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Foreword: The Science of Reconstructive 
Transplantation

Reconstructive transplantation is an emerging area of transplant medicine that has 
become a viable option for patients with large and devastating tissue defects. Over 
the past decade, a rapidly growing number of face and upper extremity transplanta-
tions have been performed worldwide with highly encouraging outcomes. Advanc-
es in microsurgical techniques, transplant immunology, and immunosuppression 
have enabled such operations.

It has been a pleasure to see the life-changing impact of the hand, face, and other 
composite allografts. Recipients of these grafts represent a new generation of transplant 
recipient pioneers. The uniqueness of their grafts, which include donor bone marrow, 
could help further elucidate the mechanisms by which transplanted organs and tissues 
are accepted. In turn, novel strategies to facilitate these mechanisms may be developed.

The Science of Reconstructive Transplantation presents a comprehensive over-
view of the latest advances in basic and translational research in the field. Many 
of its leaders have contributed their expertise to the inspiring book. Important top-
ics include reconstructive animal models, skin rejection, immune monitoring, stem 
cell-based immunomodulation strategies, costimulatory blockade, tolerance induc-
tion, chronic rejection, ischemia–reperfusion injury, nerve regeneration, and cere-
brocortical reintegration.

The textbook should spark the interest of physicians, scientists, and surgeons, 
while serving as a valuable reference for students and scholars engaged in this novel 
and emerging area of transplantation.

Thomas E. Starzl, M.D., Ph.D.
Professor of Surgery
Distinguished Service Professor
Professor Emeritus
Thomas E. Starzl Transplantation Institute
University of Pittsburgh
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Foreword: The Science of Reconstructive 
Transplantation

Although the outcome of the initial series of hand and face transplantations has 
been better than any other field of transplantation, fewer than 100 upper extremity 
and only 29 face transplants have been performed since the first successful hand 
transplant in Lyon, France, in 1998. Wider application of reconstructive trans-
plantation is hampered to a large extent by the lifelong need for immunosup-
pression. Minimization of immunosuppression or even induction of a specific 
immune tolerance has to be considered a prerequisite for further propagation of 
this most fascinating field. This book covers the various aspects of reconstructive 
transplantation with special emphasis on immunology. All chapters are written by 
top experts in the field.

The Science of Reconstructive Transplantation is a must for every clinician and 
scientist working in the field, but is also worthwhile for anyone with an interest in 
new developments in medical science.

Raimund Margreiter MD
Professor Emeritus
Department of Visceral, Thoracic and Transplant Surgery
University Hospital
Innsbruck—Austria
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Preface

Reconstructive transplantation of vascularized composite allografts, such as hand, 
face, and abdominal wall transplants, has become a clinical reality and a viable 
treatment option for the patients suffering from complex tissue injuries or defects 
not amenable to conventional reconstruction. Despite the fact that early and in-
termediate outcomes are highly encouraging, skin rejection, the need for chronic 
immunosuppressive treatment and the relatively slow pace of nerve regeneration 
continue to hamper broader clinical application and further expansion of indi-
cations. Therefore, a thorough understanding of the unique biological features 
and basic mechanisms related to immunogenicity and neuroregeneration in this 
novel and emerging field of transplantation is key to establishing future treatment 
protocols that allow to favorably balance the risks and benefits for such non-life-
saving but life-changing types of transplants. This was the impetus to embark 
on this project and create a book entirely devoted to research in reconstructive 
transplantation.

Written by renowned scientists and leaders and pioneers in the field, The Sci-
ence of Reconstructive Transplantation thus presents a comprehensive overview of 
the latest advances in basic and translational research in the field of reconstructive 
transplantation with a particular emphasis on its potential therapeutic implications.

The book has been structured into two parts. Part I gives an overview of the 
history and development of reconstructive transplantation, discusses what can be 
learned from the experiences and successes over the past 60 years in solid organ 
transplantation, and provides insights from a recipient perspective describing the 
experience and daily life of the first US patient receiving a combined forearm and 
hand transplant. Part II concentrates on individual research areas, spanning topics 
such as the use of small and large animal models for reconstructive transplantation 
research, mechanism and diagnosis of skin rejection, immune monitoring concepts, 
cell-based immunomodulatory strategies, tolerance induction, chronic rejection, 
ischemia–reperfusion injury, models and tools to assess nerve regeneration, and 
cortical reintegration of vascularized composite allografts. While this volume is 
certainly not inclusive of all areas of transplantation research, it contains topics that 
are of major current interest and have significant potential for translation and future 
clinical applications.
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Thus, the audience for this book includes biomedical researchers and basic 
scientists in the field of reconstructive transplantation, transplant immunology, 
and regenerative medicine, as well as clinicians, surgeons, and multidisciplinary 
specialists, interested in this novel and exciting field.

I am extremely grateful to Drs. Thomas E. Starzl and Raimund Margreiter for 
writing the forewords to this book. Dr. Starzl has taught me about the fundamental 
and natural laws of immunology. In addition, by sharing his personal reflections on 
one of the most exceptional transplant journeys, he taught me that through relent-
less pursuit of a goal and vision, eventually stunning successes can be achieved in 
a novel discipline. My surgical teacher and mentor, Dr. Margreiter, has involved 
me in reconstructive transplantation in the very early days of the field as a young 
resident and has supported my efforts throughout my entire professional career. He 
has been and remains to be the ultimate role model of a surgeon-scientist.

Finally, I would like to express my sincere appreciation to all the contributors for 
sharing their experience and knowledge in this book and for their excellent manu-
scripts. I would also like to thank Springer for supporting this exciting project and 
the opportunity to edit this volume.

Baltimore, MD, USA Gerald Brandacher, MD
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Chapter 1
Reconstructive Transplantation: From Scientific 
Dream to Clinical Reality

Gerald Brandacher, Saami Khalifian and W.P. Andrew Lee
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Department of Plastic and Reconstructive Surgery, The Johns Hopkins University School 
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Baltimore, MD, USA
e-mail: WPAL@jhmi.edu

G. Brandacher
Department of Plastic and Reconstructive Surgery, Vascularized Composite Allotransplantation 
(VCA) Laboratory, The Johns Hopkins University School of Medicine, Baltimore, MD, USA

Introduction

Transplantation of foreign or allogeneic tissues has captivated human imagination 
since antiquity, and what began as the medicine of mythology now spans a timeline 
of three millennia. Indeed, Greek mythology and religious texts are rich with exam-
ples of xeno- and allotransplantation. Icarus and his father, Daedalus, for example, 
attempted to fly across the sea from Crete to Greece with the help of bird wings 
attached to their arms—one of the earliest writings illustrating xenotransplantation 
[1]. Ancient folklore in many cultures describes the amalgamation of physical attri-
butes from multiple species into one, such as the Chimera in Homer’s The Odyssey, 
which is the fusion of a goat, lion, and a dragon, or the deity Zu in Babylonian myth, 
which is a lion-headed eagle with human arms. Perhaps the most famous of these 
chimeric heroes or gods is Ganesha, a Kumar child whom the Hindu god Shiva 
xenografted the head of an elephant, transforming him into the god of intellect and 
wisdom, the patron of art and science, and the remover of obstacles [2].

Interestingly, the concept of transplantation transcended temporospatial bound-
aries and has been reported in Egyptian, Chinese, Indian, and early Christian my-
thology as early as 2000 BC [3]. In ancient Chinese texts, the physician Pien Ch’iao 
exchanged the hearts of two warriors to cure the unbalanced equilibrium between 
the two men’s energies [4]. In the Old Testament, the prophet Ezekiel also refers to 
cardiac transplantation, stating “a new heart also I will give you… I will take away 
the stony heart out of your flesh, and I will give you a heart of flesh,” perhaps the 
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earliest reference of a cardiac allograft. However, the most famous legend high-
lighting transplantation in antiquity is the “miracle of the black leg” in the third 
century AD by Saint Cosmas, a physician, and Saint Damian, a surgeon [5]. These 
twin brothers removed the malignant and gangrenous leg of an aged Roman deacon 
of the church, and successfully transplanted the leg of a recently deceased Ethiopian 
Moor to the patient while he slept. Upon waking, the Roman discovered he had a 
new, healthy leg, albeit a black one. Although it is unlikely that any of these legends 
are derived from historical fact, it underscores human fascination with the practice 
of transplantation. In particular, the legend of Cosmas and Damian describes for the 
first time a new concept: cadaveric transplantation—where the body of the dead can 
help the living.

Transplantation in Antiquity

Experimentation with various types of transplants continued in the following cen-
turies. Although the earliest recorded human surgery only dates back to the Bronze 
Age, archaeological evidence suggests that Proto-Neolithic [6] and Neolithic [7] 
civilizations performed trephination, the removal of a circular disc of calvarium 
to relieve intracranial pressure, and this practice continued well into recorded his-
tory. Yet, the first reference to organ transplantation does not occur until AD 200, 
when the Chinese physician Hua Tuo is said to have replaced diseased organs with 
healthy ones [8]. Unfortunately, all of Tuo’s medical texts were destroyed and he 
was executed, causing his surgical practices and expertise to fall into disuse.

Although it seems unlikely that proper surgical techniques were available to fa-
cilitate successful performance of solid organ transplantation (SOT) at that time, 
the procedure of skin grafting had already been performed for many centuries. In 
the second century BC, the Indian surgeon Sushruta pioneered skin grafting and 
rotational pedicle flaps for nasal reconstruction and described over a dozen ways to 
reconstruct ears and lips. His forward-thinking concepts were compiled in the Sush-
ruta Samhita, which served as the primary treatise on plastic and reconstructive sur-
gery for centuries [9]. The prognoses for skin grafts improved considerably through 
the fifteenth century AD as these surgical techniques continued to be optimized.

In the sixteenth century, Gaspare Tagliacozzi emerged as a popular figure in 
transplantation, and he, like Sushruta, was a specialist in rhinoplasty. Tagliacozzi 
successfully performed nasal reconstruction on a patient who had lost his nose us-
ing a flap from the patient’s upper arm—one of the earliest records of a human 
autograft. Although the practice of donor consent did not exist, tissue transfer from 
slave to master had become common during this time, and as the Italian Poet Calen-
zio wrote, slaves would often “donate” their noses to their masters [10]. Possibly 
due to sectarian and secular objections, nasal reconstruction via allografting became 
the subject of satire, and was criticized by writers such as Voltaire. Similarly, in 
Samuel Butler’s play, Hudibras [11], he highlights the injustice of such practices in 
a scene that ends with, “When the date of Nock was out, off dropt the sympathetic 
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Snout.” Although allografts were commonly attempted during this era, they did not 
enjoy the same success as autografts, and invariably failed. Tagliacozzi and other 
surgeon-scientists of the era became acutely aware that the limitations and failure 
of allografting were likely due to “the force and power of individuality” [12]. This 
was one of the earliest recorded indications that individual differences precluded 
tissue transfer between genetically disparate individuals; however, very little was 
known about genetics at this time, and the pioneering work of Mendel would not be 
conducted for another 250 years.

A Renaissance in Transplantation: The Nineteenth Century

Reports of successful allografts began to circulate around the turn of the nineteenth 
century, when the Scottish surgeon, John Hunter, successfully transplanted the tes-
tes of a chicken into a hen “without altering the disposition of the hen” [13]. These 
experiments led Hunter to conclude that “transplantation is founded on a disposition 
in all living substances to unite when brought into contact with each other;” one of 
the earliest revelations regarding chimerism and allograft acceptance, which seems 
compatible with current philosophy on the matter. In 1804, the Milanese surgeon 
Baronia claimed to perform successful autogenous and xenogeneic skin transplants 
as well as free tendon allografts in sheep [.14]. However, Baronia’s results were 
unable to be duplicated, and were subsequently disputed by Paul Bert in his 1863 
thesis, De la Greffe Animale [15]. In his manuscript, Bert describes his own ani-
mal experiments with many kinds of allogeneic and xenogeneic skin transplants 
and notes that the results of Baronia seemed unlikely. Nevertheless, experimental 
transplants continued and by the end of the century, stable corneal transplants were 
performed in animals and humans, and skin, tendon, nerve, tooth, and cartilage-free 
grafts had all been reported.

The 1800s were truly a Renaissance for transplantation after the darkness of 
the Middle Ages. Indeed, the concept of cadaveric transplantation reemerged in 
popular culture during this time, which is highlighted by Mary Shelley’s popular 
novel Frankenstein [16]. The novel describes a physically and morally superior 
creature constructed with organs and parts taken from a graveyard. Unfortunately, 
the creature turns to violence after his creator rejects him, thereby providing one of 
the earliest positive and negative depictions of transplantation in literature.

At this point, organ transplantation was still not technically feasible due to limi-
tations in suturing techniques for vascular anastomosis. This obstacle was over-
come in 1902 when Alexis Carrel introduced his vascular anastomosis technique 
[17], which unlocked a continuum of research in experimental organ transplanta-
tion, including an orthotopic canine head transplant. Within the same year, Austrian 
surgeon Emmerich Ullmann performed the first experimental kidney transplanta-
tion in animals in Vienna [18], which was followed a few years later by reports of 
unsuccessful attempts in humans by Mathieu Jaboulay [19]. In 1905, Carrel and 
Charles Guthrie performed the first cardiac transplant in animals [20]; however, the 
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graft was rejected early, which was hypothesized to be due to malnutrition of the 
grafting tissue by Paul Ehrlich in the following year [21]. Renal transplantation re-
emerged as the most promising model of clinical transplantation, and allogeneic ca-
nine transplants, xenogeneic transplants into humans, and cadaveric human kidney 
transplants (performed in 1933 by Ukrainian surgeon Voronoy) were attempted—
all of which were invariably unsuccessful [22].

Transplantation Immunology in the Twentieth Century: 
The Key to Success

The mechanisms of rejection were nebulous at this time and presented a major 
hurdle to successful organ transplantation. In the early 1900s, major advances were 
made in the understanding of humoral immunity; however, very little was known 
about lymphocyte function and cell-mediated immunity. The discovery of ABO 
blood groups in 1901 by Austrian biologist and physician Karl Landsteiner was a 
major advance for transplantation and led to the introduction of clinical blood trans-
fusion [23]. In 1912, Murphy and Rous described the predominance of lymphocytes 
in a tumor rejection model, but several decades would pass before the activation of 
T cells was understood to be the molecular basis for acute allograft rejection.

Unfortunately, the 1930s marked a period of decline for transplant immunology 
research, due to limited success in skin and organ transplants secondary to rejection. 
Then came World War II and the bombings of cities led to a significant increase in 
burn victims in need of skin allografts. At this time, long-term outcomes for skin 
allografts were still plagued by a high failure rate due to the rejection response. 
This led to the pioneering work of Sir Peter Medawar, who transplanted skin onto 
badly burned soldiers in London, although the procedure was only successful when 
performed between identical twins [21]. Medawar concluded that the rejection of 
human skin allografts is a result of actively acquired immune reactions—work that 
was later summarized by Billingham, Brent, and Medawar in their manuscript “Ac-
tively Acquired Tolerance,” which became the preeminent treatise on engineering 
the immune system [24]. In this manuscript, they implicitly discuss the importance 
of chimerism for tolerance induction, noting the development of donor-specific 
tolerance by injection of donor cells into neonatal animals. Soon thereafter, this 
concept was explicitly demonstrated by Main et al., when it was shown that an im-
mature or immunologically weakened (irradiated) organism was prone to tolerance 
through chimerism induction [25]. This knowledge of immunology facilitated one 
of the most remarkable advances in medicine in the twentieth century: the advent 
of successful SOT.

Prior to the 1950s, early outcomes after organ transplantation were poor; how-
ever, the incorporation of the aforementioned findings led Dr. Joseph Murray to 
perform the first successful living-related kidney transplantation between identical 
twins in 1954 [26]. Shortly thereafter, a rapid development and utilization of chemi-
cal immunosuppressive drugs took place. The use of agents such as azathioprine, 
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6-mercaptopurine, and steroids in the 1960s allowed for the success of cadaveric 
renal transplants in 1962, and ushered in a new era in SOT [27]. Thereafter, many 
organs were successfully transplanted for the first time. In 1963, Dr. James Hardy 
successfully transplanted the first lung at the University of Mississippi, and in the 
following year, he attempted to transplant a chimpanzee heart into a critically ill 
man; unfortunately, the heart only beat for 90 min. By 1966, the first successful 
pancreas transplant was performed at the University of Minnesota in a patient with 
uncontrolled diabetes and kidney failure, which resulted in stabilization of blood 
glucose levels. Dr. Thomas E. Starzl performed the first liver transplant in the fol-
lowing year on a 3-year-old child, and 20 years later, he performed the first multi-
visceral transplant [28]. The first successful heart transplant was carried out by 
Christian Barnard in 1967, followed by the first successful bone marrow transplant 
by E. Donnall Thomas in 1968, and first successful small bowel transplant in 1988 
by Goulet et al. In 1972, Jean-François Borel discovered cyclosporine, which fur-
ther improved survival outcomes after transplantation [29]. Since then, many potent 
and more selective immunosuppressive agents have been developed, which has en-
abled SOT to become the standard of care for patients with end-stage organ disease.

