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CONFIDENTIAL SUBMISSION 

 

October 17, 2016 

 

 

Karin Dahlman-Wright, Vice-Chancellor 

Mats Gustavsson, Senior Legal Advisor 

Li Fellander-Tsai, Division of Orthopedics and Biotechnology, Chairman of the Department of   

    Clinical Science, Intervention and Technology (CLINTEC), Director of the Center for  

   Advanced Medical Simulation and Training (CAMST)  

Pille Ann Harmat, Head of Administration, CLINTEC 

Christina Bostedt, Director of Communications 

 

Re: Case KI 2-3289/2016 

 

Ladies and Gentlemen: 

 

I am responding to the Karolinska Institute’s investigation of alleged research misconduct in 

connection with the poster by Jed Johnson, Philipp Jungebluth and Paolo Macchiarini entitled, 

“First in Man Synthetic Nanofiber Trachea,” which was presented in August 2012. 

 

I will start by providing information regarding my company, Nanofiber Solutions (“NFS”) and 

me, the surgery which is the subject of the poster, and the roles and relationships among the 

different individuals and entities involved in the surgery and the poster.  This background 

information will be followed by responses to the specific allegations made by Dr. Corbascio and 

Dr. Fux, which demonstrate that I have not engaged in research misconduct. 

 

BACKGROUND 

 

NFS 

NFS is a technology company in the field of regenerative medicine which first began operations 

in June 2010.  Our initial product was electrospun nanofiber substrates for cell culture and drug 

development applications. Between 2010 and 2012, the company had three employees:  I was the 

Chief Technology Officer, with a Ph.D. in Materials Science.  Ross Kayuha, who has an MBA, 

was the CEO.  John Lannutti, who is a professor at Ohio State University in Materials Science, 

served as our Chief Scientific Officer.  

 

By 2011, I had begun using polymer nanofibers to develop three-dimensional (“3-D”) scaffold 

products to be used in soft tissue and organ regenerative replacement.  At this time, NFS was 

engaged in animal research regarding 3-D scaffold products, which, though in its early stages, 

had shown promising results. 

 

NFS’s Relationship With Harvard Bioscience, Inc.  and Dr. Macchiarini  

In May 2011, Ron Sostek, of a company then known as Harvard Bioscience, Inc. (now 

BioStage), contacted NFS and told us about his company’s “InBreath” bioreactor and the 

procedure it used for preparing artificial organs for implantation.  He expressed interest in 
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partnering with NFS.  Shortly after this initial conversation, Mr. Sostek introduced me to Dr. 

Paolo Macchiarini.  Mr. Sostek told me that Dr. Macchiarini had performed the first-in-man 

trachea regenerative replacement and was an expert in the field of regenerative 3-D organs.  At 

this time, we were told that Harvard Bioscience and Dr. Macchiarini were interested in using the 

NFS scaffold in connection with future compassionate use surgeries.  After we provided some 

initial information to Dr. Macchiarini he asked if we could produce an artificial trachea for a 

human surgery.  During the months from May to September 2011 we developed progressively 

improving prototypes, guided by instructions from Dr. Macchiarini and his colleague and 

assistant Dr. Philipp Jungebluth.  Dr. Jungebluth visited NFS labs in late June to observe our 

process and further evaluate prototypes.  At the end of that summer, Dr. Macchiarini told us that 

a compassionate use surgery was planned in the very near term, and he asked us to create a 

trachea scaffold to be used in the surgery. 

 

Pursuant to specifications provided by Dr. Macchiarini and Dr. Jungebluth, NFS provided 

scaffolds for this surgery and three others they performed in 2011 and 2012, two of which took 

place at Karolinska University Hospital.  We did so because we were informed that each of the 

surgeries was a compassionate use situation in which all further treatment options had been 

exhausted and that the appropriate regulatory authorities had given approval.   
 

NFS provided the scaffolds at no cost, both because the scaffold had not received regulatory 

approval for commercial use and because the surgeries involved compassionate use situations.  

Moreover, although we had a working relationship with both Dr. Macchiarini and Harvard 

Bioscience, we never entered into any type of financial agreement with either of them.  We 

simply asked that Dr. Macchiarini provide us with the surgical and follow-up clinical results to 

guide us in the further development of the scaffold technology.   

 

The Lyles Surgery 

The first surgery in which an NFS trachea scaffold was used was the November 17, 2011 surgery 

of Christopher Lyles that took place at Karolinska University Hospital.  Shortly after this 

surgery, Dr. Macchiarini and Dr. Jungebluth called me to provide information regarding the 

surgery.  They told me the post-surgical bronchoscopy showed evidence of vascularization and 

functional epithelium one day post-surgery and that this demonstrated that the procedure had 

enabled Mr. Lyle’s own body to begin acting as a bioreactor to differentiate the cells and to use 

the NFS scaffold to create a fully functional trachea.  They sent me a photo of ciliated epithelium 

from the lumen of the graft sutured into position and a video of a bronchoscopy of Mr. Lyles’ 

trachea that took place several days after the surgery.  They said they were pleasantly surprised 

because they had not seen tissue in-growth and vascularization like this with previous implants.   

 

The Poster 

In January 2012, I learned about the Nanotechnology for Defense Conference and believed the 

conference presented an excellent opportunity to report on the results of the Lyles surgery.  The 

abstract submissions for the posters were due in February.  I prepared the abstract based on the 

information previously provided to me by Dr. Macchiarini and Dr. Jungebluth and submitted it to 

the conference.    
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Although Dr. Macchiarini had agreed to provide further clinical follow-up information to NFS 

regarding Mr. Lyles’ condition after the initial bronchoscopy in November 2011, neither he nor 

Dr. Jungebluth ever did.  Thus, they never told me about the subsequent bronchoscopies or 

provided me the information that was obtained in those procedures.  Mr. Kayuha and I learned 

about Mr. Lyles’ death from an email David Green of Harvard Bioscience sent on March 5, 2012 

(attached as Exhibit A).  This email included a forwarded message from Dr. Macchiarini that 

stated Mr. Lyles died from “a tracheo-esophageal fistula”.  The email further stated that Mr. 

Lyles’ death “has nothing to do with regenerative medicine issues.” Indeed, over the next few 

weeks, conversations with Dr. Macchiarini and David Green led us to believe that Mr. Lyles’ 

death did not have anything to do with the tracheal implant itself.  They pointed, rather, towards 

the lack of proper post-operative treatment.  In the email, Dr. Macchiarini stated that “I will 

never ever again do a transplant in a patient without being able to care [for] him/her directly”. 

 

During this same period, I was working with Dr. Macchiarini and Dr. Jungebluth to prepare 

trachea scaffolds for the two surgeries which took place in Krasnodar, Russia in June 2012 and 

the second surgery in Sweden in September 2012.  I was also working with Dr. Macchiarini, 

Harvard Bioscience and doctors and hospitals in the United States to prepare for two surgeries in 

the United States in which the FDA had approved use of the NFS trachea scaffold on a 

compassionate use basis.  None of the discussions in connection with these other surgeries gave 

me any reason to believe that the report I had received from Dr. Macchiarini and Dr. Jungebluth 

regarding the Lyles surgery was inaccurate.  To the contrary, the documents they prepared and 

submitted to the FDA in connection with these additional surgeries contained some of the very 

same photos and results as the poster.
1
  Similarly, Harvard Bioscience felt so confident in the 

information it had received from Dr. Macchiarini and Dr. Jungebluth about the Lyles surgery that 

it was preparing a submission for an expanded access investigational device exemption (“IDE”) 

from the FDA.  They eventually had a pre-IDE meeting with the FDA and filed for and received 

an Orphan Drug Designation. 

 

In summary, when I finalized the poster for the Nanotechnology for Defense Conference in 

August 2012, I had no reason to doubt the accuracy of the information relating to the Lyles 

surgery that I received from Dr. Macchiarini and Dr. Jungebluth.    

 

End of Relationship with Harvard Bioscience and Dr. Macchiarini 

On April 3, 2013, NFS learned that Dr. Macchiarini had filed a request with the FDA to 

substitute a trachea scaffold manufactured by Harvard Bioscience rather than the NFS scaffold in 

an upcoming surgery.   He did this without first notifying NFS or the hospital where the surgery 

was to be performed.  Since that time, NFS has had no further dealings with either party and has 

had no access to any information from the four surgeries in which the NFS scaffold was used.  

NFS has, however, continued development of scaffolds using its nanofiber technology, and I 

                                                 
1
 See, e.g.,  Human Bioengineered Synthetic Tracheal Transplant Algorithm for surgery at MD Anderson 

Cancer Center (April 2012) at 2-3, 8-11, 23-24, 27, 33 (attached as Exhibit B); Pediatric Tracheal Transplant 

Protocol for surgery at Children’s Hospital of Illinois in Peoria, IL (October 2012) at 10-11, 15-16 (attached as 

Exhibit C) (both Exhibit B and Exhibit C have been redacted to protect confidential information relating to these 

surgeries). 
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have published several scientific articles demonstrating advancements in the NFS tracheal 

scaffold.
2
 

 

 

RESPONSE TO ALLEGATIONS 

 

Response to Allegations Relating to Financial Incentives 

The concern raised by most of the misconduct allegations directed at me is that the poster was 

used in attempts to procure investors for NFS.  There are several issues that must be parsed here.  

First, several of the materials cited pre-date the poster and thus could not have relied on the 

poster or any inaccurate information that may have been in it.  Second, several of the references 

relate to Harvard Bioscience.  NFS has never had a financial arrangement with Harvard 

Bioscience or its affiliates such as HART/Biostage.  Thus, the actions of Harvard Bioscience or 

its affiliates cannot be attributed to NFS.  Third, NFS appropriately sought and received funding 

for its research activities based on information it provided about its ongoing activities.  Fourth, 

and finally, NFS never relied on the poster itself in an attempt to secure funding, just general 

data regarding all four of the surgeries, which it believed to be accurate based on the information 

it received from Dr. Macchiarini and Dr. Jungebluth.  The allegation that I used the poster in an 

improper attempt to procure investors is unfounded.   

 

None of the sources cited by Dr. Corbascio and Dr. Fux support their allegations.  

 

 Reference 19 – This is a press release issued by Harvard Bioscience on December 1, 

2011, eight months before the poster presentation.  NFS had no role in this press release.  

Moreover, the press release is similar to the one issued on November 24, 2011 by the 

Karolinska Institute (attached as Exhibit F), which touts the success of an earlier trachea 

implant surgery performed by Dr. Macchiarini in June 2011 and states that the second 

implant in November 2011 (the Lyles surgery) “represents a further advance from the 

transplant that was made in June.”  

 

 Reference 20 – This is a January 23, 2012 article in an on-line publication called 

medcitynews.com in which I am quoted discussing NFS’ business and the use of its 

trachea scaffold in the November 2011 surgery.  This article pre-dates the poster by 

several months so does not support the allegation that NFS relied on the poster to seek 

financing.  In addition, the article does not provide any specific information regarding the 

surgery other than the fact that the NFS trachea scaffold was used in it. 

 

 Reference 21 – This is a May 18, 2012, article in the publication, Columbus Business 

First, in which Mr. Kayuha is quoted at length regarding the origins of NFS.  Dr. 

Corbascio and Dr. Fux have excerpted a quote regarding expected growth in sales of lab 

products over the next year, apparently under the mistaken impression that NFS was 

                                                 
2
 See, e.g., Fukunishi T, et al., “Tissue-Engineered Small Diameter Arterial Vascular Grafts from Cell-Free 

Nanofiber PCL/Chitosan Scaffolds in a Sheep Model,”  PLoS ONE 2016; 11(7):1-15 (attached as Exhibit D);  Clark 

ES, et al., “Effect of cell seeding on neotissue formation in a tissue engineered trachea,” J of Ped Surg 2016; 51:49-

55 (attached as Exhibit E). 
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predicting increased sales of its trachea scaffolds:  “Nanofiber CEO Ross Kayuha 

projects its lab products sales could hit $300,000 this year and as much as $3 million next 

year.”  As stated in the quote, however, the sales being discussed are sales of NFS lab 

products (cell culture plates, etc.), not trachea scaffolds.   Moreover, this article also pre-

dates the poster presentation and is thus irrelevant to the allegations. 

 

 Reference 22 – This is a June 26, 2012, article on the web site of Ohio State’s Center for 

Regenerative Medicine and Cell-Based Therapies regarding the June 2012 surgeries in 

Krasnodar, Russia.  It is irrelevant to the allegations here for several reasons.  It does not 

discuss Mr. Lyles’ surgery, does not discuss present or future financing and it pre-dates 

the poster publication.   

 

 Reference 23 – This is a video presentation made by Mr. Kayuha at the Alliance for 

Regenerative Medicine on November 25, 2012.  Mr. Kayuha does not mention the poster 

or its contents.  Rather, he simply states that the NFS scaffold was successfully used in 

four surgeries in Sweden and Russia and that the first US surgery was planned for the fall 

of 2012.  As set forth above, Mr. Kayuha and I believed this information was accurate 

based on the information we had received from Dr. Macchiarini and Dr. Jungebluth. 

 

  Reference 24 – This is a video presentation I made on October 24, 2013 at the Third 

Annual Regenerative Medicine Partnering Forum, in which I discussed all aspects of 

NFS’ business.  In the presentation, I do not mention the poster or its contents.  

Moreover, when I discuss trachea scaffolds, my focus is on one of the June 2012 

surgeries in Russia, not the Lyles surgery.   

 

 Reference 25 – This is a December 9, 2013 article in an on-line publication which refers 

to the federal funding which helped NFS get its start in June 2010.  This funding was 

obtained prior to the Lyles surgery and long before the poster presentation and is simply 

irrelevant. 

 

 References 26, 27 and 28  - These are articles relating to Harvard Bioscience that are 

dated after the working relationship between NFS and Harvard Bioscience ended.  NFS 

played no role in these publications and was not involved in any funding which Harvard 

Bioscience was seeking.  

 

 References 29a and 29b  - These are a list of my patent applications.  Some of these relate 

to the trachea scaffold, and others do not.  These applications do not discuss the results of 

the Lyles surgery and are completely unrelated to the poster presentation. 

 

 References 29c and 29d relate to patent applications involving Harvard Bioscience and 

Dr. Macchiarini.  Neither NFS nor I had any involvement or financial interest in these 

patents. 

Response to Allegations Relating to Accuracy of Statements in Poster 

I understand from the submission from Dr. Corbascio and Dr. Fux that Mr. Lyles’ medical 

records at Karolinska University Hospital contain several bronchoscopy videos and reports 
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subsequent to the surgery that purportedly show no signs of vascularization.  However, I am 

unable to respond, as I am not a medical doctor, have never had access to these records even 

after numerous attempts to get clinical feedback, and have no means of obtaining any 

information regarding Mr. Lyles’ post-operative condition other than through Dr. Macchiarini 

and Dr. Jungebluth, with whom I have had no working relationship since 2013. 

 

Dr. Corbascio and Dr. Fux also contend that vascularization and epithelium development cannot 

happen within a matter of days.  They, however, rely on a 2004 publication of Dr. Macchiarini 

which pre-dates many developments in the field of stem cell research.
3
  Indeed, a subsequent  

review paper by Dr. Jungebluth and Dr. Macchiarini outlines many of those developments, 

including the use of growth factors and other reagents to supplement the cell seeding process, 

leading to rapid vascularization and epithelialization.
4
  Although many of Dr. Macchiarini’s 

publications are currently being re-examined, at the time, he was considered to be authoritative 

in the field, and my understanding was based on the knowledge gained from this publication and 

conversations with Dr. Macchiarini, Dr. Jungebluth and individuals from Harvard Bioscience.  

Moreover, the vascularization and epithelium development results that Dr. Macchiarini and Dr. 

Jungebluth reported to me were consistent with my own work in the lab with NFS scaffolds. 

 

Finally, Dr. Corbascio and Dr. Fux assert that, without biopsy data to prove otherwise, it should 

be assumed that the NFS scaffold used in the Lyles surgery was “immediately contaminated and 

colonized.”  (p. 4).  They contend that this assumption is appropriate because this is what 

happened in the June 2011 surgery.  This assumption is completely unfounded, not only because 

there is no evidence that this happened in the Lyles surgery, but also because the June 2011 

surgery used a scaffold manufactured out of different material by a different company.
5
   

Conclusion 
I respectfully ask that Karolinska Institute issue a finding that I have not committed research 

misconduct.  Like many people and institutions around the world, including the Karolinska 

Institute itself, my integrity as a scientist is being called into question based on my prior 

affiliation with Dr. Macchiarini.  However, I simply relied on the medical information provided 

to me by Dr. Macchiarini and Dr. Jungebluth, which I had no reason to doubt.  Moreover, neither 

I nor anyone else at NFS has relied on the poster to procure financing.  Rather, Mr. Kayuha and I 

made general statements, both before and after the poster presentation, regarding the surgeries in 

which Dr. Macchiarini used an NFS trachea scaffold, again, based on the information provided 

to me by Dr. Macchiarini and Dr. Jungebluth.   None of the material submitted by Dr. Corbascio 

and Dr. Fux suggest otherwise.   

                                                 
3
 Macchiarini P., et al., “Trachea-guided generation:  déjà vu all over again?” Thorac Cardiovasc Surg. 

2004 Jul;128(1):14-6, page 15 (attached as Exhibit G) 

4
 Jungebluth P, et al., “Tissue-Engineered Airway:  A Regenerative Solution,” Clinical Pharm. & Therap. 

January 2012; 91(1): 81-93 (attached as Exhibit H) 

5
 See Karolinska Press Release dated November 24, 2011 (attached as Exhibit F). 
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Research and development of synthetic organ replacement is continuing throughout the United 

States and around the world and is moving closer to becoming a regulatory-approved device and 

method.  NFS and I are a part of this potentially life-saving research, and wish to continue 

without being unfairly tainted by an unfounded allegation of research misconduct.    

I am assuming that this is a confidential process.  The protocol and algorithm regarding the US 

surgeries submitted as Exhibits B and C are particularly confidential, and I have redacted all 

patient identifying information.  I would ask that these not be disclosed.   

Please let me know if there is any additional information you need. 

Jed Johnson 
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INTRODUCTION 

 

 

This clinical algorithm is written to request permission for a transplantation of the trachea, using a 

synthetic bioengineered scaffold reseeded with autologous mononuclear cells, as an intraoperative 

solution for  

 

 

 

 

 

 

 

. The recent (June 6th and Nov 17th, 2011) clinical success of two separate 

transplantations using an artificial tracheobronchial airway at the Karolinksa University Hospital, 

Stockholm, Sweden [1, 2] suggest that a tissue-engineered tracheal transplant using a regenerative 

approach including a bioartificial scaffold and autologous mononuclear cells may represent the only 

curative chance for this patient. Previous work suggests the ability of peripheral blood mononuclear cells 

to stimulate the migration of peripheral blood stem cells to transplanted decellularized tracheal segments 

and to cause their differentiation into both respiratory epithelium and cartilaginous cells [3]. To date, two 

tracheal transplants have been successfully performed by Dr Macchiarini and colleagues at the Karolinska 

Institute, Stockholm, Sweden using synthetic tracheal scaffolds made from nanofiber composites (June & 

November, 2011). In both cases there was luminal in-growth of healthy respiratory epithelial cells (Fig 1). 

By performing this transplant procedure we would not only be able to completely remove the primary 

tumor thereby increasing his chances of cure since surgery remains the only curative therapeutic option. 

