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Autologous Multilayered Fibroblast Sheets Can
Reinforce Bronchial Stump in a Rat Model

Sota Yoshimine, MD,” Koji Ueno, PhD,* Junichi Murakami, MD,* Toshiro Saito, MD,*
Ryo Suzuki, MD,* Yoshiyuki Asai, PhD,” Eiji Ikeda, MD,* Toshiki Tanaka, MD,* and

Kimikazu Hamano, MD*

Bronchopleural fistula is one of the most serious postoperative complications
caused by the incomplete healing of a bronchial stump. Fibroblasts play an
important role in wound healing by facilitating connective tissue formation and
inducing angiogenesis. We developed a method for production of multilayered
fibroblast sheets that secreted some growth factors and promoted wound heal-
ing. The present study aimed to assess the treatment effect of multilayered fibro-
blast sheets on bronchial stump healing. In this rat model, left pneumonectomy
was performed, and multilayered fibroblast sheets derived from autologous oral
mucosal tissues were transplanted to the bronchial stump. The changes in the
bronchial stump were examined macroscopically, histologically, and mechani-
cally. The fibroblast sheets promoted the formation of thick connective tissues
around the bronchial stump. The formed connective tissues were accompanied
by new blood vessels, and fibrosis was observed over time. Then, 7 days after
the transplantation of the fibroblast sheets, the bronchial wall became signifi-
cantly thicker, and the area of the blood vessels for the bronchial wall tissues
was significantly larger in the experimental group than in the control group. In
addition, the burst pressure in the bronchial stump was significantly higher in the
experimental group than in the control group. Bronchial stumps were reinforced
by the transplantation of multilayered fibroblast sheets derived from autologous
oral mucosal tissues.

Semin Thoracic Surg HE:EE-EE © 2021 Elsevier Inc. All rights reserved.
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The bronchial stump was coated with connective
tissues by transplanting fibroblast sheets.

Central Message

Transplantation of multilayered fibroblast
sheets derived from autologous oral mucosal
tissues can reinforce bronchial stump with
angiogenesis and tissue thickness.

Perspective Statement

Multilayered fibroblast sheets promoted con-
nective tissue formation around the bronchial
stump. From the perspective of bronchial stump
healing, the transplantation of autologous fibro-
blast sheets might be a reasonable method that
can prevent bronchopleural fistula, which is a
serious complication of anatomical lung
resection.
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Bronchopleural fistula (BPF) is one of the most serious post-
operative complications and is sometimes fatal. The incidence
rates of BPF are 0.5-3% in lobectomy and 2—-20% in
pneumonectomy, and the mortality rate is 18—50%."” Some
retrospective studies demonstrated that the risk factors of BPF
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are malnutrition, diabetes, chronic obstructive lung disease,
steroid therapy, radiation therapy, chemotherapy, right-sided
surgery, and lymph node dissection.”” Therefore, low blood
flow to the bronchial stump may contribute to poor healing
and BPF formation.

Currently, thoracic surgeons try to prevent BPF by covering
the bronchial stump with autologous tissues, such as intercos-
tal muscle,” omentum,” and pericardial flap.” Although these
tissues may stimulate blood flow to the bronchial stump, their
efficacy is unclear. Consequently, there is an urgent need to
establish an effective procedure to enhance bronchial stump
healing.

Recent studies have reported the effect of tissue repair via
cell transplantation on various organs, and clinical trials have
been conducted.”'” In some experiments, the local administra-
tion of bone marrow stromal cells or adipose-derived stem cells
was effective in healing bronchial stumps in rat model.'"'”
A previous study showed that mixed sheets comprising fibro-
blasts and peripheral blood mononuclear cells secrete a large
volume of vascular endothelial growth factor (VEGF) in vitro,
and promoted angiogenesis and wound healing in a mouse
skin ulcer model and rabbit lower limb ischemia model.' ™"
Furthermore, we developed a method of producing multilay-
ered fibroblast sheets to increase the number of cells and
improve ease of handling, and it proved to be effective in a
mouse skin ulcer model." '

We hypothesized that transplantation of multilayered fibro-
blast sheets promotes bronchial stump healing by inducing
angiogenesis at the bronchial stump. Fibroblasts play an
important role in wound healing, and these cells have advan-
tages over other cell sources as they can be easily obtained. The
present study assessed the treatment effect of transplanting
multilayered fibroblast sheets on bronchial stump healing in a
rat model.

