI surgery is anastomotic leakage. Despite years of research,
nces of Companion Animals,
recht, The Netherlands.
the incidence of impaired wound healing and consequent leakage
remains high, ranging from 3% in small bowel surgery to 25e27% in
colorectal surgery with mortality rates of up to 22% [2,3]. Anasto-
motic leakage has a multifactorial etiology. Besides technical fail-
ures, restricted blood supply and uncontrolled inflammation are
important reasons that contribute to impaired wound healing [4,5].

Studies using human adipose tissue-derived mesenchymal stem
cells (ASCs) have been successful in regenerating various tissues
and promoting wound healing [6]. More importantly, several re-
ports indicate that ASCs help to ameliorate tissue inflammation and
can accelerate new blood vessel formation. These capacities seem
among others to be attributable to the ability of ASCs to secrete a
myriad of growth factors and cytokines that can promote repair of
injured tissue or improve the quality of tissues that are regenerated
[7,8]. The beneficial characteristics of ASCs could be exploited to
promote the healing process in the intestinal wall after surgery,
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thus helping to prevent postoperative complications. Recent
studies using intraperitoneal ASC injections or ASC-coated bio-su-
tures showed no prevention from anastomotic leakage [9,10]. In-
jection of ASCs as suspension or combined with biomaterials such
as fibrin, collagen or gelatin is either associated with cell washout,
insufficient cell retention or an inadequate distribution of trans-
planted cells.

Currently, cell sheet technology is a promising technique for cell
transplantation improving cell retention. Cell sheets are typically
prepared on special culture dishes that are coated with a
temperature-responsive polymer. This polymer changes from being
hydrophobic to hydrophilic when the temperature is lowered. In
this way, intact cell sheets can be removed as one piece from the
culture dishes without enzymatic treatment, preventing destruc-
tion of cellular and cell-extracellular matrix interactions within the
sheet [11,12].

Despite the application of various tissue sealants and other
biomaterials, no significant reduction in the incidence of anasto-
motic leakage has been accomplished over the last 30 years [13].
Clearly, there is a need for new strategies. Therefore, we propose a
novel approach in which ASCs are applied to the surgical wound
area in cell sheets that are permeable to growth factors secreted by
the ASCs and can be handled with ease by the surgeon. Therapeutic
potential of ASC sheets was shown to improve cardiac tissue
regeneration in the treatment of myocardial infarction [14], dilated
cardiomyopathy [15], healing of hind limb ischemia [16] and
chronic non-healing skin wounds [17]. Since cell sheet technology
has been successfully used in improving healing of other soft tis-
sues (i.e., heart, skin) as wementioned above, we exploredwhether
ASC sheets could serve as an ideal approach for the local delivery of
cells to enhance healing and prevent leakage after intestinal
anastomosis. To our knowledge this is the first attempt of ASC sheet
application on intestinal surgical wounds.

The aim of this proof of principle study is to validate the efficacy
of ASC sheets to prevent anastomotic disruption and leakage 3 and
7 days postoperatively in a colorectal leakage model in rats.

2. Materials and methods

2.1. ASC sheet preparation

ASCs were isolated from subcutaneous abdominal adipose tis-
sue (all women, mean age 40 ± 9 years old). ASCs were seeded at
400,000 cells/cm2 on 100% FBS pre-coated temperature responsive
dishes (3.5 cm diameter, CellSeed, Tokyo, Japan). Every single sheet
was made from one ASCs donor. ASCs were cultured in Dulbecco's
Modified Eagle Medium 1 g/l glucose (LG-DMEM, Gibco, Life
technologies, Paisley, UK) supplemented with 10% fetal bovine
serum (FBS, Lonza, Verviers, Belgium) with 50 mg/ml gentamicin
(Gibco) and 1.5 mg/ml fungizone®(Gibco). After 48 h, ASCs formed a
coherent cell sheet. Thirty minutes before in vivo application, cul-
ture dishes were placed at room temperature to enable sponta-
neous detachment of the ASC sheets then culture medium was
removed and refreshed with serum-free medium.