In addition, tracheal transplantation would offer the patient an opportunity to achieve a normal quality of 

life. 
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Fig. 1 Cilliated respiratory epithelial cells (white arrow) obtained from bronchoscopic brushing of the center of 

the transplanted trachea one week after implantation. The fact that this biopsy was from the center of the graft so 

short after implantation suggests that these cells arose from in situ stem cell differentiation rather than by direct 

propogation from native epithelium at the proximal or distal ends of the graft. Inset: Bronchoscopic image of 

PET nanocomposite trachea one week after implantation showing normal appearing mucosal lining of the 

scaffold distal to the anastomosis  with the native trachea (black line) 
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Fig 2. Schema of tracheal transplant clinical algorithm 
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NANOCOMPOSITE BIOENGINEERED AIRWAY SCAFFOLDS  

 

Nanofiber Solutions (Columbus, Ohio) has developed a tracheal scaffold that is made from polyethylene 

terephthalate (PET). The FDA has approved the use of PET as components of certain surgical implants 

and medical devices ranging from non-absorbable sutures to vascular grafts to orthopaedic implants. The 

polymer we propose to use for the trachea is a non-bioabsorbable polyethylene tererphthalate that has 

been electrospun into nanofibers (typical diameter of 350nm) and fused to semicircular struts made of 

Dacron, forming a nanocomposite that is fully biocompatible and mimics the nanofibrous structure of 

native trachea (Fig. 8, 9). Recent literature has shown that 3-dimensional PET scaffolds are fully 

biocompatible with human hematopoetic cells and indeed can encourage the expansion of CD34+ cells 

[4]. 

 

 

 

Fig. 8 Electrospun nanofibers with fiber diameters in the 300 – 400nm range. 
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Fig 9 Ultrastructural comparison of POSS-PCU (panels A, B) and PET (panels C, D) nanocomposites. PET 

nanocomposites more closely mimic the appearance of native decellurized human trachea (panels E, F). 

 

    

      

 

Fig. 10 PET nanocomposite constructs after seeding with autologous progenitor cells from MNCs population, 

observed in the November 2011 transplant at the Karolinska Institute, Sweden. 
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Extensive in vitro and in vivo validation studies on PET in terms of toxicity and biocompatibility have 

been carried out [4-11]. We have already successfully used the PET nanocomposite for its cell 

engraftment potential using patient´s own mononuclear cells in a tracheal transplant conducted in 

Sweden, at the Karolinska University Hospital, in November, 2011 [2]. Mononuclear cells were isolated 

from a bone marrow aspirate and seeded on an ethanol-sterilized scaffold via the described bioreactor 

(Fig 2 & 10). Our results demonstrated improved cell engraftment manifest by increased number of cells, 

improved orientation, and extracellular matrix production (Fig 10 & 11) compared to another recently 

successful clinical transplantation which utilized a different nanocomposite polymer scaffold (POSS-

PCU; polyhedral oligomericsilesuioxane [POSS] covalently bonded to polycarbonate urethane [PCU]) 

[1]. 

PET POSS

 

Fig 11. PET scaffold has improved cell engraftment compared to POSS-PCU scaffold. 
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We propose to manufacture a tailor-made synthetic bioengineered trachea for this patient based on his 

most recent CT scan measurements using electrospun nanofiber polymers (Nanofiber Solutions, 

Columbus, Ohio) with mechanical and structural properties that simulate the natural airways (Fig.9). 

Nanofiber Solutions will manufacture trachea cartilage rings with mechanical properties similar to the 

native trachea to withstand collapsing of the trachea. The cartilage rings will be sandwiched in between 

the nanofibers, and placed at regular intervals on the mould in the exact shape of the patient’s trachea, and 

then the electrospun nanofiber material will be used to cover the rings on the inside and outside 

respectively. Nanofiber Solutions does not foresee any problems in terms of manufacturing the device, 

and the inert nature of the polymer combined with the biomimetic surface topography of the electrospun 

nanofiber construct has been specifically created to provide a good surface for enhanced cell attachment.  

Additionally, the polymer has a proven track record of successful vascular grafts and orthopaedic 

implants and has been shown to support the attachment and proliferation of many different cell types 

including mononuclear cells and epithelial cells specific for the trachea. 

 

 

 

 

 

 

 

 

 

CLINICAL ALGORITHM 

 

 

 

 

 

 

. 

 

 

 

























Human Bioengineered Synthetic Tracheal Transplant Algorithm 

April 3, 2012 

 

23 
 

REFERENCES 

 

[1] Jungebluth P, Alici E, Baiguera, et al. Tracheobronchial transplantation with a stem-cell-seeded bioartificial 

nanocomposite: a proof-of-concept study. Lancet 2011; 378, 1997–2004. 

[2] “Synthetic Windpipe is Used to Replace Cancerous One”, The New York Times, January 13, 2012, page 1. 

Online reference: http://www.nytimes.com/2012/01/13/health/research/surgeons-transplant-synthetic-trachea-

in-baltimore-man.html?_r=1  

[3] Macchiarini P, Jungebluth P, Go T, et al. Clinical transplantation of a tissue-engineered airway. Lancet 2008; 

372, 2023–2030. 

[4] Feng Q, Chai C, Jiang X, et al. “Expansion of engrafting human hematopoietic stem/progenitor cells in three-

dimensional scaffolds with surface-immobilized fibronectin.” J Biomed Mater Res A. 2006 September 15; 

78(4): 781–791. 

[5]  Acocella, F., S. Brizzola, et al. "Prefabricated tracheal prosthesis with partial biodegradable materials: a 

surgical and tissue engineering evaluation in vivo." Journal of biomaterials science. Polymer edition 2007; 

18(5): 579-594 

[6]   Rainer, A., M. Centola, et al. "Comparative study of different techniques for the sterilization of poly-L-lactide 

electrospun microfibers: effectiveness vs. material degradation." The International journal of artificial organs 

2010; 33(2): 76-85.  

[7]  Kaschke O, Gerhardt HJ, Böhm K, et al. "Experimental in vitro and in vivo studies of epithelium formation 

on biomaterials seeded with isolated respiratory cells.." J Invest Surg 1996; 9: 59-79. 

[8]  Zhu, Y., M. F. Leong, et al. "Esophageal epithelium regeneration on fibronectin grafted poly(L-lactide-co-

caprolactone) (PLLC) nanofiber scaffold." Biomaterials 2007; 28(5): 861-868  

[9]  Komura, M., H. Komura, et al. "An animal model study for tissue-engineered trachea fabricated from a 

biodegradable scaffold using chondrocytes to augment repair of tracheal stenosis." Journal of pediatric 

surgery 2008: 43(12): 2141-2146  

[10]  Tsukada, H., S. Matsuda, et al. "Comparison of bioabsorbable materials for use in artificial tracheal grafts." 

Interactive cardiovascular and thoracic surgery 2009; 8(2): 225-229  

[11]  Kanzaki, M., M. Yamato, et al. "Tissue engineered epithelial cell sheets for the creation of a bioartificial 

trachea." Tissue engineering 2006 12(5): 1275-1283. 

[12]  Grillo HC. Development of tracheal surgery: treatment of tracheal diseases. Ann Thorac Surg. 2003 ;75:1039-

47 

[13] Haas R, Murea S. The role of granulocyte colony-stimulating factor in mobilization and transplantation of 

peripheral blood progenitor and stem cells. Cytokines Mol Ther. 1995;1: 249-70. 

[14] Jia Y, Warin R, Yu X, Epstein R, Noguchi CT. Erythropoietin signalling promotes transplanted progenitor 

cell survival. FASEB J. 2009;23(9):3089-99. 

http://www.nytimes.com/2012/01/13/health/research/surgeons-transplant-synthetic-trachea-in-baltimore-man.html?_r=1
http://www.nytimes.com/2012/01/13/health/research/surgeons-transplant-synthetic-trachea-in-baltimore-man.html?_r=1
http://www.nytimes.com/2012/01/13/health/research/surgeons-transplant-synthetic-trachea-in-baltimore-man.html?_r=1


Human Bioengineered Synthetic Tracheal Transplant Algorithm 

April 3, 2012 

 

24 
 

[15] Brines M, Cerami A. Erythropoietin-mediated tissue protection: reducing collateral damage from the primary 

injury response. J Intern Med. 2008;264(5):405-32. 

[16] Jungebluth P, Bader A, Baiguera S, Möller S, Jaus M, Mei Ling Lim, Fried K, Kjartansdóttir KR, Go T, 

Nave H, Harringer W, Lundin V, Teixeira AI, Macchiarini P. Biomaterials. 2012 Mar 20. [Epub ahead of 

print]  

 [17] Dal Pozzo S, Urbani S, Mazzanti B, et al. High recovery of mesenchymal progenitor cells with non-density 

gradient separation of human bone marrow. Cytotherapy. 2010;12(5):579-86. 

[18] Ronzière MC, Perrier E, Mallein-Gerin F, Freyria AM. Chondrogenic potential of bone marrow- and adipose 

tissue-derived adult human mesenchymal stem cells. Biomed Mater Eng. 2010 1;20(3):145-58. 

[19] Bouffi C, Thomas O, Bony C, et al. The role of pharmacologically active microcarriers releasing TGF-beta3 

in cartilage formation in vivo by mesenchymal stem cells. Biomaterials. 2010;31(25):6485-93. 

[20] Bader A, Macchiarini P. Moving towards in situ tracheal regeneration: the bionic tissue engineered 

transplantation approach. J Cell Mol Med. 2010;14(7):1877-89. 

[21]     Jungebluth P, Moll G, Baiguera S, Macchiarini P. Tissue-engineered airway: a regenerative solution. Clin 

Pharmacol Ther. 2012;91:81-93. 

 [22] Macchiarini P. Primary tracheal tumours. Lancet Oncol 2006; 7: 83–91. 

 

 

 

  

http://www.ncbi.nlm.nih.gov/pubmed/22130120






Human Bioengineered Synthetic Tracheal Transplant Algorithm 

April 3, 2012 

 

27 
 

Attachment 3: Biocompatability data of PET medical devices currently in the market 

 

Scaffold Material:  Polyethylene terephthalate (PET), non-absorbable 

 
Summary:  Polyethylene terephthalate has been used successfully for over ten years in FDA 

approved/cleared surgical implants and medical devices ranging from vascular grafts (21 CFR 870.3450) 

to intracardiac patches (21 CFR.3470) to surgical sutures (21 CFR 878.5000).   

 

Nanofiber Solutions (Columbus, Ohio) has developed a tracheal and tracheobronchial scaffold that 

mimics the nanofibrous structure of native trachea. This scaffold is made from non-absorbable 

polyethylene terephthalate that is electrospun into nanofibers with a typical diameter of 350 nm.  

 

A transplant of the trachea has been conducted in November 2011 at the Karolinksa University Hospital 

Huddinge, Sweden, using a scaffold entirely constructed from PET material. The successful clinical 

outcome of this surgery suggests that a tissue engineered tracheobronchial transplant using a 

bioengineered nanocomposite and autologous mononuclear cells may represent the only curative chance 

for some patients. 

 

We propose to use the same scaffold material and manufacturing processes as used in the successful 

November 2011 surgery for this tracheal transplantation compassionate IND submission. The patient who 

received this implant has survived for >30 days with no allergic, cytotoxic, mutagenic or other adverse 

consequences to the implanted scaffold material and continues to demonstrate remarkable improvement. 

The PET nanocomposite polymer has been extensively  reviewed for its cytocompatibility,  and the recent 

surgery at the Karolinska University Hosptial demonstrated  its ability to support the attachment and 

proliferation of autologous mononuclear cells, and its  early (7 days) re-epitheliziation with respiratory 

cells. 

 

Conclusion: Biocompatibility data from implantable spinal cord prostheses, esophageal injections, and 

heart valves made from similar PET material is summarized below. All data concludes the successful 

biocompatibility of polyethylene terephthalate as an implantable medical device for critical organs. This 

data combined with the successful real time human biocompatibility response from the tracheal transplant 

patient of November 2011 conclude that the proposed scaffold material meets biocompatibility 

requirements and is safe for its intended use. 
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Attachment 6. Cell attachment and proliferation data 

 

The PET polymer has been extensively reviewed for its cytocompatibility, proving its ability to support 

efficient cell seeding, dispersion and attachment, exogenous agent permeability, cellular phenotypic 

maintenance, and biomechanical dynamic stress responsiveness [5]. Moreover, scaffolds composed by 

electrospun nanofibers demonstrated appropriate microenvironment  for chondrogenic and osteogenic 

differentiation of progentitor cells. 

 

 

 
 

 

Fig a.  SEM images of acellular electrospun scaffolds showing (A) the initial microstructure of the 

fibrous network, (B) nanoscalar pores on the surface of fibers that promote cell attachment, (C) a cross 

section of the fiber revealing the absence of pores in the core, and (D) the relatively dense flattened 

bottom surface of the scaffolds to retard cell migration to the culture plate. 
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INTRODUCTION 

This protocol is submitted to request permission for a transplantation of the trachea, using 

a synthetic bioengineered scaffold seeded with autologous undifferentiated bone marrow stem 

cells, as an intraoperative solution for a  
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  In our 

searching for a clinical solution we learned of the pioneering work done by Professor Paolo 

Macchiarini at the Karolinska Institute in Stockholm in collaboration with Professor Alex Seifalian 

of the University College of London.  In this case a 31 year old man with an obstructing tracheal 

carcinoma underwent surgery to remove the tumor and his native trachea.  A tracheal 

replacement was constructed from a synthetic bioengineered matrix, seeded with autologous 

undifferentiated bone marrow stem cells and respiratory cells from the nasal mucosa.  This 

patient was the first case in the world and is clinically doing well fifteen months after his surgery.    

Of note, the synthetic bioengineered matrix is constructed in such a way that it does not collapse 

with negative pressure upon respiration and also serves as an excellent scaffold for the growth of 

stem cells, new blood vessels as well as respiratory epithelial cells.  Eleven months ago, 

Professor Macchiarini performed a second tracheal transplant on a 30 year old adult using a 

different synthetic matrix scaffold made from polyethylene terephthalate (PET).  This current 

protocol is amended to incorporate the use of an improved version of this new scaffold material. 
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The proposed 

synthetic materials for the new scaffold (polyethylene terephthalate and polyurethane 

polycarbonate) have been tested in animals and devices made with PET or PU materials have 

been approved for use by the FDA. (Attachment 4) In vitro studies have been made to test the 

complete biocompatibility of the artificial materials and unpublished animal data can be provided 

about the in vivo biosafety and cell seeding fate. (10).Some limited animal experiments have 

been carried out using this material to construct tracheas. Synthetic tracheas made from a 

mixture of these two materials were recently implanted into two adult patients (in Russia) with 

tracheostomies secondary to traumatic injuries to their tracheas with recurrent strictures.  These 

operations were uneventful and the short term results at 3 months are very good.  The tracheas 

made with this new mixture of nanofibers demonstrated greater flexibility with improved surgical 

handling characteristics and excellent cell ingrowth including the presence of progenitor 

respiratory epithelial cells and vascular endothelial cells on the internal luminal surface detected 

on the first post-operative day.    Both patients were extubated immediately after operation, no 

longer have their tracheostomy, have maintained a stable airway and have regained a strong 

speaking voice (P. Macchiarini, personal communication). Last month, Professor Macchiarini 

implanted another young woman with acute respiratory failure from tracheal disruption with the 

same PET: PU nanofiber scaffold neotrachea.  She is now recovering  from  non-transplant 

related complications (right heart failure, iatrogenic left main bronchus to esophagus fistula) but 

her airway is functioning and she will be soon  start her rehabilitation.  
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 NANOCOMPOSITE BIOENGINEERED AIRWAY SCAFFOLDS  

There have been many different scaffold materials tested for use in tracheal transplantation, 

made from both natural and synthetic materials.(5-9,11)  Together with Nanofiber Solutions (Dr 

Jed Johnson) (Columbus, Ohio), Professor Macchiarini developed a tracheal and  

tracheobronchial scaffold that is made from polyethylene terephthalate (PET), (PET has been 

successfully used in components of surgical implants and medical devices ranging from vascular 

grafts to orthopedic implants). The polymer they propose to use for the trachea in this surgery is a 

non -bioabsorbable polyethylene terephthalate (PET) combined with polyurethane (PU) that has 

been electrospun into nanofibers (typical diameter of 350nm) forming a nanocomposite that is 

fully biocompatible and mimics the nanofibrous structure of native trachea (see Fig. 2 for PET 

nanofibers).  As previously mentioned, this PET/PU combination material has been successfully 

used in three transplants to date.  

 

Polyethylene Terephthalate 

Extensive in vitro and in vivo validation studies on PET in terms of toxicity and 

biocompatibility have been carried out [3, 10]. Dr Macchiarini has already used the 

nanocomposite for its cell engraftment potential using the patient´s own progenitor cells to create 

an engineered trachea that was used to replace the tumor- burdened trachea of an adult male 

eleven months ago. Mononuclear cells were isolated from bone marrow aspirate and seeded on 

the plasma-sterilized scaffold via the described bioreactor. This neotrachea was functioning well 

at the time of the patient’s unexpected death nearly four months after his transplant. The patient’s 

family declined requests for an autopsy but the bronchoscopy just prior to his death demonstrated 

an intact functional airway.  The cause of death is unknown but did not appear to be related to the 
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neotrachea since the patient did not have respiratory distress at the time of his unexpected rapid 

demise.   
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Figure 2. Development of surgical implants using nanocomposite constructs before seeding and 
after seeding with autologous progenitor cells from MNCs population.  Electrospun nanofibers at 
various magnifications demonstrating the general uniformity in fiber diameter and also 
photomicrographs of cells attached and growing on the nanofiber scaffold. 
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Figure 3 Schematic of tracheal scaffold construction 

 

Nanofiber Solutions successfully constructed PET: PU scaffolds recently for three adult 

patients and has already manufactured prototypes of the device for this child. The inert nature of 

the polymer combined with the biomimetic surface topography of the electrospun nanofiber 

construct has been specifically created to provide a good surface for enhanced cell attachment 

and host tissue infiltration with accompanying neovascularization.  Additionally, the PET and PU 

polymers each have proven track records of successful vascular grafts and orthopedic implants 

and have been shown to support the attachment and proliferation of many different cell types 

including mononuclear cells and epithelial cells specific for the trachea. 
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Figure 4. Ultrastructural comparison of POSS-PCE (panels A, B) and PET (panels C, D) 
nanocomposites. PET nanocomposites more closely mimic the appearance of native 
decellularized human trachea (panels E, F). 
 

The scaffold material and manufacturing process for the proposed study will use a similar 

but improved scaffold material and manufacturing processes as for the successful November 

2011 tracheal transplant surgery conducted at the Karolinska Institute, Stockholm, Sweden. The 

patient who received this implant survived for >100 days with no allergic, cytotoxic or other 

adverse consequences to the implanted scaffold material.       Unfortunately the patient 

succumbed to a complication of his cancer and died nearly four months after surgery with an 

intact and functioning neotrachea. The new PET: PU nanocomposite polymer has been 

extensively reviewed for its cytocompatibility in vitro and implanted successfully into three adult 

patients in the last 4 months.  Of note, the post-surgical studies on the November 2011 patient 

demonstrate the nanofiber scaffold’s ability to support the attachment and proliferation of 

autologous mononuclear cells and its early (7 days) re-epithelialization with respiratory cells 

(Figure 5).  The new in vitro and in vivo data has clearly demonstrated that there is no difference 

between the biocompatibility of PET and PU scaffolds.  The mixture of PET and PU nanofibers 

resulted in increased potential for elongation and dilation, is more flexible and significantly 

stronger than the PET nanofibers. [Attachment 6]. 

 

  



Pediatric Tracheal Transplant Protocol   
 

 16 

 

 

 

 
    A      B 

 

Figure 5. A. Bronchoscopic image of PET nanocomposite trachea one week after 
implantation (November 2011) showing normal appearing mucosal lining of the scaffold; B. 
Ciliated respiratory epithelial cell obtained from bronchoscopic brushing of the center of the 
transplanted trachea one week after implantation. The fact that this biopsy was from the 
center of the graft, early after implantation, suggests that these cells arose from in situ stem 
cell differentiation rather than by direct propagation and migration from native epithelium at 
the proximal or distal ends of the graft. 
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CLINICAL PROTOCOL 

 

Recently two adult patients have undergone successful transplantation of a bioengineered 

trachea based on autologous bone marrow cells and a synthetic scaffold. (June 6th, 2011 and 

November 10, 2011 at the Karolinska University Hospital in Huddinge, Sweden).  In June of 

2012, two patients with tracheal strictures had tracheal transplants with synthetic neotrachea 

made from the mixture of PET and PU nanofibers. The short term results (at three months) look 

very good with good tissue ingrowth and functional airways with use of the PET: PU scaffolds. 