MATERIALS AND METHODS

Animals

A total of 52 male Wister/ST rats (age: 6 weeks, weight:
260—280 g) were purchased from Japan SLC, Inc. (Shi-
zuoka, Japan) and were divided into 3 groups (n =20, con-
trol group; n=20, cell sheet group; and n=12, green
fluorescent protein (GFP) cell sheet group). Surgery was
performed at 8 weeks of age in the control group. Since
the period from tissue collection to cell sheet preparation
was 1 week, oral mucosal tissue was collected at 7 weeks
of age, and surgery and transplantation were performed at
8 weeks of age in the cell sheet group. Since it took
another week to introduce the GFP gene, oral mucosal tis-
sue was collected at 6 weeks of age, and surgery and trans-
plantation were performed at 8 weeks of age in the GFP
cell sheet group. All animal experiments were approved by
the Institutional Animal Care and Use Committee of Yama-
guchi University (#31-003). The study was conducted in
accordance with the relevant guidelines.

General Anesthesia

After induction of anesthesia with 5% isoflurane, tracheal
intubation was performed with a 16-gauge ethylene-tetra fluo-
roethylene catheter. Then, the rats were connected to a ventila-
tor (Model 683 small animal ventilator: Harvard, MA, USA).
The tidal volume was set to 10 mL/kg; the respiratory rate was
set to 70 breaths/min. Anesthesia was maintained with 2% iso-
flurane.

Isolation of Fibroblasts

The oral mucosal tissue was minced and incubated in Dul-
becco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Sci-
entific, Waltham, MA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific), 5% collagenase, and
1% penicillin-streptomycin overnight. After centrifugation, the
supernatant was removed, and tissues were cultured in DMEM
supplemented with 10% FBS for 48 hours. The cells were col-
lected with 0.05% trypsin-ethylenediaminetetraacetic acid, and
the tissue components were removed using a 40-um cell
strainer. The collected cells were evaluated for composition by
flow cytometry (NovoCyte; ACEA Biosciences, CA) using anti-
CD90 antibody (ab225; Abcam, Cambridge, UK), anti-CD56
antibody (ab9272; Abcam), and anti-mouse IgGl antibody
(ab18443; Abcam) for isotype control. Goat anti-mouse 1gG (H
+L) highly cross-adsorbed secondary antibody Alexa Fluor 488
(A-11029, Thermo Fisher Scientific) was used as secondary
antibody.

Preparation of Multilayered Fibroblast Sheet

The cell sheets were prepared using the previously reported
method,>'® 5.0 x 10° fibroblasts were cultured in a 24-well
culture dish with 2 mL of DMEM supplemented with 10%
FBS. After incubation for 24 hours, the medium was replaced
with 2 mL of CTS AIM V (Thermo Fisher Scientific) and
HFDM-1 (+) (Cell Science & Technology Institute, Sendai,
Japan) supplemented with 5% FBS. After additional incubation
for 48 hours, the cell sheets were detached using dispase.

Preparation of Multilayered Fibroblasts Sheet
Introduced GFP Gene

The GFP gene was introduced into the fibroblasts using len-
tivirus particles prepared using the method previously
reported.'® The fibroblasts were incubated for 72 hours in
DMEM supplemented with 10% FBS containing the lentiviral
particles with TransDux MAX Transduction Reagent
(#LV860A-1; System Biosciences). The rate of GFP-positive
cells was evaluated for composition by flow cytometry. The
cell sheets were prepared using the method described above.

Left Pneumonectomy

Left thoracotomy was performed at the fourth intercostal
space. The left pulmonary artery and vein were ligated with 8-
0 polypropylene suture and dissected. The tissues surrounding
the left bronchus between the tracheal bifurcation and first
bifurcation of the left bronchus was thoroughly removed. The
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central side of the left main bronchus was blocked with the clip
(KN353; Natsume, Tokyo, Japan) and was cut off. Dissection
of the left bronchus was performed at the center of one carti-
lage ring from the first bifurcation, and the bronchial stump
was closed by suturing 2 cartilage rings away from the dissec-
tion with 2 interrupted 7-O polypropylene sutures. After
removing the clip, the chest cavity was filled with saline to con-
firm the absence of air leak in the bronchial stump (Video 1).
All surgeries were performed by 1 surgeon (S.Y.).

