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Abstract Tracheal restenosis is a major obstacle to successful tracheal replacement, and remains the greatest challenge in

tracheal regeneration. However, there have been no detailed investigations of restenosis. The present study was performed

to analyze the serial changes in recruited inflammatory cells and associated histological changes after tracheal scaffold

implantation. Asymmetrically porous scaffolds, which successfully prevented tracheal stenosis in a partial trachea defect

model, designed with a tubular shape by electrospinning and reinforced by 3D-printing to reconstruct 2-cm circumferential

tracheal defect. Serial rigid bronchoscopy, micro-computed tomography, and histology [H&E, Masson’s Trichrome, IHC

against a-smooth muscle actin (a-SMA)] were performed 1, 4, and 8 weeks after transplantation. Progressive stenosis

developed especially at the site of anastomosis. Neutrophils were the main inflammatory cells recruited in the early stage,

while macrophage infiltration increased with time. Recruitment of fibroblasts peaked at 4 weeks and deposition of a-SMA

increased from 4 weeks and was maintained through 8 weeks. During the first 8 weeks post-transplantation, neutrophils

and macrophages played significant roles in restenosis of the trachea. Antagonists to these would be ideal targets to reduce

restenosis and thus play a pivotal role in successful tracheal regeneration.
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1 Introduction

The trachea is a tube-like organ that connects the pharynx

and larynx to the lungs, allowing the passage of air during

respiration. Tracheal stenosis is a narrowing or constriction

of the trachea that causes breathing problems. The most

common symptom of tracheal stenosis is gradually wors-

ening dyspnea, particularly when undertaking physical

activities (exertional dyspnea). The patient may also

experience added respiratory sounds, which in more severe

cases can be identified as stridor. The causes of stenosis

vary, and include congenital disease, injury, trauma, neo-

plasm, and infection. However, one of the most common
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causes of tracheal stenosis is long-term intubation [1, 2]. In

recent years, the number of patients receiving intubation

has increased because of increases in chronic and advanced

diseases due to growth of the aging population and

increases in preterm neonates with congenital birth defects

that may not have survived before advances in medical

technology. Long-term intubation causes ischemic necrosis

of cartilage due to excessive pressure and induction of

excessive proliferation of granulation tissue.

Various approaches have been tried for tracheal stenosis,

such as surgical resection and reconstruction, balloon angio-

plasty, stent, irradiation, and laser treatment [3–6]. However,

these methods have a number of disadvantages, making them

less suitable for ultimate treatment of tracheal stenosis.

Therefore, developing a new therapy to treat tracheal stenosis

is regarded as a major goal of modern medicine.

Recently, tissue engineering approaches for reconstruc-

tion of the trachea have been actively pursued. Several

studies have been conducted on tracheal reconstruction

using scaffolds and a variety of stem cells. However, those

studies have limitations for tracheal reconstruction due to

overgrowth of granulation tissue (airway restenosis) and

framework softening (airway collapse) [7]. To prevent

excessive ingrowth of granulation tissue, we developed an

artificial tracheal scaffold in the form of asymmetrically

porous membrane (APM). The APM has pores of different

sizes on the top and bottom to assist in free movement of

cells at the bottom to enhance integration with host tissue,

while limiting granulation ingrowth into the tracheal lumen

at the top side. In our previous study, we used a partial

tracheal defect model, which involved removal of one-third

of the tracheal ring, and tracheal granulation was com-

pletely controlled with the APM [8, 9]. In a recent study,

we attempted to extend this concept of tracheal recon-

struction using APM in a circumferential defect model (i.e.,

360� defect). In contrast to our expectations, all rabbits

with the circumferential defect reconstructed with APM

died of tracheal restenosis [10]. Other researchers also

reported tracheal restenosis after transplanting the scaffold

in large animal models that required long-term stenting

[11, 12]. Tracheal restenosis has also been the main

obstacle in human trials, because it requires repetitive

procedures, such as multiple endoluminal stent placements,

and thus remains the greatest challenge in tracheal regen-

eration [13].