Last month Professor Macchiarini transplanted a full neotrachea using PET: PU nanofiber 

scaffold in a young woman with a severely compromised and unstable airway.  So far this patient 

is doing well with good cell ingrowth and differentiation.  
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Assembled Team of Pediatric Specialists 

(CHOI = Children’s Hospital of Illinois, UICOMP = University of Illinois College of Medicine – Peoria) 

General Pediatric Surgeons 

   MD, Surgeon-in-Chief, Professor of Surgery, CHOI, UICOMP 

   MD-PhD, Professor of Surgery, CHOI, UICOMP 

   MD, Professor of Surgery, CHOI, UICOMP 

   MD, Assistant Professor of Surgery, CHOI, UICOMP 

Cardiothoracic surgeons: 

  Paolo Macchiarini, Professor of Regenerative Surgery, Karolinska Institute, Stockholm,  

   MD, Associate Professor of Surgery, CHOI, UICOMP 

ENT (Laryngologist): 

   MD, Attending Surgeon, CHOI 

Pulmonology: 

   Assistant Professor of Pediatrics, CHOI, UICOMP 

Pediatric Anesthesiologist: 

   DO, Attending Anesthesiologist, CHOI 

   MD, Attending Anesthesiologist, CHOI 

Pediatric Intensivist: 

   MD. Director of Pediatric Intensive Care Unit, CHOI, UICOMP 

 Hematology: 

   MD, Professor, Bone Marrow Transplantation Unit, U of Chicago 

   MD, Professor, Chairman of Pediatrics, CHOI, UICOMP 

   MD, Assistant Professor of Pediatrics, CHOI, UICOMP 

   MD, Assistant Professor of Pediatrics, CHOI, UICOMP 

GMP Cell Isolator (Biospherix): Phillip Jungebluth, MD, cell purification, tracheal 

seeding and testing 
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Abstract
Tissue engineered vascular grafts (TEVGs) have the potential to overcome the issues

faced by existing small diameter prosthetic grafts by providing a biodegradable scaffold

where the patient’s own cells can engraft and form functional neotissue. However, applying

classical approaches to create arterial TEVGs using slow degrading materials with supra-

physiological mechanical properties, typically results in limited host cell infiltration, poor

remodeling, stenosis, and calcification. The purpose of this study is to evaluate the feasibil-

ity of novel small diameter arterial TEVGs created using fast degrading material. A 1.0mm

and 5.0mm diameter TEVGs were fabricated with electrospun polycaprolactone (PCL) and

chitosan (CS) blend nanofibers. The 1.0mm TEVGs were implanted in mice (n = 3) as an

unseeded infrarenal abdominal aorta interposition conduit., The 5.0mm TEVGs were

implanted in sheep (n = 6) as an unseeded carotid artery (CA) interposition conduit. Mice

were followed with ultrasound and sacrificed at 6 months. All 1.0mm TEVGs remained pat-

ent without evidence of thrombosis or aneurysm formation. Based on small animal out-

comes, sheep were followed with ultrasound and sacrificed at 6 months for histological and

mechanical analysis. There was no aneurysm formation or calcification in the TEVGs. 4 out

of 6 grafts (67%) were patent. After 6 months in vivo, 9.1 ± 5.4% remained of the original

scaffold. Histological analysis of patent grafts demonstrated deposition of extracellular

matrix constituents including elastin and collagen production, as well as endothelialization

and organized contractile smooth muscle cells, similar to that of native CA. The mechanical

properties of TEVGs were comparable to native CA. There was a significant positive corre-

lation between TEVG wall thickness and CD68+ macrophage infiltration into the scaffold

(R2 = 0.95, p = 0.001). The fast degradation of CS in our novel TEVG promoted excellent

cellular infiltration and neotissue formation without calcification or aneurysm. Modulating

host macrophage infiltration into the scaffold is a key to reducing excessive neotissue for-

mation and stenosis.
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Introduction
Coronary artery disease (CAD) and peripheral vascular disease (PVD) are leading causes of
death and impaired quality of life. Vascular graft transplantations, such as coronary artery
bypass grafts (CABG) and distal limb bypass [1], are common operations performed in
approximately 600,000 patients annually in the USA [2]. The autologous great saphenous
vein and internal mammary artery are small diameter grafts (<6mm) widely accepted as the
current gold standard for CABG surgery. These autografts have several disadvantages in
patients such as inherent size mismatches, pre-existing vascular disease (such as atherosclero-
sis), and supply shortage due to previous procedures. Expanded polytetrafluoroethylene
(ePTFE, Gore-Tex1) is the most commonly used synthetic graft material for distal limb
bypass, and has been clinically successful in situations where the graft diameter is larger than
6mm (high flow, low resistance circulation) [3–5]. However, its efficacy is limited in small
diameter vascular grafts (<6mm) due to thrombosis (platelet adhesion and aggregation), pro-
gressive stenosis (neointimal hyperplasia and over-proliferation of smooth muscle cells), cal-
cium deposition, host rejection, increased risk of infection and the need for anticoagulation
therapy [6–12].

Small diameter tissue engineered vascular grafts (TEVGs) have been developed to withstand
the high pressures of the arterial circulation. In order to create functional compliance, the for-
mation of well-organized vascular neotissue through the vascular remodeling process is para-
mount.[13–16]. Therefore, an ideal graft will undergo rapid vascular remodeling by facilitating
cellular infiltration and scaffold degradation. Recently, three-dimensional porous nanofiber
scaffolds fabricated by electrospinning have been widely investigated as arterial TEVGs [17,
18]. Previous studies demonstrated that slow degrading polycaprolactone (PCL) or polylactic
acid (PLA) can provide adequate mechanical properties as small diameter TEVGs when
applied to the abdominal aorta in the mouse and rat models. However, slow degrading PCL
grafts had limited cell infiltration, poor neotissue formation, and localized calcification in the
long-term [13, 19, 20].

Recent studies have investigated materials fabricated by combining both synthetic polymers
and natural proteins, such as collagen, elastin, gelatin, chitosan (CS). These hybrid scaffold
materials have promising potential for the next generation of small diameter arterial TEVGs
[21–24] because of their fast degradation and hydrophilic characteristics that promote better
cell infiltration, proliferation and neotissue formation. CS and synthetic polymer combinations
have been successfully used as tissue engineering scaffolds for bone, cartilage and skin, but little
is known about their potential for tissue engineered vascular grafts, especially in large animal
models [17, 18, 25].

The purpose of this study is to investigate the feasibility of unseeded (cell-free) small diame-
ter hybrid TEVGs (5mm) fabricated by electrospinning a blend of synthetic PCL and natural
CS in small and large animal models of high pressure circulation over a 6 month time course.

Materials and Methods

Study design
We evaluated the efficacy of a novel cell-free nanofiber PCL/chitosan TEVGs as arterial con-
duits implanted in mice at the end of 6 months. The TEVGs were implanted into mice (n = 3)
as an infrarenal abdominal aorta (IAA) interposition grafts and all demonstrated patency with-
out graft narrowing or rupture (100%). We subsequently implanted the TEVGs in sheep
(n = 6) as carotid artery (CA) interposition grafts. The TEVGs were explanted at 6 months
post-implantation for evaluation of neotissue formation, biocompatibility and mechanical
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properties. There were no instances of data exclusion in this study and outliers were also
included in the data analysis.

Scaffold fabrication
Polycaprolactone (PCL) (Mn 70,000–90,000) and chitosan (CS) (Medium molecular weight)
were purchased from Sigma Aldrich Co, LLC (Missouri, USA). Hexafluoroisopropanol (HFIP)
and acetic acid (AA) (99.7%) were purchased from Oakwood Chemicals and Sigma Aldrich,
respectively. All polymers and solvents were used without further modification.

Chitosan (CS) was dissolved in a 9:1 w/w solution of hexafluoroisopropanol (HFIP) and
acetic acid to produce a 0.15 wt% CS solution and was stirred via a magnetic stir bar for 3
hours at 50°C. Polycaprolactone (PCL) was then added to the CS solution in a 20:1 w/w ratio
of PCL and CS and stirred via a magnetic stir bar for 21 hours at 50°C. The PCL/CS solution
was placed in a 20cc luer-lok syringe and dispensed at a flow rate of 5ml/h through a 20 gauge
blunt needle tip. A 1.0mm diameter mandrel was used for the mouse grafts while a 5.0mm
diameter mandrel was used for the ovine grafts. The mandrel was positioned 20cm from the
needle tip and was rotated at 100 RPM. A +25kV charge was applied to the needle tip and a
-4kV charge was applied to the mandrel. The electrospun nanofibers were deposited to create a
100 ± 10μmwall thickness tube for the murine grafts and 400 ± 40μmwall thickness tube for
the ovine grafts. The PCL/CS tubes were cut into 0.3cm lengths for the murine grafts and
1.5cm lengths for the ovine grafts. Finally, all the PCL/CS TEVGs were terminally sterilized
with 50kGy of gamma irradiation.

Mechanical testing
Compliance and burst pressure data were acquired as previously described [26]. In brief, data
was acquired using an MTS Systems Corporation (Minnesota, USA) load frame fitted with a
50 lb load cell with a force resolution of 10−4 pounds and a linear displacement resolution of
10−8 inches. Compliance testing was performed using a displacement velocity of 1.5 mm per
minute and acquisition rate of 4 data points per second utilizing Laplace’s Law [27, 28] to cor-
relate linear force and displacement to compliance. Burst pressure testing was performed using
a displacement velocity of 50 mm per minute and acquisition rate of 4 data points per second
utilizing Laplace’s Law [28, 29] to correlate linear force and displacement to burst pressure.

Samples were placed around two parallel L-shaped steel rods, one rod was attached to the
base of the universal testing machine and the other to the load cell. The samples were strained
perpendicular to the length of the sample. Compliance was calculated using systolic and dia-
stolic pressures of 120 mmHg and 80 mmHg, respectively. Burst pressure was calculated using
the maximum force before failure.

Degradation rate in vitro
ASTM D638 Type V tensile dogbones were cut from sheets of the PCL/CS nanofiber and
placed in Ringers solution and incubated at 37°C to mimic in vivo hydrolytic degradation con-
ditions. Mass and mechanical properties were measured at 1, 2, 3 and 4 weeks to determine the
degradation profile of this nanofiber composite material. Mass loss was determined by drying
each sample under vacuum for 72 hours before weighing. Tensile testing was performed on an
MTS Systems Corporation (Minnesota, USA) load frame with a 10N load cell and an elonga-
tion rate of 15mm/min. 5 samples were used for each test at each time point.
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Graft implantation
All mice procedures received prior approval from the institutional animal care and use com-
mittee at Yale University. Nanofiber-PCL/CS TEVGs were implanted as interpositional grafts
in the infrarenal abdominal aorta (IAA) in 3 female CB-17 severe combined immunodeficient-
beige (SCID/bg) mice (n = 3). Implantation was accomplished using a sterile microsurgical
technique described previously[30]. Briefly, anesthetized mice were placed in the supine posi-
tion and opened with an abdominal midline incision. A portion of the infrarenal abdominal
aorta was exposed, cross-clamped, and excised. Three-millimeter length scaffolds were then
inserted as interposition grafts using a running 10–0 nylon suture for the end-to-end proximal
and distal anastomoses. TEVG patency, wall thickness, and lumen diameter were assessed in
vivo using high frequency ultrasound system (Vevo 770, Visualsonics, Toronto, Canada) with a
RMV-704 transducer until the 6 months end point.

The animal care and use committee at the Q-Test Laboratories (Columbus, Ohio)
approved the care, use, and monitoring of animals for sheep experiments. Nanofiber-PCL/CS
TEVGs were implanted as right carotid artery interposition grafts in sheep (n = 6, body
weight: 23.9 ± 5.0 kg). All sheep were anesthetized with 1.5% isofluorane during surgery. The
carotid artery was exposed and heparin (100 IU/kg) was administered intravenously. The
TEVG was implanted as a carotid artery interposition graft using standard running 7–0 pro-
lene suture (Ethicon Inc.). Hemostasis was obtained, and the muscle, subcutaneous tissue,
and dermal incision layers were closed. Antibiotic treatment (cefazolin) was administered
intra-operatively and 7 days post-operatively. All sheep were maintained on a daily oral med-
ication of aspirin (325 mg/day) until the 6 months end point. Color Doppler ultrasound was
performed at 1, 3 and 6 months to determine graft patency and lumen diameter. Animals
were euthanized using pentobarbital sodium, and grafts were explanted at 6 months after
surgery.

Histology and immunohistochemistry
Explanted TEVG samples were fixed in 10% formalin for 24 hours at 4°C, then embedded in
paraffin. For standard histology, tissue sections were stained with hematoxylin and eosin
(H&E), Masson’s trichrome, picrosirius red, Hart’s, and von Kossa. For immunohistochemis-
try, tissue sections were deparaffinized, rehydrated, and blocked for endogenous peroxidase
activity and nonspecific staining. The primary antibodies used included: vonWillebrand Factor
(vWF, Dako, 1:2000), α-smooth muscle actin (SMA, Dako, 1:500), calponin (Abcam, 1:500),
myosin heavy chain (MHC, Abcam, 1:500), CD68 (Abcam, 1:200). Antibody binding was
detected using biotinylated secondary antibodies, followed by incubation with streptavidinated
HRP. Color development was performed by chromogenic reaction with 3,3-diaminobenzidine
(Vector). Nuclei were counterstained with hematoxylin (Gill’s formula, Vector).

Histological and quantitative analysis
The lumen diameter, wall thickness, remaining scaffold area, and collagen quantitative analyses
were measured from H&E and picrosirius red staining using Image J software (Image Process-
ing and Analysis in Java; National Institutes of Health, Bethesda, MD, USA). Macrophages,
identified by positive CD68 expression, were quantified for each explanted scaffold. Four sec-
tions of each individual sample were counted at 40x (high powered field; HPF) and averaged
for a total of six samples.
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Statistical analysis
For all experiments, data are represented as mean ± SEM, and statistically significant differ-
ences between groups were determined using Student’s t-test and Pearson correlation test. A
paired t-test was performed comparing native tissue to tissue-engineered samples. A p-value
less than 0.05 was considered statistically significant. Statistical analysis was performed using
Graphpad Prism (GraphPad Software, Inc., version 6, CA, USA).

Results

Scaffold characterization
Scanning electron microscopy revealed very fine uniform fibers with a diameter of 150nm ±
62nm (Fig 1A and 1B). The slow mandrel rotation speed allowed the scaffold to have no prefer-
ential alignment of fibers and isotropic properties. Additionally, the PCL and chitosan were
blended within each fiber, rather than a scaffold comprised of monolithic PCL fibers and
monolithic chitosan fibers (Fig 1C). In vitro characterization of PCL/CS scaffold degradation
through 4 weeks demonstrated an approximately 50% loss in ultimate tensile strength (UTS)
by 2 weeks with a similar decrease in strain at failure that was followed by a plateauing out to 4
weeks (Fig 1E and 1F). In contrast, mass remained constant throughout the experimental time
course (Fig 1D).

Nanofiber PCL/chitosan TEVGs in a mouse model
Cell-free nanofiber PCL/CS scaffolds were successfully implanted as interpostional IAA grafts
and all mice survived until the 6 months end point without complications. All TEVGs
remained patent without evidence of thrombosis or aneurysm formation despite initial graft
oversizing of 50% (Fig 2A). With regards to lumen diameter and wall thickness, Doppler

Fig 1. Characterization of Scaffolds.Representative scanning electron microscopy of PCL/CS TEVGs
prior to implantation at low powered (A) and high powered fields (B). Perioperative image of freshly implanted
scaffold (C). In vitro degradation of PCL/CSmeasured by change in mass (D), change in strain at failure (E)
and change in UTS (F) (n = 5).

doi:10.1371/journal.pone.0158555.g001
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ultrasound revealed no evidence of graft failure, and no statistically significant differences were
found between time points for both the TEVG or native IAA (Fig 2B).

Nanofiber PCL/chitosan TEVGs in a sheep model
Mechanical properties. Compared the native CA, the burst pressure of the graft pre-oper-

ation was significantly less (Fig 3A, 1.46 ± 0.52MPa vs. 0.39 ± 0.08MPa, p = 0.0371). There was
also a statistically significant difference in burst pressure between the TEVG at 6 months and
graft pre-operation (Fig 3A, 1.37 ± 0.36MPa vs. 0.39 ± 0.08MPa, p = 0.0224). However, there
was no significant difference in burst pressure between the native CA and TEVG at 6 months
(Fig 3A, 1.46 ± 0.52MPa vs. 1.37 ± 0.36MPa, p = 0.4059). With regards to compliance, there
was no significant difference between the native CA and graft pre-operation (Fig 3B, 11.98 ±
2.02% vs. 14.04 ± 1.50%, p = 0.1115). However, the TEVG at 6 months was significantly less
compliant when compared to the native CA (Fig 3B, 6.58 ± 1.76% vs. 11.98 ± 2.02%,
p = 0.0125) and graft pre-operation (Fig 3B, 6.58 ± 1.76% vs. 14.04 ± 1.50%, p = 0.0018).

Histological results. H&E staining showed that cellular infiltration was extensive in the
TEVG and therefore the pore size/fiber diameter of the scaffold was enough to allow for cell
infiltration (Fig 4A and 4E), and a patency rate of 66.7% (4/6) without any incidence of graft
dilatation or rupture. The inner diameter of nanofiber TEVG and native CA measured 2.90 ±
0.92mm and 2.25 ± 0.16mm respectively (Fig 5A, p = 0.3102). Ultrasound measurements

Fig 2. Preliminary study results.Representative Doppler ultrasound images of TEVGs at various time
points showing graft patency in vivo (A). TEVG lumen diameter and wall thickness as measured by Doppler
ultrasound (n = 3). Data in graphs are expressed as mean ± SD. *P <0.05. There was a statistically significant
difference in both luminal diameter and wall thickness between TEVG and IAA at each time point. However,
no statistically significant difference (NS) was found between all time points for either TEVG or native IAA (B).

doi:10.1371/journal.pone.0158555.g002

Fig 3. Mechanical properties. The burst pressure (A) and compliance (B) of the native CA, TEVG, and pre-
operation/implantation were indicated respectively. There was no significant difference in burst pressure
between the native CA and TEVG at 6 months. However, the TEVG at 6 months was significantly less
compliant when compared to the native CA.

doi:10.1371/journal.pone.0158555.g003
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revealed no significant difference between the TEVG and native CA diameter at 3 and 6
months, as the TEVG gradually remodeled to mimic the CA lumen in size (Fig 6). However,
there was a statistically significant difference in wall thickness between the TEVG and native
CA (Fig 5B, TEVG: 1.18 ± 0.08mm vs. native CA: 0.75 ± 0.07mm, p = 0.0102).