Transplantation of Multilayered Fibroblast Sheets

Two multilayered fibroblast sheets were transplanted to the
bronchial stump, one on the bronchial cartilage side and the
other one on the membranous portion side. The sheets were
transported from 24-well culture dish to the forceps’ handle
using the 1000 uL tip with the edge cut and transplanted by
affixing to the bronchial wall for 5 minutes.

Histological Analysis

The cell sheet was placed on a raw ham to prepare tissue sec-
tions. At 7, 14, and 28 days postoperatively, 4 rats each from
the control and cell sheet groups were sacrificed and histologi-
cally evaluated. At 3, 7, and 14 days postoperatively, 4 rats in
the GFP sheet groups were sacrificed and the survival of the
transplanted cells was evaluated. All specimens were fixed in
10% formalin neutral buffer solution and embedded in paraf-
fin. Then, the tissue sections (3 um thickness) were used.
Hematoxylin and eosin staining and Azan staining, which
stains the collagen fibers within fibrous connective tissue
(blue), were performed. The area of the bronchial wall on the
membranous side containing the formed tissue was evaluated
within 3000 um from the stump. In immunohistochemistry,
deparaffinized sections were treated with anti-vimentin anti-
body (ab92547; Abcam), a marker of mesenchymal-derived
cells or cells undergoing an epithelial-to-mesenchymal transi-
tion, and anti-CD31 antibody (ab182981; Abcam), an endo-
thelial marker in paraffin sections that stains small and large
vessels. Three fields (100 x) were randomly extracted from
each section, and the blood vessel area in the lumen sur-
rounded by anti-CD31 antibody-positive cells and bronchial
wall area were measured. The blood vessel area per 100 pm?
of the bronchial wall area was calculated. In fluorescent immu-
nostaining, deparaffinized sections were treated with anti-GFP
antibody (#2956, Cell Signaling, Danvers, MA), anti-vimentin
antibody (ab8069; Abcam), anti-rabbit IgG secondary antibody
(ab97050; Abcam), and anti-mouse IgG secondary antibody
(Alexa555, A-21422, Thermo Fisher Scientific). All histological
images were captured using the BZ-X710 microscope and ana-
lyzed using the Image J software (National Institutes of Health).
All histological analyses were performed in a blind manner and
supervised by a pathologist (E.L.).

Evaluation of Pressure Resistance
Four rats each from the control and cell sheet groups were
sacrificed 7 and 14 days postoperatively. After collecting the
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trachea-lung block and inserting a 16-gauge ethylene-tetra
fluoroethylene catheter into the trachea, the trachea and the
right main bronchus were ligated with 3-0 silk, connected
to an aneroid sphygmomanometer (HT-1500; NISSEI,
Gunma, Japan), and pressurized using a 10 mL syringe.
The specimen was submerged in saline, and the burst pres-
sure was defined as the pressure at which the bronchial
stump failed, and air bubbles were observed. The measure-
ment limit value was 300 mm Hg.

Enzyme-Linked Immunosorbent Assay

The concentrations of VEGF, hepatocyte growth factor
(HGF), C-X-C motif chemokine ligand 1 (CXCL1), angiopoie-
tine-2, monocyte chemotactic protein-1 (MCP-1), and trans-
forming growth factor beta 1 (TGF-B1) in the cell culture
supernatant of the cell sheet were measured using the enzyme-
linked immunosorbent assay kits (R&D Systems, Inc., Minne-
apolis, Minnesota), according to the manufacturer’s instruc-
tions. CTS AIM V and HFDM-1 (+) supplemented with 5%
FBS were used as controls.

Statistical Analysis

The results are presented as mean =+ standard deviation. All
statistical analyses were performed using STATA/IC version 16
(StataCorp, College Station, TX,). Statistical significance
between 2 groups was assessed using the2-tailed unpaired t-
tests. Statistical significance among multiple groups was ana-
lyzed using one-way analysis of variance, followed by the
Tukey-Kramer post-hoc test. A P-value of < 0.05 was consid-
ered significant.