Despite the importance of tracheal restenosis, there is a

paucity of published data and few detailed investigations of

its causes, histopathological changes after tracheal scaffold

transplantation, or methods for prevention.

In other disease models, for example of chronic kidney

disease, it has been shown that the degree and severity of

damage and fibrosis are correlated with macrophage infiltra-

tion [14]. There is also growing evidence for a relationship

between macrophages and myofibroblast activation during

inflammation [15]. Myofibroblasts are generally recognized

as the effector cells of fibrogenesis [16]. Myofibroblasts syn-

thesize large amounts of extracellular matrix (ECM), which is

mainly comprised of type I and III collagen fibers, fibronectin,

laminin, and other basal membrane proteins that are the

sources of scar tissue [17, 18]. In addition, myofibroblasts

generate contractility, and distort the architecture of organs,

due to the expression of smooth muscle proteins such as a-
smooth muscle actin (a-SMA) [19].

In this study, a tracheal scaffold was developed by 3D-

printing and transplanted into circumferential defects of the

rabbit trachea. After transplantation, we investigated the

inflammatory cells recruited in the restenosis process

according to time point, and their effects on activated

myofibroblasts, which are key mediators of fibrosis. This

would play a vital role in successful tracheal transplanta-

tion in subsequent experiments and human trials by iden-

tifying ideal targets to reduce restenosis.

2 Materials and methods

2.1 Materials

Polycaprolactone (PCL; average MW = 45 kDa for rapid

prototyping, 80 kDa for electrospinning) was purchased

from Sigma-Aldrich (St. Louis, MO, USA). Chloroform

(CF) was purchased from Junsei Chemical Co., Ltd.

(Tokyo, Japan). Methanol (MeOH) was purchased from

Daejung Chemicals & Metals Co., Ltd. (Shiheung, Korea).

Deionized distilled water (DDW) was produced with an

ultrapure water system (Puris-Ro800; Bio Lab Tech.,

Namyangju, Korea). All other reagents and solvents were

of analytical grade and used without further purification.

2.2 Fabrication of tubular nanofibers

via electrospinning

The fabrication of electrospun nanofibers (ENs) was per-

formed as described previously [20, 21]. Briefly, PCL was

dissolved in a mixed CF/MeOH (9:1) solvent to produce a

15 wt% solution. For electrospinning, the polymer solution

was loaded into a Luer-Lok syringe attached to a blunt

metal needle (20 G, Kovax-needle; Korea Vaccine Co.,

Ltd., Ansan, Korea) and a rotating mandrel with a diameter

of 7 mm at 18 kV using a high-voltage DC power supply

(Nano NC, Seoul, Korea) with a feed rate of 1 mL/h (KDS-

200; KD Scientific Inc., Holliston, MA, USA) and a needle

tip-to-collector distance of 15 cm. The resultant nanofiber

was dried overnight under vacuum to remove any residual

solvent.
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2.3 Manufacture of tubular scaffold for tracheal

regeneration by rapid prototyping

The 3D-printed PCL strands were fabricated as described

previously [22]. Briefly, PCL pellets were melted at 100 �C
in a heated dispenser. 3D-printed strands were extruded in

a custom 3D printing system designed in our laboratory.

The nozzle size and distance between strands were 300 and

300 lm, respectively. After melting of the PCL, a contin-

uous air pressure of 300 kPa was applied to the dispenser,

and strands of molten PCL were applied layer by layer onto

the EN films. The 7-mm drum holding the EN film was

rotated between layers to produce a patterned 0�/45� por-

ous structure.

2.4 Animals and surgical procedures

Twelve male New Zealand white rabbits (Koatech Labora-

tory Animal Company, Pyeongtaek, Korea) weighing

2.6–3 kg were assigned to one of four groups as follows: (1)

normal control (Group I); (2) 1 week after transplantation

(Group II); (3) 4 weeks after transplantation (Group III); and

(4) 8 weeks after transplantation (Group IV). All protocols

were performed in accordance with the guidelines of the

Animal Care Ethics Committee of Seoul National University

Hospital (IACUC No. 15-0268-C1A1). Nine rabbits were

anesthetized by intramuscular injection of Zoletil (50 mg/

kg) and xylazine (4.5 mg/kg) and placed in the supine

position. A vertical skin incision was made at the midline of

the neck and the strap muscles were separated until the tra-

cheal cartilagewas exposed.A2-cmcircumferential tracheal

defect was created for prosthesis placement. The scaffolds

(20 mm in length) were sutured to cover the edges of the

defects by approximately 1 mm on each side using 4-0

Vicryl (Johnson & Johnson, New Brunswick, NJ, USA).