History and Current Status of Reconstructive 
Transplantation

Given the early success of SOT and the development of immunosuppressive drugs 
to combat rejection in the 1960s, human hand transplantation was first attempted 
in Ecuador in 1964 [30]. Although the procedure was technically successful from a 
surgical standpoint, the currently available immunosuppressive agents at the time 
(steroids and azathioprine) were insufficient to prevent rejection, and the limb was 
ultimately amputated 2 weeks after transplantation [31].

The failure of this first hand transplant underscored the previously described 
immunological challenges of skin transplants between genetically different indi-
viduals. As a result, it was felt that the transplantation of any skin-bearing allograft 
would be an insurmountable hurdle and a second attempt was not carried out for 
over 30 years [32]. During this long hiatus, accumulating evidence suggested that 
the skin of a vascularized composite allotransplant behaved differently than an iso-
lated skin graft, and, therefore, would not be rejected as stringently [33]. Further-
more, animal models of vascularized composite allotransplantation (VCA) used 
to investigate newer generations of immunosuppressive agents such as calcineu-
rin inhibitors (e.g., tacrolimus) and antiproliferative agents (e.g., mycophenolate 
mofetil), indicated that the loss of vascularized composite allografts could now be 
prevented [34].

These findings led to the organization of independent clinical hand transplanta-
tion teams in Lyon, France, under Jean-Michel Dubernard, and in Louisville, Ken-
tucky, led by Warren Breidenbach. The group of Dubernard successfully performed 
the first unilateral hand transplantation in September 1998 [35], followed shortly 
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thereafter by Breidenbach et al. in January 1999 [36], and many more around the 
world since then. In January 2000, Dubernard’s group successfully performed the 
first bilateral hand transplantation, and within 3 years, upper extremity transplanta-
tion was carried out at the level of the forearm for the first time performed at the 
Innsbruck Medical University in Austria by Raimund Margreiter’s team [37]. Due 
to concerns over the capacity for nerve regeneration to occur over long distances, 
upper arm transplantation did not occur in adults until 2008, when the first double 
arm transplant was performed in Munich, Germany. These early cases provided 
ample evidence that graft survival could be achieved, and underscored the impor-
tance of appropriate immunosuppression management, patient compliance, and 
close follow-up. In the past decade, over 100 hand/forearm/arm transplants have 
been performed with encouraging aesthetic, functional, and immunologic outcomes 
that have exceeded all initial expectations [38].

The success of clinical hand transplantation, however, also heralded another 
new era for reconstructive transplantation. Seven years after the first hand trans-
plant, Dubernard and Devauchelle performed the first successful face transplant 
in Amiens, France, in November 2005 [39]. Since then 28 face transplants have 
been performed at multiple centers around the world [40]. In addition, many other 
types of vascularized composite allografts have successfully been transplanted with 
highly encouraging functional and immunological outcomes including larynx [41], 
trachea [42], vascularized knee [43], femur, abdominal wall [44], tongue [45], pe-
nis, and uterus [46]. Although the surgical techniques to perform these complex 
procedures have been optimized, the widespread application of this reconstructive 
modality is still limited by the risks of lifelong, high-dose, multidrug, systemic im-
munosuppression needed to prevent graft rejection. Thus, continued progress in the 
field of transplant immunology is critical to the continued success of reconstructive 
transplantation, as minimization or elimination of immunosuppressive agents is a 
key goal in bringing this life-changing procedure to routine clinical applicability.

Indeed, VCA centers and researchers around the world have successfully at-
tempted to develop novel concepts of immunomodulation to prevent rejection after 
reconstructive transplantation or to induce donor antigen-specific tolerance. Ad-
vances in immunosuppressive drug development and cell-based therapies combined 
with the unique elements and biology of a vascularized composite allograft (e.g., 
the vascularized bone marrow component/niche), which may supply a continu-
ous source of donor-derived stem cells, have shown the most favorable results in 
achieving this goal [47–50].

Outlook

Many breakthroughs in medicine, science, surgery, and drug development facilitat-
ed the development of VCA into a critically important reconstructive modality and 
clinical realty for patients not amenable to conventional treatment options. In 2013, 
the US Department of Health and Human Services ultimately acknowledged the 
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importance of reconstructive transplantation as a vital treatment option and success-
fully established to classify vascularized composite allografts as organs, with their 
allocation, data collection, and reporting falling under the purview of the Organ 
Procurement and Transplantation Network (OPTN) and United Network for Organ 
Sharing (UNOS). Along those lines, implementation of guidelines and regulatory 
oversight by professional societies and governing agencies such as UNOS will be 
critically important to further streamline any issues related to organ donation, allo-
cation, and data management unique to reconstructive transplantation in the future. 
Although more and more centers are embarking on reconstructive transplantation 
and implementing VCA programs, the number of procedures performed to date is 
still too small to conduct any randomized clinical trials. Therefore, establishing 
standardized outcome measures such as uniform criteria and assessment tools for 
motor and sensory recovery or improvement in quality of life that will allow the 
comparison of data across institutions and across protocols will be an important task 
in the years to come.

The future for reconstructive transplantation seems promising and bright, with 
rapid scientific developments continuously expanding indications, improving out-
comes, and inching ever closer to minimization of immunosuppression and toler-
ance induction. Indeed, Dr. Cesar Milstein may have said it best during his accep-
tance of the Nobel Prize in 1984 for his discovery of the principles for the produc-
tion of monoclonal antibodies:

Although the way ahead [for immunology] is full of pitfalls and difficulties, this is indeed 
an exhilarating prospect. There is no danger of a shortage of forthcoming excitement in 
the subject. Yet, as always, the highlights of tomorrow are the unpredictabilities of today.
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Historical Perspective

The field of limb replantation and subsequently hand transplantation is founded 
on the work done by Jacobson and Suarez [31], Kleinert et al. [21], Buncke and 
Schultz [9], Tamai et al. [25], Chen and Bao [10], who developed techniques for 
the anastomosis of blood vessels as small as 1 mm in diameter. Based on decades 
of experience at our center in replantation of digits and the hand and forearm [11, 
20, 22–24] as well as at that of our colleagues [33], an approach to hand transplan-
tation was developed that has been modified over the past 15 years, based on our 
outcomes and the types of patients encountered. As presented by others, a transplant 
is much like a replant, but there are distinct differences [14]. The field of reconstruc-
tive transplantation encompasses more than hand and arm transplantation, and can 
be applied to the restoration of other composite tissues such as the face [30] and the 
larynx [6]. This technique has application anywhere the surgeon needs to replace 
“like with like,” and conventional reconstructive surgery fails to restore function 
and cosmesis. Potential applications include vascularized joint transplantation such 
as the wrist and the knee. Trials have been initiated in vascularized knee transplants, 
which have demonstrated some of the challenges that come with transplantation of 
less well-vascularized tissue [12, 17].

This chapter discusses the technique of hand transplantation and highlights some 
of the challenges with respect to the harvest of the donor organ, the preparation of 
the recipient, with a focus on the sequence of surgical procedures of transplantation 
of the donor hand to its new recipient.

© Springer Science+Business Media New York 2015
G. Brandacher (ed.), The Science of Reconstructive Transplantation,  
Stem Cell Biology and Regenerative Medicine, DOI 10.1007/978-1-4939-2071-6_2
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Indications/Contraindications

The process of considering a patient for hand transplantation is an extensive one. 
There are multiple and complex medical, social, and financial considerations. Over 
the past 15 years, inquiries from more than 600 potential hand transplant candidates 
have been screened at this center. To date, eight of these patients have received a 
transplant. Current requirements of chronic systemic immunosuppression to main-
tain the graft require the patient be in good health. Rigorous compliance with re-
spect to medication and rehabilitation therapy demands persons of strong character 
and work ethic, with plenty of social support. Finally, it is imperative to ensure that 
the patient will have the insurance coverage or means to pay for immunosuppres-
sive medication and the extensive clinical care required to monitor and treat side 
effects of the immunosuppression. Hand transplantation should only be considered 
for patients who have failed conventional reconstructive surgery and prosthetic 
therapy, and meet all of the previous criteria.

An additional contraindication that must be considered for a hand transplant is 
the presence of preformed donor-specific antibodies between the donor and recipi-
ent. In two of our patients, preformed antibodies against specific human leukocyte 
antigen (HLA) types were present, and as such, one donor was turned down for the 
first recipient and ten donors were incompatible for the second candidate, who has a 
high level of panel-reactive antibody (PRA). For patients with a PRA of more than 
0 % and anti-HLA antibodies of known specificity, this center has an exclusion cri-
terion that the recipient must have a negative crossmatch against donor cells before 
the operation can proceed. In one case, an inadequate donor sample resulted in a 
technically difficult crossmatch assay. In turn, this delayed the start of the operation 
by an additional 2 h. Situations like this must be taken into consideration for coor-
dinating the start of the team for the preparation of the recipient, and the back table 
preparation of the donor hand. Care must be taken that neither team starts too early. 
Of note, the structures in the donor arm will be of known length. Conversely, in the 
recipient, the soft tissue structures are almost always proximal to the level of bone 
amputation, and may be encased in scar. As such, the recipient dissection is usually a 
much longer procedure than the 1–2 h required for dissection of the donor extremity.

Other issues that may delay the start of the procedure are issues with the donor 
arteries, especially as the arteries in the arm may have been used for the placement 
of intravenous or intra-arterial lines in the donor (Fig. 2.1). Once a patient is de-
termined to be a potential donor for hand transplantation, intravenous access lines 
in the upper extremities should be removed and relocated to another site such as 
the groin. No further needle sticks in the donor graft should be allowed. In order 
to avoid warm ischemia time, the donor graft should be kept at 4 °C for as long as 
possible during the dissection process, and while waiting for the completion of the 
recipient dissection.
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Technique

Some surgeons have referred to hand transplantation as nothing more than a replant 
under ideal conditions. This might be true if you compare the allogeneic reconstruc-
tion of a guillotine amputation with ample pristine tissue from the donor to the 
replantation of a crushed and avulsed extremity with significant contamination and 
warm ischemia time. This highlights the major differences between the two tech-
niques. In transplantation, there is plenty of donor tissue, and the surgeon is under 
less pressure to make a decision whether the damaged recipient tissue should be 
conserved. Another primary difference is that in transplants bone and tendon length 
must be carefully adjusted to match the recipient for a proper biomechanical func-
tion of the graft. Often in replantation, the bones and tendons are already at or near 
the appropriate length.

The specifics of the techniques of hand transplantation revolve around five dif-
ferent areas: (1) preoperative planning, (2) harvest and preparation of the donor 
graft, (3) preparation of the recipient and transplant of the donor graft, (4) immu-
nosuppression and management of graft rejection, and finally (5) rehabilitation and 
therapy of the allograft to ensure the best possible function. The last two areas 
are beyond the scope of this chapter, and are mentioned only briefly. This chapter 
concentrates on the preoperative planning, harvest, and preparation of the donor, as 
well as the preparation of the recipient and attachment of the donor graft for trans-
plantation of the upper extremity.

Fig. 2.1  Donor arm on the back table prior to dissection. Note the bruising after the removal of 
an intravenous line used in the donor prior to donation. The use of lines in the donor arm may 
compromise the vessels
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Preoperative Planning for the Operation

Once a patient has been accepted for hand transplantation, preoperative planning 
with respect to the approach and the donor graft will be required. If the transplant 
will require an unusual dissection of the recipient or donor, practice sessions in the 
cadaver laboratory should be scheduled and carried out. The primary differences 
between the surgery of replants versus transplants is that the level of amputation 
is different in the recipient and donor and the uncertainty of the length and quality 
of recipient vessels, nerves, muscles, and tendons remain until the surgery actually 
starts. Some centers perform imaging studies to obtain a roadmap of the recipi-
ent vascular anatomy by ultrasound [14]. Other imaging methods such as MRI or 
angiograms can also be used to prepare this roadmap. However, regardless of the 
imaging studies of the recipient prior to transplant, our experience has been that ex-
tent and quality of the patient’s vasculature and other soft tissues may look different 
from expected upon dissection. The surgeon will not know for certain what there is 
to work with until the recipient has been explored intraoperatively.

As part of the planning process, a transplant algorithm should be developed. This 
algorithm is used by the nurse coordinator and the lead surgeon to identify who 
should be called and when they should be called when a donor becomes available. 
At minimum, there should be two teams of surgeons, with at least two surgeons in 
each team who are experienced in performing replants. The first team’s primary 
responsibility is to go on the procurement run and harvest the donor graft and per-
form the dissection on the back table in the recipient’s operating room (OR). The 
second team’s primary responsibility is to perform the recipient dissection in prepa-
ration for the donor graft. If a bilateral transplant is being performed, four teams are 
needed. Hand transplantation is a long procedure and while a large team can reduce 
fatigue, care must be taken to avoid confusion and miscommunication about what 
has been completed when multiple surgeons are entering and leaving the OR. In our 
experience, teams of two surgeons rotated with each step, i.e., two for the dissec-
tion of the recipient, two for the osteosynthesis, two for the artery repair, etc. Each 
step takes approximately 2 h to complete (the osteosynthesis less time, and tendon 
and vein repair more time). Therefore, while in most cases multiple teams of two 
surgeons rotated throughout the transplant, once the donor dissection is completed, 
two teams could alternate between the steps of the procedure. This would give each 
team ample rest breaks and reduce surgeon fatigue. With this setup, a team of four 
surgeons would be sufficient to perform a hand transplant.

In addition, skilled anesthesiologists, nurses, and support staff are critical. Hy-
povolemia, metabolic acidosis, and reperfusion syndrome are risks of replantation 
[5, 7, 13, 32] and transplant patients must be carefully monitored by both surgical 
and anesthesiology teams. Recently, Caterson et al. have hypothesized that these 
ischemia reperfusion injury events may be a primary force causing graft injury and 
initiating rejection of the graft [8]. Preoperative planning, coordination, and com-
munication with the surgical teams are of paramount importance to reduce ischemia 
time and operative complications.
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Preparation of the Recipient

The recipient is prepped for surgery, has repeat laboratories, and has blood drawn 
for the donor crossmatch. The recipient is dosed with Benadryl and Solumedrol pri-
or to infusion of thymoglobulin or alemtuzumab. Infusion of these induction agents 
may continue perioperatively. It is the experience at our center that the surgery is 
unaffected by these medications. Surgery is performed under general anesthesia and 
axillary block. Good collaboration with the anesthesiologist is necessary to main-
tain adequate circulatory status throughout the case. Quite often the patient comes 
to the OR relatively hypovolemic. The adjunctive use of alpha-mimetic agents for 
circulatory support should be avoided.

Harvest and Preparation of the Donor Graft

Acceptance of the donor occurs in stages; first, the parameters are communicated 
to the organ procurement organization (OPO) with respect to age, sex, skin tone, 
and general size. This information is used by the OPO coordinators to determine 
which donor families should be approached about hand donation. Additionally, the 
OPO reviews the donor with respect to infectious disease markers and serologic 
compatibility. Our program matches for blood type and the recipient must not have 
preformed antibodies against the donor. Both the donor and the recipient are HLA 
typed to determine Digital Signature Algorithm (DSA), but HLA type is not cur-
rently a consideration in accepting a donor. Finally, a radiograph of the entire donor 
upper extremity is sent to the hand surgery team for evaluation of whether the bone 
size is a good match with respect to length of the donor and the recipient. The hand 
surgeons also rule out any congenital or acquired bone or joint problems in the do-
nor before accepting the graft.

The details of the recovery of the donor hand have been previously reported [2]. 
In most cases, recovery of the donor hand was performed prior to the recovery of 
the solid organs. A sterile tourniquet was placed on the donor upper extremity above 
the elbow, and a fishmouth incision is made at or slightly proximal to the elbow, and 
the elbow was disarticulated.

The order of dissection and tagging is as follows:

•	 Cephalic	and	basilic	veins	(obtaining	sufficient	extra	length	for	vein	grafts,	ves-
sels should be procured as proximally as possible, the level of the tourniquet 
being the limiting factor).

•	 Medial	antebrachial	cutaneous	nerve	(MACN)	and	the	lateral	anebrachial	cuta-
neous (LACN) are dissected and tagged.

•	 The	brachial	artery	and	veins	are	dissected	and	tagged.
•	 Ulnar,	median,	and	radial	nerves	are	dissected	and	tagged.
•	 The	medial	and	lateral	epicondyle	muscles	are	elevated	in	a	subperiosteal	plane.	