RESULTS

Multilayered Fibroblast Sheet

Particularly, 2.0 x 10° cells were obtained per rat (Fig. 14),
and the purity was confirmed by flow cytometry (Fig. 1B). The
sheet was collected while keeping its circular shape (Fig. 1C).
The sheet was 20—30-um thick, the fibroblasts were laminated
in 4—5 layers (Fig. 1D), and the extracellular matrix containing
collagen fibers were retained (Fig. 1E). All cells comprising the
sheet were positive for anti-vimentin antibody (Fig. 1F).

Macroscopic Evaluation

None of the rats died postoperatively, and there was no
adhesion to the chest wall or pus in the thoracic cavity. At 7,
14, and 28 days postoperatively, the bronchial stump almost
remained exposed in the control group. However, tissue for-
mation was promoted mainly around the bronchial stump in
the cell sheet group (Fig. 2).

Histopathologic Evaluation

Although only a small amount of tissue formed around the
bronchial stump in the control group, more tissues formed in
the cell sheet group (Fig. 3A). Azan staining revealed that the
connective tissues matured with time after surgery in the cell
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Figure 1. Multilayered fibroblast sheet. Flow cytometry confirmed that almost all cells collected from the oral mucosa were fibro-
blasts. The cell sheet had a diameter of approximately 6 mm and a thickness of approximately 20 xm, and fibroblasts were lami-
nated. (A) Image of collected cells. (B) Flow cytometry. (C) Macroscopic image. (D) Hematoxylin and eosin staining. (E) Azan
staining. (F) Immunostaining with anti-vimentin antibody. The bar indicates 50 um.
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_|_
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Figure 2. Macroscopic changes in the bronchial stump. The bronchial stumps almost remained exposed in the control group.
However, tissue formation was promoted mainly around the bronchial stump in the cell sheet group. Since the membranous side
was the front, the left side of the photograph was the left side of the specimen.
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Figure 3. Histological changes in the bronchial wall. The bronchial wall on the membranous side was significantly thicker and had
more abundant blood vessel area in the cell sheet group than in the control group. (A) Hematoxylin and eosin staining. (B) Azan
staining and (C) Immunohistochemistry with anti-CD31 antibody of the bronchial wall on the membranous side. The arrow indi-
cates blood vessels. The bar indicates 200 um. (D) The thickness of the bronchial wall and (E) The blood vessel area in the bron-
chial wall on the membranous side. The horizontal lines indicate mean.

sheet group (Fig. 3B). Immunostaining with anti-CD31 anti-
body revealed that the connective tissues were accompanied by
angiogenesis (Fig. 3C). The areas of the bronchial wall on the
membranous side in the control and cell sheet groups were
0.54 4 0.12 and 1.21 £ 0.21 mm?* (P=0.0016, 7 days), 0.65
+ 0.06 and 1.44 + 0.27 mm? (P= 0.0014, 14 days), and 0.56
+ 0.03 and 1.25 + 0.19 mm? (P =0.0004, 28 days), respec-
tively. The bronchial wall on the membranous side was signifi-
cantly thicker in the cell sheet group than in the control group
(Fig. 3D). The blood vessel areas per 100 um?” of the bronchial
wall area in the control and cell sheet groups were 0.97 4 0.43
and 4.09 £ 1.56 um? (P=0.0084, 7 days), 1.61 £ 0.56 and
4.66 + 2.08 um?* (P= 0.0305, 14 days), and 1.27 £ 0.11 and
427 £ 1.11 um* (P=0.0017, 28 days), respectively. The area
of the blood vessel for bronchial wall tissues was significantly

larger in the cell sheet group than in the control group
(Fig. 3E). There was no significant difference in terms of the
bronchial wall thickness on the membranous side and the area
of the blood vessel for bronchial wall tissues in each group
with time after surgery.

Evaluation of Pressure Resistance

In the control group, air leak occurred with pressurization in
all bronchial stumps. In the cell sheet group, no air leak
occurred with to pressurization up to 300 mm Hg (Video 2).
The burst pressures in the control and cell sheet groups were
1655 £+ 40.2 and >300 mm Hg (P=0.0005, 7 days) and
167.5 £ 22.2 and >300 mm Hg (P< 0.0001, 14 days), respec-
tively (Fig. 4). There was no significant difference in the burst
pressure in each group with time after surgery.
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Figure 4. Comparison of burst pressure values in the bronchial
stump. In the cell sheet group, no air leak occurred due to
pressurization up to 300 mm Hg. The burst pressure was sig-
nificantly higher in the cell sheet group. The horizontal lines
indicate mean.