2.2. ASC sheet viability and histology in vitro

ASC sheet viability was evaluated by fluorescence microscopy
on 0, 3, and 6 h after detachment using a live/dead staining (Invi-
trogen, Life Technology, foster City, CA, USA). Briefly, ASC sheets
were washed with Phosphate Buffered Saline (PBS, Gibco) after
detachment and incubated for 30min in calcein AM dye 1 ml/ml and
ethidium bromide dye 1.5 ml/ml at 37� C in a humid atmosphere
with 5% CO2. The sheets were analyzed with fluorescence micro-
scopy using Olympus IX71 inverted microscope, and images were
captured with Cell F Imaging Software (Olympus: Hamburg, Ger-
many, 2008). ASC sheets were fixed overnight in 4% buffered
formaldehyde (Sigma, St Louis, Missouri and Merck, Billerica,
Massachusetts), set in 2% agarose (Eurogentec, Liege, Belgium) and
embedded in paraffin. Cross sections were stained with hematox-
ylin and eosin (H&E, Sigma).

2.3. SPIO-labeling of ASC sheet for pilot experiment

In a pilot study, ASCs were labeled with the so-called super-
paramagnetic iron oxide particles (SPIO) using ferumoxides
(Endorem, Guerbet S.A., Paris, France) complexed to protamine
sulphate (LEO Pharma N.V., Wilrijk, Belgium) as previously
described [18]. For removal of extracellular iron, cells were washed
with PBS containing heparin 10 U/ml (LEO Pharma B.V., Breda, the
Netherlands). SPIO labeling mix was made at a constant concen-
tration of 100 mg/ml ferumoxides with 5 mg/ml protamine to ensure
identical particle formation. SPIO-labeled ASC were combined with
unlabeled ASCs in a 30:70 ratio to form ASC sheets. Labeled ASC
sheets were transplanted to 6 pilot rats after colorectal anastomosis
to examine ASC sheet survival at POD3 (n ¼ 4) and 7 (n ¼ 2). Only
for this pilot study, ASCs were labeled. In the following experi-
ments, unlabeled ASCs were used to avoid any unwanted effects of
labeling on ASC sheet function.

2.4. Animals

Male Wistar rats (weight 250e350 g) were purchased from a
licensed breeder (Harlan Laboratories, Boxmeer, The Netherlands).
All rats were bred under specific pathogen-free conditions and
randomly kept under standard laboratory conditions. Standard rat
chow and water were supplied ad libitum. The research protocol
was approved by the Ethical Committee of Animal Experimenta-
tion, Erasmus University Rotterdam (133-14-01). Sixty rats were
randomly allocated to 4 experimental groups. The ASC sheet groups
received local application of an ASC sheet around the colorectal
anastomosis, anastomotic healing being evaluated on postoperative
day 3 (n ¼ 15) or 7 (n ¼ 15). Rats in the control groups received no
ASC sheet and anastomotic healing was evaluated at postoperative
day 3 (n ¼ 15) or 7 (n ¼ 15).

2.5. Surgical technique and application of ASC sheets

To evaluate the ability of ASC sheet to prevent leakage the
colorectal anastomotic leakage rat model previously described by
Wu et al. was used [19]. Briefly, the rats were anesthetized with
isoflurane/oxygen inhalation, and 0.05 mg/kg buprenorphine
intramuscularly. After aseptic preparation, a midline abdominal
incisionwas made and the right, middle, and left colic arteries were
ligated (Silkam 4/0; B Braun, Melsungen, Germany). The colonic
segment was resected 1 cm aborally to the cecum and 0.5 cm above
the caudal mesenteric artery. An insufficiently sutured end-to-end
anastomosis was created by one-layer inverting suturing with 5
interrupted sutures (Dafilon 8/0, B Braun) (Fig. 1A). Rats were
randomly divided into control or ASC sheet groups. To make sure
the same side of the sheet was always applied and to avoid varia-
tion because of different orientation of the sheets, the dish-side of
cell sheet was always applied to the serosal surface of the colon in
every rat. In the ASC sheet group, the dish-side of an ASC sheet was
wrapped around the anastomosis line (Fig. 1B). The ASC sheet
adhered spontaneously to the serosal surface of the colon and
required no further suturing or glue. The control group received no
other intervention except for the insufficiently sutured end-to-end
colorectal anastomosis. Immediately after ASC sheet application,
the abdomenwas closed in two layers of running sutures (Safil 5/0,



Fig. 1. Rat partial colectomy and ASC sheet application: (A) Schematic overview of the rat colon before and after partial colectomy*. Anatomy: (1) terminal ileum, (2) cecum, (3)
rectum and anus, (4) anastomosis. (B) ASC sheet transplantation (from upper left to lower right); ASC sheets were grasped with forceps at two rims and applied on top of the
colorectal anastomosis. Following application, the sheet was unfolded and wrapped around the anastmosis thereby ensuring to cover it completely. *The schematic overview was
adapted with permission from Wu Z et al. Reducing colorectal anastomotic leakage with tissue adhesive in experimental inflammatory bowel disease. Inflamm Bowel Dis. 2015;
21(5):1038-46. Copyright© 2016 copyright Clearance center, Inc.
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B. Braun). Immediately postoperatively, rats were rehydrated and
warmed. The rats were returned to a normal diet after recovery
from surgery.