Fig 4. Histological assessment of vascular neotissue formation at 6 months. The vascular neotissue
including collagen and elastin deposition is similar to native carotid artery (CA) without ectopic calcification.
Representative pictures are shown for H&E staining (A, E), Masson’s trichrome staining (B, F), Hart’s staining
(C, G), and von Kossa staining (D, H). Native CA (A-D) is compared to nanofiber PCL/CS TEVGs (E-H). The
scale bar represents a length of 1,000μm for A and E, and 100μm otherwise.

doi:10.1371/journal.pone.0158555.g004

Fig 5. Lumen diameter and wall thickness analysis. Histomorphometric comparison of the inner diameter
(A) and wall thickness (B) between the nanofiber PCL/CS TEVGs and the native CA revealed no significant
difference in the inner diameter and a significant difference in the wall thickness.

doi:10.1371/journal.pone.0158555.g005

Fig 6. Inner diameter over time by serial ultrasound.Comparison between the TEVG and native carotid
artery (CA) in patent TEVGs revealed that the TEVG lumen diameter gradually mimics the native CA. There was
a statistically significant difference at 1 month, but no significant differences at 3 and 6 months after implantation.
The symbol (*) denotes statistical significant differences between the native CA and TEVG at 1 month.

doi:10.1371/journal.pone.0158555.g006
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On the graft lumen surface, a cellular monolayer stained positively for vWF, indicating
endothelial cell layer formation (Fig 7A and 7E). The luminal surfaces of patent grafts dis-
played no evidence of microthrombosis.

Histological assessment of extracellular matrix (ECM) constituents, including collagen
and elastin, was similar to native CA. Collagen synthesis was confirmed with collagen type I
and III expression. The ECM (Fig 4B and 4F), collagen deposition and density in the TEVG
resembled that of native tissue. Picrosirius red staining revealed red, green, and yellow/
orange fibers (Fig 8A and 8B). Red fibers were indicative of mature collagen type I fibers,
whereas green fibers represented immature collagen type III fibers. Yellow/orange (interme-
diate between red and green) fibers characterized tissue growth and maturation representing

Fig 7. Endothelialization and smoothmuscle cell (SMC) differentiation in TEVG neotissue at 6
months. TEVG ECs and SMCs were mature and well-organized, which reflected the native carotid artery
(CA) in area, distribution, and density. Representative photomicrographs are shown for vWF (A, E), α-
smooth muscle actin (SMA) (B, F), calponin (C, G), and myosin heavy chain (MHC) (D, H) for native CA (A-D)
and nanofiber PCL/CS TEVGs (E-H). The scale bar represents a length of 20μm for A and E, and 100μm
otherwise.

doi:10.1371/journal.pone.0158555.g007

Fig 8. Collagen visualization and quantification. The collagen of native CA (A) and TEVG (B) were
visualized by picrosirius red staining using polarized light. In collagen analysis (C), there was significantly
more total collagen volume in the TEVG when compared with native CA, whereas the volume of mature
collagen was similar in both the TEVG and native CA. The scale bar is represents a length of 100μm for A and
B. The symbol (L) denotes the vessel lumen.

doi:10.1371/journal.pone.0158555.g008
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a spectrum consisting of collagen type III (immature) to type I (mature) and provided
neovessel biomechanical properties as needed as the scaffold degrades. There was signifi-
cantly more total collagen volume in the TEVG when compared with native CA (Fig 8C,
35.40 ± 6.03% vs. 15.82 ± 2.92%, p = 0.0011), whereas the volume of mature collagen type I
was similar in both the TEVG and native CA (Fig 8C, 20.30 ± 6.47% vs. 15.09 ± 2.94%,
p = 0.1928). However, the volume of intermediary type III to type I collagen was significantly
larger in the TEVG when compared with native CA (15.10 ± 7.11% vs. 0.73 ± 0.23%,
p = 0.0068). In addition, there was no evidence of the immature collagen in both the TEVG
and native CA at 6 months. Hart’s staining demonstrated that elastin was deposited within
the internal and external elastic lamina of the TEVG, but it did not compare to the thickness
and organization of elastin present in the native CA (Fig 4C and 4G). There was no evidence
of ectopic calcification at 6 months (Fig 4D and 4H).

H&E staining observed with polarized light microscopy revealed that only 9.12 ± 5.41% of
the nanofiber scaffold material remained at 6 months, and this material tended to remain
between the outside of the neointima and neoadventitia.

Smooth muscle cell layer. We were successfully able to stain for multiple SMC pheno-
types using α-SMA, calponin and MHC. Staining revealed that the organization and maturity
of vascular SMCs in the TEVG were similar to that of native CA at 6 months. Contractile
SMCs, identified by calponin and MHC positive staining, are characterized by elongated spin-
dle-shaped cells. A multilayer of calponin and MHC positive cells was circumferentially orga-
nized and maintained adequate wall thickness from the subintimal to medial layers (Fig 7,
native CA: C, D, TEVG: G, H). Synthetic SMCs, myofibroblasts, and many mesenchymal cell
types are identified by α-SMA positive staining and show a cuboidal cobblestone-like morphol-
ogy when compared to contractile SMCs. A multilayered population of α-SMA positive cells
was primarily present in the neomedia, suggesting that the TEVG may not have been a
completely mature neo-artery at 6 months and active vascular remodeling was still occurring at
this time point (Fig 7B and 7F). Alternatively, mature SMCs could also express α-SMA, and
the α-SMA-positive staining observed may be due to mature SMCs in the TEVG.

Macrophage infiltration. CD68+ macrophages are a primary cell population in the
inflammation-mediated process of vascular remodeling that occurs upon implantation of a
resorbable scaffold. There was a statistically significant difference in macrophage infiltration
(Fig 9A, patent group: 25.00 ± 5.08/HPF vs. occluded group: 68.13 ± 1.24/HPF, p = 0.0004)
and wall thickness (Fig 9B, patent group: 1.18 ± 0.08mm vs. occluded group 1.90 ± 0.20mm,
p = 0.0025) between patent and occluded TEVGs. Furthermore, we found a significant positive
correlation between TEVG wall thickness and macrophage infiltration into the scaffold (Fig
9C, R2 = 0.9499, p = 0.0010).

Discussion
The results of this study demonstrate the efficacy of a novel unseeded small-diameter arterial
TEVG using electrospun PCL/CS nanofiber scaffolds in a sheep model of carotid artery inter-
position grafting. Serial ultrasound revealed that the initial difference between the TEVG and
native CA diameters gradually resolved over the course of remodeling, and the lumen diameter
of the TEVG matched that of the native CA after 3 months. The TEVG displayed an EC mono-
layer, contractile vascular SMCs, and ECM deposition, which all resembled the native CA. The
mechanical profile of the TEVG 6 months after implantation also resembled that of the native
CA. Based on these data, we suggest that the formation of well-organized vascular neotissue
without aneurysm, graft rupture, or calcification at 6 months follow-up demonstrates that the
TEVG underwent successful remodeling.
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Electrospun PCL/CS nanofiber TEVGs have been investigated in vitro and in vivo due to
their biocompatibility and favorable biomechanical properties. In 2005, an in vitro study inves-
tigating a hybrid PCL/CS material for tissue engineering applications demonstrated a signifi-
cant improvement in mechanical properties, as well as support for cellular activity relative to
PCL alone [31]. More recently, several reports have shown the effect of heparin coating or cell
seeding of CS TEVGs [18, 25, 32], but there are currently no reports investigating the applica-
tion of a CS TEVG in vivo without cell seeding or coating. Combining CS and PCL for TEVG
scaffolds can provide faster degradation profiles than PCL alone due to the inherent properties
of CS including its low molecular weight and its low degree of deacetylation [33]. Indeed, CS
fibers are reported to have rapid in vitro degradation kinetics (~5 days), and degrade even faster
in vivo [34]. Therefore, we hypothesized that the CS in our blended graft could act as a sacrifi-
cial material and would promote better cellular infiltration, vascular neotissue formation, and
overcome the high density (small pore size) of traditional electrospun nanofibers made of only
one polymer type. We believe that fast degradation of our CS blended scaffold led to well-orga-
nized endothelialization, SMC differentiation and proliferation, and ECM deposition. Zhou
et al. reported that an electrospun PCL/CS nanofiber TEVG seeded with ECs demonstrated
endothelialization, elastin and collagen deposition without intimal hyperplasia at 3 months in
a dog model [18], thus supporting our current results.

In 1999, a porous CS-based scaffold was introduced and seeded with human coronary artery
endothelial cells and smooth muscle cells. The CS scaffold demonstrated favorable cellular
adhesion and promoted vascular cell proliferation [35, 36]. The possible advantages of utilizing
CS for tissue engineering applications include its low cost, large-scale availability, anti-micro-
bial properties, and biocompatibility [37]. Furthermore, CS is cationic, degrades rapidly, and
shares many structural similarities to naturally occurring glycosaminoglycans (GAGs) [38].
The cationic nature of CS is hypothetically beneficial because of its ability to interact with
anionic GAGs, heparin, proteoglycans, and DNA or RNA nucleotides, and other molecules.
This characteristic could benefit the development of CS scaffolds with conjugated cytokines,

Fig 9. Macrophage analysis. The macrophage infiltration (A) and wall thickness (B) of patent TEVG were
significantly less than that of occluded TEVGs. In addition, there was a significant positive correlation
between the wall thickness of nanofiber PCL/CS TEVGs and CD68+ macrophages/HPF in the PCL/CS
TEVGs (C).

doi:10.1371/journal.pone.0158555.g009
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growth factors, and other therapeutics such as transforming growth factor-beta (TGF-β) and
platelet-derived growth factor (PDGF). The rapid degradation characteristic of CS are mainly
attributed in vivo to lysozymal processing by macrophage and foreign body giant cells which
leads to hydrolysis of acetylated residues and formation of non-toxic oligosaccharides, which
can be incorporated in metabolic pathways or excreted [39, 40]. Moreover, the degradation
rate of CS is highly dependent on its molecular weight and degree of deacetylation, parameters
which could be manipulated to create an optimized tissue engineering scaffold with a rationally
designed degradation profile [40, 41].

Our in vitro and in vivo results demonstrated the fast degradation and adequate mechanical
properties of electrospun PCL/CS nanofiber TEVGs. The in vitro degradation results demon-
strated a 50% decrease in ultimate tensile strength (UTS) within 2 weeks. In contrast, PCL by
itself remains stable for many months in vitro [42]. The lack of mass loss suggests that rather
than the scaffold degrading, chitosan aids the rapid loss of mechanical integrity by creating
breaks in the PCL nanofibers. In addition to displaying adequate mechanical strength at 6
months, the TEVG burst pressure was comparable to that of native CA, and the compliance
was about half of native CA. TEVGs abundant with ECM and collagen may lead to burst pres-
sures comparable to that of native CA. However, TEVGs with less elastin and SMC volumes
than that of native CA may lead to low compliance. Nonetheless, PCL/CS TEVG compliance
may closely match that of native CA once long-term remodeling is completed.

Furthermore, the TEVGs in the current study displayed very small amounts of remaining
scaffold material (remaining area average 9.12 ± 5.41%) and no calcification. In contrast to our
result, plain PCL scaffolds in a rat aortic interposition model developed chronic vascular calci-
fication [19]. Vascular SMCs express transcription factors of both osteogenesis and osteoclasto-
genesis, can undergo osteogenic differentiation and calcification, and potentially prevent
calcium deposition [43, 44]. Our previous study demonstrated that when compared to small-
pore (0.7μm) nanofiber TEVGs, large-pore (30μm) TEVGs had abundantly more SMCs, dis-
played well-organized neointima, and better prevented calcific deposition [13]. Our results
indicate that blended PCL/CS nanofiber TEVGs sufficiently formed vascular neotissue without
calcification, but there is still a need for longer-term studies to evaluate these scaffolds until
complete polymer degradation before clinical application can be advocated.

Several studies have investigated the patency rates of small diameter TEVGs implanted as
CA conduits in large animal models [16–18, 45, 46]. We demonstrated that our blended PCL/
CS (20:1 weight ratio) nanofiber TEVG was patent in 4 out of 6 cases (66.7%) using a postoper-
ative course of aspirin. Another group with identical implantation and postoperative care
methods investigated a PCL/CS nanofiber (1:1 weight ratio) TEVG with EC seeding. 5 out of 6
cases (83.3%) were patent at 3 months, however only 1 out of 6 control TEVGs without out-
growth EC seeding were patent, and the occluded cases were due to thrombosis within 2
months [18]. We suggest that these outcomes are due to the cationic nature of CS that leads to
poor hemocompatibility due to undesirable adhesion with anionic platelets [25]. Therefore, the
PCL to CS ratio becomes a more important factor for unseeded TEVG applications in vivo
because the immediate risk of thrombosis must be weighed against the degradation rate and
scaffold pore size (among other variables) to create the optimal cell-free construct [18, 25, 31].

With regards to long-term vascular remodeling, we found a significant positive correlation
between TEVG wall thickness and CD68+ macrophage infiltration into the scaffold (R2 = 0.95,
p = 0.0010). Our previous studies suggested that excessive macrophage infiltration contributes
to vascular neotissue hyperplasia, which leads to stenosis and graft occlusion [47, 48]. However,
acute thrombosis cannot be ruled out in this study as a cause of graft occlusion because ultra-
sound revealed that both stenotic TEVGs were occluded by 1-month follow-up. It is difficult to
ascertain whether the cause of stenosis/occlusion in our 6-month study is due to acute
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thrombosis, neointimal hyperplasia, or a combination of both processes. Even though cell seed-
ing improves TEVG patency, including such a process diminishes a scaffold’s “off-the-shelf”
potential and greatly increases the regulatory burden required to bring the product to market.

Vascular SMCs can perform both contractile and synthetic functions [49], and thus have
the necessary flexibility to efficiently assume a spectrum of phenotypes under different physio-
logical and pathological conditions. SMCs are characterized by changes in morphology, prolif-
eration and migration rates, and the expression of different marker proteins [49, 50].
Immunohistochemistry of the PCL/CS scaffold encouragingly demonstrated the completion of
SMC differentiation and migration in vivo at 6 months. In the TEVG, a circumferentially
aligned multilayer of contractile SMCs was similar in thickness and density to that found in the
native CA. However upon searching the literature, there were no representative staining images
of vascular SMC maturation in biodegradable vascular scaffolds in a sheep model. For the first
time, we show that CS’s fast degrading properties encourages transanastomotic [51] or trans-
mural [52] migration of synthetic SMCs and their differentiation and maturation in a sheep
CA model.

Limitations
While the results of this study are promising and clearly encourage further investigation, this
experiment was limited by the short length of the scaffolds and small number of animals in the
study. Large animal studies investigating small-diameter TEVG longer than 5cm in length indi-
cate low patency at the intermediate follow-up time point [18, 53]. Furthermore, though
patency rates are better during short-term follow-up, it is difficult to evaluate neotissue forma-
tion due to the amount of scaffold remaining at these time points. We used short length
TEVGs (1.5cm) in a large animal model to maintain graft patency and explanted them at 6
months to evaluate vascular neotissue formation. Future studies should investigate the degree
of neotissue formation at extended follow-up time points after complete scaffold degradation.
In addition, cell-free TEVGs longer than 5cm should be implanted and evaluated for graft
patency and remodeling before initiation of human clinical trials. Despite our study limitations,
the cell-free electrospun PCL/CS nanofiber TEVGs investigated in this report provided impor-
tant information regarding vascular remodeling, occlusive complications and the degree of
neotissue formation at the 6-month time point.

Conclusions
Unseeded electrospun blended PCL/CS nanofiber TEVGs might be an attractive alternative to
small diameter prosthetic vascular grafts for the management of coronary artery and peripheral
vascular disease. The fast degradation profile leads to rapid cellular infiltration, improved vas-
cular remodeling, and neotissue formation without calcification or aneurysm. We are the first
to demonstrate vascular SMCmaturation in an electrospun biodegradable scaffold in the sheep
model. Despite study limitations, such as graft length and time course, our novel hybrid PCL/
CS TEVG warrants further investigation due to its great clinical potential and “off-the-shelf”
availability.
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Background: Surgical management of long segment tracheal disease is limited by a paucity of donor tissue and
poor performance of synthetic materials. A potential solution is the development of a tissue-engineered tracheal
graft (TETG) which promises an autologous airway conduit with growth capacity.
Methods:Wecreated a TETG by vacuum seeding bonemarrow-derivedmononuclear cells (BM-MNCs) on a poly-
meric nanofiber scaffold. First, we evaluated the role of scaffold porosity on cell seeding efficiency in vitro. We
then determined the effect of cell seeding on graft performance in vivo using an ovine model.
Results: Seeding efficiency of normal porosity (NP) grafts was significantly increasedwhen compared to high po-
rosity (HP) grafts (NP: 360.3 ± 69.19 × 103 cells/mm2; HP: 133.7 ± 22.73 × 103 cells/mm2; p b 0.004). Lambs
received unseeded (n= 2) or seeded (n= 3) NP scaffolds as tracheal interposition grafts for 6 weeks. Three an-
imals were terminated early owing to respiratory complications (n = 2 unseeded, n = 1 seeded). Seeded TETG

explants demonstrated wound healing, epithelial migration, and delayed stenosis when compared to their un-
seeded counterparts.
Conclusion: Vacuum seeding BM-MNCs on nanofiber scaffolds for immediate implantation as tracheal interposi-
tion grafts is a viable approach to generate TETGs, but further preclinical research iswarranted before advocating
this technology for clinical application.

© 2016 Elsevier Inc. All rights reserved.
Current options for themanagement of diseases involving large seg-
ments of the upper respiratory tract such as tracheal agenesis, tracheal
clefts, and tracheal stenosis are limited [1,2].While the current standard
of care involves resection of diseased airway segments with primary
anastomosis, removal of more than half the tracheal length in adults
or more than 1/3 in children requires use of prosthetic materials.
These materials lack growth potential and are fraught with complica-
tions such as stenosis, infection, rejection, and graft migration [3–5].
Donor allografts are an alternative to tracheal prostheses, but are limit-
ed by a paucity of suitable tissue, size mismatch, and the requirement
ective Cohort Study.
ical Research, The Research In-
rive –WB 4151, Columbus, OH

ens.org (C.K. Breuer).
for life-long immunosuppression. The application of tissue engineering
technology for treatment of tracheal disease has the potential to create
a fully functional tracheal conduit with growth capacity, however,
mixed clinical results currently limit widespread adoption of this ap-
proach [6–9]. Early attempts with cell seeding of decellularized allo-
grafts have been recently applied with modest clinical success.
Macchiarini et al. created the first tissue engineered tracheal graft
(TETG) by seeding autologous mesenchymal stem cells and nasal epi-
thelial cells onto a decellularized allograft followed by in vitro culture
and implantation into the left mainstem bronchus of a 30 year old
woman suffering from severe bronchomalacia [10,11]. Five-year
follow-up described recurrent stenosis of the proximal anastomosis re-
quiringmultiple stents, but the remaining graft was patent and lined by
a pseudostratified, ciliated columnar respiratory epithelium [12]. Simi-
larly, Elliott et al. implanted a decellularized tracheal allograft into a
10 year old child as an urgent compassionate-use procedure [13],
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bypassing in vitro culture by saturating the graft in a suspension of bone
marrow mononuclear cells (BM-MNCs) at the time of surgery. Lack of
epithelialization and graft laxity required stenting for two years follow-
ing implantation; however, the creation of a TETG without in vitro cul-
ture was a notable accomplishment in the field.

While theprogress in translation of decellularized allografts is prom-
ising, this approach is inherently limited by the availability of suitable
donor tissue and the long length of time required for graft
decellularization, with some cycles taking up to 20 days [9]. Active re-
search is therefore underway to study alternative source material for
TETGs, including degradable and nondegradable polymeric scaffolds,
which provide a three-dimensional environment thatmimics native ex-
tracellular matrix (ECM) in structure and function, allowing for cell at-
tachment, differentiation, and proliferation [6,14]. Recently, an
electrospun polyethylene terephthalate/polyurethane (PET/PU) TETG
scaffold manufactured by Nanofiber Solutions, Inc. has been seeded
with autologous bone marrow-derived mononuclear cells and success-
fully implanted in four patients requiring tracheal replacement [7,15].
However, the clinical utility of this approach is limited by the require-
ment for cell culture in a bioreactor before implantation. Development
of a seeding methodology for a TETG that bypasses in vitro culture has
the potential to significantly advance this field. In the present study,
we compared the efficiency of vacuum seeding BM-MNCs on this clini-
cally utilized PET/PU TETG scaffold (defined as normal porosity, NP) to
that of a high-porosity (HP) variant in order to identify a design that
would provide the greatest cell density upon implantation. Next, we
evaluated the effect of BM-MNC seeding on TETG performance follow-
ing orthotopic implantation in a juvenile sheep model for 6 weeks.