Secretion of Growth Factors in Vitro

The condition medium incubated for 48 hours after
medium change contained 518.8 £ 28.0 pg/mL of VEGF,
1455.6 £ 42.8 pg/mL of HGF, 321.5 & 19.9 pg/mL of CXCL1,

158.6 £ 20.7 pg/mL of angiopoietin-2, 87.5 + 9.7 pg/mL of
MCP-1, and 387.1 £ 16.7 pg/mL of TGF-B1 (Fig. 5). The fresh
medium did not contain much VEGF, HGF, CXCL1, angiopoie-
tin-2, MCP-1, and TGF-B1 (171.2 &+ 6.6 pg/mL).

Analysis of Whether Transplanted Fibroblasts Remain
on the Host

Expression of the GFP gene was confirmed in most fibro-
blasts, but a few fibroblasts did not express GFP (Fig. 6A and
6B). GFP-positive cells were detected 3 days postoperatively.
However, they were not observed 7 and 14 days postopera-
tively (Fig. 6C).

DISCUSSION

The bronchial stumps were reinforced only by a small
amount of newly formed connective tissue in addition to
mechanical closure with sutures'’. In the control group, air
leakage occurred due to pressurization in all bronchial stumps,
and there was no difference between the pressure values at 7
and 14 days postoperatively, whereas air leakage did not occur
in the cell sheet group. Clinically, the intrathoracic pressure
reaches 300 mm Hg due to coughing,'” therefore, the mechan-
ical reinforcement with tissues formed by transplantation of
the cell sheets may be effective in preventing air leakage from a
bronchial stump. In addition to mechanical reinforcement,
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Figure 5. The concentration of growth factors and cytokines secreted by the multilayered fibroblast sheets in vitro. The condition
medium incubated for 48 hours after medium change contained a great volume of vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), C-X-C motif chemokine ligand 1 (CXCL1), angiopoietin-2, monocyte chemoattractant protein-1
(MCP-1), and transforming growth factor beta 1 (TGF-41). The horizontal lines indicate mean.
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Figure 6. Tracking for the transplanted green fluorescent protein (GFP)-expressing cells. Anti-GFP antibody was used for detecting
transplanted GFP-expressing cells and anti-vimentin antibody was used for detecting fibroblast. GFP-expressing cells were
detected 3 days postoperatively. However, they were not observed 7 and 14 days postoperatively. (A) Image of fibroblasts into
which the GFP gene has been introduced. Arrowhead indicates GFP-negative cell. (B) Flow cytometry in GFP-expressing fibro-
blasts. Red shows fibroblasts introducing GFP gene. Green shows normal fibroblasts. (C) Images of GFP cell sheet and bronchial

stumps. The bar indicates 50 um.

extensive angiogenesis occurred at the bronchial stump in the
cell sheet group, therefore, transplantation of the cell sheets
may avoid ischemia (Fig. 7). BPF often occurs 1 week to 3
months postoperatively, particularly 10 days."’ Since the
effects of transplantation of the cell sheets have been confirmed
at 7 days postoperatively, sufficient reinforcement of the bron-
chial stump had already been achieved by the time when BPF
is likely to occur Fig. 8.

In the present study, transplanted autologous cells could
not be confirmed at least 7 days postoperatively. The mech-
anism of tissue healing by cell transplantation is controver-
sial, but it is unlikely that tissue formation had been

performed solely by the transplanted cells. The effect of the
transplanted fibroblast, sheet-origin fibroblast proliferation
or paracrine effect, was evaluated using the GFP sheets.
The results indicated that the transplanted fibroblasts disap-
peared by 7 days postoperatively, which was similar to
findings of previous studies on mouse skin ulcer
model.' "' Transplantation of fibroblast sheets may pro-
mote cell proliferation in the host as a paracrine effect and
result in tissue thickness. In addition to VEGF, which is
one of the most important factors for angiogenesis, some
growth factors and cytokines that promote angiogenesis
and tissue healing'”*" were secreted from the cell sheets in
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Autologous multilayered fibroblast sheets
can reinforce bronchial stump in a rat model