2.6. Follow up

Since both undifferentiated and differentiated ASCs have been
used successfully for xenotransplantation in different other appli-
cations [20], no immunosuppressive drugs were used in this
experiment. Wellness and weight of all rats were evaluated daily.
On postoperative day (POD)3 or 7, rats were re-anesthetized and a
re-laparotomy was performed. The abdomenwas checked for signs
of peritonitis, adhesions and abscesses (defined as “elsewhere”). At
the anastomotic area, signs of stricture, disruption, adhesion, and
abscesses were checked. Two observers (PS and GB) performed all
macroscopic observations and evaluations for each rat.

2.7. Macroscopic observation

Abscess severity was scored according to the previously
described abscess score, in short: 0 ¼ no abscess, 0.5 ¼ one small
abscess (<1 mm), 1 ¼ several small abscesses, 2 ¼ medium abscess
(1e3 mm), 3 ¼ one large (3e5 mm) or several medium abscesses,
4 ¼ one very large (>5 mm) or several large abscesses [21]. Adhe-
sions were recorded using the Zühlke score. In short: 0 ¼ no ad-
hesions, 1 ¼ firm adhesions which can be separated with blunt
dissection, 2 ¼ strong adhesions which can only be separated with
sharp dissection, 3¼ very strong vascularized adhesions, which can
only be separated with sharp dissection and damage to
surrounding tissue is hardly preventable. Anastomotic bursting
pressure (ABP) was determined after macroscopic observation by a
third blinded researcher (AC). In short, ABP was determined by
insufflation of air in a closed segment of the colon and pressure at
time of the first air leak was noted as bursting pressure. The loca-
tion of the burst was also noted. After the ABP measurement, the
colorectal anastomosis was resected and prepared for histological
examination.
2.8. Histological evaluation after transplantation

Histological and immunohistochemically assessment were
conducted by two independent blinded observers (PS and AC) in a
fully randomized order to evaluate healing of the anastomosis. A
segment of colon containing the colorectal anastomosis was har-
vested, washed with phosphate-buffered saline and opened
longitudinally. After overnight fixation in 4% buffered formalde-
hyde, segments were embedded in paraffin. Paraffin-embedded
sections (6 mm) were deparaffinized and rehydrated. For
morphological evaluation, sections were stained with H&E. Perl's
iron stain (Klinipath BVBA, Duiven, the Netherlands) was used for
staining SPIO-labeled ASC sheets at POD3 and POD7 after trans-
plantation in the pilot study. Picro Sirius red staining (Sigma, St
Louis, Missouri) was used for collagen deposition. Immunohisto-
chemistry was performed to assess vascular density (rat, CD34þ),
presence of T-cells (CD3þ) and anti-inflammatory M2 macro-
phages (CD163þ), ASC sheet survival (human mitochondria) and
endothelial differentiation (human CD31þ) of ASCs at the colo-
rectal anastomosis. Details of the methods used for staining are
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described in supporting information.

2.9. Statistical analysis

Data are presented as mean ± standard deviation (SD) and
analyzed with the ManneWhitney U test and Kruskal-Wallis one-
way analysis of variance. To compare the incidence of anastomosis
disruption between groups at each time point the two-tailed Chi-
squared testwas used. All reported P values are two-sided; a P value
of <0.05 indicated statistical significance. All statistical analyses
were done using SPSS 21.0 (IBM Inc., Armonk, NY, USA).

3. Results

3.1. ASC sheet characteristics in vitro

ASCs cultured at 400,000 cells/cm2 in a temperature responsive
culture dish for 48 h formed cell sheets that could be spontaneously
detached at room temperature (Fig. 2A). ASC sheets consisted of
several cell layers (Fig. 2B). Viability of ASC sheets in medium at
room temperature remained high until 6 h after detachment
(Fig. 2C).