The biceps, brachialis, and triceps tendons are transected.
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•	 An	elbow	capuslotomy	is	performed	and	the	joint	disarticulated.	In	the	case	of	an	
above-the-elbow transplant, the arm would be disarticulated at the shoulder.

The donor graft is then prepared for transport to the recipient. If the donor and the 
recipient are in the same hospital, the donor graft would not be harvested until im-
mediately before the recipient is taken to the OR to reduce ischemia time as much 
as possible. More frequently, the graft has to be prepared for transport at a separate 
hospital, which is often located in a different state. Currently, the graft is perfused 
with cold (4 °C) preservative solution. Our center prefers University of Wisconsin 
(UW) solution [3], but histidine–tryptophan–ketoglutarate (HTK) solution (Custo-
diol) was used in one case. The preservation solution serves a dual purpose of induc-
ing hypothermia, which slows metabolism of the cells in the graft, and maintaining 
the intracellular electrolyte balance, thus extending the time before irreversible cell 
death occurs. The preservative is a proprietary mix that comes in bags and is con-
nected to the graft via a cannulated artery (brachial artery in the cases harvested to 
date at our center) and then cold solution is flushed through the graft until the back 
flow is clear and the blood has been flushed from the graft. A drip of the UW solu-
tion is then attached and allowed to back drip through the veins. The graft is then 
dressed in gauze moistened with sterile saline and placed in a sterile plastic bag. 
The entire graft is placed in a cooler with ice and transported to the recipient site.

Our protocol allows for up to 12 h of cold ischemic time, starting from disar-
ticulation of the extremity if our team is the first to procure, or from cross-clamp 
of the donor if the hand recovery team is following one of the solid organ recovery 
teams. Our group has harvested extremity grafts from a hospital a few blocks from 
the recipient OR, to as far away as Texas (about 950 miles from recipient hospital). 
The longest cold ischemic time from disarticulation to preparation of the donor 
hand in the OR has been 11 h. Of note, experimental evidence suggests a safe cold 
ischemia time might be much longer than 12 h. In a model of canine forelimb re-
plantation, it was demonstrated that grafts could be held for up to 3 days and remain 
viable after replantation [4]. In this study, one forelimb of eight puppies and seven 
dogs was amputated, perfused with iced Collins solution, maintained at 4 °C for 
72 h (78.5 h total anoxia), and replanted. Five animals were followed for 1 year to 
assess bone growth. Additional animals underwent bone labeling on days 1, 8, and 
15, and were sacrificed at 22 days to assess osteocyte survival. Osteocytes survived 
replantation in all dogs and one puppy; most osteocytes died in two puppies. In 
five long-term puppies, central epiphyseal growth was disturbed, but the peripheral 
portions maintained nearly normal growth, with almost normal bone length being 
achieved at 1 year [4]. This data with carefully preserved limb replants with long 
cold ischemia time is in contrast to warm ischemia times which are extremely det-
rimental and contribute to ischemia reperfusion injury (IRI) and metabolic acidosis, 
especially when large muscles are reperfused [33]. Sabapathy et al. suggest that 
mid-forearm to wrist level replantation not be performed at all if warm ischemia 
exceeds 8 h, and that replantation is contraindicated with more than 6 h of warm 
ischemia for more proximal level replantation [28]. While keeping the allograft for 
3 days before transplantation is not advocated, it is likely that cold ischemia time of 



2 Clinical Pearls and Pitfalls in Reconstructive Transplantation 19

longer than 12 h is possible in clinical VCA procedures. Reperfusion injury is a risk 
of limb transplantation. Proximal limb amputations with larger muscle mass are at 
higher risk of reperfusion syndrome, which can include multiorgan system failure 
and death [5, 7, 13, 32]. These risks are increased by more warm ischemic time. In a 
study of 14 patients who underwent replantation of an upper or lower limb, with 6 h 
or more of warm ischemia time, multiple reperfusion syndrome events were noted 
[33]. Four of the 14 patients suffered intraoperative hypotension with or without 
acidosis, and one child suffered acute bronchospasm following revascularization of 
the limb. One female patient died as a result of the hypotension and acute metabolic 
acidosis [33]. These risks will be mitigated in hand transplantation as there is some 
control of the donor warm ischemia time. It is the warm ischemia time that is most 
damaging to the neuronal and muscle tissues of the graft [5]. In the case of bilateral 
transplantation, the potential large amount of tissue and muscle mass may increase 
this risk. This is one rationale for in support of unilateral transplantation in clinical 
trials.

Surgical Dissection of the Recipient

Once the graft has been provisionally accepted by the transplant team, the recipient 
is notified, made nil per os (NPO), and arrangements are made to get the recipient 
to the hospital. At the time of graft procurement, the recovery team needs to ensure 
that lymph nodes are obtained from the donor so that a donor crossmatch can be 
performed. This test takes about 4 h to perform once the tissue typing laboratory has 
both the donor tissue and a sample of the recipient’s serum. If the clinical protocol 
lists the presence of donor-specific antibodies as an exclusion criterion, the surgery 
cannot proceed. With new procedures that allow the tissue typing laboratory to per-
form “virtual crossmatches,” some centers do not require a donor crossmatch to be 
performed prior to starting the dissection of the recipient. Our center has adopted 
the policy of requiring a prospective donor crossmatch if the recipient has known 
preformed specificities and a panel-reactive antibody (PRA). If the recipient is at 
low risk, i.e., has a PRA of 0 % and no known specificities identified on the virtual 
crossmatch, a retrospective donor crossmatch is requested to be performed on the 
next business day, and the recipient dissection can begin as soon as the donor graft 
is at the recipient hospital.

Upon arrival to the hospital, the recipient is rescreened for infectious disease 
markers, re-consented by the lead hand surgeon, and prepared for surgery. When it 
is clear that the graft will be acceptable for transplantation, the patient is given the 
required peri-transplant medications and immunosuppression, placed supine on the 
operating table and anesthetized.

Preparation of the recipient limb or limbs should occur at the same time as prepa-
ration of the donor graft on the back table. In cases of crush or burn injury, there 
may be significant scarring. Some centers use ultrasound imaging studies to map 
the veins prior to transplant [14], but this has not been found to be necessary in our 
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experience. A tourniquet is placed on the recipient’s extremity that will receive the 
transplant. The incision used has been the mosaic or zigzag incision, to allow for 
tissue swelling, or in case that more skin is needed to close at the end of the case.

Careful dissection and identification of structures are paramount, and it is at this 
point the real status of recipient tissue is identified. In several of our cases, once the 
recipient tissues were fully exposed, it was found that the recipient arteries were 
smaller and shorter than expected; the tendons had retracted significantly, and were 
of insufficient length for straightforward reconstruction. Many times, fewer ten-
dons were available than expected. In one case, despite a mid-forearm amputation, 
limited extensor tendons were available and the patient required a weave to give 
tenodesis. The surgeon should be aware that anatomic landmarks may be distorted 
due to the injury to the recipient, and the exact anatomy may be difficult to predict. 
Significant variation in anatomy and quality of the tissue should be expected. Ver-
satility is required of the surgical team during this portion of the operation. As with 
the donor dissection, it is critical to label the identified structures. Our center keeps 
sterilized waterproof labels in the OR specifically for this purpose. Once blood flow 
is restored, the surgical field changes dramatically and blood and edema can make 
identification of small structures very difficult. Other centers use indelible ink on 
Esmarch bandages sewn to the structure with 2-0 silk [14].

Depending on the level of the amputation, the recipient’s extremity is dissected 
in such a manner that will preserve as much native tissue as possible for use in 
the transplant. This includes all vessels and nerves to the largest extent possible 
(Fig. 2.2). In general, the nerves are dissected and labeled first, then tendons, and 
then arteries and veins that will be used. The stump is then turned over and any 
available tissue such as the sensory branch of the ulnar and radial nerves is dissected 
and labeled (Fig. 2.3). Once all of the structures have been dissected and labeled, 
the radius and ulna in the case of a mid-forearm amputation are prepared for fixation 
with the donor graft. Communication between the teams is paramount, especially 
as length, and even availability of structures within the recipient may not be known 
until the actual surgery. Care must be taken that nerves, tendons, and vessels are of 
adequate length in both directions prior to bone fixation of the recipient and donor.

Fig. 2.2  Preparation of the dissection of the recipient, taking care to preserve as much of the recip-
ient tissue as possible. Note in Fig. 2.2b that the digital nerve has been dissected as far as possible
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Preparation of the Donor Graft

The donor graft is brought to the recipient’s OR and is dissected and prepared for 
transplantation on a sterile back table. In the example of a mid-forearm transplant, 
radial and ulnar skin flaps are created taking care to preserve the subcutaneous 
veins. Dissection is routinely started from the volar aspect. Care is taken to identify 
and label the relevant structures such as the cephalic veins, flexor tendons, me-
dian and ulnar nerves, radial and ulnar arteries, etc. Preserving more length than is 
needed is essential in order to compensate for a lack of recipient tissue. Attention is 
then turned to the dorsal aspect in a similar fashion. The extensor tendons are then 
isolated and labeled, as well as any available blood vessels. At the mid-forearm 
level, only the superficial branch of the radial nerve needs to be identified in the 
donor. The extensor tendons are isolated and labeled as well as any blood vessels 
(Fig. 2.4). Following identification of these structures, the donor muscle bellies are 
detached and discarded. The osteotomy is usually performed at the middle third of 
the forearm, in communication with the recipient team. The entire dissection is car-
ried out using cool conditions and irrigation fluids.

In several of our transplants, a long donor brachial artery was used. The bra-
chial artery was dissected, taking care to not skeletonize and minimally disturb the 
peri-adventitial tissues. In the case of mid-forearm transplantation, this technique 
reduces ischemia time, allowing the team to restore arterial blood flow with a single 
anastomosis, and reduces the risk of complications related to the anastomosis. How-
ever, there is debate as to whether the dissection of significant length of the artery 
from surrounding tissue may increase the risk of intimal hyperplasia, as has been 
observed in some vascular autografts [27]. More recent studies suggest that skel-
etonization of thoracic artery grafts may produce better results than pedicle grafts 
[1]. While still a matter of discussion at our center, in the most recent cases, the 
approach in mid-forearm procedures has been to repair and connect the donor and 
recipient at the level of the radial and ulnar arteries, rather than use a long brachial 

Fig. 2.3  Labeling of the recipient structures
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artery. This was done for reasons of technical ease and to prevent additional dissec-
tion into the recipient extremity.

As with replants, the order of repair at any center is at the discretion of the 
attending surgeons and is planned with the best possible outcome as the goal. In 
general, our center repairs bone, arteries, veins, flexor tendons, nerves, extensor 
tendons, and then skin. The sequential repair of the flexor tendons before the exten-
sor tendons allows for better adjustment of proper tendon tension. Some centers 
have chosen to repair nerves before the arteries, as the bloodless field reduces tech-
nical difficulty [14, 18], but this is the choice of the surgeon.

Bone Fixation

Osteosynthesis is the first step of transplantation. Achieving skeletal appropriate 
length and stability will set the foundation for the subsequent steps of the surgery 
(Fig. 2.5). Our goal is to achieve a limb length that is identical to native, but shorten-
ing may be accepted in order to allow ease of the arterial and tendon reconstruction. 
Even minimal extra length may mandate the use of vein grafts to perform arterial 
and venous repairs. Depending on the level of amputation, the radius and the ulna 
of the donor are measured to ensure matching recipient length of the contralateral 
arm, and positioned to allow proper alignment and the best chance for bony union. 
The osteotomy is created perpendicular to the longitudinal axis of the radius and 
ulna and in most cases a low-profile 3.5-mm locking compression plate was used 
for fixation.

Fig. 2.4  Labeling the donor structures
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Restoration of Blood flow

Following osteosynthesis the arterial anastomosis are created. Because of the high 
concentration of potassium in UW solution, care has been taken to flush the do-
nor graft with physiologic solution such as Ringer’s saline or plasma prior to the 
reperfusion. This is in order to avoid cardiovascular complications, such as hyper-
kalemic cardiac arrest or bradyarrhythmia. The radial and ulnar arteries are most 
often the first to be repaired, followed by the venae comitantes veins with simple 
end-to-end anastomosis using the microscope. As the recipient may have significant 
scarring, in most cases simple end-to-end repairs are performed. When the vessels 
have retracted proximally into the recipient arm the use of end-to-side anastomosis 
is preferred. The end-to-side anastomosis may provide a stronger repair and better 
preserve blood flow to the graft (Fig. 2.6). Following arterial repair, at least some 
of the venae comitantes are also repaired in the same fashion. The skin is then pro-
visionally repaired to protect the underlying anastomoses before proceeding with 
the tendon repairs. These repairs are followed by the flexor tendons, the nerves, and 
then the extensor tendons.

The use of vein grafts should be avoided in favor of primary anastomosis, as vein 
grafts add significantly to operative time and increase the risk of anastomotic com-
plications. Also, it is very important to limit the amount of soft tissue retraction dur-
ing the anastomosis to avoid kinking when the surrounding soft tissue and skin flaps 
are released. Finally, in order to flush the system of toxic products developed during 
the warm and cold ischemia times, once arterial blood flow is established (Fig. 2.7), 

Fig. 2.5  Osteotomy prior to osteosynthesis
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the surgeon should clamp the large veins but allow blood to flow to flush out the 
toxic products of warm and cold ischemia from the donor graft. This flushing is 
allowed to continue for approximately 5 min before continuing with the procedure.

At this point, the surgical team and anesthesiologist need to collaborate in moni-
toring the patient’s circulatory system. It is very easy to underestimate the extent of 
hypovolemia due to hemorrhage from the venous system. The use of alpha-mimetic 
agents to increase blood pressure can increase the technical difficulty of vessel re-
pairs and decrease perfusion of the allograft. It is critical to have packed red blood 
cells and other blood products available.

Nerve Repair

Following restoration of blood flow, the nerves are repaired next, more as matter of 
technical ease. This is at the discretion of the surgical team. In all cases, the anasto-
mosis is done as distal to the graft as possible to reduce the length that axons must 

Fig. 2.7  Establishment of blood flow to the hand (2.7a and 2.7b)

  

Fig. 2.6  End-to-side arterial repair
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regenerate and speed up the nerve recovery time post transplant. The anastomosis is 
done as a simple end-to-end epineurial repair (Fig. 2.8). Typically, the anastomosis 
is at the level of the wrist. For the median nerve, this is proximal to the motor branch 
while for the ulnar nerve it may require a separate anastomosis of the dorsal sensory 
branch. If desired, a collagen-based nerve wrap can be used to protect the repair, but 
this is at the discretion of the surgeon.

In preparation of the recipient, great care is taken to preserve as much of the 
recipient nerve as possible, to reduce the length of nerve regeneration as much as 
possible. In the case of more distal transplants, a more detailed connection of sen-
sory and motor nerves can be performed. The branches of the sensory and motor 
nerves of the ulnar and medial nerves can be mapped and/or stained to achieve the 
best possible functional outcome. The goal is to make the nerve repair as close to 
the target tissues (muscle, skin) as much as possible.

Tendon Repair

Repair of the tendons can be challenging. This stage of the procedure will require 
versatility and patience on the part of the surgeon because of unexpected distortions 
in the anatomy and landmarks within the injured recipient extremity. In general, 
flexor tendons are repaired first. This will make it easier to achieve proper ten-
sion with the extensor tendons. When all tendons are present, a primary repair is 
performed end to end with a core and epitendinous suture. In all of the cases trans-
planted here, a strong repair of tendons was performed so that active movement 
can be started as soon as possible after transplant. In general, the flexor tendons are 
repaired first, with either a Pulvertaft weave, or a Tsai six-strand suture. The Pulver-
taft weave is preferred if tendon length allows. The tension of repair is adjusted to 

Fig. 2.8  End-to-end epineurial repair of nerves
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the natural flexion arcade of the fingers. In some cases where insufficient recipient 
tendons are present, a tendon graft is added. For example, one recipient required 
an extension to be able to fasten the extensor to the thumb, which was through the 
brachial radialis to the thumb extensor. A key element of the hand transplant is to 
ensure proper tension between the extensor and flexor tendons so that good func-
tion is achieved. Once the repair of the flexor tendons is complete, the volar skin 
is provisionally closed. However, before attaching the skin to the dorsal structure, 
a vein is repaired quickly to facilitate venous drainage of the allograft. It must be 
emphasized that versatility is required of the surgical team during the repair of the 
extensor tendons. Anticipate that all extensors or sufficient muscle will not be pres-
ent. For good function, at minimum, the following should be attached: one wrist 
flexor tendon; one flexor digitorum profundus (FDP) tendon to the middle, ring, 
and small finger; one FDP to the index finger; and one flexor pollicis longus (FPL) 
to the thumb. With respect to the extensor tendons, a minimum of one tendon to the 
extensor carpi radialis brevis (EcRB) muscle; one extensor digitorum communis 
(EPC) to the middle, ring, and small finger; and one EPC to the index finger should 
be attached. A minimum of one tendon to the abductor pollicis longus (APL) muscle 
and the extensor pollicis longus muscle/tendon should be repaired. Of course, the 
ideal situation is a one-to-one recipient to donor tendon repair, but if this is not pos-
sible, good function can be obtained with these repairs at minimum. All repairs are 
tensioned to the normal tenodesis of the hand (Fig. 2.9).