Finally, the strap muscles were sutured with 4-0 Vicryl and

the skin was closed using 4-0 nylon sutures (Johnson &

Johnson). Animals were observed for 2 h postoperatively

before being returned to their cage, where water and standard

feed were available. Over the following 7 days, each animal

received kanamycin (20 mg/kg) as prophylaxis. Clinical

signs were monitored daily, with special attention paid to

weight, cough, sputum production, wheezing, and dyspnea.

If there were signs of respiratory distress and weight loss

more than 20% of the original body weight, the animal was

euthanized.

2.5 Radiological evaluation using lCT and 3D

reconstructed image

A micro-computed tomography (lCT) scanner (NFR

Polaris-G90; NanoFocusRay, Jeonju, Korea) was used to

identify the stenotic area of the trachea 8 weeks after

scaffold transplantation. Six hundred lCT images were

taken at settings of 65 kV, 60 mA, and 500 ms with a

resolution of 512 9 512 in Digital Imaging and Commu-

nication in Medicine (DICOM) format. Three-dimensional

images of each rabbit’s larynx and trachea were recon-

structed using Lucion software (Infinitt Healthcare, Seoul,

Korea).

2.6 Histological analysis

Histological assessments were performed to evaluate the

regenerative status of the operative side at 1, 4, and

8 weeks postoperatively. At completion of the study, the

rabbits were sacrificed under deep anesthesia and their

tracheas were harvested. Tracheal segments were fixed in

10% neutral formalin solution for 24 h at ?4 �C. Fixed
tissues were processed by dehydration through a graded

series of ethanol, cleared in xylene, and then embedded in

paraffin blocks using automated processing and embedding

equipment. Sections were cut from blocks at a thickness of

4 lm and mounted onto slides.

The histological changes were determined by hema-

toxylin and eosin (H&E) staining for overall inflammation,

and Masson’s trichrome stain for fibroblast presence and

collagen deposition. To determine the degree of inflamma-

tory response, the sections were examined with a light

microscope (4009 magnification), and the numbers of

infiltrating neutrophils, macrophages, and fibroblasts from

five sampling areas were counted independently by two

examiners blinded to the experimental groups. The fibrob-

last-like cell count was based on the presence of spindle-

shaped cells and collagen deposition. The results regarding

inflammatory cells and fibroblast infiltration were expressed

as the number of cells per high-powered field. Stained sec-

tions were analyzed and photographed using an Olympus

BX41 microscope (Olympus, Tokyo, Japan).

2.7 Immunohistochemistry

After deparaffinization, endogenous peroxidase activity

was quenched with 3% hydrogen peroxide in MeOH for

10 min followed by microwave treatment in antigen

retrieval solution (Dako, Glostrup, Denmark). Specimens

were blocked with 3% bovine serum albumin (BSA) for

1 h at room temperature (RT) followed by incubation with

primary antibody (1:100) diluted in blocking buffer over-

night at ?4 �C. Mouse monoclonal anti-a-SMA and mouse

monoclonal anti-macrophage antibodies were obtained

from Abcam (Cambridge, UK).

The specimens were incubated with the appropriate

secondary antibody for 1 h (1:100 dilution), followed by an

avidin–biotinylated enzyme complex for 1 h and then 3,30-
diaminobenzidine for 5 min at RT. Avidin–biotin complex
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kits were obtained from Vector Laboratories (Burlingame,

CA, USA). Slides were counterstained with Gill’s hema-

toxylin for 3 min, dehydrated in a graded ethanol series,

cleared in xylene and mounted in Permount (Fisher Sci-

entific, Pittsburgh, PA, USA). Negative controls were

prepared by omission of the primary antibody, and the

absence of nonspecific staining was verified. a-SMA

deposition was quantified using Image J software (National

Institutes of Health, Bethesda, MD, USA). The selected

area was divided by the whole tissue area in the same

image to determine the percentile value of alpha-smooth

muscle deposition.