3.2. In vivo overall observations

During the first postoperative days, all rats lost weight and had a
lower wellness score than before surgery. From POD4 onwards, all
animals started to gainweight. The weight loss and wellness scores
in the control and ASC sheet groups were not significantly different
(supplementary data; Fig. S1). Three out of 60 rats (5%) died within
24 h after surgery in both control (POD3) and ASC sheet groups
(POD3 and POD7). Autopsy demonstrated that these deaths were
caused by acute (e.g., bleeding and anesthesia-related) complica-
tions; therefore, these animals were excluded from further analysis.
Fig. 2. ASC sheet viability and morphology prior to implantation. (A) ASC sheet after detachm
hematoxylin & eosin. (C) Live/dead staining of ASC sheets at 0, 3 and 6 h after detachment. V
(red). (For interpretation of the references to colour in this figure legend, the reader is refe
3.3. Postoperative intra-abdominal evaluation

At re-laparotomy, the ASC sheet structurewas visible around the
anastomosis in all rats of the ASC sheet group at POD3 and POD7
(Fig. 3A and B). Ten out of 14 rats in the control group had anas-
tomotic disruption on POD3 (71%) versus 2 out of 14 (14%) in the
ASC sheet group (P ¼ 0.002). No significant difference in the
anastomotic disruption rate was observed at POD7 between the
two groups. Significantly more rats in the control group had ab-
scesses at POD7 around the anastomosis (10/15: 67%) compared to
the group receiving an ASC sheet (4/14: 28%, P ¼ 0.04). There were
no differences in the occurrence of peritonitis, stricture formation,
adhesions, and abscess formation elsewhere (Table 1). The average
abscess number around the anastomosis was significantly higher in
the control group than in the ASC sheet group on both POD3
(1.6 ± 0.5 versus 1.0 ± 0.7, P ¼ 0.004) and POD7 (1.2 ± 1.2 versus
0.4 ± 0.6, P ¼ 0.028), (Fig. 4A). The abscess score between the ASC
sheet and control groups did not differ on POD3 but the abscess
score of the ASC sheet group was significantly lower than the
control group on POD7 (P ¼ 0.048, Fig. 4B). The number of intra-
abdominal adhesions was significantly lower in the ASC sheet
group (P ¼ 0.043) on POD3 (supplementary data, Fig. S2), but no
significant differences in the number of adhesions (Fig. 4C) and
adhesion scores (Fig. 4D) around the anastomosis were seen be-
tween the two groups on POD3 and POD7.

On POD7 the average bursting pressure was higher compared to
POD3 in both groups but was not significantly different between
groups (Fig. 4E). On POD3 bursting of all anastomoses in both the
control and ASC sheet groups occurred at the anastomosis line. On
POD7 bursting occurred predominantly at the anastomosis line in
the control group (10 rats (66%)), whereas in the ASC sheet group
bursting mostly (8 rats: 57%) occurred proximally or distally to the
anastomosis line.
ent from the temperature responsive dish. (B) Cross section of ASC sheet stained with
iable cells stained with calcein (green), non-viable cells stained with ethidium bromide
rred to the web version of this article.)



Fig. 3. ASC sheet is visible around the anastomosis. (A) POD3 and 7 (B), white arrows point at anastomotic area and black arrows point at transplanted ASC sheets.

Table 1
Post-operative macroscopic findings.

POD3 POD7

Control (%) ASC sheet (%) p-value Control (%) ASC sheet (%) p-value

Peritonitis 1/14 (7.1) 0/14 (0) NS 0/15 (0) 0/14(0) NS
Anastomotic disruption 10/14 (71.4) 2/14(14.3) 0.002 3/15(20) 2/14(14.3) NS
Stricture 2/14 (14.3) 2/14(14.3) NS 2/15 (13) 2/14(14.3) NS
Abscess at anastomosis 14/14(100) 12/14(85.7) NS 10/15(66.7) 4/14(28.6) 0.04
Adhesion at anastomosis 14/14(100) 14/14(100) NS 15/15(100) 14/14(100) NS
Abscess elsewhere 11/14(78.5) 8/14(57.1) NS 6/15(40) 4/14(28.6) NS
Adhesion elsewhere 8/14(57.1) 3/14(21.42) NS 9/15(60) 7/14(50) NS

Values are presented as the number of rats and relative percentage. POD3 ¼ postoperative day 3, POD7 ¼ postoperative day 7. ASC ¼ adipose tissue derived stem cell. NS; not
significant by Chi-square test.
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3.4. Histological evaluation

To evaluate whether ASC sheets would still be present 3 and 7
days after transplantation, Perl's iron stainwas used for detection of
SPIO-labeled ASC sheets. At both POD3 and POD7, SPIO-labeled
ASCs were present at the colorectal anastomotic serosal side.
(Fig. 5A and B). Further evaluation of ASC sheet statewas performed
by using a human mitochondrial staining. At POD3 ASC sheets
showed abundant positive staining for human mitochondria, while
at POD7 positive cells were severely diminished (Fig. 6A and B).