Venous Repair and Outflow

The majority of the venous outflow occurs through the deep veins, most of which 
have been repaired at this point. However, the superficial veins, such as the ce-
phalic vein, provide significant contribution to outflow. Once the arteries, nerves, 

Fig. 2.9  Assessment of the tension and function of the tendon repairs
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and tendons have been repaired, significant time and energy are now devoted to the 
venous repair. The challenge is that there may be significant fatigue on the part of 
the surgeon. Rotating teams can be very helpful at this point. While the veins to be 
anastomosed are several millimeters in diameter, surrounding soft tissue edema and 
bleeding can make the repair difficult. Some centers advocate a prophylactic carpal 
tunnel release as they have dealt with significant post-transplant edema [14]. Our 
center has not chosen this approach.

Skin Closure

As the hand transplant procedure is lengthy, significant swelling of the graft can oc-
cur and there is often not enough skin to loosely close. Another consideration is that 
the orientation of venous repairs within the skin flap may require larger flaps that 
expected. If very long skin flaps (highly encouraged) from the donor were obtained, 
revision of the flaps may be required prior to closing. In the process of closing, 
more dorsal veins can be anastomosed to further improve drainage of the graft. (As 
many additional veins as possible should be repaired.) A zigzag or mosaic four-flap 
interposing incision results in a closure that reduces scar contracture (Fig. 2.10). 
The skin is closed over an implantable thermocouple, with a light pressure dress-
ing. The hand is stabilized and protected in an above-elbow splint with the elbow at 
90°, with the hand in a functional position. The inner phalangeal joints are placed in 
extension, the wrist is in slight extension (10°) and the metacarpophalangeal joints 
are in slight flexion.

Early Postoperative Care

Postoperatively, the hand is kept just above heart level. After the first few days, the 
plaster splint is removed and the recipient is fitted with a crane outrigger brace [16, 
29] (Fig. 2.11). The patient is encouraged to get out of bed as soon as possible and 

Fig. 2.10  a volar side of hand transplant, b dorsal side of hand transplant
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start active motion of the graft. Physical therapy sessions are started by day 3–4 
post transplant. The crane outrigger brace allows early therapy to begin focusing on 
range of motion (ROM) and edema management.

Discussion

In the opinion of the authors, the important considerations for optimal outcome of 
hand transplantation surgery are:

•	 Patient	 selection,	with	 an	 emphasis	 on	work	 ethic,	 realistic	 expectations,	 and	
family support.

•	 There	should	be	sufficient	recipient	tissue	to	power	the	donor	graft.	In	repair	of	
old amputations, the soft tissue is often not equal to the recipient bone in length.

•	 Appropriate	bone	fixation,	which	may	require	shortening	to	facilitate	soft	tissue	
reconstruction.

•	 Use	a	microscope	for	anastomosis	of	arteries,	veins,	and	nerves.
•	 Create	nerve	anastomosis	as	distally	as	possible.
•	 After	flexor	tendon	repair,	provisionally	close	volar	skin	and	anastomose	a	vein	

to facilitate drainage.
•	 Venous	repair	will	take	the	most	time	and	takes	place	at	the	end	of	the	operation	

when surgeon fatigue is high. Plan accordingly.
•	 Minimize	soft	tissue	retraction	during	vessel	repairs	to	avoid	kinking	after	skin	

closure
•	 Versatility	in	the	hand	surgery	team	is	required	to	handle	these	unexpected	situa-

tions. Rotating teams of hand surgeons to minimize fatigue is highly encouraged.
•	 Support	 of	 transplant,	 anesthesia,	 critical	 care	 specialties	 is	 paramount—pre-

venting under resuscitation, compensating for underestimation of blood loss
•	 Physical	therapy	with	certified	hand	therapists	familiar	with	replants,	and	early	

movement is critical to good functional outcomes

Fig. 2.11  a Plaster cast after skin closure and b Crane outrigger brace placed at day 3–5 post 
transplant
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The field of VCA is still young, with less than 150 transplants of hands and faces 
worldwide. Nonetheless, outcomes to date have exceeded early expectations [15], 
and the number of centers who are starting hand transplant programs is expanding. 
About 25 % of the cases performed to date are more than 5 years post transplant 
(www.handregistry.com (Oct 2013), [26]). Clinical follow-up ranges from a few 
months to nearly 15 years. With the successes, there have been both graft losses 
and patient mortality. These losses have occurred primarily in the first year after the 
transplant. Graft losses that occur after the first year have been related primarily to 
patient compliance. As such, patient selection is extremely important. Programs are 
strongly encouraged to have potential candidates speak to someone who has had 

Fig. 2.12  Dr. Tsai and Dr. Kutz discussing the case

   

Fig. 2.13  Concurrent surgical teams working on recipient and donor dissection
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a hand or face transplant. Chronic rejection-like sequelae are less frequent than in 
solid organ transplantation, but do appear [19].

In successful cases, VCA recipients enjoy a quality of life not achievable with 
conventional reconstruction or currently available prosthetics. Most graft loss has 
occurred relatively early, suggesting that efforts to improve should focus on this 
time period. More follow-up is needed to determine the rates and targets of chronic 
rejection, and the characteristics of VCA unique to face versus hand transplantation. 
Ultimately, tolerance induction will be needed to allow the widespread applica-
tion of this treatment alternative. However, adherence to the considerations listed 
above should give the hand transplant recipient the best outcomes currently possible 
(Figs. 2.12 and 2.13).
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Reconstructive transplantation is a relatively new field with as-yet uncharted 
boundaries, while solid organ transplantation (SOT) has been developing for over 
half a century. Although many lessons from SOT may be applied to vascularized 
composite allotransplantation (VCA), novel challenges also arise. Until a larger 
body of evidence can be built to guide reconstructive transplantation, it will be cru-
cial to distinguish which lessons translate effectively, and which problems demand 
unique solutions (Table 3.1).

Patient and Center Selection

Patient selection is the starting point for transplantation. Patients who may benefit 
from transplantation may be still deemed inappropriate by patient selection com-
mittees because of inability to take care of an allograft subsequent to confounding 
medical and social factors. Patient selection committees are composed of surgeons, 
physicians experienced in immunosuppression (IS), transplant coordinators, so-
cial workers, psychiatrist, nutritionist, financial counselors, and others each with 
a respective voice in selecting individuals to be acceptable for transplantation and 
placed on a transplant waiting list.

The selection of medically appropriate candidates has obvious similarities be-
tween organ and VCA. Patients must not have major cardiovascular, cerebrovascu-
lar, infectious, or malignant contraindications to both major surgery and lifelong IS. 
The technical considerations of VCA include vascular, neurologic, skeletal, and soft 
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tissue matching that has substantial variation between every patient. The technical 
approach for each patient is highly unique and planned to an extent not necessary 
for most solid organ transplant recipients.

Psychosocial criteria center on recipients who must be carefully chosen to mini-
mize the risk of noncompliance causing rejection. Liver transplantation for alco-
holic hepatitis in particular adds the risk of graft failure from recidivism. In VCA, 
changes in self-perception and extensive rehabilitation demands should increase the 
stringency of the selection process.

Area Common characteristics Considerations unique to VCA
Patient 
selection

Selection against contra-indi-
cations to surgery or IS

Minimize risk of 
noncompliance

Awareness of PTSD
Availability of long-term psychiatry/

counseling
Expectations management
Higher standards for informed consent 

given non-lifesaving
Center 
selection

Centers with multidisciplinary 
expertise

More restricted volume and number of 
centers

Donor selection Immunological matching
Donor health/age

Increased recipient sensitization
Additional anatomic/cosmetic requirements
Current need for personal examination of 

donor
Allograft 
procurement, 
preservation

Goal of decreasing ischemic 
time, especially warm 
ischemia

Variable graft anatomy, margins
Possibly increased complexity, time of in 

situ dissection
Unknown acceptable cold ischemia time

Organ alloca-
tion, sharing

Regulation by OPTN/UNOS 
under HRSA, DHHS

Possibility for shipping under 
cold ischemia

Increased stringency of procurement pos-
sibly causing geographical limitations

Lower demand

Immunosup-
pression

Standard 3-drug regimen as 
baseline for most protocols

Active progress in IS minimi-
zation protocols employing 
cellular therapies

Heightened graft immunogenicity
Non-lifesaving graft decreases acceptability 

of IS complications

Rejection Treatable with steroid boluses, 
increased IS

Availability of topical therapies
Unknown role of chronic Ab-mediated 

rejection
Unknown long-term graft survival

Complications High risk of local, systemic 
infection

Technical complications, including cosmetic 
issues, less robust blood supply to graft

Goals of sensory/motor functional 
restoration

VCA vascularized composite allotransplantation, PTSD posttraumatic stress disorder, IS immuno-
suppression, HRSA Health Resources and Service Administration; DHHS Department of Health 
and Human Services, OPTN Organ Procurement and Transplantation Network UNOS United Net-
work for Organ Sharing, Ab antibody

Table 3.1  Summary of similarities and differences between solid organ transplantation and vas-
cularized composite allotransplantation
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The SOT literature has provided extensive analysis of risk factors for medication 
nonadherence. Histories of substance abuse or pretransplant nonadherence, poor 
understanding of the transplant and IS, and low perceived self-efficacy [1–3] should 
raise concern for nonadherence. Beyond medication compliance, VCA (and espe-
cially extremity) recipients must participate actively in potentially grueling physi-
cal therapy programs. Because of this, VCA recipient selection committees should 
further evaluate recipient motivation level for rehabilitation.

While all SOT recipients do not generally require psychiatric assessment, VCA 
recipients require both psychiatric assessment and possible plans for long-term 
management. VCA is unique in that the mechanism of disease is usually traumatic; 
significant psychiatric trauma may also manifest in the form of posttraumatic stress 
disorder. This may require specific attention that will be new to transplant profes-
sionals. Furthermore, the principles of SOT do not adequately address the subjec-
tive satisfaction of VCA recipients. Function of a solid organ is essentially binary: 
the graft functions or it does not. “Perfect” graft function in a VCA (total restoration 
of native form and function) may never be feasible, and grafts fall along a con-
tinuum of partial restoration. Because of these difficulties, reconstructive surgeons 
commonly stress management of patient expectations.

Appreciation of a defect by living for a period of time with deformity can in-
crease satisfaction with reconstruction [4, 5], and is considered by some essential to 
providing informed consent for VCA. A parallel with regard to timing may be seen 
in fulminant hepatic failure. Patients may undergo the entire selection and trans-
plantation process while intubated and sedated, unexpectedly emerging with a life-
saving allograft that demands lifetime medication compliance. While these recipi-
ents largely have good outcomes even in cases of fulminant alcoholic hepatitis [6], 
VCA are unlikely to be lifesaving with a few possible exceptions such as chest or 
abdominal wall. Because of this, an acute stage transplant will likely require higher 
justification. One face transplant has been described in which multiple failed sal-
vage attempts and a large exposed defect and threatened a patient’s life, leading to 
urgent transplantation [7]. The outcomes from this case are likely to be scrutinized 
to determine whether the parallels of emergent liver transplantation truly apply.

The selection of transplant center for VCA will have unique challenges in com-
parison to SOT. Currently, transplant centers are supervised by specific government 
regulations and required for public disclosure of patient and graft outcomes on a 
biannual basis. VCA has not achieved a place as a standardized therapy, and while 
the government has recently issued guidelines for the oversight of VCA in parallel 
to SOT [8], most VCA have been performed as parts of institutional review board 
(IRB)-approved clinical trials. Outcomes from individual centers are not accessible 
for either patients or referring physicians to make decisions. Just as in SOT, the 
surgeon must be part of a multidisciplinary team, including transplant physicians, 
psychiatrists, social workers, immunologists, pathologists, and nurse coordinators. 
The recipient must be able to count on lifelong follow-up for IS and its potential 
complications. Finally, the size and technical expertise of the surgical team itself 
cannot be discounted. Unlike SOT, reconstructive transplants may violate conven-
tional anatomic boundaries and require a team of multiple surgeons working in 
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tandem for over 24 h. The expertise of one or two surgeons will not be sufficient in 
these cases. It is likely that reconstructive transplantation, even more so than SOT, 
will remain the province of only select few academic centers with the necessary 
infrastructure and multidisciplinary resources.

Donor Selection

VCA requires an equivalent level of immunological stringency as SOT, with addi-
tional constraints imposed by extensive recipient sensitization as well as needs for 
anatomical compatibility not encountered in SOT.

As with SOT, current immunosuppressive regimens largely allow transplanta-
tion to occur regardless of human leukocyte antigen (HLA) type. Although a VCA 
itself does not demand more stringent crossmatching, certain characteristics of 
VCA recipients may impose severe constraints on donor selection: VCA recipients 
are likely to have undergone multiple reconstructive procedures, possibly with allo-
geneic biological materials and multiple blood product transfusions over time. The 
virtual crossmatch, as in kidney transplantation, is useful for narrowing the donor 
pool appropriately in these patients.

The assessment of tissue quality for potential VCA donors includes donor char-
acteristics such as age, and comorbidities, including vascular disease that may 
shorten the life span of the graft. As opposed to recipient tobacco use, donor tobacco 
use is not a significant donor factor in SOT and should not be expected to affect 
VCA outcomes.

In addition to screening techniques translated from SOT, physical parameters must 
also be accounted for in VCA. Skin color, gender, and basic morphometric parameters 
such as intercanthal distance, mandibular width, and upper anterior facial height can 
be easily checked against the potential recipient. Unlike SOT, however, many of these 
parameters are malleable according to surgeon and recipient preference. Physical se-
lection stringency can be adjusted without affecting immunological outcomes, for ex-
ample, by considering opposite-gender face donors for a highly sensitized recipient.

Unlike SOT, in which remotely transmitted data can be used to judge organ 
quality and suitability for a given recipient, to date no VCA has been reported in 
which the allograft was accepted by the transplant team without the opportunity for 
physical examination. While purely objective criteria may one day be developed us-
ing color matching, cephalometry, and computed tomography, these data currently 
serve only as adjuncts to the personal examination of a prospective donor.

Allograft Procurement and Preservation

Surgical teams typically recover solid organs in a tightly choreographed multi-
team operation that begins with thoracoabdominal incision and ends 2–3 h later 
with removal of all visceral organs in immediate sequence [9, 10]. In contrast, the 
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variability of VCA between organ type and recipient defect extent prevents pre-
scription of a standard protocol.

If a donor is a candidate for VCA but not solid organ donation, the sequence is 
simple. For a multiorgan donor, however, some level of coordination is necessary. 
Beginning VCA procurement first may threaten solid organ integrity if donor perfu-
sion is impaired by prolonged anesthesia or blood loss. Because they are potentially 
lifesaving, solid organs must ultimately be given priority. Organs such as extremi-
ties, abdominal walls, or smaller face allografts, which can be procured quickly and 
are unlikely to impact donor physiology, can continue to be procured before the 
start of thoracoabdominal dissection. VCA such as trachea and uterus, which lie 
deeper and can be quickly isolated after cardiac death, are more suited to procure-
ment following cold cardioplegia infusion and cardiac explantation, in sequence 
with abdominal organ procurement. Abdominal vessel cannulation for rapid cooling 
of VCA is unlikely to interfere significantly with solid organ procurement.

Complex face allografts represent a unique challenge in procurement. Isolation 
of multiple vessels, nerves, muscles, and osseous structures in situ [11] may re-
quire well over 12 h. The ideal approach would begin with face procurement and 
coordinate teams’ actions so that each procurement could conclude immediately 
following systemic heparinization of the donor: a “face-first, concurrent comple-
tion” approach. It would also incorporate mechanisms for proceeding quickly to 
procurement of solid organs if their integrity is threatened [12].

Clinical and basic research has provided solid organ transplant surgeons guide-
lines regarding the amount of time each type of organ can withstand cold ischemia. 
Extrapolating from free tissue transfer and hand transplantation, ischemia times 
under 4 h should be well tolerated by VCA [11, 13, 14]. The skeletal muscle compo-
nent is likely to be less tolerant of cold ischemia than solid organs [15]. Prolonged 
subcritical ischemia time may furthermore increase risk of rejection [16].