r Methods
52 rats (control group: 20 cell sheet group: 20 GFP sheet group: 12)
« Histological evaluation: area of the bronchial wall and blood vessels
At 7, 14, and 28 days postoperatively, 4 rats from control and cell sheet groups
« Mechanical evaluation: pressure resistance of the bronchial stumps
At 7 and 14 days postoperatively, 4 rats from control and cell sheet groups
- Cell survival evaluation: existence of transplanted GFP-expressing cell sheets

At 3, 7, and 14 days postoperatively, 4 rats from GFP sheet group

r Results

« Transplatnation of the cell sheets resulted in tissue thickness and angiogenesis
in the bronchial stump.

- Transplantation of the cell sheets significantly improved the pressure resistance
of the bronchial stump.

- The transplamted cell sheets disappeared by 7 days postoperatively.

r Implications
- Autologous multilayered fibroblast sheets derived from oral mucosal tissues

can reinforce bromchial stump after lung resection.

Figure 8. Autologous multilayered fibroblast sheets can reinforce bronchial stump. The experiment was performed in 52 rats. Multi-
layered fibroblast sheets derived from autologous oral mucosal tissues were transplanted to the bronchial stump. Histological and
mechanical change in bronchial stumps, and survival of transplanted cells were evaluated. Transplantation of cell sheets resulted
in tissue thickness and angiogenesis in the bronchial wall, and improved the pressure resistance of the bronchial stump. The
transplanted cells disappeared 7 days postoperatively. Bronchial stumps were reinforced by the transplantation of multilayered

fibroblast sheets.

vitro, and these growth factors and cytokines might pro-
mote tissue healing in the host.

Although omentum or pericardial fat also secreted growth
factors and cytokines in vitro,”"*? and the coverage with inter-
costal muscle or omentum had the effect of enhancing blood
flow to the bronchial stump in large animal models,””** the
clinical effect of covering with autologous tissue to prevent
BPF is not fully validated. In the clinical application of the cell

sheet technique in the future, it is necessary to compare the
preventive effect of BPF between the coverage with autologous
tissue and transplantation of cell sheets.

The coverage with autologous tissue requires additional
invasive procedure, such as collecting tissue and suturing the
bronchial stump. In contrast, cell therapy can be considered a
new simple and minimally invasive method. The local adminis-
tration of bone marrow stromal cells or adipose-derived stem
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cells to the bronchial stump increased fibrous connective tis-
sues and the incidence of ulcers and necrosis was reduced in
rat model,'""'* and these cells have also been studied in large
animal BPF models and clinically applied in humans.””*
Compared with these cells, fibroblasts can be obtained via min-
imally invasive procedures. Fibroblasts are heterogeneous cells
whose gene expression differs depending on the tissue of ori-
gin,”” and fibroblasts collected from the oral tissue are more
effective in wound healing than those collected from the
skin.”®”” Therefore, the multilayered fibroblast sheets derived
from autologous oral mucosal tissues can be a more convenient
biomaterial.

The present study has several limitations. This study on rat t
was an experiment with a model in which BPF occurs and did
not prove that transplantation of the sheets prevents BPF.
Additionally, the model in this experiment differed from the
clinical situation of BPF. Specifically, due to the anatomical
characteristics of rat and technical convenience, left pneumo-
nectomy was performed, the bronchial stump was closed using
a nonabsorbable suture instead of stapler, and the coverage
with intercostal muscle or omentum was not compared. Con-
sidering clinical application, further research should be per-
formed in larger animals that reflect human BPF formation and
assess the bronchial stump from the endobronchial side with
endoscopy.

Transplantation of multilayered fibroblast sheets derived
from autologous oral mucosal tissues can reinforce the bron-
chial stump. This procedure may be effective in the prevention
of BPF and may also be applied to the reinforcement of bron-
chial anastomosis at the sleeve resection and lung transplanta-
tion.

CONCLUSIONS

The multilayered fibroblast sheets derived from autologous
oral mucosal tissues can be effective in the reinforcement of
bronchial stump.
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