To evaluate the effect of the ASC sheets on colorectal anasto-
mosis vascularization, collagen deposition and infiltration of in-
flammatory cells, several specific immunohistochemical stainings
were performed. Local application of ASC sheets did not affect CD34
positive capillaries or collagen deposition at the colorectal anas-
tomosis site. Although the capillary density increased from POD3 to
POD7 in both the control and ASC sheet groups (P < 0.01), therewas
no difference in the capillary density between groups at either time
points (POD3, ASC sheet group 172.4 ± 44 vessels/cm2 versus
control group 150.5 ± 42 vessels/cm2 and POD7, ASC sheet group
277.2 ± 95 vessels/cm2 versus control group 276.5 ± 83 vessels/cm2,
Fig. 7A,E). No human ASC-derived CD31 positive endothelial cells
were detectable within the ASC sheets before or after trans-
plantation (data not shown).

Similar findings regarding collagen deposition at the anasto-
motic site were found. Despite an increase of collagen deposition
from POD3 to POD7 in both groups, groups were not significantly
different from each other (POD3, ASC sheet group 2.2 ± 2.4% versus
control group 0.7 ± 0.6%, and POD7, ASC sheet group 19.5 ± 0.6%
versus control group 22.7 ± 10.5%, Fig. 7B and F).

The number of T-cells and M2 macrophages was used to eval-
uate the inflammatory response at the anastomosis site. At POD3 a
nonsignificant different number of CD3 positive T-cells were found
in the ASC sheet group (81.8 ± 36 cells/cm2) as compared to the
control group (103.6 ± 45 cells/cm2). The number of CD3 positive
cells increased in both groups from POD3 to POD7. At POD7 a
significantly higher number of CD3 positive T-cells was detected in
the ASC sheet group (508.6 ± 243 cells/cm2) than in the control
group (204.6 ± 107 cells/cm2, P ¼ 0.001, Fig. 7C and G).

In the control group, the number of CD163 positive cells indi-
cating M2 macrophages decreased significantly between POD3
(140.3 ± 67 cells/mm2) and POD7 (55.9 ± 37 cells/mm2, P < 0.001)
whereas in the ASC sheet group, the number of CD163 positive cells
did not differ between POD3 (159.6 ± 89 cells/mm2) and POD7
(122.8 ± 128 cells/mm2, Fig. 7D and H).
4. Discussion

Cell sheets are a recent development in regenerative medicine.
They allow for the delivery of cultured cells and their deposited
extracellular matrix and prevent cell loss associated with admin-
istering cells via injection or scaffold [22]. Previous studies
demonstrated that ASC sheets show great promise in promoting
the healing of several organ injuries. In this study, application of an
ASC sheet to an insufficiently sutured rat colorectal anastomosis
resulted in reduced anastomotic disruption and abscess formation.
ASC sheets facilitated an increase in the number of anti-
inflammatory macrophages and T-cells at the anastomosis site,
which might have contributed to this positive effect.

Application of ASC sheets to colorectal anastomosis is feasible
since ASC sheets are flexible and spontaneously adhere to the
serosal surface rapidly. This might be due to adhesive proteins
present at the dish-side of ASC sheet that remain after harvesting
from a temperature responsive dish [23]. ASC sheet survival after
in vivo transplantation has been shown in other in vivo models and
varied form 3 days [24] up to 8 weeks [25]. In our in vivo model
ASCs were still present in the sheets at POD3 and 7 and mito-
chondrial staining was present until day 3. These findings indicate
that ASC sheet were present and contained living cells for at least 3
days after transplantation allowing them to exert their potential
paracrine effects for several days.