Unlike solid organs, however, VCA do not have an established acceptable cold 
ischemia time. The greatest difference compared to SOT is an unprecedented level 
of variability in the graft itself, which may never allow “hard” temporal limits on 
VCA cold ischemia. Tolerable ischemia time is heavily influenced by type and pro-
portion of tissues. SOT typically are constant in size and tissue content, encapsu-
lated within a fascial layer and attached only by their vascular pedicles and ductal 
structures. The margins of a VCA, on the other hand, vary following the recipient 
defect not only in breadth but also in depth and in types of tissue.

Despite this variability, surgeons performing VCA would benefit significantly 
from guidelines establishing maximum cold ischemia limits for defined categories 
of tissue types, for example, soft tissue only, musculocutaneous, osteocutaneous, 
and osteomyocutaneous. Further research may additionally help to identify whether 
size of the allograft influences speed of initial cooling and therefore tolerance to 
further ischemia.

Substantial research has been conducted in both solid organs and VCA regard-
ing the optimum means of organ preservation. While various strategies, including 
modification of preservation solutions and pulsatile perfusion, have been attempted 
to decrease cold ischemic damage, the standard approach remains simple cold stor-
age in a fluid such as University of Wisconsin solution.

3 Reconstructive Transplantation
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Organ Sharing and Allocation

Standardized techniques for organ procurement allow the sharing of organs on re-
gional and national scales. If VCA preservation strategies are optimized, it is con-
ceivable that logistics could allow sharing between different centers. Allograft type 
and complexity are likely to represent the largest limit to organ sharing. Even an 
extremity allograft could potentially be procured with generous margins, shipped, 
and customized to the recipient defect on the back table.

Organ sharing and allocation is a perpetual topic of discussion in SOT, while, 
VCA may never require this type of scheme. Such strategies in SOT are motivated 
by the chronic shortage of donors for a large population of patients in need of trans-
plantation. This is illustrated by 2012 UNet data from the US Organ Procurement 
and Transplantation Network. The median adult waiting time for in the past decade 
was 4–5 years for a kidney and 4–14 months for a liver. These wait times reflect 
high transplant volume, and higher demand for organs: In 2012, 34,000 kidney and 
11,000 liver recipients were added to waiting lists, compared to 14,000 donors in 
the same year. In contrast, the yearly volume of potential VCA recipients is unlikely 
to exceed 0.1–1 % of these figures in the near future.

To this date, the longest reported waiting period for a VCA has been 8 months, 
not due to competition for the same graft but rather by factors, including recipient 
sensitization, strict anatomical criteria, limited geographical search area, and low 
public awareness leading to reticence to approaching every potential donor family 
about VCA donation. Allocation of VCA in the future will likely be limited by these 
factors as well as small overall pools of both donors and recipients. Initial work 
will need to focus on increasing the donor pool by boosting public awareness of 
VCA donation and transitioning to a standard-of-care approach. Subsequent efforts 
should attempt to establish a system for defining objective VCA allograft require-
ments for a given recipient, maximizing the donor pool by expanding geographic 
range. Allocation schemes that determine priority based on severity of disease (such 
as Model for End-Stage Liver Disease (MELD) for liver) or time on waiting list (as 
in kidney transplantation) are less likely to be relevant or necessary.

The 2013 decision to regulate VCA as organs under the auspices of the Health 
Resources and Service Administration, Department of Health and Human Services 
[8], will have significant impact in allocation decisions. Although specific schemes 
and time lines have not yet been established, the Organ Procurement and Transplan-
tation Network/United Network for Organ Sharing will have the power to regulate 
VCA. The experience and organization added by this oversight may accelerate and 
expand the possibilities for organ sharing.

Immunosuppression

VCA adopts IS management regimens directly from well-established organ 
transplant protocols. Induction has performed with T cell depletion consisting of 
either rabbit anti-thymocyte globulin (Thymoglobulin) or alemtuzumab (Cam-
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path). T cell depletion is utilized for the majority of SOT, but rarely required 
for liver transplantation [17, 18]. While almost all VCA have been performed as 
clinical research, most maintenance IS medications are the same triple therapy 
as in SOT: a calcineurin inhibitor (tacrolimus), antimetabolites (mycophenolate 
mofetil), and steroids. VCA still have not achieved widespread success with 
steroid elimination protocols. Experimental adjuncts, including infused donor 
bone marrow (BM), have been added in some protocols as an attempt to mini-
mize rejection and reduce immunosuppressive requirements [19–21]. The ad-
dition of infused BM has still resulted in multiple rejection episodes and some 
graft losses [22]. The use of BM outside of tolerance protocols utilizing nonmy-
eloablative conditioning in SOT has likewise not achieved reliable success as an 
immunomodulatory approach.

VCA research has been motivated with similar goals to SOT to achieve immu-
nologic tolerance [23]. The rationale for tolerance in VCA has been based on the 
near universal rejection episodes and concern for a high requirement of lifelong IS 
in a younger patient population. The belief that tolerance would decrease the risks 
of VCA to a more acceptable level justified numerous mixed chimerism approaches 
that have been utilized in renal transplantation [24]. While studies in rodent models 
have achieved immunologic tolerance to VCA [25], no reproducible large-animal 
model has demonstrated tolerance induction to disparate tissue elements, including 
skin and mucosal tissues (which appear to be among the most immunogenic). The 
additional challenge for VCA compared to successful tolerance approaches is that 
all VCA will come from deceased donors. SOT tolerance protocols have utilized 
living donors with the ability to plan for a transplant date and perform necessary 
preconditioning prior to surgery. While some studies have attempted to develop 
protocols for the induction of tolerance to deceased donors that would be accom-
plished at the time of transplant and afterwards, these have not been successfully 
applied in clinical trials.

One of the central strategies to establish tolerance in experimental and clinical 
SOT has been the establishment of recipient chimerism—defined as either tran-
sient or durable detection of donor lymphohematopoietic cells in the peripheral 
blood of recipients. This requires infusion of donor BM in SOT. VCA is unique 
in that many VCA grafts contain vascularized BM that may function as a self-
contained and self-renewing reservoir of BM cells [26]. This has demonstrated im-
munomodulatory properties in nonhuman primate studies that have associated the 
presence of VBM with significant immunomodulatory capacity to prevent graft 
rejection and prolong graft survival compared to grafts without vascularized BM, 
when combined with immunosuppressive medications [27]. Additionally, the skin 
may function as a source of dendritic cells that may facilitate chimerism and toler-
ance [28]. These unique elements of VCA, as compared to SOT, may contribute 
to the better than expected half-life of VCA, which remains undefined but does 
not appear any shorter than for SOT despite early and near universal rejection 
episodes.

3 Reconstructive Transplantation
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Rejection

Vascularized composite allografts appear to be at higher risk of rejection than solid 
organs, with first-year rejection of any grade approaching 100 %. The first-year 
rejection rate for renal allografts treated with lymphocyte depletion and weaned 
off steroids as part of IS minimization can be under 10 % [29]. Two factors likely 
contribute to this contrast: higher immunogenicity of tissues, especially skin, and 
higher detection of even subtle rejection by directly visualizing the graft. This is 
a very unique aspect of VCA compared to SOT—that daily monitoring for rejec-
tion is possible. SOT depends on significant clinical dysfunction for the develop-
ment of clinical signs, and subsequent laboratory and histologic analysis of biopsy 
specimens.

The mainstays of treatment for acute cellular rejection have translated success-
fully from SOT to VCA. Most rejection is treated with intravenous boluses of cor-
ticosteroids, followed by tapers of varying length. Initial rejection episodes when 
moderate to severe have been treated with additional T cell depletion provided by 
thymoglobulin. Unique to VCA is the ability to locally treat acute rejection with 
topical formulations of corticosteroids and tacrolimus. These have been reported to 
be successful for Banff grade I rejection, but more commonly are added to systemic 
agents. Studies in small-animal models suggest efficacy may be comparable to sys-
temic tacrolimus, but this has not been verified clinically [30]. Antibody-mediated 
rejection has not yet appeared with the same frequency as SOT, but one reported 
case necessitated treatments similar to SOT, including eculizumab and bortezomib 
(both without success), followed by plasmapheresis, thymoglobulin, and alemtu-
zumab [31]. Chronic rejection has become increasingly recognized in both research 
and clinical models of VCA and similar to the vascular manifestations in every 
transplanted solid organ. Chronic allograft vasculopathy, as described in several 
clinical extremity transplants and a nonhuman primate model, involves severe inti-
mal hyperplasia and vasculopathy without donor-specific antibodies or C4d deposi-
tion [32]. Unlike SOT, vasculopathy in VCA is focused on vessels that may not be 
accessible by routine biopsy. Thus, alternate modalities, including high-resolution 
ultrasound, may allow for detection and quantification of vasculopathy [32].

The long-term survival of VCA is the clinical question looming largest at this 
time. VCA losses to date have been due to acute rejection, infection and overwhelm-
ing sepsis, medication noncompliance, and malignancy. This is similar to SOT graft 
losses. Chronic rejection results in 18 % of all renal allograft losses at 5 years [33] 
and medication noncompliance is an additional major etiology. SOT experience has 
defined each allograft with a half-life: 3.6, 5.2, 8.5, 8.8, 11, and 16.7 years for bow-
el, lung, liver, kidney, heart, and pancreas [34, 35] in order of increasing longevity. 
This has not been defined for VCA. It is conceivable that the ability to immediately 
detect and treat even subtle rejection, leading to shorter and less severe rejection 
episodes, may decrease cumulative injury to the graft resulting in longer half-lives.
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Complications of Immunosuppression

Direct effects of IS include renal failure and diabetes. Renal failure is a well-known 
and major complication, with rates between 7 and 21 % for heart, lung, liver, and 
intestinal transplant recipients on conventional calcineurin inhibitor-based immu-
nosuppressive regimens [36]. Acute renal insufficiency has been described in mul-
tiple VCA patients, including one who subsequently required hemodialysis. Post-
transplant diabetes mellitus can affect all immunosuppressed patients. Follow-up 
performed on renal transplant patients at of 8.3 years demonstrated that 20 % had 
developed diabetes as a result of IS [37]. There is no reason to expect any difference 
in rates or implications of these complications for SOT versus VCA.

Malignancy is another well-described and potentially lethal consequence of IS. 
SOT transplant recipients have increased rates of all malignancies, including a cu-
mulative rate of skin malignancies of 7.4 % at 3 years and a rate of 7.5 % for nonskin 
malignancies [38] Posttransplant lymphoproliferative disorder (PTLD) is one of 
the most lethal malignancies associated with transplantation, with reported rates 
of between 1 % for renal allografts and much higher rates of approximately 10% 
and 20 % for lung and intestine transplant recipients, respectively. VCA also has 
reported cases of PTLD that have been severe and life threatening [19]. Nonhu-
man primate research suggests that PTLD in VCA may more closely resemble BM 
transplantation than SOT in that the malignant B cell transformation occurs in donor 
BM cells [39].

Bacterial, viral, and fungal infections increase in prevalence with IS and man-
date specific prophylaxis in the first months post transplant. Nonetheless, rates of 
infection in the first year after renal transplantation are between 8.9 % for fungal 
infection and 37.5 % for bacterial infections [40]. General infectious prophylaxis 
for SOT includes antifungal treatments often with fluconazole for 30 days, antivi-
ral therapy with valganciclovir or acyclovir for 90 days, and antibacterial therapy 
with trimethoprim/sulfamethoxazole for 6 months. VCA have resulted in serious 
and even fatal infectious complications, and may have even greater infectious risks 
given the colonization of mucosal surfaces and constant exposure to the external en-
vironment [41]. Nevertheless, pharmacologic prophylactic strategies for VCA have 
been similar to SOT [42].

Technical complications vary significantly between different types of SOT, and 
are more closely related to complications of nontransplant procedures in their re-
spective anatomical domain than they are to each other. Thus, it is difficult to derive 
specific lessons regarding technical complications. Nevertheless, it is worth noting 
that IS increases the probability of wound-related complications, including dehis-
cence and wound infection [40, 43], and usual techniques for approximating tissue 
and maintaining wound sterility may not meet with the degree of success normally 
expected by reconstructive surgeons.

Unlike SOT, one of the essential functions of many VCA is motor and sensory 
restoration. The closest parallel may be seen in heart transplantation, which de-
mands only intrinsic pacemaking—and may be easily supplanted by a pacemaker 
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[44, 45]. Instead, VCA surgeons must be guided by experience in digit and limb 
replantation and rehabilitation, as well as the emerging body of evidence in VCA 
itself.

Conclusions

VCA, like SOT, is a complex medical science in evolution. Multidisciplinary teams 
worldwide are called upon to tackle a myriad of technical, immunological, psycho-
social, logistical, and legal issues. Certain challenges are unique to VCA, including 
heightened immunogenicity, psychological identity changes, and the non-lifesaving 
nature of the graft. Nevertheless, this science did not arise from a vacuum. Decades 
of refinement in SOT have been the indispensable foundation for the emergence 
of VCA. Large gaps still exist in the availability and consistency of both types of 
transplantation. The holy grail of tolerance remains a distant target. Moving for-
ward, the cross-application of insights from each field will accelerate the pace of 
advancement in both.
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November 28, 2008, is a day I will never forget. On that day, over 5 years ago, I 
was in a traumatic farm accident that changed my life forever. It was the day after 
Thanksgiving, and I was helping my friend on his farm by harvesting field corn. 
Around 5:15 pm, while using the one row corn picker, I stopped the tractor because 
I saw that the wagon was overflowing and corn was falling to the ground. I wanted 
to move the corn further back in the wagon. I kept the machine running at normal 
operating speed as I continued around to the front of the tractor. As I came to the 
snout, or front of the corn picker, I noticed that there was an ear of corn on it. I 
tried to knock the ear of corn into the running machine, but it did not move. So, on 
the second attempt, I tapped on the ear with my left hand. I was wearing my army 
jacket which had a loose cuff. Right then, the chain snagged my loose cuff pulling 
my hand into the snapping rollers. I screamed as I tried to pull my left hand out with 
my right hand. That was a tragic decision, because my right hand also got pulled 
into the machine. For 30 min, I was trapped in the loudly running machine yell-
ing for help while continuing to try and dislodge my hands. Fighting to get loose, 
I asked the LORD to let me die. After the third time, I had a warm sensation that 
overcame me. I knew that I was fighting for my life, but I could feel God sustaining 
me through all of this.

Around 5:45 pm, help finally arrived. I was surprisingly calm as I explained how 
to shut the machine off. When the EMTs arrived on site, they quickly concluded that 
the Lifeline helicopter needed to be called. It took approximately a half hour to dis-
lodge me from the machine. Through all of this, I never lost consciousness. My wife 
eventually showed up at the scene and reassured me that everything would be fine, 
and that I would be safe. For the 30 min I was trapped, my life had changed forever. 
I no longer had hands. It seemed that this accident might even bring my family back 
together since my wife and I had been separated at the time.

First US patient receiving a combined forearm and hand transplantation
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Once I was dislodged from the machine, the medics put me into the helicopter 
and attended to my needs during the 8-min flight to the Hershey medical facility. 
Finally, I was on the stretcher going to the trauma center when a nurse said, “Mr. 
Pollock, you are at the trauma unit and you will be treated.” That is when I knew it 
was okay to let go, and at 6:30 pm, I closed my eyes and finally passed out. I found 
out later that while I was unconscious, I continued to answer questions for about 
20 min prior to going into surgery.

On Sunday, I awoke like I had been resurrected to a new life. I had almost died. 
After multiple surgeries, I had become a bilateral upper extremity amputee, howev-
er, I had a whole new outlook on my life. I feel like the experience made a chemical 
and spiritual change for me, and to this day, I have a much more positive outlook on 
life. My relationships are better, especially with my twin children. Though my wife 
and I eventually divorced, she was extremely helpful through the months following 
the accident. I now live my life one day at a time, and I am grateful for each day of 
life that I have been given. I can neither change the past, nor the future, so I try to 
get the most out of each day.

As time passed, I experienced no phantom pains, only sensations. I am grateful 
for how well my recovery progressed. I did not have a problem dealing with what 
could be viewed as a major loss. I thank God for each day, and for the peace I felt 
after my bilateral amputations. Eventually, I was fitted with a prosthesis. I adapted 
to using the prosthetics as well as my new life. I was learning to do things such as 
driving and normal daily tasks. I was thankful and did not view my life as a hardship 
but as a challenge that I would overcome!