2.8 Statistical analysis

Data are expressed as means ± standard deviation (SD).

The nonparametric Mann–Whitney U test was used to

analyze differences between groups. Statistical analyses

and data plotting were performed using SigmaPlot (ver. 10;

Systat Software, Richmond, CA, USA). In all analyses,

p\ 0.05 was taken to indicate statistical significance.

3 Results

3.1 lCT findings of the trachea

lCT images showed complete airway obstruction at the

level of scaffold transplantation (Fig. 1A) compared with

the patent airway of the normal trachea (Fig. 1B).

3.2 Histological changes over time

Normal mucous membrane consists of areolar and lym-

phoid tissue, and presents a well-marked basement mem-

brane supporting a stratified epithelium, the surface layer of

which is columnar and ciliated, while the deeper layers are

composed of oval or rounded cells. H&E and Masson’s

trichrome staining revealed no evidence of epithelial

damage or inflammatory cell infiltration in control rabbit

tracheal specimens (Fig. 2A, B).

Histopathological analyses revealed various degrees of

inflammatory changes in the rabbit tracheal tissue speci-

mens around the implant over time. Postoperative histo-

logical assessment revealed tissue hypertrophy caused by

accumulation of inflammatory cells, proliferation of

fibroblasts, and thickened collagen fibers around the

implant (Fig. 2A, B).

3.3 Infiltration of inflammatory cells over time

Specimens showed severe infiltration of inflammatory cells

and granulation tissue formation into the tracheal lumen

1 week after the operation. As tissue was collected 1, 4,

and 8 weeks post implantation, the later stages of the

inflammatory response were captured, in which large

populations of neutrophils and macrophages were present

in all specimens (Figs. 3, 4). As shown in Fig. 4A, the

distribution of macrophages in rabbit tracheal tissue spec-

imens was determined by immunohistochemistry. Fur-

thermore, the percentage of macrophage-positive cells

tended to increase from week 4 to week 8. Taken together,

these findings indicated that neutrophils and macrophages

are the predominant leukocyte subsets that actively accu-

mulate around the implant (Fig. 4B, C).

3.4 Fibrosis and fibroblast recruitment

We counted the numbers of fibroblasts, which are key

players in the synthesis of fibrous connective tissue during

the healing process. Masson’s trichrome staining of tissue

specimens revealed presence of fibroblasts at week 4 and

accumulation of collagen deposition around the implant at

week 8. Fibroblasts were observed in all test animals,

Fig. 1 A A 3D reconstructed

image (left) and axial images of

micro-computed tomography

(lCT) at the level of scaffold

transplantation. B A 3D

reconstructed image (left) and

axial lCT images of normal

trachea
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usually oriented in a layer around the scaffold (Fig. 5A, B).

Eight weeks after surgery, dense fibrosis in the peritracheal

area and protrusion of fibrotic tissue into the tracheal

lumen, with no evidence of organized respiratory epithe-

lium, were observed in each specimen. Histological anal-

ysis of the outer covering of the implant revealed diffuse

fibrosis in all rabbits at week 8 (Fig. 2).

3.5 Immunohistochemical staining for a-SMA

As shown in Fig. 6 also examined the distribution of a-
SMA by immunohistochemistry. The degree of a-SMA

deposition increased at week 4 and week 8 as a result of

fibroblast activation (Fig. 6A, B).