The recording of bursting pressure in colorectal anastomoses



Fig. 4. Intra-abdominal macroscopic findings at colorectal anastomosis. (A) abscess number, (B) abscess score (0e4), (C) adhesion number, (D) adhesion score (0e4) and (E)
anastomotic bursting pressure (ABP). ASC ¼ adipose tissue-derived stem cells. POD3 ¼ postoperative day 3. POD7 ¼ postoperative day 7. Each bar represents average number þ/�
standard deviation from control (n ¼ 14 in the control and ASC sheet group at POD3; n ¼ 15 in the control group and n ¼ 14 in the ASC sheet group at POD7). * P < 0.05 between
groups. # P < 0.05 between different time points within the same group.
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showed that on POD7, the average bursting pressure was not
different between the groups. However, the bursting site in the ASC
sheet group was mainly remote from the anastomotic line
compared with the control group in which the burst occurred
mainly at the anastomosis itself. These results suggest that when an
intraluminal pressure is exerted to the colonic wall, anastomosis
that is reinforced by ASC sheet is less susceptible to perforation.
Alternative techniques that have been used previously in an
attempt to prevent leakage of gastrointestinal anastomosis have
been based on the sealing of the anastomosis with tissue adhesives
or synthetic meshes [26,27]. Although these techniques for leakage
prevention have various levels of clinical efficacy, they are imper-
fect solutions that can give burdens for patients. The therapeutic
potential of ASC sheets is generally thought to be attributable to
ASCs paracrine ability, not the mechanical/physical strength of the
ASC sheet to seal the wound [28e30]. Although ASC sheets are
composed of only a thin layer of cells, it cannot be excluded that the
reduction in dehiscence, and abscess formation in this study might
be possible due to the mechanical ability of ASC sheets to seal the
anastomosis and prevent leakage. However, merely external
coating of colonic anastomoses has yet failed to show convincing
results [31,32]. Future experimental studies are warranted to
determine and compare the mechanical role of external coating
materials and ASC sheets for prevention of colon anastomotic
leakage.

To investigate whether the ASC sheets contributed to the
healing of the anastomosis, capillary density and collagen deposi-
tion were evaluated, both being of great importance for anasto-
motic healing. Although mesenchymal stem cells are believed to
promote vascularization and stimulate collagen deposition, capil-
lary density was not significantly different between the control and
the ASC sheet groups in this model. Collagen deposition was also
similar in the control and experimental groups on POD7. The lack of
increased capillary density in the ASC sheet treated group conflicts
with previously published data [16,17] indicating that ASCs pro-
moted angiogenesis in animal models characterized by low blood
perfusion and ischemia such as hind limb ischemia [16], myocardial
infarction, and skin wounds in diabetic rats [17]. However, no such
effects were seen in a dilated cardiomyopathy model [15] or in
gastric ulcer healing [33]. Possibly, the tissue to which the sheet
was applied and whether or not this was ischemic might explain
these differences. Transplanted human ASCs have been suggested
to be able to differentiate into endothelial cells and thereby
contributing to angiogenesis [34], however, this was not observed
in the study presented here. The absence of increase in collagen
deposition may indicate that although ASCs are able to produce
collagen themselves [35] they do not promote collagen synthesis at
the anastomosis site up to POD7. However, as suggested by Rabau
et al. [36] total collagen amount might be less important for
anastomosis' tensile strength than structure and arrangement of
collagen matrix.

Inflammatory cells play a key role in the healing of intestinal



Fig. 5. Tracking SPIO-labeled ASC sheet in a pilot experiment. SPIO-labeled ASC sheet stained with Perl's iron stain (blue). The selected area with solid line (see also black arrows)
indicates the anastomotic area, which is enlarged and illustrated below for representation of positively stained cells A-B. Blue iron stained SPIO-labeled ASCs present in ASC sheet on
serosal side of the colorectal anastomosis at (A) POD3 and (B) POD7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. ASC sheet survival at anastomotic site. The selected area with solid line indicates the anastomotic area with ASC sheet, which is enlarged and illustrated below for rep-
resentation of positive staining for human mitochondria A-B. (A) ASC sheet showed positive red staining of human mitochondria at POD3 and (B) severely diminished positive
staining at POD7.
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anastomoses [37]. Macrophages and activated lymphocytes are the
main inflammatory cells in wound healing and in the development
of fibrosis. Macrophages fulfil multiple roles in inflammation: be-
sides phagocytosis and encouraging inflammation, macrophages
also have important anti-inflammatory properties. Macrophages
that stimulate inflammation are called M1 macrophages, whereas
those that decrease inflammation and stimulate tissue repair are
called M2 macrophages. Since the M2 subpopulation plays an
important role in wound healing and ASCs have been shown to
induce macrophage polarization towards the M2 subtype [38], we
focused on the presence of M2 macrophages at the anastomosis
area. As shown before in fetal-membrane mesenchymal stem cell
sheets [39], the number of M2 macrophages did not decline be-
tween POD3 and POD7 in the ASC sheet group when compared to
the control group and might have stimulated the healing process at
the anastomosis.