While going through occupational therapy, the possibility of hand transplanta-
tion was introduced to me, but I, for some reason, did not give it a lot of thought. 
More time passed and the idea was brought up again, but I still did not see it as an 
option for me. Then, about 6–7 months later, I walked into my parent’s dining room 
and saw a People magazine with a story about the first bilateral transplant patient in 
the USA. As I read the article, “New Hands for Jeff,” I was inspired to look into the 
procedure. One quote really struck home for me, “Just recently, Valarie (Jeff’s wife) 
intertwined her fingers with his. ‘That’s the first time I’ve held your hand in 10 
years,’ she told her husband. ‘Just wait,’ Jeff replied, ‘until I can squeeze yours back 
[1].’” I guess the timing was just right, because the very next day, I called the team 
at the University of Pittsburgh Medical Center (UPMC) that has performed Jeff’s 
transplant and inquired about the program. After speaking with someone about the 
program, I chose to get a screening for the surgery. My thought was, “What do I 
have to lose?”

The UPMC website along with the article in People magazine was also my first 
introduction to the “Pittsburgh Protocol” for immunomodulation after the hand 
transplant. The protocol works to help reduce the number of medications to prevent 
rejection episodes. The protocol as compared to current protocols used worldwide 
was designed in the hopes to reduce the number of side effects and occurrences of 
complications like drug toxicity.

The screening involved several days of testing and interviews with psychologists 
and social workers as well as the surgeons and doctors heading the program. Once 
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the screening was complete, the surgery, treatment protocol, and recovery were dis-
cussed in detail. The most important point to me was that I only needed to be on one 
type of antirejection medicine. I asked many questions. I knew it was going to be a 
long road; however, I believed the end result would be a better quality of life for me 
as well as much more independence.

Before I was even considered a viable candidate for this surgery and research 
protocol, I had to realize that it would take time, hard work, and the right frame of 
mind, in other words a positive outlook and attitude. I also knew that I had to be 
regimented and methodical with my therapy and my medications as well as continu-
ally communicating with my doctors.

It was actually a fairly easy decision for me to go through with the transplants. I 
had to wait for a bit to be put on the transplant wait list since it had been less than a 
year since my accident, but once on the list, I only had to wait a couple of months 
until a matching donor was identified. On February 3, 2010, at 11:20 pm, I received 
the phone call I had been waiting for—there was a donor and I needed to get to 
Pittsburgh as soon as possible. On February 5, 2010, I was no longer a double upper 
extremity amputee. I am now a bilateral hand transplant recipient. My hand was 
replaced on my left side, and I was the first in the USA to have my entire forearm 
replaced above the elbow on the right. It is a beautiful gift and I thank God as well 
as the donor and his family for this miracle.

When I awoke from the surgery, I was on a ventilator and numb. I was quickly 
removed from the ventilator. After 14 days, I received the bone marrow of the donor 
(a crucial step in the Pittsburgh Protocol). I spent the next few weeks recovering un-
til I could start moving my hands myself. Until then, occupational therapists came 
in daily to work with my hands to keep them pliable and to prevent scarring with the 
tendons and muscles bundling together.

In the months that followed, I had therapy Monday through Friday for 6 h; this 
quickly added up to over 2300 h of hand therapy. Additionally, I was monitored 
closely by the transplant team. I was finally able to return home to Harrisburg in 
August 2010. I continued my weekly therapy regimen, and began to work toward 
a life of normalcy with my hands becoming more functional each week. In January 
of 2011, I decided to enroll in college, so I enrolled at Harrisburg Area Community 
College (HACC). During my second semester, I was assigned a research paper. I 
had to pose a question and research to find the answer or to support for my thesis. 
Before and after my transplants and during my medical follow-ups at UPMC, I 
found that I had so many questions related to hand transplantation such as wonder-
ing about what type of recovery I was expected to make, about rejection, and wheth-
er it could be physically harmful to me or even fatal. So, I decided to make these 
the focus of my paper. The research that I did helped to reduce my anxiety and to 
learn even more about my outlook for the future of my hands and my overall health.

I found out that hand transplantation is one example of vascularized compos-
ite allotransplantation (VCA). VCA, or reconstructive transplantation, is a broader 
term for transplantations that involve tissues such as skin, muscle, tendon, nerve, 
blood vessels, lymph nodes, cartilage, bone, and bone marrow. VCA appears to be 
much more intensive and complex than solid organ transplants [2, 3].
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I learned that the International Registry on Hand and Composite Tissue Trans-
plantation (IRHCTT) publishes data annually regarding “functional recovery, pa-
tient and graft survival, adverse events, and complications” [2, 3]. This was a great 
resource and answered some of my questions about what to expect from my recov-
ery and my transplants in the years to come. Here is an excerpt from what I read.

In follow-up of at least 1 year, 100 % of recipients developed protective sensibility [the 
ability to feel hot and cold], 90 % developed tactile sensibility [the ability to feel touch, 
pressure, edges, etc…], and 84 % developed discriminative sensibility [the ability to dif-
ferentiate the feeling of different objects and the details of the object]. Seventy-five percent 
of recipients reported improved quality of life, and many have returned to employable 
status. [3, 4]

Rejection was another area that concerned me. My body needed time to heal and 
adjust to the new tissue, and to recover from the trauma the body goes through from 
such extensive surgery. Rejection is when the body’s immune system attacks the 
transplant as if it is a “foreign” body. With allotransplantation of extremities, rejec-
tion is easily noticed and caught in the early stages. I would notice a rash, swelling, 
and redness of the skin. To control this, I would have my immunosuppression medi-
cine dose increased, blood work drawn, and usually I would have to apply medicine 
(a greasy, staining ointment) externally to the transplanted tissue.

During the first year of post-transplants, I recall having several rejection epi-
sodes. During the first few months post transplant, there were some major episodes 
that had the medical team readmitting me to the hospital. Due to my compliance and 
diligence, these episodes were caught early and with the help of modern medicine 
and the medical team, they could be quickly reversed and I recovered completely. 
However, since May 2011, I had not had an episode of rejection.

I think the following excerpt from the book, Plastic and Reconstructive Surgery, 
best sums it up:

That the ultimate goal of HT (Hand Transplantation) is to attain functional motor recovery 
of the transplanted hand superior to myoelectrical prosthesis and to achieve sensory func-
tion for discrimination and tactile sensation, while at the same time, maintaining minimal 
adverse effects secondary to unavoidable immunosuppression. [5]

I realized several points through my research and from my personal experiences 
with hand transplantation. The most significant point that I have come to appreciate 
is that some questions I have could not be answered, as we are still learning as the 
field of VCA continues to develop. I now see that the doctors are most likely look-
ing at my outcome in order to better predict the outcome of future upper extremity 
transplant patients. Thus far, my hand transplants are progressing successfully and 
continually. I am very patient, organized, motivated, and determined. I follow the 
protocol to the letter, and, I believe, this is why I am doing so well. Secondly, there 
are still a lot of unknowns in the science of reconstructive transplantation. I am a pa-
tient they consider to be successful because my nerves continue to respond showing 
regeneration and my hands continue to become more useful and responsive. As far 
as how well will my hands work, considering I am the first bilateral hand transplant 
with the right extremity above the elbow joint, I have to realize that many people 
are looking to me for that answer.
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Bottom line: would I do it again? No hesitation for me—YES! The transplants 
have opened up my world. I am now attending college and pursuing a degree. I can 
see progress in my abilities monthly. I can eat with chopsticks, do home repairs and 
garden work (Fig. 4.1), feel someone’s handshake and touch my kids again. I am 
able to manage and function far better than I ever could with my prostheses and, as 
far as normal, I just take it one-day-at-a-time. Being positive keeps me motivated to 
continue doing well, and I am excited about the fact that I am writing maybe a small 
piece of history with my double hand transplant experience.
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Fig. 4.1 Chris Pollock performing garden work in his backyard 4 years after his 
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Introduction

Significant advances in the field of reconstructive transplantation over the past de-
cade have propelled the evolution of hand and face transplantation from an experi-
mental surgical procedure to an effective treatment option for those suffering from 
disfiguring tissue defects and limb amputations [1]. Several factors have contributed 
to the clinical success of reconstructive transplantation, including the development 
of immunomodulatory therapies, the perfection of microsurgical techniques, and 
a profound understanding of the immunological mechanisms involved in chronic 
tissue rejection and vascularized composite allograft tolerance [2]. A large number 
of these medical advances have been achieved through the repeated utilization of 
experimental animal models [3]. In addition, and reproducible data generated from 
these unremitting in vivo experiments have been key to the development of reliable 
immunomodulatory protocols that could not have been solely discovered by in vitro 
experiments alone. Conversely, a plethora of additional transplant related in vitro 
tests form today’s backbone of a modern transplant research unit that is devoted to 
make the next giant leap in immunology.

The selection of an animal model for a specific transplant procedure usually de-
pends on (1) the nature of the experimental study, (2) the type of tissue component 
to be evaluated, and (3) the financial resources available.

Although short-term functional outcomes after reconstructive transplantation 
are promising, rejection and conventional high-dose immunosuppressive treatment 
continue to limit broader clinical application of this innovative surgical procedures 
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[4]. Therefore, animal model-based research in this field mainly focuses on the 
investigation of the basic mechanisms of the alloimmune response during rejection 
[5]; novel strategies and protocols for immunomodulation and tolerance induction 
after reconstructive transplantation are tested extensively in animals before they 
can be applied to humans [6]. A second significant research interest focuses on 
the improvement of nerve regeneration and functional outcome after reconstructive 
transplantation [7]. It is therefore important to distinguish between animal models 
designed for either basic immunologic or specific functional studies.

Vascularized composite allografts are composed of a wide variety of different 
tissue types, including bone and bone marrow, cartilage, muscle, nerve, blood ves-
sels, lymphatic tissue, and skin; each of these tissues carry distinct immunological 
and functional properties. In this context, it has been shown that the alloimmune 
response and antigenicity vary substantially depending on the individual tissue 
component. It is interesting and important to note, however, that the entire limb 
allograft consisting of multiple tissues generates a much weaker immune response 
than allografts of its individual components [8]. The development of various animal 
surgical models containing different combinations of tissues is therefore crucial 
for the investigation of the immunological processes at hand, as no one model can 
adequately dissect every individual mechanism from the role it plays in concert.

Funding uncertainty is an inescapable aspect of modern research; economic re-
cession and governmental budgetary restraints have resulted in a worldwide pattern 
of constrained funding [9]. This competitive funding environment demands that ev-
ery laboratory works as efficiently as possible to maximize data output while keep-
ing expenses low. Small animal models, therefore, are optimal for in vivo experi-
ments as they strike the best balance between translatability and cost-effectiveness.

It is also important to keep in mind that animal experimentation by its very na-
ture takes a considerable toll on animal life [10], and scientists have an ethical obli-
gation to minimize the pain and distress of experimental animals.

Animal Models for Transplantation Research

The complexity of acute/chronic allograft rejection and functional recovery as well 
as the urgent need for improved patient outcomes provide the impetus to employ 
small animal models for reconstructive transplantation. Primarily, small animals 
provide comparative living systems that allow researchers to investigate both the 
orchestrated course of the immune response after allotransplantation and how vari-
ous kinds of preventive interventions and treatment protocols can be used to modu-
late the recipient’s immune system and halt allograft rejection.

The utility of the animal model varies by species, available reagents and tools 
to support the study, and level of homogeneity with the human body. The most 
commonly used animal models for transplant research are rats and mice. Other less 
frequently employed transplant models include larger animals such as hamsters, 
guinea pigs, rabbits, dogs, pigs, and nonhuman primates. Although large animal ex-
periments have been and will always be the best way to study safety and efficacy of 
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novel therapeutic regiments that are qualified for human phase 1 studies [6], small 
animal research has and will always remain the cornerstone of in vivo basic science. 
In rodents, techniques such as inbreeding, the expression of foreign genes, and the 
alteration of germ lines have advanced to make remarkable precision around the 
genomic locations that can be modified for investigation. In other species, similar 
tools still have yet to be incorporated into the researcher’s toolbox.

Studies with the goal to investigate questions regarding alloimmune response, 
ischemia-reperfusion injury (IRI), as well as nerve regeneration can be carried out 
in small animal models, which might improve the knowledge about transplantation 
in the clinical setting.

Rat Hind Limb Transplant Models

The rat is a major animal model for the study of human health and disease. The large 
number of inbred strains and vast amount of physiological, behavioral, biochemi-
cal, cellular, pharmacological, toxicological, and immunological data gathered over 
the past 40 years make the rat a superb model for research efforts in the field of 
reconstructive transplantation.

The first vascularized composite allotransplantation (VCA) model describing or-
thotopic hind limb transplantation in rats was introduced by Shapiro and Cerra [11]. 
The surgical procedure involved time-consuming reattachments of bones, muscles, 
nerves, and blood vessels that demanded delicate microsurgical skills. Since its 
publication in 1978, the model has been successfully used in a multitude of func-
tional and immunological studies and must therefore be considered the current gold 
standard animal model in reconstructive transplantation research. The orthotopic 
hind limb transplant model in the rat can be used for functional, immunological, and 
ischemia-reperfusion-related studies.

Walking track analysis that analyzes the dynamic foot placement of the animal 
was the first reliable technique that truly allowed noninvasive assessment of motor 
function and nerve regeneration in the rat hind limb [12]. Further quantification of 
neuroregeneration based on measurements from walking tracks can be performed 
by the sciatic function index, which allows a functional assessment of the sciatic 
nerve [13]. A second quantitative evaluation of hind limb motor function in rats 
with selective sciatic, tibial, and peroneal nerve injury can be performed using the 
Bain–Mackinnon–Hunter index. The rather simple method of quantifying the size 
and distribution of the animal’s footprints on paper, however, has shown that ani-
mals with selective nerve injuries have walking tracks that are consistent, predict-
able, and based on known neuromuscular deficits [14]. More recent, highly sensitive 
tools for the detailed assessment of gait changes in rodents rely on computerized 
models. The CatWalk XT, for example, delivers objective quantitative measure-
ments of footfalls and gait in rodents and has successfully been used in various rat 
models of osteoarthritis [15], spinal cord injury [16], peripheral nerve regeneration 
[17], and hind limb transplantation [18]. Due to the partly striking inconsistencies 
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between the results of walking track and electrophysiologic examinations of regen-
erating nerves, however, it is important to be careful with the interpretation of its 
recordings [19].

Although the orthotopic rat hind limb model has been performed with great 
success over the past decades, several attempts have been made to make it less 
time consuming and technically demanding. Since the suture connection of blood 
vessels seemed to be the surgically most demanding step in the whole procedure, 
more feasible anastomosis techniques have been applied. One such technique uses 
a polyimide or polyethylene cylinder, slightly larger in diameter than the blood ves-
sel itself, which is pulled over the donor vessel so that the vessel wall can finally be 
everted over the cuff. For anastomosis, the recipient’s blood vessel is simply pulled 
over the donor vessel and cuff, which finally results in an end-to-end anastomosis 
of both vessels (Fig. 5.1). This delicate technique, which establishes endothelial 
contact between both donor and recipient vessel, was first applied by Alexis Carrel, 
a French surgeon and biologist who was awarded the Nobel Prize in Physiology or 
Medicine in 1912 for his pioneering vascular suturing techniques [20]. For investi-
gation of ischemia-reperfusion-related injuries, where prolonged cold storage leads 
to extremely fragile vessel walls and renders the conventional suture anastomosis 
nearly impossible, the cuff technique was able to simplify and shorten the whole 
surgical procedure and thus provide a rapid and reliable surgical approach to hind 
limb transplantation in rats [21].

Since orthotopic hind limb transplantation is a traumatic surgical procedure that 
includes the resection of the recipient limb to make room for an allograft, there are 
multiple concerns, including intra- and postoperative bleeding, insufficient fixation 
and stabilization of the graft bone to the recipient bone, and loss of normal gait; 
these concerns have fueled the development of less traumatic and less time-con-
suming VCA models. The most frequently used alternatives to the orthotopic hind 
limb model are heterotopic transplants of myocutaneous or osteomyocutaneous 
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Fig 5.1 Conventional suture technique for microvascular anastomosis (left) and non-suture cuff 
technique (right)
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flaps to the recipient’s groin [22]. One of the unique biologic features of a VCA is 
that its composition as a whole determines immunological outcome [8]. Therefore, 
heterotopic transplant models bear the advantage that relative sizes of individual 
graft tissue components can be easily manipulated in order to examine their impact 
on overall immunogenicity. One example of a heterotopic transplant model using a 
hind limb that contains the entire femur bone was described by Ulusal et al. [23]. In 
this case, an epigastric skin flap was used to cover the surgical defect at the recipi-
ent site. The authors also reported a decreased risk for postoperative bleeding and 
embolism since the integrity of the graft’s femur bone could be preserved when 
compared to the “original” orthotopic hind limb model where osteotomy at the mid-
femur level has to be performed using an intramedullary splint to connect both the 
donor with the recipient femur bone. A similar model containing a smaller allograft 
which only consisted of the lower leg was developed by Nazzal et al. [24]. A third 
modified model was described by Tobin et al. [25] in which the osteomyocutaneous 
graft consisted of the distal femur and proximal tibia and used the femoral artery 
and vein as the vascular pedicle. Since the recipient’s femoral vessels were used for 
graft reperfusion, the animal’s foot was solely perfused by its deep femoral vessels. 
Using this approach, the authors reported a significant reduction in operation time 
and recipient mortality. These heterotopic allografts are extremely well suited for 
immunological and ischemia-reperfusion-related studies; however, their functional 
assessment after transplantation is severely limited because they are not connected 
to afferent nor efferent nerves.