1. Materials and methods

1.1. Animal care/ethics statement

The Institutional Animal Care andUse Committee of the Research In-
stitute at Nationwide Children's Hospital (Columbus, OH) approved and
monitored all animal procedures described in the present report. All an-
imals received humane care in compliance for the Care and Use of Lab-
oratory Animals (2011), from the Public Health Service, National
Institutes of Health (Bethesda, MD).

1.2. Scaffold design and fabrication

Tracheas from juvenile sheep (45–60 kg) were donated from a local
abattoir (Columbus, OH) and organ morphometry was used to inform
scaffold design. Design criteria called for a D-shaped trachea a flexible
dorsal ligament and C-shaped rings that mimic the native tracheal hya-
line cartilage in gross morphology and mechanical stiffness. A custom
mandrel was machined from stainless steel to match the dimensional
measurements obtained from native juvenile sheep specimens (lumen
diameter: 17 mm). Polymer nanofiber precursor solutions were pre-
pared by: 1) dissolving 8% polyethylene terephthalate (PET) in
1,1,1,3,3,3-hexafluoroisopropanol (wt/wt) and heating the solution to
60 °C followed by continuous stirring until the PET was completely dis-
solved, and by 2) dissolving 3% polyurethane (PU) in 1,1,1,3,3,3-
hexafluoroisopropanol (wt/wt) with continuous stirring at room tem-
perature until the PU was completely dissolved. Once cooled, the solu-
tions were combined to create a final ratio of 70% PET and 30% PU
(wt/wt). The PET/PU solution was then electrospun in a custom de-
signed electrospinning apparatus utilizing 20 gauge blunt tip needles,
a high voltage DC power supply set to +14 kV, and a 15 cm tip-to-
substrate distance. C-rings were fabricated from a medical grade poly-
carbonate sheet cut to the desired shape and thermo-molded around
the electrospinning mandrel. The rings were then manually embedded
into the graft during the process of electrospinnning and integrated
within the scaffoldmatrix by completion of graft fabrication. All tracheal
scaffolds were removed from the mandrel and placed in a vacuum
overnight to ensure removal of residual solvent (typically less than
10 ppm) [16] To create the HP scaffold, salt crystals (0.5 mm particle
size) were deposited onto the mandrel throughout the entire
electrospinning process, followed by five 30 min washes in deionized
water to completely dissolve the salt crystals dispersed through the
construct as previously described [17]. The scaffolds were packaged in
Tyvek pouches and terminally sterilized with 30 kGy of gamma irradia-
tion. Scaffold manufacturing methods to produce the NP scaffold repli-
cated those used clinically and characterized by Jungebluth et al. [15].
Both NP and HP scaffold types were developed and manufactured by
Nanofiber Solutions, Inc. (Columbus, OH).

1.3. Scanning electron microscopy (SEM)

Samples for SEM were cut from the tracheal scaffold and mounted
on aluminum pin mounts with carbon double-sided tape. The samples
were then sputter coatedwith a 5 nm thick layer of gold for observation
in an FEI Nova NanoSEM 400 with an accelerating voltage of 5 kV.

1.4. BM-MNC isolation and scaffold seeding

Bone marrow was aspirated from the iliac crests of juvenile sheep
(n = 6, 25–45 kg). Animals were sedated with ketamine (IV, 4 mg/kg,
Patterson Veterinary), diazepam (IV, 0.5 mg/kg, Patterson Veterinary),
and buprenorphine (IM, 0.015 mg/kg, Patterson Veterinary), anesthe-
tized with inhaled isoflurane (Patterson Veterinary) at 0–5%, vaporized
with 100% oxygen at 30–60 mL/kg/min and prepared in sterile fashion.
A small skin incision was made over the iliac crest, then a 15 gauge Illi-
nois Sternal/Iliac Bone Marrow Needle (Care Express) was inserted to
aspirate a maximum of 2 mL/kg of bone marrow per animal. Syringes
were heparinizedwith 100 IU/mL in 0.9% saline. Aspirated bonemarrow
was then filtered through a 100-μm cell strainer (Falcon) and collected
in sterile 50 mL conical tubes. The BM-MNC fraction was obtained from
the filtered bone marrow aspirate with the Purecell Select System for
Whole Blood MNC Enrichment (Pall Medical), following the
manufacturer's protocol as previously described [18,19]. The Purecell
Select System for Whole Blood MNC Enrichment (Pall Medical) has
been validated by our group and is understood to yield a bone marrow
mononuclear cell seeding suspension that is phenotypically comparable
to that obtained by traditional density gradient centrifugation [18–20].
The cell suspension was subsequently vacuum seeded onto the poly-
meric TETG scaffolds using a previously described vacuumseeding tech-
nique (Fig. 2A) [19,21]. After seeding, TETGswere immersed in the post-
seeding cell suspension (~140 mL) and immediately delivered to the
surgical suite or sampled for further analysis.

1.5. Cell seeding efficiency

Pre-seeding and post-seeding cell suspensionswere collected for in-
process determination of cell seeding efficiency and cell viability using a
manual hemocytometer and manual Trypan blue exclusion (Life Tech-
nologies). Seeded scaffolds were sampled (n = 5 samples per scaffold,
5 × 5 mm sample) for quantitative analysis of cell attachment within
the scaffold using the QuantiTTM PicoGreen® dsDNA assay (Life Tech-
nologies) following themanufacturer's protocol. One post-seeding sam-
ple from each scaffold type was fixed in neutral buffered 10% formalin
(NBF) for 24 hours, routinely processed, paraffin embedded, and stained
with hematoxylin and eosin (H&E) for qualitative assessment of cell
seeding efficiency.

1.6. Surgical implantation

A 3.0 cm TETG was implanted into the mid-cervical trachea of juve-
nile sheep (25–45 kg, n=2unseeded, n=3 seeded). Under general an-
esthesia, a midline cervical incision was made, exposing the trachea. A
3.0 cm long segment of the trachea was excised. The first endotracheal
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(ET) tubewas retracted, then a second ET tubewas placed into the distal
trachea to maintain ventilation. The TETG was anastomosed cranially
with a 4–0 running Prolene® suture (Ethicon) and the second ET tube
was removed. The first ET tube was readvanced, and the caudal anasto-
mosiswas completed in the same fashion. Fibrin gluewas applied to su-
ture lines to ensure airtight anastomoses. Musculature, subcutis, and
skin were closed in standard fashion.

1.7. Bronchoscopy

TETG healing was evaluated (n = 1) at 7 and 14 days after implan-
tation by conventional bronchoscopy. The animal was sedated with ke-
tamine (IV, 8 mg/kg, Patterson Veterinary), and diazepam (IV,
0.5 mg/kg, Patterson Veterinary) and was intermittently placed on
100% oxygen 30–60 mL/kg/min by masking to maintain oxygenation.
The animal was placed in sternal recumbence with neck extended and
elevated by supports. A 6.6 mm diameter × 1.0 m long flexible direct
view endoscope (VFS-2B, VetVu) attached to a halogen light source
(VetVu 1185U) was advanced through the oropharynx and guided
through the cervical trachea and TETG. The luminal tissue of the TETG
was sampled (mid-graft) with an Alligator jaw cup (VetVu). Cytologic
samples were placed on polarized glass slides (Tissue Path,
Fisherbrand), dried, and stained with Wright–Giemsa (Astral Diagnos-
tics) following the manufacturer's protocol.

1.8. Tissue harvest, processing, histology, and immunostaining

At the study endpoint, sheep were deeply sedated with telazol (IV,
7.5mg/kg, Patterson Veterinary) and ketamine (IV, 20mg/kg, Patterson
Veterinary) and euthanized by induction of pneumothoraxwith bilater-
al thoracic incisions. Animals were autopsied and the TETGs explanted.
Tissue and graft samples were placed in 10% NBF (Fisher) for
48–72 hours, trimmed, and submitted for routine histological process-
ing and paraffin embedding with hard wax (Richard Allan Paraffin
Type 9, Thermo Scientific). 4 μm thick sections were stained with H&E.
Immunostaining was performed to identify neovascularization of the
TETG at 6 weeks. Briefly, sections were deparaffinized, rehydrated,
and antigens were retrieved with citrate buffer (Target Retrieval Solu-
tion, Dako, Carpinteria, CA). Samples were blocked for endogenous per-
oxidase activity (IHC only) and nonspecific background staining before
incubation with the following primary antibodies: mouse anti-human
smooth muscle actin (Dako, 1:100), rabbit anti-human Factor VIII
(Dako, 1:200), and mouse anti-human vWF (Dako, 1:1000). Chromo-
genic detection was performed by incubation with species appropriate
biotinylated secondary antibodies followed by the Vector RTU Elite
Complex and development with 3,3′-diaminobenzidine (DAB, Vector).
Fluorescent detection was performed by incubation with anti-mouse
Alexa-fluor 488 (1:300, Life Technologies, Grand Island, NY). Cell nuclei
were identified by counterstaining with either hematoxylin (Vector) or
4′,6-diamidino-2-phenylindole (DAPI, Slowfade Gold, Life Technolo-
gies) and cover slipped. Photomicrographs were obtained with a Zeiss
Axio Observer Z.1.

1.9. Statistical analysis

Data were collected prospectively and statistically analyzed with
Graphpad Prism software using unpaired, two-tailed Student's t-tests.
Data are reported as mean and standard error of the mean and were
considered significant if p b 0.05.

2. Results

2.1. Electrospun TETG scaffolds mimic native tracheal anatomy

TETG scaffolds closelymimicked native juvenile sheep tracheal anat-
omy and featured cartilage-like C-rings embedded within the polymer
construct and a flexible dorsal ligament (Fig. 1A and D). Qualitative
comparison of NP (Fig. 1 B-C) and HP (Fig. 1 E-F) scaffolds with SEM re-
vealed that salt elution was a successful technique to increase void
space between electrospun PET/PU nanofibers (i.e. porosity).
2.2. Vacuum seeding of BM-MNCs creates TETG without in vitro culture

BM-MNCs were successfully isolated from the iliac crests of juvenile
sheep and yielded 5.9 × 1010± 4.2 × 1010 total cells from 0.5 to 2.0 mL/
kg of body weight. Seeding efficiency ranged from 37% to 75% (n = 6,
61± 5.4%) for NP grafts and 20% to 29% (n=3, 23± 3.0%) for HP grafts
(**p b 0.002; Fig. 2D). Histology of formalin-fixed paraffin embedded
samples from seeded scaffolds demonstrated mixed cellular infiltrates
(myeloid and erythroid lineages by histomorphology) embedded and
interspersed throughout the polymeric fibers of both NP and HP scaf-
folds (Fig. 2B and C). DNA quantificationwas performedwith graft sam-
ples frozen immediately postseeding to ensure no cell proliferation or
disassociation from the scaffold. NP grafts demonstrated significantly
more cells/mm2 than HP grafts (n = 3/group; 360.3 ± 69.19 × 103 vs.
133.7 ± 22.73 × 103 cells/mm2; **p b 0.004; Fig. 2E).
2.3. BM-MNC seeded TETGs function as a respiratory conduit for 6 weeks

Because of the superior performance of the normal porosity graft in
comparison to the high porosity graft in terms of cell seeding efficiency
and total seeded cell number, we selected the normal porosity scaffold
for implantation into a juvenile sheep model to elucidate the effect of
cell seeding on TETG performance in vivo. Seeded and unseeded NP
TETGs were implanted into juvenile sheep (seeded: n = 3; unseeded:
n = 2). Mean operative time was two hours and operative mortality
was 0% (0/5 animals). At days 7 and 14 after implantation, one animal
underwent bronchoscopy to monitor TETG function. Wright–Giemsa
stained cytologic samples of biopsy tissue acquired from the lining of
the TETG lumen at day 14 demonstrated epithelial cells, macrophages,
and neutrophils consistent with neoepithelialization and an ongoing
subacute inflammatory response (Fig. 3A). Three animals required
early euthanasia owing to respiratory failure (increased respiratory ef-
fort, tachypnea, stridor, and hypoxia) owing to graft stenosis at day 34
(seeded: n = 1), day 36, and day 40 (unseeded: n = 2). In correlating
cell-seeding data from implanted scaffold samples to implant perfor-
mance, the scaffold of the animal from the seeded group requiring
early euthanasia (day 34) was that with the lowest cell seeding density
of all seeded scaffolds (2.0 × 104 cells/mm2). The only animals to sur-
vive until the 6-week study endpoint were those receiving BM-MNC
seeded TETGs (n = 2). Upon TETG explant, all animals demonstrated
mild tomoderate stenosis at the level of the proximal and distal anasto-
moses (Fig. 3B). This stenosismanifested as respiratory distress at the 6-
week time point in the seeded grafts. No other gross organ pathology
was identified at autopsy that was attributed to TETG implantation.

Histologic analysis of TETG explants from both the seeded and un-
seeded groups demonstrated granulation tissue comprised of cellular fi-
brous tissue containing extensive extracellularmatrix deposition, many
newblood vessels surrounding and overlying the graft, and a hyperplas-
tic native mucosal epithelium containing a mixed inflammatory cell in-
filtrate. TETG lumens were occasionally noted to contain serocellular
debris and mixed bacteria. In the seeded group, an epithelial migration
frontwas identified transitioning from the nativemucosal surface at the
margins of the anastomoses over the granulation tissue above and
below the graft (Fig. 3C). Immunohistochemical and immunofluores-
cent staining formarkers of endothelial (factor VIII and vWF) and vascu-
lar smooth muscle cells (α-smooth muscle actin) were performed and
demonstrated abundant vascular profiles underlying the neoepithelium
positive for both endothelial cells and vascular smooth muscle cells
(Fig. 4).



Fig. 1. Scaffold characterization: Normal porosity (NP) tracheal scaffolds were electrospun from PET/PU and embeddedwith 3 cartilaginous “C” rings (A). SEM of the cross section (B) and
surface (C) of the NP grafts. High porosity (HP) scaffolds weremade in the samemanner with salt crystals embedded within stratum of the graft and eluted after spinning (D). SEM of the
cross section (E) and surface (F) of the HP grafts demonstrate increased void space between nanofibers as a result of salt-elution; fiber diameter in both grafts is comparable.

52 E.S. Clark et al. / Journal of Pediatric Surgery 51 (2016) 49–55
3. Discussion

Advances in tissue engineering technology offer potential solutions
to these challengeswith the goal of developing a readily available autol-
ogous tracheal conduit with ability to grow, support the respiratory de-
mands of the host, and self-repair over the course of a patient's life. To
successfully translate a tissue engineered trachea from the bench to
the bedside, appropriate preclinical investigation is vital to ensure
both safety and efficacy.

In this work, we aimed to support and advance the preclinical vali-
dation of the PET/PU electrospun scaffold by confirming the efficacy of
a vacuum seeding technique and developing a juvenile sheep model
to evaluate the effect of BM-MNC cell-seeding on TETG performance.
Vacuum seeding of these scaffoldswith an autologous BM-MNC fraction
isolated via a closed, disposable system demonstrated that the NP PET/
PU scaffold best supported cell engraftment and resulted in the greatest
efficiency of cell seeding in comparison to its high-porosity counterpart.
Since the HP scaffold yielded a significantly lower seeding efficiency,
and the objective of our study was to investigate the effect of cell
seeding on neotissue development in a TETG, we selected the NP scaf-
fold for in vivo application. However, it may be that the HP scaffold,
while not able to retain seeded cells with the same efficiency as the
NP scaffold, may better allow for autologous cell infiltration and tissue
engraftment. We suggest that the NP and HP scaffolds lie on two ends
of a spectrum within which is found the ideal TETG scaffold design,
allowing for the synergistic contributions of cell seeding and autologous
cell infiltration all while maintaining a viable airway for the host over
the course of neotissue formation.

Implantation of seeded and unseeded NP scaffolds in a large animal
model was successful and no acute TETG failure was observed, but re-
spiratory failure owing to graft stenosis resulted in euthanasia before
the study endpoint in 3/5 animals: 2/2 unseeded scaffolds and 1/3 seed-
ed scaffolds. It is plausible that the observed seeded TETG failure is
owing to a relatively low cell seeding density in this animal, suggesting
that BM-MNC seedingmay improve TETG function in a dose dependent
manner and points to the importance of developing proper in-process
release criteria to meet an acceptable minimum cell seeding threshold
that will support TETG function and neotrachea development.

Image of Fig. 1


Fig. 2. TETG seeding: (A) Schematic of closed-disposable vacuum seeding apparatus. Filtered bonemarrow aspirate (a) is passed through the “Leukoharvest” filter (b), erythrocytes, serum,
and plasma are collected in (c), elution solution (d) flushes filtered BM-MNC into the seeding chamber (e) containing PBS, a fenestrated mandrel, and the TETG scaffold affixed with
Tegaderm®. The vacuum regulator (f) induces negative pressure to draw the cell solution through the graft and mandrel for collection into specimen traps (g). Photomicrographs of
H&E stained NP (B) and HP (C) grafts after vacuum seeding. Seeding efficiency was assessed both in-process and postprocess by manual hemocytometer counts (D) and DNA assay
(E) respectively.

Fig. 3. Postimplantation evaluation: (A) Photomicrograph of Wright–Giemsa stained cytologic smear from tissue lining the TETG lumen demonstrating epithelial cells (black arrows) and
macrophages (open arrows) at 14 days postimplantation; Bar = 20 μm. (B) Gross photograph of the proximal anastomosis of a 6-week NP TETG explant demonstrating neotissue forma-
tion and stenosis. (C) Photomicrograph of H&E stained neotissue at the level of the proximal anastomosis demonstratingmature epithelium (E) and granulation tissue overlying the TETG
scaffold (G); (S) denotes suture; bar = 500 μm.
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Image of Fig. 2
Image of Fig. 3


Fig. 4. Neovascularization: IHC for factor VIII (A) and α-smooth muscle actin
(B) demonstrating the intimal endothelial cell and medial smooth muscle cell layers of
neovasculature in the TETG. Immunofluorescent staining for vWF (green) and nuclei
(DAPI) similarly demonstrate the endothelial cell layer of these neovascular profiles (C).
Scale bars = 50 μm, inset scale bar = 10 μm.
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4. Conclusion

The results of this pilot study suggest that the use of a culture-free,
vacuum seeding protocol after BM-MNC isolation with a closed, dispos-
able system is appropriate for electrospun polymeric tracheal grafts in a
large animalmodel. The elimination of in vitro culture is a significant ad-
vancement for translation of the TETG to the clinic, and this work clearly
demonstrates the clinical potential of using a vacuum seeding system
immediately before implantation. These TETGs can successfully function
as airway conduits for up to 6 weeks postoperatively, but are character-
ized by the development of stenosis at the sites of anastomosis. Further
preclinical research to optimize scaffold design and cell seeding dose is
warranted before pursuing clinical application.
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FOOTNOTE. After publication the conditions have changed. We have decided to keep this news

article at our website as it is vital that our historic actions are transparent to the public. The

researcher and medical doctor Paolo Macchiarini has been and is subject to internal and external

investigations as well as scrutiny from the media. Read KI's latest comment regarding Paolo

Macchiarini. [http://ki.se/en/news/startpage]

 

An article describing the world's first transplant of an artificial trachea seeded with stem cells is

published online by The Lancet. A 36yearold Eritrean patient received the transplant in June at

the Karolinska University Hospital. The project was led by Professor Paolo Macchiarini

[/en/people/paomac] at the Karolinska Institutet, who now continues to improve and extend

the regenerative medicine approaches for transplantation to the lungs, heart, and oesophagus.
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The patient described in the current article had a tracheal tumour that extended to the lowest 5cm

of the trachea along with both bronchi meaning that surgical removal of the tumour alone would

not keep the patient alive. The removed section was essential for life and therefore had to be

replaced. The tumour had grown to the size of a golf ball and had begun to restrict his breathing,

meaning he was quickly running out of time. The operation lasted 12 hours and involved Prof

Macchiarini and his team completely removed the affected area of the trachea and replacing it with

tailormade artificial structure.