T-lymphocytes and more specific T-regulatory cells (T-regs),
have the ability to release cytokines and growth factors that
regulate other immune cells and positively affect wound healing
[40]. On the other hand, in case of rejection of transplanted tissue,
high numbers of cytotoxic T-cells are seen around the implanted
tissue, together with abscesses and inflammation. In this study, the
ASC sheet group had significantly more CD3þ T-cells within the
anastomotic area than the control group at POD7, whereas the



Fig. 7. Comparison of vascular density, collagen deposition, T-cell and anti-inflammatory macrophage amount at the anastomotic site on POD3 and POD7 between ASC sheet and
control group. The comparisons were listed in A-D and illustrated in E-H. (A) Vascular density as assessed by average number of CD34þ vessels/mm2. (B) Collagen deposition
determined by area percentage of Picrosirius red staining. (C) T-cell response determined by number of CD3þ cells/mm2. (D) Anti-inflammatory macrophage response assessed by
average CD163þ cells/mm2. POD3 ¼ postoperative day 3. POD7 ¼ postoperative day 7. ASC ¼ adipose tissue-derived stem cells. Each bar represents average value ± standard
deviation from control (n ¼ 14 in the control and ASC sheet group at POD3; n ¼ 15 in the control group and n ¼ 14 in the ASC sheet group at POD7). * P < 0.05 between groups, #
P < 0.05 between different time points within the same group. Representative examples of immunohistochemical staining of colorectal anastomosis for (E) CD34, (F) Picrosirius red,
(G) CD3, and (H) CD163 of each group (200�).
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number of abscesses decreased instead of increased. Since the
higher number of CD3þ T-cells at the anastomosis was accompa-
nied with lower abscess number and anastomotic disruption, it is
very unlikely that the increase of CD3þ T-cells is the results of
rejection of the implanted ASC sheet. A more likely scenario is that
the ASC sheets resulted in increased numbers of T-regs around the
anastomosis thereby contributing to better healing of the wound.
However, to our knowledge, a good staining for FoxP3, the classical
marker for T-regs, is not available for rat at the moment.

Several studies suggest that human ASCs are immune-
privileged and can survive in immunocompetent animals [41].
Both undifferentiated and differentiated ASCs have been used
successfully for xenotransplantation [20]. Based on rat wellness
score, and the positive effect of ASC sheets on colorectal
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anastomosis leakage we consider the presence of an (hyper)acute
rejection in our study unlikely. However, future better under-
standing of the functionality of allo- or xenogeneic-derived ASCs
for therapy is warranted.

Unfortunately, it was not possible to fully blind the observers
from the treatment group since the ASC sheet structure was
obvious in macroscopic and microscopic evaluations. Moreover, we
evaluated the effect of ASC sheets on colorectal anastomosis after
POD3 and POD7 since dehiscence is most likely to occur in this
critical phase of colonic anastomotic healing [13]. We are aware of
the fact that at this time point the wound healing process is not
complete yet and further maturation and collagen remodeling will
occur at later stages of anastomotic healing [42].

The present study suggests that application of human ASC
sheets to experimental colorectal anastomosis is a promising
technique to prevent short-term post-operative complications such
as anastomotic disruption and abscess formation without
increasing adhesion formation. To translate the potential of ASC
sheets for future clinical application, our results must be com-
plemented with further short and long-term studies and defining
the role of ASC sheets in the technique of colorectal anastomoses
with regards to complications such as abdominal contamination
and severe peritonitis.

5. Conclusions

This study explored the proof of principle of a therapeutic po-
tential of ASC sheet for preventing disruption of sutured colorectal
anastomoses. ASC sheet application significantly enhanced healing
of colorectal anastomoses with decreased incidence of disruption
and abscess formation. The increased numbers of anti-
inflammatory macrophages and T-cells might have contributed to
promotion of the healing process. This preclinical study indicates
that ASC sheet application may have a therapeutic role in pro-
moting colorectal healing and prevention of anastomosis-related
complications.
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