When it comes to the study of immunologic outcomes after VCA besides skin 
and muscle, it is crucial to include other tissue components like vascularized bone 
marrow that may have a substantial impact on the posttransplant immunological 
behavior of the graft. Zamifrescu et al. provided evidence that the bone component 
of a VCA, which comprises a permanent source of vascularized bone marrow, is 
capable of inducing cellular microchimerism at postoperative days 30 and 60 in 
a heterotopic rat hind limb model. In contrast, animals which only received intra-
venous suspensions of foreign bone marrow cells were unable to generate a stable 
donor cell population together with its own [26]. A similar study by Kubitskiy et al. 
confirmed improved survival rates of hind limbs transplanted along with vascu-
larized bone marrow; however, their experimental setting was unable to generate 
stable chimerism in the recipient [27].

Another cellular-based approach to impact on the recipient’s immune system is 
achieved by a repeated intravenous administration of donor adipose-derived stem 
cells. In combination with transient conventional immunosuppression, these immu-
nomodulatory cells are capable of suppressing alloreactive T cells while increasing 
the CD4/CD25/Foxp3 T regulatory cell population in vitro and in vivo, resulting in 
a significant prolongation of rat hind limb allograft survival [28]. In addition, the 
authors report significantly elevated levels of donor cell chimerism and upregula-
tion	of	transforming	growth	factor-β	and	interleukin-10	levels,	all	accounting	for	
the beneficial outcome.

Transplantation of foreign tissues is inevitably paired to a transient stop of blood 
and nutrient supply to the grafted tissue. Paradoxically, the restoration of circula-
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tion results in a profound inflammatory response is commonly referred to as IRI. 
Another interesting scientific emphasis is therefore centered around the investiga-
tion of IRI-related injuries since it might critically influence the outcome of graft 
and patient survival after reconstructive transplantation [29]. Using the cuff tech-
nique for vascular anastomosis, Sucher et al. have established a reliable rat hind 
limb transplant model to study different aspects of IRI [21]. However, more detailed 
information about how IRI might contribute to the immunological and functional 
outcome of a VCA are still under intensive investigation [see also Chapter 22].

Mouse Models

Although mice are only one-tenth the size of rats, they provide several advantages 
when it comes to basic immunologic in vivo experiments. The widespread use of 
genetically defined inbred and knockout strains, as well as animals that have either 
had their DNA sequences modified to resemble those found in human beings, or 
that have human cells incorporated into them, can improve the congruence between 
the animal model and the human counterpart [30, 31]. This modern technology, 
which is predominantly available in mice, is widely used when computer models, 
cell cultures, or other animal models do not provide sufficient accuracy.

Murine nonvascularized skin grafts have been used for decades in organ trans-
plant research; however, due to remarkable differences of the immune response of 
vascularized versus nonvascularized grafts, Jiang et al. established an ear trans-
plant model which could be considered as the first murine VCA model [32]. In 
this case, the donor operation consisted of harvesting the ear with intact arte-
rial and venous pedicles, which was subsequently transplanted orthotopically to 
the recipient. The applicability of this model for reconstructive transplantation 
is limited, however, since it predominantly consists of skin, cartilage, and blood 
vessels and lacks tissue components such as muscle, nerve, bone, and bone mar-
row. Subsequently, Tung et al. developed both heterotopic [33, 34] and orthotopic 
[35] hind limb transplant models which paved the way for pioneering studies of 
acute and chronic rejection, as well as tolerance induction in murine composite 
allografts. However, rate-limiting factors for the widespread distribution of this 
model were again challenging supermicrosurgical anastomoses of blood vessels. 
Eventually, studies by Foster and Liu [36] applying a nonsuture cuff technique 
for the femoral vein anastomosis and by Sucher and Lin et al. [18] using again 
the cuff technique for both arterial and venous femoral vessels have resulted in 
further optimized surgical outcomes.

Similar to the rat model, heterotopic murine VCA models have been developed 
using the groin or the cervical region as graft recipient sites, all bearing the advan-
tages of lower intra- and postoperative mortality rates but facing disadvantages of 
impaired functional graft assessment [18].
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Face Transplant Models

Apart from the classical hind limb transplant model in rodents, several groups have 
focused on other types of VCA such as face, larynx, and vascularized knee joint 
transplants. The first experimental model for full face and scalp transplantation was 
described by Ulusal et al. in 2003 [37]. In this case, the upper face and scalp of 
the donor was transplanted orthotopically using both common carotid arteries and 
jugular veins for revascularization. The major problem this model is confronted 
with, however, is the missing trigeminal nerve anastomosis, making it invaluable 
for functional and sensational studies on nerve regeneration. One important aspect 
of functional recovery after reconstructive transplantation is cortical reintegration 
of the graft, which occurs due to the newly regained sensory input from the periph-
ery posttransplant. Since each individual whisker of the rat can be correlated to a 
certain anatomical area in the cortex, Washington et al. developed a rat hemiface 
transplant model in which nerve conduction studies of the reanastomosed facial 
nerve could be performed with great accuracy [38]. The “mystical flap pad model” 
described by Landin and Cavadas again used the rats’ vibrissal system to study 
cortical reafferentiation through simple stimulation of the whiskers [39]. When 
model systems are designed to assess the immunologic outcome after face trans-
plantation, vascularized bone marrow components such as the mandible are criti-
cal elements of the graft. Siemionow et al. were the first to study the influence of 
vascularized bone marrow on the immunologic outcome after face transplantation 
in rats [40].

Discussion

With new developments in genetics, drug discovery, stem cell research, and bioen-
gineering, small animal models in reconstructive transplantation are employed to 
deliver new groundbreaking insights into the immunological and functional behav-
ior of vascularized composite tissue allografts. Nevertheless, a combination of both 
in vivo and in vitro tests is necessary for profound research in this novel emerging 
surgical field. The advancement of biotechnology may eliminate the further use of 
animal research in the long term; however, in the short term, it is more likely to 
present us with new troubling questions.
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Introduction

The field of reconstructive transplantation is now a clinical reality with multiple 
reports documenting the successful transplantation of vascularized composite al-
lografts (VCA) to restore lost hands and damaged faces. Since the first hand trans-
plant performed in 1998 and the first face transplant performed in 2005, there are 
now more than 59 hand transplants and more than 24 face transplants performed 
worldwide [1–5]. While the benefits of these transplants are clear, the application 
of this technique is currently limited to experimental protocols due largely to the 
need for chronic immunosuppression to maintain these nonlife-saving transplants.

The administration of immunosuppression leads to long-term survival of these 
transplants but is also accompanied with unwanted effects such as hypertension, 
diabetes, Cushing’s disease, nephrotoxicity, and infections. Other complications 
that have been reported include avascular necrosis of the hip and malignancy 
[1, 3, 6]. Despite the use of modern immunosuppressive regimes, patients still ex-
perience episodes of acute rejection and more recently the emergence of signs of 
chronic rejection [7, 8]. The use of lifelong immunosuppression can be seen in itself 
as a chronic disease characterized by its own set of risks. The morbidity of these 
drugs affects the quality of life, alters the risk profile, and can jeopardize the ben-
efits gained from a successful transplant. Immunologic tolerance, however, would 
allow for the long-term survival of these organs without the need for chronic im-
munosuppression. This would significantly impact the risk–benefit ratio and allow 
for the more widespread use of VCA to reconstruct lost limbs and facial deformities.
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The development of protocols to induce tolerance to VCA is critical to the 
future of the field of reconstructive transplantation. While there have been reports 
of inducing tolerance to kidney organ allografts in select patients, these have been 
limited to living kidney donors [9–11]. The VCA can only be transplanted from 
a brain-dead donor and is likely more immunogenic than the kidney given that 
it has a cutaneous component. Thus, progress in the development of a clinically 
relevant protocol is dependent on animal models that can truly mimic the human 
condition.

The development of successful protocols to induce tolerance to VCA has histori-
cally been centered on rodent models. Gibson and Medawar performed the original 
studies in neonatal mice that first suggested that tolerance to skin could be achieved 
after the injection and persistence of donor cells [12].

This observation was confirmed in nature by Owen, who noted that when dizy-
gotic Freemartin cattle twins shared a placenta, they demonstrated persistence of 
donor cells, and would tolerate skin grafts derived from the other twin [13].This 
tolerance to the skin grafts was not as robust as has been observed in the mouse 
model and some of these cattle went on to reject their donor skin. This observa-
tion highlights the importance of using large-animal models to develop tolerance 
protocols. Small-animal models are critical to explore multiple variations in the 
development of a tolerance protocol. However, results that have been demonstrated 
in these small-animal models have not translated directly to the clinic. In fact, these 
protocols often fail even when applied to large-animal models. In this chapter, we 
highlight both the critical results and key limitations of small-animal models and 
the importance of the use of large-animal models to develop clinically relevant pro-
tocols for VCA transplantation.

Small-Animal Models and Mixed Chimerism

The vast majority of experimental research in the field of VCA transplantation has 
been conducted in small-animal models. The advantages of using small animals 
such as rodents are based on the ease of handling, reliability of the model, lower 
cost, ability to use multiple different groups in each experiment, rapid return of 
results, and the availability of reagents. These experiments have provided the foun-
dation for much of the more recent work in large-animal models. However, the suc-
cess of a regimen in a rodent model has not directly translated into a large-animal 
model [14].

The majority of rodent models have sought to establish a state of mixed chi-
merism, where both the donor and the recipient immune systems are present. The 
VCA consists of a hind-limb transplant that included vascularized bone, muscle, 
fat, and skin. Initial studies utilized depletion of host T cells, total body irradiation 
(TBI), and bone marrow transplantation (BMT) to create stable chimeras. Foster 
et al. demonstrated that establishment of stable mixed chimerism in rats leads to tol-
erance to the hind-limb allografts [15]. The conditioning protocol in this experiment 
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consisted of antilymphocyte serum (ALS), 500–700 centigray (cGy) TBI, and the 
use of T-cell-depleted donor bone marrow. The authors noted that the level of donor 
chimerism (> 19 %) appeared to determine whether or not the animal was tolerant to 
the donor hind limb. Unfortunately, those rats with high levels of donor cell chime-
rism went on to develop graft-versus-host disease (GVHD). In a subsequent study, 
they irradiated the hind limb before transplant and prevented the development of 
GVHD, while maintaining tolerance to the allograft.

Tolerance of a donor hind limb via mixed chimerism was confirmed in several 
other studies using marrow transplantation and TBI. Prabhune et al. employed a 
protocol that used high dose of TBI (950 cGy) combined with the simultaneous 
transplantation of T-cell-irradiated marrow and a donor hind limb [16]. This proto-
col led to high level of donor cell chimerism (average 85 %), but the majority of ani-
mals did not survive long term due to the toxicity of the radiation. In a similar study, 
Esumi et al. was able to establish a high level of donor cell chimerism (> 98 %) and 
tolerance to the donor hind limb without evidence of GVHD using a combination of 
TBI (900 cGy) and fludarabine [17].

As the use of high-dose TBI would not be clinically relevant for clinical trans-
plantation of VCA, Huang et al. attempted to determine the optimal dose of TBI 
delivered in combination with ALS and a donor hind limb transplant [18]. They 
found that at a dose 600 cGY TBI, the rats where chimeric and tolerant, but again 
the majority succumbed to GVHD. When the dose was decreased to 400 cGy, the 
level of donor cell chimerism decreased (mean of 15 %) with only one animal be-
ing tolerant. Finally, the use of 200 cGy TBI led to a very low level of donor cell 
chimerism (mean of 10 %) and no tolerant animals. In the rodent model, the use of 
lower doses of TBI did not lead to reliable tolerance.

In more recent work, Pan et al. added the administration of mesenchymal stem 
cells (MSC) and the use of longer duration of post-grafting immunosuppression 
to their tolerance-induction protocol [19]. Their protocol only required the use of 
300 cGy TBI and all rats were noted to be chimeric with no evidence of GVHD. 
They did note that those rats with at least 30 % donor cell chimerism accepted their 
donor limb transplants while those with lower levels went on to reject their trans-
plant. Again, it appears that there is a careful balance that must be established be-
tween donor and host cells.

Despite evidence from the above experiments that long-term engraftment of the 
donor cells is required for tolerance, it remains unclear if a certain level of donor 
cell chimerism correlates with a state of tolerance or if the presence of these donor 
cells is merely a surrogate for tolerance. Kuo et al. demonstrated that after infus-
ing recipient dendritic cells exposed to donor antigens along with ALS, they could 
create tolerant animals with low donor cell chimerism (14 %) [20]. In a study by 
Siemionow et al. using a T cell depletion protocol via a T cell receptor antibody and 
a short course of post-graft immunosuppression, hind-limb tolerance was achieved 
with donor cell chimerism less than 10 % [20]..Using the same T cell receptor an-
tibody and deoxyspergualin (agent that inhibits T cell maturation into Th1 path-
way), Quatra et al. was able to induce tolerance in rats with no long-term donor cell 
chimerism [21]. Similar results were seen by Adamson et al. when they generated 
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tolerant rats using 600-cGy TBI and ALS. Although tolerant to the VCA, these 
animals did not exhibit high levels of donor cell chimerism (less than 1 % 3 months 
postoperatively) [22].

Co-Stimulatory Blockade in Rodents

Early studies from Tung et al. attempting to induce tolerance in a murine model by 
using a CD40 antibody to block T cell co-stimulation resulted in mice exhibiting 
split tolerance [23–25]. These animals are tolerant of all components of a hind-limb 
allograft except for the skin. Tolerance towards the muscle component does not 
appear to require long-term chimerism, as these mice show no evidence of donor 
cell chimerism. In a later study by the same group, the authors added CTLA-4 Ig to 
block CD28(28). Again these mice show no long-term chimerism; they reject the 
skin component but remain tolerant towards the muscle component of the VCA. 
These studies suggest that complete tolerance towards composite tissues needs 
further blockade than just the co-stimulatory pathway.

Other groups have had further success with obtaining full tolerance towards the 
VCA. Zhong et al. were able to create tolerant mice using a combination of a CD45 
antibody and an analogue of deoxyspergualin [26]. They demonstrate that these 
animals are tolerant to the hind limb and tolerance is donor specific as evident by 
acceptance of donor skin grafts. However, these mice show low levels of donor cell 
chimerism (1–2 %), again supporting the hypothesis that a high level of chimerism 
is not necessary to maintain tolerance towards VCA. Likewise, Li et al. blocked the 
CD40 pathway and after a short course of rapamycin, were able to induce tolerance 
in their mice with low levels of chimerism (less than 2 %) [27].

Large-Animal Models

The published studies using small-animal models provided us with important data 
in regards to many immunologic aspects of VCA transplantation. However, the 
translation of the data derived from these small-animal experiments to the clinic 
has been very limited. Tolerance-induction protocols that are successful in rodents 
frequently fail when applied in large-animal models such as swine, canine, and non-
human primates. More often than not, attempts to induce tolerance in large animals 
require additional agents and even with these more complicated regimes, the result 
is only sporadic cases of tolerance. The skin component in large animals appears 
to be more difficult to induce tolerance to when compared to small-animal models 
[28]. While no animal model is a perfect human surrogate and each has its own id-
iosyncrasies and limitations, it does provide the best way to test possible tolerance 
protocols. It is clear that experiments in large animals remain the best way to gain 
sufficient experience to initiate ethically designed human trials. All new therapies in 
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transplantation need to be studied for safety and efficacy in at least one large-animal 
model prior to phase 1 study in humans.

Common Large-Animal Models

Early experimental work in transplantation traditionally used the dog model to test 
the surgical techniques and the application of new immunosuppressive drugs. Many 
of the technical issues related to early solid organ transplantation were refined in the 
canine model and the first successful use of an immunosuppressive agent, proof of 
the efficacy of 6-MP and azathioprine, was demonstrated in a renal canine model 
[29]. Over time, however, the use of dogs in surgical research has declined, as a 
result of the social pressures. However, their role in bone marrow [30], pancreatic 
islet [31], and intestinal transplantation [32] and now VCA [33] has remained prom-
inent. The canine major histocompatibility complex (MHC) is well characterized, 
and dog leukocyte antigen (DLA)-typed animals are available for studies requiring 
defined MHC haplotypes [34].