The scaffold used in this case was prepared at the Karolinska Institutet with help from University

College London, UK, who used 3D imaging to scan the patient and then constructed a glass model

of the affected section of his trachea to be replaced. The glass was then used to shape the artificial

scaffold, before sending it on to Sweden to have the stem cells inserted. There, patient's own stem

cells were used to populate the scaffold, turning it into a functioning airway.

Professor Macchiarini believes his technique offers advantages over other methods in

transplantation and regenerative medicine. Firstly, by using the patient's own cells to populate the

scaffold, there are no concerns over rejection and no immunosuppressive drugs are required.

Secondly, since the implant is artificially constructed, it can be tailormade to the patient's body

size and shape. Not only does that mean no human donors are required (often involving long

waiting periods), but it means that constructs can be madetofit for people (and tracheas) of all

sizes, including children.

The team of doctors and researchers have just transplanted a second patient, a 30yearold man

from Maryland, USA, who also had a primary cancer of the airway and had a bioartificial scaffold

inserted. This scaffold was made from nanofibres and thus represents a further advance from the

transplant that was made in June.

"We will continue to improve the regenerative medicine approaches for transplanting the windpipe

and extend it to the lungs, heart, and oesophagus", says Professor Macciarini. "And investigate

whether cell therapy could be applied to irreversible diseases of the major airways and lungs."

Publication

Tracheobronchial transplantation with a stemcellseeded bioartificial

nanocomposite: a proofofconcept study.

[http://www.ncbi.nlm.nih.gov/pubmed/22119609?otool=karolib&tool=karolinska] 
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Trachea-guided generation: Déjà vu all over again?
Paolo Macchiarini, MD, PhD

See related articles on pages
124 and 147. Tracheal surgery has matured to include techniques able to cure most

lesions involving approximately half of the tracheal length in adults
and probably a third in small children. Age, body build, local
anatomy, type of pathology, and previous treatment may cause these
limits of resection to fluctuate, but a safe primary reconstruction is
almost always possible provided the surgeon respects the well-

known surgical principles and uses anatomic mobilization procedures.1 The com-
plex problem of congenital tracheal stenosis has also been solved by slide tracheo-
plasty,2 and even those benign lesions that are too lengthy for safe reconstruction
nowadays can be successfully managed in the long-term with T-tubes or stents.3 It
therefore appears that the clinical need for tracheal replacement is restricted to
unresectable diseases—such as tracheopathia osteoplastica, relapsing polychrondri-
tis, Wegener granulomatosis, trauma and low-grade malignancies in adults, and
tracheal agenesis in neonates4—that are essentially treated with palliative measures
and immunosuppression. Despite this, experimental research to generate a func-
tional tracheal graft has been going on for a century and is currently under active
investigation. Unfortunately, no predictable and dependable replacement has yet
been found.5 This is not surprising, because an ideal graft must have some prereq-
uisites: lateral rigidity and longitudinal flexibility, complete air tightness, biocom-
patibility, nonimmunogenicity, nontoxicity, resistance to bacterial colonization,
freedom from the need for immunosuppression, permanent construction, ease of
implantation, and the ability to provide a platform of ciliated respiratory epithelium
resurfacing.
In this issue of the Journal, Kim and associates6 have combined the lessons

learned from the past with the exciting research field of tissue engineering and
experimentally developed a hybrid prosthetic graft that apparently fulfills almost all
requirements for an ideal tracheal substitute. Conceptually, their working hypothesis
is attractive. They first tissue engineered a viable autogenous mucosa by isolating
abdominal skin epithelial cells and seeding them on a polylactic glycolic acid
scaffold. Next, the autogenous mucosa was attached with biodegradable glue to the
luminal surface of a porous prosthesis framework made up of polypropylene mesh
reinforced with polypropylene rings. This artificial “hybrid” construct was then
incubated for 1 week in the peritoneal cavity of the host to promote vascularization
and maintain viability of the implanted tissue-engineered mucosa. One week later,
the prosthesis along with the omentum was transposed into the thoracic cavity and
used to replace a tracheal defect 5 cm in length (10 rings). Early (2 months)
bronchoscopic results showed no anastomotic stenosis.
Tissue engineering applies the principles of engineering, material science, and

biology toward the development of biologic substitutes that restore, maintain, or
improve tissue function.7 This process of fabricating new, physiologic, functioning
tissues may be obtained by the (1) guided tissue regeneration with engineered
matrices alone, (2) injection of allogenic or xenogenic cells alone, or (3) use of cells
seeded on or within matrices (cell matrix construct), being the latter two approaches
the most common. The use of isolated cell or cell substitutes avoids potential
surgical complications and allows cell manipulation before injection but has the
drawbacks of possible rejection or loss of function.8 The use of seeded matrices, the
most common method in tissue engineering, is particularly fascinating because these
structures are biocompatible, bioabsorbable, nonimmunogenic, supportive of cell
attachment and growth, and inductive of angiogenesis. They may be created either
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by isolating the cells from host’s body with a permeable
membrane allowing exchange of nutrients (closed system)
or by culturing in vitro the isolated cells and seeding them
onto a scaffold, either synthetic or natural, that is implanted
into the host after a given cultivation time (open system).9
Cells used in tissue engineering can be derived from nu-
merous sources, including primary tissues, cell lines, and
stem cells, and they may be allogenic, xenogenic, synge-
neic, or autologous. Ideally, the cells should be easy to
harvest, highly proliferative, nonimmunogenic, and able to
differentiate into a variety of cell types with specialized
functions.10 Having said that, it appears that the methodol-
ogy used in Kim and colleagues’ research6 is not tissue
engineering but rather guided tracheal tissue generation,11
because the tissue-engineered mucosal framework “remod-
els” to achieve a function only after its implantation into the
native tracheal bed, which ultimately serves as a natural
“bioreactor.” Isn’t this like déjà vu to some extent? “A
polypropylene mesh [déjà vu] was covered with a tissue-
engineered mucosa [new concept] used to replace 5-cm
tracheal length in dogs [déjà vu].”10
This study adds useful confirmation about the effective-

ness of tissue engineering, but the data should be reviewed
and interpreted cautiously. First, the authors provide no
morphologic, functional, biochemical, and immunologic
data supporting the generation of a respiratory mucosa and
its viability during the study period. Second, it is well
known that a tissue-engineered cellular graft of larger than
0.8 mm in diameter needs vascularization to maintain via-
bility after implantation into the host. However, the revas-
cularization process usually begins within the first 2 weeks
and flourishes within the eighth week of implantation.12
One might therefore speculate that an implantation time of
1 week is almost certainly too short for sufficient revascu-
larization of small-diameter grafts. Third, the authors argue

that the hybrid prosthesis was implanted into the peritoneal
cavity mainly to promote the vascularization of the mucosa.
However, grafts implanted into the peritoneal cavity are
covered with a heavy vascularized epithelial layer, repre-
senting a foreign-body reaction encapsulating the implanted
graft. This reaction does not per se promote neoangiogen-
esis in the graft.13 Therefore it is highly questionable that
both the mucosal lining was directly vascularized during its
implantation into the peritoneal cavity and the hybrid pros-
thesis was viable and remained so at the time of transplan-
tation. Fourth, assuming, however, that the luminal surface
of the prosthesis was really covered with viable mucosal
cells (because of its indirect vascularization with the omen-
tum major), it is not unrealistic to speculate that it was either
resurfaced with respiratory epithelium grown in from the
anastomosis sites because of the short length (5 cm) of the
implant14 or the original autologous stratified squamous
epithelium regenerated to ciliated columnar epithelium just
because of the porous nature of the prosthesis used, a
common observation in the past.5 This is of clinical concern
because in the interval between the bioartificial graft im-
plantation and successful graft regeneration the luminal
surface of the tracheal implant does not possess the usual
physiologic properties,15 rendering it more susceptible to
inflammation, granulation tissue formation, infection, and
erosion. We therefore look forward to the long-term results
as to whether the respiratory epithelium reseeded the graft
surface after implantation. Fifth, if transposed to the clinical
scenario, the methods used would be inapplicable because

Figure 1. Chamber slide showing two porcine smooth myocytes
after 2 weeks in culture (200� magnification).

Figure 2. Tissue-engineered functional cartilage. Porcine chon-
drocytes seeded on 3-dimensional biologic matrix are located in
lacunas and surrounded by newly synthesized collagen (100�
magnification). Western blots showed functioning chondrocytes.
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the necessity of multiple general anesthetic procedures and
two abdominal operations, the short length of transplanted
grafts (5 cm, which has no potential clinical use), and, most
of all, the absence of an adequate blood supply, which has
been the major hurdle of autotransplanted free tracheal
segments of any significant length, despite muscular or
omental pedicles.16
So, what can we learn from this and what implications

does this study have for the current and future state of the art
of tracheal transplantation? Surgically placed porous pros-
theses (with and without epithelialization) have been unsuc-
cessful in human use16 basically because they are exposed
to a contaminated interface between air, chronically repair-
ing connective tissue, and epithelium. It is time to acknowl-
edge that they are biologically incompatible, in contrast to
vascular conduits placed in potentially sterile mesenchymal
tissue. My laboratory has traditionally been interested in
tracheal transplantation. After having experimentally devel-
oped the surgical technique for directly revascularizing
long-segment (9-11 cm) tracheal allografts,17 we have
shifted our efforts to the generation of a direct revascular-
ized tissue-engineered trachea because of the obvious ad-
vantages that this emerging technology has relative to tra-
cheal allotransplantation4 or any other available
alternative.14 The article by Kim and associates6 suggests
that engineering a “trachea” mucosa is feasible, shows the
limitation of tissue generation, and provides definitive and
indirect evidence that only a complete tissue-engineered
graft may substitute functionally for the native trachea.
However, this is the real “holy grail” of tracheal replace-
ment. The ideal functioning substitute must exhibit long-
term patency, and the critical issues in this area in many
ways are influenced by biomechanics and function. One of
the requirements is that it must avoid graft obstruction by
cicatrization, which requires a respiratory epithelium–like
inner lining (Video). It also must have mechanical strength
sufficient to operate at inspiratory and expiratory pressures.
Ideally, however, it must be more than the sum of these
qualities. It also must have contractile properties that match
those of the native trachealis muscle being replaced (Figure
1). Finally, to have a clinical impact it must be sufficiently
long and adaptable to changing respiratory flow conditions

(Figure 2), a function which in itself can be viewed as
biomechanical in nature. To achieve this requires having, as
part of the construct, a blood supply. Only if an engineered
tracheal substitute possesses all of these functional charac-
teristics can one say that the functionality exhibited by a
native trachea is being mimicked.
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CliniCal pharmaCology & TherapeuTiCs | VOLUME 91 NUMBER 1 | JaNUaRy 2012    81

nature publishing group review

CliniCal need
Disorders affecting the trachea may be benign (such as iatrogenic, 
congenital, or acquired malformations, and disorders arising from 
trauma or infections) or they may be malignant. Both types of 
disease may be curable by surgical resection of the affected seg-
ment and a subsequent end-to-end anastomosis. However, this 
standard approach is possible only when the diseased portion of 
the airway does not exceed approximately half (6 cm) of the total 
length of the trachea in an adult or one-third of the total length in 
a child. A conventional allotransplantation of a clinically relevant 
tracheal segment (>6 cm) is surgically challenging and requires 
lifelong immunosuppression. Almost all the early clinical efforts 
documented have resulted in allograft necrosis, infection, and 
death in patients due to inadequate graft revascularization, con-
tact with inhaled air, and infection and mediastinitis. Moreover, 
ethical concerns exist about the requirement for lifelong immu-
nosuppression after a procedure that is not necessarily a lifesav-
ing one, especially in patients with malignancies. Autologous 
autografts have been clinically applied for small defects in the 
airway; however, for large disorders of the trachea, the optimal 
solution remains elusive.1 Cadaveric allografts have been used 
mainly for tracheal reconstruction in children, but the technical 
feasibility is overshadowed by a high rate of major complications 
and uncertainty regarding the long term.2 Artificial prostheses 
have also been used to replace the trachea, but this has always 
been associated with material migration, rupture, infection, ste-
nosis, nonepithelialized endoluminal surface and related con-
tamination, and consequent disintegration.1,3 In current general 
clinical practice, the use of artificial grafts is limited to temporary 

or palliative approaches using endoluminal stents or definitive 
tracheotomy. New therapeutic options are therefore necessary; 
however, even after decades of intensive research in this field, an 
optimal solution is still lacking.

TraCheal Tissue engineering
Recently, tissue engineering (TE) demonstrated its great poten-
tial in both experimental and clinical conditions with respect 
to several different complex tissues. In effect, it has been clini-
cally applied in the trachea, bladder, blood vessels, cartilage, 
skin, and heart valves.4–6 The basic principal of TE is to restore 
and/or replace the damaged tissue by using a scaffold (matrix) 
covered with cells, the aim being to achieve anatomical and 
functional reconstitution of the organs and tissues.7 It has now 
become evident that the key factors for successful clinical TE 
include (i) a scaffold or matrix of natural or synthetic origin, 
(ii) autologous or allogeneic cells, (iii) a bioreactor to mimic 
the physiologic environment (in vitro or in vivo), as well as  
(iv) site-specific tissue protection by means of biomolecule/
pharmacologic intervention, given that each target organ or 
tissue behaves differently.

The selection of the most reasonable scaffold is highly important 
for a suitable engineering process and subsequent in situ tissue/
organ function. For instance, for replacing the trachea, a scaf-
fold should meet with basic tracheal characteristics such as being 
bioactive, capable of hosting the seeded cells, nonimmunogenic, 
nontoxic, and noncarcinogenic/nonteratogenic. Ideally, the scaf-
fold should mimic the target tissue environment and maintain 
the required tissue-specific mechanical properties. In addition, 
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Tissue-Engineered airway: a Regenerative 
Solution
P Jungebluth1, G Moll2, S Baiguera1 and P Macchiarini1

The use of synthetic degradable or permanent polymers and biomaterials has not yet helped to achieve successful 
clinical whole-airway replacement. a novel, clinically successful approach involves tissue engineering (Te) replacement 
using three-dimensional biologic scaffolds composed of allogeneic extracellular scaffolds derived from nonautologous 
sources and recellularized with autologous stem cells or differentiated cells. in this paper, we discuss this novel approach 
and review information that can lead to a better understanding of stem cell recruitment and/or mobilization and site-
specific tissue protection, which can be pharmacologically boosted in humans.
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an optimal tracheal scaffold is characterized by air- and liquid-
tight seals as well as adequate structural support (lateral rigidity 
and longitudinal flexibility) to maintain airway patency and allow 
rapid epithelialization.8 Despite intensive research in this field, 
no solution has been proposed as being optimal; currently both 
natural and synthetic grafts are being used.

The cell type used for seeding the scaffold may be autologous 
or allogenic and can range from differentiated to stem or pro-
genitor origin; the choice of cell type depends on the site where 
the seeding is required. Consideration needs to be given to the 
specific advantages and disadvantages of each cell type, and 
ethical concerns must be discussed (Table 1). Moreover, the cell 
seeding and culture processes require tissue-specific conditions 
to mimic the physiologic environment. Conventional static dish-
culture conditions usually cannot provide these requirements, 
and the utilization of a bioreactor is necessary. Alternatively, in 
an in vivo approach, the human body can be utilized as a natural 
bioreactor. This approach has emerged as a promising one.9

Besides the three historically established key components 
of TE, pharmacologic intervention to boost site-specific 
regeneration is emerging as a novel approach to complete the 
wound-healing process and optimize the regeneration of the 
transplanted tissue-engineered graft. There is a wide range of 
bioactive substances and molecules that may potentially be 
bound onto the scaffold surface or inserted into the scaffold, all 
of which are theoretically capable of improving cell adhesion 
and homing and of enhancing viability and graft vasculariza-
tion. Also, cells modified by gene transfer or systemic substances 
have been administered in an attempt to improve wound heal-
ing and ensure the integrity of the transplanted graft. A very 
promising approach is the local and/or systemic pharmacologic 
intervention to promote autologous progenitor cell mobiliza-
tion and thereby improve graft integrity. This novel pharmaco-
logic strategy has been applied with clinical success to perform 

bioengineered airway transplantations and increase tracheal 
tissue regeneration.9,10

TraCheal anaTomy
The trachea is a longitudinal, tubular, flexible structure that is 
~12 cm long in adults (slightly longer in men than in women) and 
20 ± 5 mm in diameter.11 Although it may appear to be merely a 
simple connection between the larynx and the bronchi, the trachea 
has a complex functional structure. Its function is not limited to 
ventilation; it also facilitates the clearance of bronchial secretions. 
For several years, the trachea was thought to be nonimmunogenic; 
however, the opposite was demonstrated and its immunocompe-
tence shown.12 Both major histocompatibility complexes (MHCs) 
I and II have indeed been detected in the various components of 
the tracheal wall.13 The wall’s several layers consist of the following 
(from the inner to the outer surface):

1.  A pseudostratified columnar heterogeneous cell layer (~50 µm 
thick), including epithelial cells, goblet mucosal cells, and air-
way basal cells. The basal cells are possibly progenitor cells 
that contribute to the regeneration of damaged epithelium. 
The presence of these cells also raises the possibility that, 
deriving from mesenchyme, other stromal progenitor cells 
located in the tracheal connective tissue can play a crucial 
role in the regeneration of resident tissue14,15

2. A basement membrane
3. A connective soft tissue and smooth muscle cells
4. A cartilaginous layer

The hyaline C-shaped cartilage prevents the trachea (down 
to the level of the bronchi) from collapsing during the breath-
ing process. The posterior part of the tracheal wall consists of a 
fibroelastic ligament and longitudinally oriented smooth muscles 
(pars membranacea) that prevent overdistension during coughing 

Table 1 Cellular components with the potential to be used for tissue engineering and cell therapy

Cell type
human cell source, donor 
immunogenicity

Ex vivo manipulation and 
immunogenicity Clinical experience

Embryonic stem and progenitor cells Embryonic tissue; tight ethical 
regulation, allogeneic, presumably 
with low immunogenicity

High expansion and differentiation 
capacity; potentially immunogenic 
culture supplements

Only preclinical studies, (potential 
teratoma formation); require xeno-/
pathogen-free culture supplements

Induced pluripotent stem cells autologous tissue biopsy  
(e.g., skin, fat, or muscle), require 
reprogramming

Limited expansion, but high 
differentiation capacity; epigenetic 
memory?

Only experimental and preclinical 
studies (potential teratoma 
formation)

Fetal, umbilical cord, and  
placenta-derived stem and  
progenitor cells

aborted fetal tissue (e.g., fetal liver 
or marrow, umbilical cord, amniotic 
fluid, and placental tissue)

High expansion capacity but 
unknown long-term risk of malignant 
transformation; response to allogens?

Mostly preclinical studies; umbilical 
cord blood cells for cartilage

adult stem and progenitor cells Bone marrow aspiration, peripheral 
blood, adipose, and other adult 
tissues; usually autologous, but also 
allogeneic sources

Low to moderate risk of 
de-differentiation and unknown  
long-term risk of malignant 
transformation; potential 
immunological issues

Pulmonary valve and trachea 
(autologous EPCs/MSCs); acute 
GvHD (allogeneic MSCs)

Lineage-committed and  
differentiated adult tissue cells

Commonly tissue biopsy, but also 
peripheral blood; selection of cell 
types, autologous vs. allogeneic 
donor?