4 Discussion

Several clinical trials have been performed to prevent

restenosis following tracheal reconstitution with a variety

of methods [13, 23–25]. However, these were not optimal

solutions because repeated performance of procedures was

required after transplantation to control restenosis, which

subsequently resulted in high costs, and inconvenience

Fig. 2 A Hematoxylin-eosin (H&E) and B Masson’s trichrome

staining results of cross-sections of specimens taken 1, 4, and

8 weeks after implantation. A normal pseudostratified columnar

ciliated epithelium was observed in the control group. The presence

of inflammatory cells, predominantly neutrophils, within and around

the implant at week 1. Histological examination showed inflammation

around the implant with submucosal hyperplasia caused by prolifer-

ation of fibroblasts at week 4. At week 8, the outer layer of the

implant was consistently covered with inflammatory cells and fibrosis

(arrows)

Fig. 3 A Representative

images of tissue specimens

showing histological evidence

of a dense inflammatory

infiltrate taken 1, 4 and 8 weeks

after implantation (H&E

staining). B Assessment of the

cellular response to the tracheal

scaffold revealed that acute

inflammatory cells (neutrophils:

arrow in week 1) and chronic

inflammatory cells

(mononucleated cells: arrows in

week 4 and 8) were present

around the implant according to

time interval. Panel B represents

a higher magnification of A.

Scale bars in A and B = 100 lm
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to—and even death of patients [26]. The present study was

performed to advance tracheal regeneration research by

tracing and analyzing the causes of stenosis. In this study,

we confirmed a very strong fibrotic reaction, as a result of

the inflammatory response, especially at the anastomosis

site. It is likely that the severe inflammatory reaction

occurred in response to microorganisms introduced from

the external environment during respiration, as well as to

the scaffold itself. Inhaled air contains numerous bacteria,

viruses, and microparticles [27] that can induce continuous

inflammation until mucosal regeneration has completed at

the inner lining of the transplanted trachea. The inflam-

matory response could also occur as a host innate response

to scaffolds and sutures. Therefore, inflammation and

Fig. 4 A Immunohistochemical

detection of macrophages and

B, C evaluation of inflammatory

cell quantity. Representative

photomicrographs of tissue

sections demonstrating

increased macrophage

infiltration at 4 and 8 weeks

after implantation. Macrophage-

positive cells are indicated by

arrows and quantified per high-

powered field (HPF; A–C). Data
are expressed as means ± SD.

*p\ 0.05, compared to the

control group; #p\ 0.05

compared to week 1; Mann–

Whitney U test. Scale

bar = 100 lm

Fig. 5 A Masson’s trichrome staining showed fibroblast infiltration

at week 4 and increased collagen deposition at week 8. Fibroblasts

and collagen were present in all animals, mainly organizing around

the tracheal scaffold over time. A significant fibroproliferative

response with deposition of fibroblasts (arrows) was seen at week

4. The black box indicates the magnified area. B Average number of

fibroblasts per high-powered field (HPF) was quantified. Fibroblast

count was performed in 5 HPF per tissue section (400x). Data are

expressed as means ± SD. *p\ 0.05, compared to the control group;

#p\ 0.05 compared to 4 weeks; Mann–Whitney U test. Scale

bar = 100 lm
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resultant stenosis may be reduced if the mucosal lining

inside the tracheal prosthesis is completed as soon as

possible and the implanted scaffold and suture material are

modified to avoid inducing an inflammatory reaction.

All implanted materials induce a foreign body reaction,

which is primarily mediated by polymorphonuclear

leukocytes and macrophages. The severity of reaction may

depend on the nature of the implanted material, its struc-

ture, and surface topography [8, 9, 28, 29]. During the

acute phase of the foreign body reaction, circulating

polymorphonuclear leukocytes (neutrophils) are stimulated

in response to inflammatory signals released at the tracheal

implant site. Short-lived neutrophils are then replaced by

inflammatory monocytes and macrophages. Macrophages

are considered one of the key mediators of tracheal

implant-associated inflammation due to their distribution

and motility, and they generate a multitude of biologically

active products. Macrophage, which play central roles in

directing both inflammatory and regenerative responses

associated with implanted biomaterials, can be classified

into ‘‘classical’’ (M1) and ‘‘alternative’’ (M2) states of

activation according to the cytokines produced [30]. Pro-

totypic M1 macrophages are characterized by elevated

production of proinflammatory cytokines, such as TNF-a,
IL-1b, IL-6, and IL-12. In contrast, prototypic M2 mac-

rophages are characterized by increased production of

transforming growth factor-beta (TGF-b) and anti-inflam-

matory factors, such as IL-10 and IL-1Ra [31, 32]. M2

macrophages generate an anti-inflammatory environment

and promote healing and regeneration of wounds. How-

ever, when the lesion is persistent, M2 macrophages play

an important profibrotic role, and this cell population is

known to secrete large amounts of profibrotic factors, such

as TGF-b and Galactin-3 [33].

Fibrosis is a common consequence of chronic inflam-

mation, developing as a result of failed wound healing.

Fibrosis is induced by migration of fibroblasts to the site of

implantation with proliferation and secretion of ECM

components, such as collagen, fibronectin, and proteogly-

can. Fibroblast activation is induced by various stimuli that

arise when tissue injury occurs, including growth factors,

such as TGF-b, epidermal growth factor (EGF), platelet-

derived growth factor (PDGF), and fibroblast growth factor

2 (FGF-2), which are released by the surrounding tissue

and infiltrating mononuclear cells [34–37]. Moreover,

activated fibroblasts express a-SMA, leading to the term

‘‘myofibroblasts’’ [38]. The actin produced may distort the

shape of the organ where it is deposited.

The relative time course of inflammatory cell recruit-

ment to sites of damaged tissue may be classified into three

stages: inflammation, proliferation/migration, and matura-

tion/remodeling. Different types of cells are abundant in

each stage; in the inflammatory phase, neutrophils are

highly abundant. In the present study, neutrophils were

observed in the highest numbers in the first week, and then

decreased over time. These observations indicated that the

inflammatory response occurred within 7 days of the

operation. During the fourth week, the numbers of mono-

cytes/macrophages increased with time, and migration of

fibroblasts was observed. The percentage of mono-

cytes/macrophages was highest during the eighth week.

This can be understood as fibrosis beginning during the

proliferation/migration phase and being an ongoing pro-

cess. As a result of the fibrosis process, collagen deposition

Fig. 6 Evaluation of the degree

of a-smooth muscle actin (a-
SMA) deposition. A Expression

of a-SMA visualized by

immunohistochemistry at 1, 4

and 8 weeks after implantation

(arrows). B There was no

difference in the intensity of

immunohistochemical staining

between week 4 and week 8.

Data are expressed as

means ± SD. *p\ 0.05,

compared to the control group;

#p\ 0.05 compared to week 1;

Mann–Whitney U test. Scale

bar = 100 lm
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was observed during the eighth week. This change in tissue

configuration was similar to the typical fibrosis stage with

much more stronger reaction than any other places. This

stronger reaction is thought to be the result of the contin-

uous exposure to pathogens inhaled through the airway.

The prevention of chronic inflammation or implant-as-

sociated infections by manipulating neutrophil migration or

macrophage phenotype is a promising strategy to improve

implant survival. Localized delivery of immunomodulatory

factors is emerging as a strategy for controlling the

recruitment of inflammatory cells around the implant site.

Some cytokines, such as TGF-b, play significant roles in

innate immunity, regulating the recruitment, activation,

and function of neutrophils, macrophages, and natural

killer (NK) cells [39]. Furthermore, TGF-b antagonizes

antigen presentation function and maturation of dendritic

cells [40]. Therefore, immunomodulatory cytokines and

antibiotics bound to and slowly released from the tracheal

scaffold may have roles in suppressing the immune reac-

tion at the implant site and preventing fibrosis and

restenosis [41–43]. Further studies to clarify the role of

cytokines in tracheal regeneration are required, which may

enable long-term successful clinical trials of tracheal

implants.

In conclusion, serial analysis of leukocyte infiltration

into tracheal scaffolds revealed significant increases in

neutrophils at the first week and macrophages after the

fourth week. Fibroblast recruitment was followed by a-
SMA deposition and restenosis of the transplanted scaffold.

The approach of locally controlling inflammation after

biomaterial implantation may be an ideal target to enhance

the long-term patency of tracheal engraftment.
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