Limited expansion capacity; no 
immunogenicity expected but 
immune-response to allogens

Trachea; bladder; cartilage

EPCs, epithelial progenitor cells; GvHD, graft-vs.-host disease; MSCs, mesenchymal stem cells.
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and expiration.11 In summary, in addition to the necessary rigidity 
and strength, the trachea also has lateral flexibility, which is an 
important characteristic that allows for cervical anteflexion, exten-
sion, and rotation. All these characteristics should be taken into 
consideration when generating an appropriate tracheal graft.

Types of sCaffolds
As mentioned above, the choice of the scaffold is highly impor-
tant and significantly affects the outcome of the whole tissue-
engineered strategy. The importance of a three-dimensional 
scaffold for the development and maintenance of cell phenotype 
was proved several years ago and has repeatedly demonstrated 
supremacy over monolayer cell culture.16,17 For decades, efforts 
have been made to develop the ideal tracheal scaffold, which 
would provide the optimal environment for cell engraftment, 

growth, and differentiation. However most of these attempts 
proved to be unsatisfactory, and several unanswered aspects 
remain to be elucidated (Table 2).1,3,8

natural scaffolds
Various natural materials have been investigated for their 
potential to serve as a proper matrix for cell adhesion and cul-
ture: gelatin, chitosan, hyaluronic acid, alginate, fibrin glue, 
and decellularized tissue (such as jejunum, bladder, aorta, or 
trachea).18–20 Decellularized tissue currently appears to be the 
most promising approach to obtaining suitable scaffolds to 
engineer a variety of tissues and organs.21–26 To obtain an acel-
lular scaffold, various detergents and solutions (such as ionic, 
nonionic, alkaline, acidic, zwitterionic, resolvent, chelating, 
and enzymatic agents) and physical techniques are available.26 

Table 2 Tissue-engineered adopted strategies for tracheal transplantation

general criteria for trachea replacement

• Biocompatibility 
• Liquid and airtight
• Nonimmunogenic and minimal inflammatory response
• Nontoxic and noncarcinogenic
• avoidance of collapse by reasonable mechanical strength
• Support cell engraftment
• Support neovascularization

• Possibility of growth
• Resistance to fibroblastic and bacterial invasion
• Standardized easy and short fabrication
• Customizable and low costs
• Easy surgical handling
• Provide physiological environment such as ECM
• Minimal necessity of donors and accessibility

material Donor Characteristics pros and cons application field

Biological Decellularized  
human trachea

Nonimmunogenic Pros: 
Biodegradable 
Biocompatibility 
Cell homing 
No inflammatory response 
Proangiogenicity 
Cons: 
Mechanical strength 
Shortage of donors 
Processing time 
Immunogenicity

Replacement of the subglottis 
and entire trachea for benign and 
malignant lesions

MHC I & II free

Proangiogenic

Preserved ECM

Seeded with autologous MSCs  
and epithelial cells

Fresh aortic allograft Supported with bifurcated stent Initial clinical application 
(circumferential, bifurcation)

Decellularized  
porcine jejunum

Nonimmunogenic One clinical case (patch) for a 
broncho-pleural fistulaSeeded with autologous muscle 

cells and fibroblasts

Synthetic POSS covalently  
bonded to PCU

Nonimmunogenic Pros:
No donor needed 
Rapid availability 
Mechanical strength 
Customizable 
Cons: 
Contamination 
Stiffness 
Nondegradability 
Vascularization
Inflammatory response

One clinical case (tracheobronchial 
replacement to treat malignancy)Seeded with MNCs

Composites Polypropylene mesh  
covered with collagen  
sponge

autologous blood coating Pros: 
No donor needed 
Rapid availability 
Mechanical strength 
Customizable 
Cons: 
Partially biodegradable 
Mechanical strength 
Cell engraftment 
Inflammatory response

Initial clinical application (patch) 
treating benign and malignant 
tumors

ECM, extracellular matrix; MHC, major histocompatibility complex; MNC, mononuclear cell; MSC, mesenchymal stem cell; PCU, poly (carbonate-urea) urethane; POSS, polyhedral 
oligomeric silsesquioxane.
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Given that the extracellular matrix (ECM) is significantly impor-
tant for tissue regeneration, cell homing, and differentiation, 
one must consider the disruption of the ECM while selecting 
the most suitable tissue decellularization process. It has been 
demonstrated that several decellularization approaches cause 
elimination of ECM cellular-specific proteins and ECM disrup-
tion, compromising the ability of the scaffold to provide suitable 
cellular signaling and mechanical support during the remod-
eling process.21,26 Therefore, the selection of the appropriate 
decellularization method must be prudent. Even if the ECM 
structure is successfully preserved after decellularization, the 
scaffold must also meet the basic requirements of a graft, namely, 
to be nonimmunogenic (lack of MHC I and II) and nontoxic, 
as well as capable of supporting cell engraftment. Moreover, it 
should be ensured that the decellularization strategy does not 
influence the degradation process that the ECM undergoes as 
a result of a cascade of events (such as the release of growth 
factors and peptides) during tissue regeneration that stimulate 
tissue remodeling, angiogenesis (neoformation of vessels), and 
cell homing.

So far, the only clinically acceptable method for engineering a 
tracheal graft is a detergent enzymatic approach based on the use 
of deoxycholate and DNase.27,28 This method provides a nearly 
acellular airway matrix of nonimmunogenic and fairly native 
mechanical properties. Moreover, the decellularized matrix con-
tinues to retain proangiogenic factors such as basic fibroblast 
growth factor, which can aid in promoting the formation of new 
blood vessels.29 From a review of the published literature, it is 
assumed that this is the optimal method for engineering tracheal 
tissue for clinical application. However, the limitation of using 
natural scaffolds is the need for a human donor. Moreover, the 
decellularization protocol is of relatively long duration, and the 
15 to 20 days of in vitro manipulation may introduce some risk 
of culture contamination. The limitations of this methodology 
clearly suggest that more continuous evaluation and improve-
ments are required.

Other natural scaffolds have also demonstrated their effi-
ciency, mostly in experimental studies with animals. However, 
these have not yet been successfully translated from bench to 
clinic. In 2004, a decellularized jejunum was implanted into a 
patient to cover a permanent tracheal fistula, but, as mentioned 
earlier, this was for covering only a small area of the trachea 
and did not involve reconstruction of the tubular structure of 
the entire organ.30 In clinical practice, aortic grafts have been 
used to replace tracheas. This is not a regenerative approach but 
a surgical procedure, in which the trachea is replaced with an 
aortic graft reinforced with a permanent synthetic endolumi-
nal stent. This approach met with documented clinical success 
initially, but there has been no real morphological evaluation of 
the method.31 Some of the natural scaffolds have been tested in 
seeded and unseeded conditions. Go et al.32 demonstrated the 
importance of covering both surfaces of the tracheal graft with 
appropriate cells to avoid graft failure. Others detected insuffi-
ciency even with a seeded scaffold, but they attributed this to an 
inappropriate tissue-preservation method. Indeed, the impact of 
the manipulation method on cell growth and tissue development 

has also been demonstrated by Seguin et al.,33 who showed dif-
ferences between cryopreservation and other decellularization 
methods. Undoubtedly, a natural scaffold addresses all the nec-
essary requirements for an appropriate graft, but the limitations 
include shortage of donor organs, technically tedious and long 
processing time, and a possible risk of contamination. Moreover, 
the decellularization method must be evaluated very carefully 
to preserve the ECM and the native architecture.

synthetic scaffolds
Since the beginning of tracheal replacement procedures, artifi-
cial and synthetic materials have been investigated and used.

The early assumption that tracheal replacement involved only 
the replacing of a simple tubular structure without any func-
tion other than transporting air from the larynx to the bronchi 
was disproved rather quickly, and the complexity of the tracheal 
structure and function was discovered. Several material-specific 
mechanisms and negative characteristics result in failure of syn-
thetic grafts: (i) nonvascularization, (ii) low level of integrity, 
(iii) migration of the material, (iv) stiffness, and (v) tendency for 
contamination.1,3 The lack of vascularization is a crucial limita-
tion that has not been overcome, and consequently seeded cells 
become apoptotic. Another problem with synthetic material is 
the low level of integrity with the surrounding tissue, resulting 
in migration of the graft material. Given that the trachea has 
continuous contact with both the outside environment and the 
inside of the human body, the immunological capacity is well 
developed. Unlike the native trachea, synthetic material does not 
provide this characteristic, and therefore the rate of infections 
and contamination is rather formidable.1

Nevertheless, various synthetic materials have been investi-
gated and developed because of some significant advantages, 
for example, avoiding the need for donor tissue, easy modifica-
tion and customization for a specific patient’s requirements, and 
ability to be sterilized. Some examples of the materials studied 
to date, both nondegradable and degradable, are Marlex mesh, 
polyester urethane, polypropylene mesh, polyethylene oxide/
polypropylene oxide copolymer (Pluronic F-127), polyethylene 
glycol–based hydrogel, polyhydroxyacids, poly-ε-caprolactone, 
polyactic/glycolic acid, gelatin sponge, and alginate gel.1,8 
Clinical applications of scaffolds constructed from these materi-
als were described only recently, when the first synthetic scaffold 
(based on nanocomposite polymeric material) was seeded with 
autologous progenitor cells and subsequently implanted into a 
patient affected by a primary tracheal tumor.10 To overcome the 
shortcomings of the synthetic scaffolding, the “simple” process 
of cell seeding must have been replaced with a more complex 
approach. We hypothesize that the important steps in the process 
are not only the cell culture and seeding but also pharmacologic 
interventions to promote cell survival, cell growth, and coverage 
of the graft and ensure the integrity of the entire graft.

Combined scaffolds
It is possible to use natural and synthetic materials in combina-
tion in a single construct. Coated or layered constructs con-
sisting of two or more different materials have been tested and 
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are available. The most common among these, and the most 
widely investigated, are collagen-coated scaffolds using poly-
propylene as the basic component.3 Cell-mixed gels for both the 
internal (vitrigel) and the external surfaces have likewise been 
studied.34 The modification of scaffolds or cells using bioactive 
molecules and peptides is a very potent tool to enhance cell 
engraftment. Some studies demonstrated an alteration in cell 
attachment when scaffolds were modified using the tripeptide Arg- 
Gly-Asp, fibronectin, or apatite.35,36 However, these approaches 
did not result in overall improvement. Inflammation and unde-
sired excessive sputum absorption led to graft failure.35 It was 
also demonstrated that the shape of the scaffold and material 
significantly influences cell behavior. Y-shaped and computed  
tomography–based constructs have been tested experimen-
tally. On the basis of these experiments, a synthetic scaffold for 
tracheal replacement was recently transplanted into a human 
patient.10 In summary, the modifications possible with synthetic 
materials are manifold, and the use of such materials appears 
promising. However, their influence on cell behavior and the 
environment must be considered prior to clinical application.

Cell-sheet/scaffold-free approaches
“Cell-sheet” and “scaffold-free” approaches appear to fall short 
of the requirements for an appropriate graft that can reconstruct 
large tracheal defects.37–39 Basically, the concept involves the use 
of a stent or tubular structure on which cells are seeded in vitro. 
Before implantation, the carrier structure is to be removed or the 
cells are to be detached from it, thereby separating the components 
of the structure. This avoids any potential interaction between the 
recipient’s tissue and nonbiological/foreign material. Low levels 
of inflammatory response and improved biological acceptance 
are expected to be the advantages of this approach. However, the 
attempts along these lines by different groups resulted in impaired 
mechanical function of the transplanted trachea in recipients, 
leading to severe airway collapse and fatal dyspnea.37–39 Therefore, 
although this approach seems to be promising for potential use 
in a clinical setting, the current scope of its application, if any, is 
limited to the repair of small tracheal defects such as fistulae.

Types of Cells for Te
Two of the most challenging aspects of producing a tissue- 
engineered organ are the standardization of its biological com-
ponents and the safeguarding of its proper functioning in vivo.40 
The immunologic characteristics, route of delivery, precondi-
tioning of the cells, and specific culture conditions used for 
generating the cell graft must be carefully evaluated within the 
specific context of the particular scaffold to be used. Numerous 
factors have to be considered and meticulously evaluated before 
seeding the material with its cellular component, e.g., cell donor–
related immunogenicity (autologous vs. allogeneic donor), cell 
purity and potency (freshly isolated cell mixtures vs. purified 
or expanded cells, potential preconditioning or differentiation 
of the cells), ex vivo culture (cell number, minimal expansion in 
culture, use of nonimmunogenic medium supplementation), 
and, eventually, the overall costs of the product. Although many 
approaches are based on incorporating a biologically active 

cellular component within a scaffold matrix, an interesting alter-
native involves the recruitment of endogenous cell types, bypass-
ing any ex vivo cell manipulation and its associated hurdles. The 
targeting of cell migration into the newly transplanted scaffold, 
appropriate integration of the cells into the biomaterial, and 
proper absorption and remodeling of the transplanted matrix 
are crucial factors when taping endogenous repair. In return, 
this approach offers the considerable advantage of minimizing 
the exogenous handling of the cells, and it also eliminates the 
potential risk of acquisition of donor- or culture-related immu-
nogenicity by the cellular component.

Below we present a brief overview of some of the most press-
ing issues that have been encountered on the way to the bioen-
gineering of cellularized grafts.

The initial choice of the cellular component (immunogenicity, purity, 
and potency). Over the past decades, transplantation immunol-
ogy has given us novel insights into the major immunologi-
cal barriers between animals and humans (xenobarriers) and 
among individuals of the same species (allogenicity, major/
minor mismatch antigens) and their potentially deleterious  
impact on the outcomes of cell and tissue transplantation.41  
Unless the underlying disease or pathologic condition of the 
patient justifies the use of prolonged systemic immune sup-
pression in conjunction with an allogeneic cell graft, the use of 
an autologous cell source remains the most sustainable choice 
because it minimizes the risk of graft failure and immuno-
logic rejection after transplantation. Mobilizing the patients’ 
own endogenous repair potential remains the gold standard 
in regenerative medicine and tissue repair, at least until more 
powerful localized immunomodulatory or protective agents 
are discovered that will allow long-term tolerance by the host 
of allogeneic cells and foreign tissue.

When they were first characterized by Takahashi and Yamanaka,42  
induced pluripotent stem cells were presumed to be a unique, 
nonimmunogenic, autologous alternative to embryonic stem 
cells, with similarly high differentiation potential. Unfortunately, 
studies in animals have shown that both human induced pluripo-
tent stem cells and embryonic stem cells appear to be prone to 
immune recognition and consequent rejection.43 Further efforts 
are therefore needed to access the true therapeutic potential of 
these highly interesting cell types.44 At present, the use of adult 
stem and progenitor cells, such as bone marrow–derived hemat-
opoietic progenitor cells (HPCs) and multipotent mesenchymal 
stem/progenitor cells (MSCs),45 and other more committed tis-
sue cells, such as chondrocytes and epithelial cells, appears to 
provide the most readily available cell source for cellular therapy, 
at least until more powerful cellular agents become available to 
set the standard for clinical care in the future.

One of the best-established cell-based tissue repair procedures 
is autologous chondrocyte transplantation, which is already in 
use for articular cartilage repair.46 This procedure appears to be as 
efficient as, or perhaps even superior to, activation of endogenous 
repair mechanisms after micro-fracture.47 The success rate of the 
treatment could be further improved by preseeding the cells into 
a collagen scaffold matrix, thereby paving the road for composite 
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grafts. Not only chondrocytes but also their developmental pre-
cursors—the MSCs—provide attractive cell types for regeneration 
of mesenchymal tissues, in terms of their multilineage differen-
tiation capacity48 and diverse trophic and immunomodulatory 
functions.49 MSCs are therefore being evaluated in a number of 
clinical trials for cartilage repair, treatment of stroke, spinal cord 
injury, graft-vs.-host disease, heart disease, Crohn’s disease, and 
several other diseases.50 Learning from these early observations, 
we successfully bioengineered and replaced a defective human 
airway in a 30-year old woman with end-stage bronchomalacia. 
We first decellularized and removed MHC antigens from a human 
donor trachea, which was then readily colonized by epithelial cells 
and MSC-derived chondrocytes that had been cultured from 
autologous cells taken from the recipient.6 The graft immediately 
provided the recipient with a functional airway and improved her 
quality of life; at 4 months, the graft was normal in appearance 
and mechanical properties. The patient had no antidonor anti-
bodies and was not on immunosuppressive drugs. These results 
show that we can produce a cellular, tissue-engineered airway with 
mechanical properties that allow normal functioning, free from 
the risks of immunological rejection. The findings also suggest 
that autologous cells in combination with appropriate biomate-
rials can provide successful treatment for patients with serious 
clinical disorders.

BioreaCTors
Maintaining normal physiologic function and environment of 
organs ex vivo has been a critical component of drug screening 
and basic investigational studies for many decades. The devel-
opment of advanced techniques to more accurately mimic the 
activity of the peripheral circulatory vasculature, along with 
advances in hardware/software–control circuitry, has advanced 
to the point where organs can be functionally maintained  
ex vivo for several days. Acting as bioreactors, such ex vivo 
systems represent state-of-the-art technology that enables the 
progress of regenerative medicine.

A bioreactor is, in essence, an ex vivo perfusion system opti-
mized for the demands of organ generation. The starting material 
is either a raw or decellularized cadaveric organ or a scaffold made 
of synthetic material. Whatever the starting material, it serves 
as the underlying basis of the organ as well as the attachment 
substrate for the deposit of cells. This highlights a unique prop-
erty that an organ bioreactor must possess: the ability to function 
effectively as a cellular culture chamber and subsequently transi-
tion to and effectively function as an ex vivo perfusion system for 
three-dimensional organs. As can easily be understood, the opti-
mal conditions for nurturing attachable cells in suspension differ 
from those required for optimal performance of an entire organ. 
The key to guiding this transition and thereby directing optimal 
organ generation is accurate measurement and tight control over 
physiologic, metabolic, and biomechanical parameters. Overall, 
these specific requirements dictate the necessity for certain ele-
ments in the next generation of organ bioreactors: the chamber for 
the organ (organ chamber), easy fluid-handling hardware, sensors, 
and appropriate software. The organ chamber is a rather simple 
and straightforward but critical component—it must incorporate 

structural support for the organ and perfusion ports to the arte-
rial and venous vasculature of the organ (these will be different 
for lung, kidney, liver, hollow organs, etc.), as well as provide an 
overall environment that mimics the physiologic environment. 
Also, the organ chamber should allow for the use of disposable or 
sterilizable material without a change in its characteristics.

The fluid-handling hardware generally consists of pumps, 
valves, and fluid pathways. Although the concept is simple, 
proper fluid handling is critical to successful organ development. 
Perfusion of nutrient media, pressure, flow, and hydrodynamic 
shear stress, all important determinants of cell fate and organiza-
tion, are dependent on fluid handling.50,51 In addition, special 
attention must be given to the introduction of cellular suspen-
sions for organ seeding. Given the generally limited volumes of 
cellular suspensions, seeding pathways must be kept short; that 
is, access ports must be positioned as close to the organ as  
possible. As with the organ chamber, any element of the fluid 
handling system that comes into direct contact with fluid must 
be sterilizable or disposable.

As previously mentioned, measurement and control of the 
right parameters are absolutely critical aspects for a bioreactor. 
Although the fluid-handling hardware will drive the hydrody-
namic properties and the environmental maintenance elements 
within the organ chamber will help maintain homeostasis, it is 
the organ construct, as it develops (from a cell-covered scaffold 
to an integrated organ), that will exert hydrodynamic resistance 
as well as structural and metabolic/biochemical changes on the 
system. These changes are measurable using appropriate sen-
sors. Through the use of specialized software, they can be used 
to establish data feedback and control loops to underlie turnkey 
protocols for organ generation.

With this in mind, it has been shown that relatively simple 
bioreactor systems, incorporating only basic physiological 
maintenance functions, have been able to produce regenerated 
organs with at least some nominal level of organ function, for 
a range of organs.51–53 Although these collectively represent 
a groundbreaking demonstration of the feasibility of ex vivo  
bioreactor-mediated organ generation, they also highlight 
the areas in which improvements to bioreactor systems must 
be made. Some of the more obvious of these areas are over-
all incorporation of disposable or sterilizable components as 
organ-specific chamber elements, optimization of fluid-handling 
systems for cell delivery and seeding, improved measurement 
capabilities, and the capability to adjust active biomechanical/
hydrodynamic properties in an automated fashion in response 
to measured parameters. As bioreactor-mediated regenerative 
medicine techniques move closer to clinically practical appli-
cation, these and other advances will be required in order to 
increase throughput, safety, and repeatability, with the ultimate 
aim of extending the viability of the organ and the life span of 
the recipients.

pharmaCologiC inTervenTion
The most common reason for failure of TE is the implanted tissue 
becoming necrotic or contaminated. Both simple and complex tis-
sues often fail to survive because of necrosis caused by the lack of 
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efficient vascularization and resultant impaired cell migration. We 
posit that pharmacologic intervention is necessary to support the 
integrity of a graft by promoting and activating local or systemic 
capacity for self-regeneration. We also point out the advantages 
of avoiding in vitro cell culture. In this connection, we discuss 
the following factors/reagents in terms of their relevance and 
importance in tracheal regeneration: growth factors, granulocyte 
colony-stimulating factor (G-CSF), and erythropoietin (EPO).

growth factors
As has been shown in innumerable experimental studies, 
chondrocytes are an essential element in the mechanical profile 
of the trachea. Chondrogenic differentiation is distinguished 
by cartilage matrix deposition, the relevant components being 
collagen II, IX, and XI, and aggrecan. These cartilage-specific 
proteins require the early marker SOX 9 for their expression. 
Chondrogenesis is promoted by several growth factors that are 
relevant for cartilage development, such as TGF-β (transform-
ing growth factor-β), IGF (insulin-like growth factor), FGF 
(fibroblast growth factor), hedgehog, and the wingless growth 
factor family. In vitro engineering of cartilage of high quality 
and having the desired functional characteristics is very chal-
lenging, and no standardized protocol has been established. 
TGF-β, which has been shown to be one of the most promising 
factors for this purpose, has been used in many experimen-
tal studies.54 Its role in chondrogenic formation seems to be 
important, but subtypes of the TGF-β family have a different 
impact on development.55 A positive effect on chondrogenic 
differentiation has been demonstrated by combining various 
growth factors, but the optimal combination has not been 
elucidated so far. Other factors, namely bone morphogenetic 
proteins and the FGF and IGF families of proteins, have been 
demonstrated to affect chondrogenic differentiation via a 
variety of mechanisms, e.g., regulation of apoptosis, prolif-
eration, differentiation, and matrix production of articular 
cartilage.56

The supplementation of in vitro cell cultures with fetal bovine 
serum, insulin, transferrin, or linoleic acid causes great con-
cern because, for clinical application in humans, transplanted 
cells should be of clinical grade and free of animal by-products. 
Another concern regarding in vitro cultures is that they cannot 
mimic the physiologic environment. Therefore, as suggested by 
Bader and Macchiarini, it may be beneficial to avoid in vitro 
culture of cells and instead develop an in vivo approach.9

Cell mobilization
In this section, we describe in detail the TE approach that we 
used for tracheal construction, with a focus on the mobilization, 
isolation, and in vitro culture of cell types with high potential 
for use in bioengineering. As mentioned above, we decided to 
use an autologous cell source for supplementing the scaffold.6 
For supporting the formation and remodeling of the tracheal 
tissue, we selected bone marrow mononuclear cells, which con-
tain progenitor cells as well as other types of repair cells such 
as MSCs. To obtain these cells, we aspirated bone marrow from 
the iliac crest of the patient and separated the mononuclear cell 

fraction. We then expanded and differentiated these cells toward 
chondrocytes and seeded the cells into the exterior spongy layer 
of the scaffold, where they formed the cartilaginous compo-
nent. For generating the inner epithelial lining of the trachea, 
we seeded the surface of the scaffold with nasal epithelial cells, 
after in vitro expansion to obtain sufficient numbers for seeding 
the graft.32 However, prolonged ex vivo culture may compro-
mise cell quality and lead to acquisition of immunogenicity,57 
whereas supplements of animal origin used for cell expansion 
(e.g., embryonic stem cells) may not lead to genetic aberrations 
and epigenetic modifications.58 Prolonged ex vivo manipula-
tion may also sensitize the cell graft to rapid rejection by innate 
immune defense mechanisms.59 We therefore worked only with a  
short-term cell seeding protocol in a bioreactor, which allowed 
us to seed the cells under constant environmental parameters, 
such as stable temperature and pH, and to supplement the 
medium with clinical-grade human blood (type AB) serum. 
Alternatively, autologous serum can be used.6 We found that, 
as an alternative, cells can be seeded directly after isolation in 
the operating theater, by mixing the mononuclear cells with the 
patient’s own blood and allowing this suspension to clot directly 
on the surface of the scaffold, thereby avoiding the initial culture 
step.9 Direct intraoperative application of cells is an interest-
ing approach, but successful long-term colonization of the graft 
should be supported by proper activation of the endogenous 
repair mechanism. This can be achieved by mobilization of stem 
and progenitor cells from the marrow by systemic administra-
tion of factors such as G-CSF.

It has been demonstrated that after acute injury or large burn 
wounds, stem cells appear to be mobilized from the bone marrow 
reservoir into the bloodstream; these cells home in to the sites of 
injury,60–62 where they participate in damage repair.61 Pitchford 
et al.63 demonstrated that the differential mobilization of hemat-
opoietic, endothelial, and stromal progenitor cells (HPCs, EPCs, 
and SPCs) is coordinated by the predominant milieu of solu-
ble factors, although the exact mechanisms of mobilization are 
poorly understood to date. HPC retention is attributed mostly 
to the CXCL12/CXCR4 retention axis (Figure 1), which acts 
in synergy with integrins and other adhesion molecules, as 
recently reported in a review.64 Pitchford’s study demonstrated 
that the disruption of this retention axis with a specific stromal 
cell derived–factor (SDF-1a) antagonist preferentially mobilizes 
HPCs after initial boosting with G-CSF (currently standard 
for HPC mobilization),65 whereas preferential EPC and SPC 
mobilization can be achieved by preconditioning with vascular 
endothelial growth factor.63 It has been observed that G-CSF 
elicits expansion of myeloid cells, mostly neutrophils, which 
weaken the anchoring of HPCs within their niche through 
protease release, leading to degradation of anchoring ECM-
components and also of SDF-1a itself (Figure 1).66 Once they 
are mobilized into the circulation, different types of progenitor 
cells are chemo-attracted to the sites of injury by the action of a 
large number of chemokines (Figure 1), and the cellular homing 
responses are further enhanced by blood activation products 
such as fibrinogen fragments, thrombin, platelet-derived micro-
particles, and complement anaphylatoxins.66
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Wound repair and tissue remodeling
Different kinds of marrow progenitor cells, such as MSCs,67 
show tropism for wounding environments and inflammatory 
sites in vivo (Figure 1). They are attracted and activated by blood 
activation products,68,69 which are formed consequent to vessel 
disruption, and also by a multitude of growth factors and chem-
okines that are produced by injured and inflammatory cells.49 
Once the repair cells have arrived at the damage site, they start 
producing a broad array of anti-inflammatory, antiapoptotic, 
antiscarring, and proangiogenic factors, leading to induction 
of tissue remodeling and repair.49 To enhance the antiapop-
totic effect of these cells within the wound environment, and to 
counteract apoptotic events within the trachea graft (caused by 
surgery-induced injury and a lack of vascularization within the 
newly transplanted scaffold), we decided to apply a high dose of 
EPO as a supportive therapy in addition to G-CSF treatment.

epo
The assumption that EPO is a simple renal hormone that regulates 
erythropoiesis has been refuted. On the contrary, it has an impor-
tant role in acute- and subacute-phase inflammatory response. 
It has been shown that different tissues may be associated with 
local EPO expression and/or interaction.70 The EPO level and 
its influence in the peripheral circulation are well described in 
terms of a negative feedback loop: low oxygenation in kidney tis-
sue leads to an increase in the production of renal EPO, and this 
higher level of EPO results in improved oxygenation of the kidney 
tissue, consequently inhibiting EPO production. This mechanism 
is also observed in all other tissues, and resident EPO production 
is detected under local hypoxic conditions.70 Unlike the systemic 
effective level, the EPO concentration is much higher when pro-
duced locally. Differences can be detected between the receptor 

binding affinity of EPO in systemic circulation and that of EPO 
produced locally.

To understand the meaning of tissue-specific EPO production, 
the common injury response must be briefly reviewed. Immune-
competent cells identify foreign molecular and protein structures 
and a cascade of several proinflammatory cytokines is activated. 
Cytokines, such as tumor necrosis factor-α (TNF-α), provoke 
cell death, and other proinflammatory cells subsequently migrate 
into the inflammatory site. This response is pivotal to the entire 
process and protects against simple infections becoming life-
threatening. However, if this response is overwhelming, it can 
result in significant jeopardy. EPO was recently revealed as the 
balancing factor in this context and was characterized as a direct 
antagonist to TNF-α and its effects.70 A mismatch between EPO 
and TNF-α concentration can be detected at the center of an 
inflammatory region. TNF-α is highly expressed at the center of 
the inflammation, whereas EPO decreases simultaneously. This 
ratio alters from the core toward the periphery of the inflamed 
region. Although local EPO production is repressed by high 
TNF-α levels, the EPO receptor becomes upregulated. It has 
been demonstrated that, chronically, EPO receptor expression 
increases ahead of EPO production, and that this process is reg-
ulated by proinflammatory cytokines. This may be a potential 
target region for pharmacologic intervention.70,71

Besides the several other characteristics of EPO, the binding 
to its respective receptor in the erythropoietic system has been 
described in detail.70,71 Through specific processes at the extracel-
lular portion of the receptor, the Janus tyrosine kinase-2 (JAK-2) 
is phosphorylated and thereby activated. Consecutively, several 
downstream pathways become involved, such as STAT5 (signal 
transducer and activator of transcription 5)-Bcl-2, resulting in the 
inhibition of cell apoptosis.70 Investigating the EPO receptors raises 
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questions about the differences between erythropoietic and other  
tissues/cells. As mentioned above, the binding affinity of EPO 
for its receptor differs between the erythropoietic system and 
other regions. This explains the unequal levels of EPO con-
centration in the different compartments. Further, Brines et 
al.70 described a bounded β common receptor (βcR) linked 
to a complex of interleukins and growth factors. It has been 
revealed that the βcR does not make any contribution to eryth-
ropoiesis but has a significant impact on tissue protection. One 
assumes that two βcRs interact and bind to two EPO recep-
tors and form a “tissue-protective receptor.” As described for 
the erythropoietic system, a cascade of pathways is activated, 

resulting in the inhibition of apoptosis. JAK-1 and -2, STAT,  
BCL-2, phosphatidylinositol 3, protein kinase B, mitogen-activated 
protein kinase, and nuclear factor-κB are some of the factors known 
to be involved in apoptosis and cell proliferation (Figure 2). For all 
these factors, there is still considerable ambivalence with respect to 
their specific roles in cell survival, proliferation, and apoptosis. In 
general, EPO represents the tissue-protective characteristics of all 
these pathways by binding to its receptor.70 However, although a 
predominantly tissue-protective effect emerged with EPO binding 
to the tissue-protective receptor, tissue- and cell-specific differ-
ences still exist. Despite this, the tissue-protective capacity of EPO 
has been described for several different tissue types and disease 
conditions, particularly for ischemic conditions in the lung, liver, 
and heart; chronic skin ulcers and burns; trauma; and cytokine-
related acute injuries.70

Despite all the known beneficial characteristics of EPO, such 
as tissue protection and progenitor-cell homing, one should be 
aware of the potential negative side effects of EPO treatment. 
If the protective character of EPO is to be evoked by interac-
tion with the tissue-protective factor, the dosage of recombinant 
human EPO (rhEPO) must be ≥500 UI/kg. This would result in 
intense activation of erythropoiesis and the associated proco-
agulant effect and hemodynamic changes. The treatment will 
increase the risk of thromboembolism, particularly in patients 
with cancer, infection, or other acute conditions. Because this 
treatment is intended to be applied in patients undergoing engi-
neered-organ transplantation, the risk is even higher because 
of the enforced immobilization of the patient during the ini-
tial postoperative period. Close and frequent monitoring of the 
patient’s clinical parameters, especially hematocrit, becomes 
absolutely essential. Besides the increased risk of thromboem-
bolic events, other major concerns exist, relating to support of 
tumor growth. It has been reported that EPO treatment may 
induce resistance to antitumor therapy; also, the proangiogenic 
action of EPO may indirectly result in tumor promotion. The 
proangiogenic effect of EPO has also been observed in patients 
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with retinopathy. To avoid all these negative side effects, the EPO 
molecule must be modified. Ideally, binding to the EPO recep-
tor and the subsequent activation of erythropoiesis should be 
inhibited while retaining the tissue-protective effects. The bind-
ing affinity to the tissue-protective receptor represents another 
target region that might be altered. Several acute-injury models, 
such as spinal cord compression and strokes, have shown the 
tissue-protective effect of modified EPO molecules. Modifying 
EPO molecules to enhance their beneficial effects and reduce 
negative side effects will help to expand the scope for application 
of EPO therapy. However, it is still far from becoming part of 
routine clinical practice.72

It is also relevant to discuss manipulation of the seeded cells 
using gene transfection. Nanotechnology may help to modify 
the basic structure of the scaffold. Based on currently known 
protein structures of the tracheal ECM, specific molecules can 
be added into a synthetic scaffold. Proangiogenic and antiapop-
totic factors are potential tools in this approach.

Clinical experience of tissue-engineered trachea  
replacements
Initial clinical applications provide substantial evidence for the 
great potential of TE. Although the various approaches differ 
significantly from one another with respect to clinical and aca-
demic merit, they demonstrate the feasibility of developing tis-
sue and transferring it to the patient. The first transplantation 
of a fully bioengineered airway tissue was reported in 2004.30 
A decellularized porcine jejunum seeded with autologous 
muscle cells and fibroblast was successfully used as a patch to 
reconstruct an iatrogenic trachea-bronchial fistula. Given that 
the implanted tissue was only 24 × 36 mm, there was no need 
for direct or indirect revascularization.30 However, for larger 
tubular grafts vascularization represents the critical issue for 
in vivo functioning. Delaere et al.73 implanted a tracheal graft 
heterotopically over the dissected subcutaneous tissue in the left 
forearm of a recipient. They applied a multiphase concept of dif-
ferent transplantation steps such that at the end of the process 
the doctors could transplant the trachea orthotopically. One-
year follow-up showed complete patency of the implant and 
near-physiologic values for parameters such as vital capacity 
and forced expiratory volume. Delaere and colleagues showed, 
by means of fluorescence in situ hybridization analysis, that 
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figure 4 In vivo engineered transplanted trachea. (a,b) Pretransplant computed 
tomography (CT) scan showing a primary tumor. Its extension of more than 50% 
of the total length makes it unresectable by classical means. (c) Macroscopical 
specimen. (d) Decellularized trachea; post-transplant CT scan showing the 
bioengineered tracheal replacement in (e) an anterior and (f) a lateral view.
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figure 5 Tracheal graft recellularization. (a) Hematoxylin and eosin (H&E) stain of implanted decellularized trachea; (b) H&E stain of decellularized trachea 
1 month after transplantation, showing tracheal recellularization in all its structures; (c) H&E staining of a decellularized trachea 1 year after transplantation 
showing normal tracheal epithelium: c, cartilaginous part; g, seromucinous glands; v, vessels; e, epithelium.



CliniCal pharmaCology & TherapeuTiCs | VOLUME 91 NUMBER 1 | JaNUaRy 2012   91

review

there was no interference with allogenic cells even if culturing 
with foreign tissue.73 Disadvantages of this method are (i) it is 
a very lengthy procedure (the graft was implanted and left for 4 
months in a heterotopic position); (ii) it requires initial immu-
nosuppressive therapy; and (iii) it requires a donor trachea. 
By contrast, the method described by Omori and colleagues74 
avoids the need for donor organs and other allogenic tissue/
cell components; instead it uses a Marlex mesh tube covered 
by collagen sponge and preclotted with autologous blood. At 
the 2-year follow-up in a patient who received this treatment, 
the epithelium appeared healthy, and the results were gener-
ally promising. The second approach that has been applied in 
clinical practice involves the use of a nonimmunogenic decel-
lularized donor scaffold. Initially, stem cells must be used for 
differentiating into chondrocytes for seeding the external sur-
face. The internal surface is thereafter seeded with autologous 
epithelial cells (Figure 3). Since 2008 (ref. 6), nine patients 
(ranging in age from 11 to 73 years), with either benign or 
malignant conditions, were treated using this decellularized 
scaffold (Figure 4). To date, the new in vivo engineered trans-
planted tracheas have been shown to be viable and to possess 
a good epithelial coating, are characterized by immediate vas-
cularization, and, above all, maintain a constantly open lumen 
for air passage (Figure 5).

A paradigm change was recently proposed by Bader and 
Macchiarini,9 who described a total in vivo concept including 
the already discussed pharmacologic reagents. To some extent, 
Nakamura et al.75 used the in vivo approach when they per-
formed an in situ TE study of tracheal reconstruction in dogs. 
The very recently performed transplantation of a synthetic-
based, stem cell–seeded Y-shaped tracheal graft provides sig-
nificant evidence for the concept of in vivo tracheal regeneration 
and the necessity of pharmacologic support and intervention.10 
In summary, although the 3-year follow-up computed tomog-
raphy scan of the first patient to receive a tracheal transplant in 
the year 2008 still showed satisfactory function and patency, the 
whole field is currently under intense investigation. Issues such 
as graft vascularization, cell engraftment phenotype develop-
ment, graft integrity, and long-term function continue to pose 
challenges.

ConClusions
The reconstruction of the trachea has posed a challenge for 
many surgeons all over the world since the beginning of the 
past century (1900). Once basic research entered the field, hopes 
were raised and solutions were expected to be found very soon. 
However, one must recognize that the windpipe is an organ 
that is anything but easy to reconstruct. As its functional and 
mechanical properties became better elucidated, the more com-
plex the challenge became. The decision as to which scaffold 
should be used as the basic structure must be made separately 
for each patient, given its immense impact on cell behavior, 
integrity, and biological acceptance. Depending on the situa-
tion and the biological/clinical requirements, either natural or 
synthetic materials may be the optimal choice. The pros and 
cons of each alternative must be weighed, and only the specific 

clinical indication and conditions can dictate the ideal approach. 
Regarding the cells used for seeding, the benefits and short-
comings have been described for each specific cell type, and the 
choice of cells must be conscientiously reviewed before clinical 
application. Different concepts of TE, such as in vitro, in vivo, or 
a combination of these, are feasible, and must be selected so as 
to adapt to the scaffold’s properties. The first clinically approved 
bioreactor is already available, but it needs to be adapted and 
optimized for specific situations. Besides the classic issues relat-
ing to TE, the role of pharmacologic intervention has recently 
begun to attract interest. There is mounting evidence of the ben-
eficial effects of using “boosting factors” to mobilize systemic 
circulating progenitors and thereby enhance autoregenerative 
capacity and self-healing processes. So far, it cannot be claimed 
that TE is the Holy Grail of regenerative medicine, but it certainly 
has the potential to revolutionize organ and tissue replacement.  
A deeper knowledge of the interaction between cells and sur-
faces (both natural and synthetic) will help to improve the meth-
ods. Even more essential may be a well-designed and customized 
pharmacologic intervention to advance the whole concept of TE. 
Current and future studies will hopefully elucidate unknown 
pathways and mechanisms.
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