As the number of canine transplant models has declined, the swine has emerged 
as a good replacement for the large-animal model. The pig has two major advan-
tages over dogs and primates. First, they are generally accepted for human con-
sumption, and the public harbors relatively little resentment for porcine research. 
Second, pigs are easily bred and, thus, can be genetically manipulated. Although 
outbred pigs were used in many of the early experiments investigating cyclospo-
rine (CSP) [35], this model has been used with far greater validity following the 
development of the MHC-defined mini-pigs [36–38]. Sachs has led the develop-
ment of well-characterized inbred pigs bred to near-homozygosity at the swine 
leukocyte antigen (SLA) locus specifically for use in transplant experiments. It 
has been one of the more commonly employed large-animal models for VCA 
experimentation.

The nonhuman primates are the animal models most often used when evaluating 
biologics such as monoclonal antibodies and other agents with a high degree of hu-
man specificity [39]. Their relevance to human transplantation is well established 
[39]. Several species are used, including baboons, macaques (cynomologus, rhesus, 
and pigtail), and, rarely, the chimpanzees. Macaques are the most commonly used 
primate in transplantation as they are small in size and have sufficient homology 
to exhibit cross-reactivity with most immune molecules of the humans. The one 
notable exception is that antibodies to the macaque CD3 receptor do not cross-react 
with human CD3 and vice versa. Despite this finding, human-specific polyclonal 
agents are frequently used in macaques with a little regard for this difference [40]. 
Baboons have become a commonly used species in xenotransplantation, where their 
larger size is an advantage with porcine organs. Chimpanzees have the most homol-
ogy with humans and have in fact served as donors for humans on historical occa-
sions [41]. However, the evolutionary stature of chimps and their endangered status 
have made their use impractical, if not generally unethical.
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Monkeys are not inbred, but the animals available for transplant research can-
not be considered truly outbred either. Close attention to typing is mandatory if 
experiments are to be interpreted, particularly with the small numbers required in 
the modern research environment [39]. Common typing methods that must be em-
ployed to demonstrate genetic differences include mixed lymphocyte culture, sero-
logic delineation of the class II loci (particularly the rhesus macaque DR region), 
one-dimensional isoelectric focusing (a biochemical characterization technique for 
both class I and class II), and polymerase chain reaction-based techniques for the 
highly polymorphic macaque exon 2 of MHC-DRB [39].

Canine Models in VCA

In our laboratory, we developed a preclinical canine model for VCA with a myo-
cutaneous rectus abdominis allograft (Fig. 6.1) [42]. We then applied a clinically 
significant non-myeloablative hematopoietic stem cell transplant (HCT) regimen to 
induce tolerance to VCA allografts. This regimen was initially performed in DLA-
identical littermate recipients and consisted of 200 cGy TBI before and mycopheno-
late mofetil (MMF)/ CSP given after HCT to control both GVHD and host-versus-
graft (HVG) reactions. The regimen has been successfully translated into the clinic 
to treat human patients with both malignant and nonmalignant diseases by grafts 
from human leukocyte antigen (HLA)-matched related and unrelated donors with-
out the need for testing in any additional animal models [43–45].

Using this regimen, we first demonstrated that donor-specific tolerance can be 
induced to a VCA after the establishment of mixed chimerism across a minor ge-
netic barrier. All five animals transplanted with a vascularized myocutaneous tissue 
allograft demonstrated long-term acceptance of their transplant for greater than 1 
year [33]. The allografts appeared normal with excellent hair growth with no evi-
dence of rejection in the skin or muscle. In contrast, four control animals that were 

  

a b

Fig. 6.1 Canine myocutaneous VCA model. a Myocutaneous flap harvested. b Flap inset and 
healed
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transplanted across the same barrier without immunosuppression rejected their al-
lografts (15–30 days). The tolerant animals also demonstrated stable engraftment of 
their bone marrow transplants as demonstrated by the presence of donor granulo-
cytes and lymphocytes.

We have also demonstrated that tolerance to the VCA is not dependent on the pre-
vious establishment of donor cell chimerism. Our clinically relevant model entailed 
the simultaneous marrow and VCA transplants using the same non-myeloablative 
HCT protocol. In this study, we observed 100 % acceptance of all components of the 
VCA, specifically skin and muscle, for all four dogs that underwent simultaneous 
transplantation of VCA and hematopoietic stem cells (HSC) for periods greater than 
1 year. In addition, all of the tolerant dogs went on to accept a second non-vascular-
ized skin graft while they rejected a third-party skin graft. These results confirmed 
that tolerance is not dependent on the previous establishment of stable mixed chi-
merism. In fact, tolerance may not be dependent on long-term engraftment of the 
donor bone marrow as evidenced by one of the four dogs that demonstrated initial 
engraftment of the HCT but had no detectable donor cells in the blood or bone 
marrow after week 12. Despite the loss of the HSC allograft, the VCA remained 
without any evidence of rejection. To control for the influence of the conditioning 
regimen, we also performed four transplants with the same non-myeloablative regi-
men but without any HSC infusion. All animals demonstrated acute rejection after 
the completion of the post-grafting immunosuppression. Currently, our focus has 
been modifying this regimen to use across greater genetic disparities and examining 
the need for long-term engraftment of donor cells for the maintenance of tolerance.

Swine Models in VCA

The swine model has been frequently used for the exploration and development of 
clinical protocols for the transplantation of VCA (Fig. 6.2). Ustuner et al. reported 
transplantation of a radial forelimb osteomyocutaneous flap between size-matched 
outbred swine with the use of a daily CSP, MMF, and prednisone oral regimen 

Fig. 6.2 Fasciocutaneous VCA swine model. a Flap design; outline, femoral and medial saphe-
nous vessels marked. b Dissection of medial saphenous vessels to junction with femoral artery 
and vein. c Isolated fasciocutaneous VCA ready for transplantation. (Photographs courtesy of Dr. 
Curt Cetrulo)

a b c
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[46]. Of the eight swine, two sustained severe rejection, three demonstrated mild-to-
moderate rejection, and three were free of rejection at the termination of the experi-
ment at 90 days. No drug toxicity was evident in serum hematologic and chemical 
parameters of immunosuppressed animals. The Louisville group also examined the 
use of tacrolimus, MMF, and prednisone in the same swine model. Five of nine 
animals that survived to the study end at 90 days were noted to be free of rejection 
[47]. This work served as a basis for their human hand transplants performed under 
the same chronic immunosuppression regimen. However, this work did not attempt 
to induce tolerance to these allografts.

The swine model has also served to explore techniques to induce tolerance to the 
VCA allograft. Initial work by Lee et al. sought to achieve host tolerance to mus-
culoskeletal allografts through matching of the MHC antigens between donor and 
host swine with only a 12-day course of cyclosporine [48]. Allografts from MHC-
mismatched donors treated with cyclosporine and allografts from MHC-matched 
(minor antigen mismatched) donors not treated with cyclosporine were rejected. 
However, allografts from MHC-matched donors treated with 12 days of cyclospo-
rine showed no evidence of rejection until sacrifice up to 47 weeks after transplan-
tation. This protocol did not induce tolerance to skin and when a cutaneous portion 
was added to the transplant, only one out of the six animals transplanted maintains 
tolerance to the entire allograft [28]. The majority demonstrated “split tolerance” 
where the skin was rejected but the muscle and bone survived long term. Attempts 
to extend this work utilizing high-dose tacrolimus rather than cyclosporine failed to 
induce tolerance to myocutaneous grafts across greater genetic disparities.

Hettiaratchy et al. sought to apply a mixed chimerism protocol to the same VCA 
model across greater genetic barriers (haploidentical and fully mismatched MHC) 
[49]. In these experiments, he used a nonmyeolablative protocol that combined anti-
CD3 antibody, 150 cGY thymic radiation, and the infusion of donor hematopoietic 
cells with the VCA transplant [49]. These animals received either bone marrow or 
cytokine-mobilized peripheral blood mononuclear cells with 30 days of cyclospo-
rine for post-grafting immunosuppression. As was noted in the previous experi-
ments, split tolerance was again observed with rejection of the skin noted by day 
60. In addition, all chimeric animals developed cutaneous GVHD approximately 70 
days post transplant. While these cases did respond to treatment with immunosup-
pression, this complication limits clinical applicability.

HSC engraftment and stable mixed chimerism can be achieved in Massachu-
setts General Hospital (MGH) miniature swine conditioned with 100 cGY TBI and 
CD3-immunotoxin before transplant with 15 × 109 conditioned media-peripheral 
blood mononuclear cell (CM-PBMC) per kilogram and 45 days treatment with CSP 
A [42]. Two animals on this protocol received primarily vascularized skin flaps 
transplanted from the original donor on a sapheno-femoral vascular pedicle. Un-
fortunately, one animal died 46 days post transplant from unrelated complications, 
but another accepted this skin transplant indefinitely with follow-up of more than 
1 year and no gross or histologic evidence of rejection at any time. This animal 
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maintained stable, multilineage mixed chimerism, detectable in peripheral blood, 
thymus, and bone marrow and did not develop GVHD [43]. This was the first re-
ported induction of skin tolerance in a large-animal model across an MHC barrier 
and provided proof-of-principle for the induction of tolerance of skin-bearing VCA 
using the mixed chimerism approach.

Recent work in the swine model from Kuo et al. demonstrated acceptance of a 
VCA using a combination of low-dose TBI (150 cGy), intrathymic irradiation, bone 
marrow infusion, and MSC transplant, followed by a short duration of post-grafting 
immunosuppression [50]. This protocol appeared to lead to prolonged acceptance 
of the allograft. The authors then modified the protocol to exclude administration of 
donor bone marrow, and again noted prolonged survival of the allograft [51]. This 
work suggested that the use of MSC alone may enhance survival of the transplant. 
However, neither donor chimerism nor donor-specific tolerance was addressed in 
their studies.

Nonhuman Primates

Trials to induce tolerance to VCA in nonhuman primates have been ineffective as 
well. There is no published report of a successful induction of tolerance to a VCA 
in the literature. In fact, until the advent of improved immunosuppression, even 
attempts to maintain the allograft with chronic immunosuppression failed. Daniel 
et al. and Stark et al. each published their experience with hand transplantation in 
a baboon model (Fig. 6.3) [52, 53]. They found thateven with the administration of 
high-dose CSP and steroids failed to prevent rejection. However, in a more recent 
publication, Gold et al. reported the ability to maintain a transplant for up to 65 days 
in select animals with CSP alone [54].

   

ba

Fig. 6.3 Primate osteomyocutaneous VCA model. a Osteomyocutaneous flap design. b Flap inset 
and healed. (Photographs courtesy of Dr. Rolf Barth)
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Barth et al. employed a similar mandibular allograft primate model and demon-
strated long-term survival (177 days) with high-dose tacrolimus [55]. Unfortunately, 
in all of these monkeys, the VCA was inevitably rejected and the majority of the 
monkeys developed post-transplant proliferative disorder (PTLD). The addition of 
MMF to the same protocol allowed for the long-term survival of the allografts [56]. 
This study also evaluated the role of the inclusion of a vascularized bone mar-
row segment. Facial segments containing bone enjoyed prolonged survival until 
the immunosuppression was withdrawn, afterwards all allograft went on to reject. 
In contrast, transplants devoid of the mandibular component were all lost to acute 
rejection by day 15 [57]. The histologic evaluation of the five long-term surviv-
ing animals that later underwent immunosuppression withdrawal all demonstrated 
features consistent with chronic rejection, including neointimal proliferation and 
transplant vasculopathy [56]. The group also examined these animals for the pres-
ence of T-regulatory cells in the biopsy specimens and in the peripheral blood and 
found no correlation between presence of T-regulatory cells and the presence or the 
absence of rejection [58].

There have been limited studies using co-stimulatory blockade in primate toler-
ance protocols. Barth et al. found that the addition of anti-CD28 to their protocol 
led to prolongation of the allograft but not tolerance [59]. In a recent unpublished 
experiment by Cendales et al. attempting to block both T cell co-stimulation with 
CTLA 4-Ig and antigen-presenting cells via LFA 3-Ig, it was unable to prevent re-
jection of a transplanted myocutaneous forearm flap.

Conclusions

Vascularized composite allotransplantation represents a paradigm shift in the recon-
struction of complex facial defects and extremity loss. However, the application of 
VCA is currently limited by the need for chronic immunosuppression. The develop-
ment for strategies to decrease or eliminate this requirement is key to the expansion 
of this technique. Initial studies in small-animal models allow for the cost-effective 
exploration of multiple variables in the development of tolerance protocols. How-
ever, the translation of protocols developed in small-animal models often fails when 
applied to large-animal models. The use of large-animal models is critical for the 
further development and advancement of clinical VCA transplantation.
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Introduction

Skin is the largest organ in the body and immunologically the most intriguing. The 
early history of transplantation medicine is dominated by pursuit of skin transplan-
tation. This was particularly crucial during the World War II—war victims sus-
tained extensive burns that were often fatal. Pioneering researchers such as Sir Peter 
Medawar did extensive work on skin allotransplantation. Sir Peter Medawar was 
commissioned by the British Medical Council to explore skin transplantation. He 
performed some of the early experiments in this field. Skin allografting led to rejec-
tion in 7–10 days initially followed by a more rapid loss when a second graft from 
the same donor was attempted. He surmised that the allograft led to development of 
some humoral factors that then led to the accelerated loss subsequently.

The goal of skin allografting remained unfulfilled until 15 years ago. The first 
successful hand transplantation [1] in 1998 opened a new frontier in transplantation 
medicine that is slowly expanding. The success that the field of vascularized com-
posite allotransplantation (VCA) currently enjoys did not come accidentally. It has 
been the result of painstaking research by many and the courage of the patients to 
undertake experimental procedures.

History

Skin was the tissue that was classically used in most early studies of transplanta-
tion. Ironically, it proved to be the most difficult tissue to transplant. Plastic sur-
geons have been at the forefront of transplantation from the beginning. World War II 
resulted in many patients with extensive burns succumbing due to lack of sufficient 
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unburned skin available for grafting. The obvious solution seemed to be use of al-
logeneic skin grafting.

In the 1930s, Padgett [2] reported the use of skin allografts from family and un-
related donors to cover severely burned patients. The duration of allograft survival 
was unpredictable but in some cases, the graft lasted long enough to enable control 
of infection and fluid loss. Gibson and Medawar [3] demonstrated the “second set” 
phenomenon where the second allograft from the same donor was rejected more 
rapidly than the first. This established that the “rejection process” was not immu-
table and implied an allergic or immunologic process that might be susceptible to 
manipulation.

The high degree of immunogenicity of skin has been known for many decades. 
Joseph Murray, who is credited with the first successful kidney transplant, studied 
the antigenicity of different tissues and organs in the 1960s. Experimenting with 
dogs, he demonstrated that with the same immunosuppression, renal grafts survived 
175 days as compared to 19 days for skin grafts [4]. In an important paper on plastic 
and reconstructive surgery, Murray presented a relative scale of antigenicity of tis-
sues and organs: skin and lung being the most antigenic followed by the liver, heart, 
kidney, and pancreas [5]. Murray’s hypothesis was that skin being the biological 
barrier against the environment, it has evolved into the strongest barrier against 
foreign antigens [2]. Although the relative scale of antigenicity has been revised 
through subsequent progress in solid organ transplantation, successful transplanta-
tion of skin-bearing structures occurred nearly four and a half decades after the 
first renal transplant in 1954 [6]. This inability to transplant skin was a cause of 
immense frustration for the early transplant pioneers. Medawar [7] articulated this 
disappointment when he wrote: “The success of organ (kidney) transplantation has 
overthrown the doctrinal tyranny of skin grafts.”

Transplantation of hand and facial structures has been long sought after. An at-
tempt at hand transplant in 1964 in Ecuador ended into a failure. This early experi-
ence reflected experimental work at the time and was largely due to lack of potent 
immunosuppression. Steroids and Azathioprine were clearly inadequate to handle 
the immune challenge that a skin-bearing structure posed. Confidence in feasibility 
of skin-bearing transplants had to wait until the calcineurin inhibitors became the 
drivers of success in solid organ transplantation. Experimental data followed that 
clearly demonstrated that these agents were potent enough to quell the immunologic 
challenge of skin.

Despite the availability of laboratory success, many ethical and logistic chal-
lenges had to be overcome to translate the knowledge into the clinical realm. Du-
bernard led the way by performing the first successful hand transplant and many 
other centers have followed. The success in upper limb transplantation opened the 
door to an entirely new field now called “vascularized composite allotransplanta-
tion (VCA).” The original term for the field was composite tissue allotransplanta-
tion but was revised by the working group of the American Society of Transplant 
Surgeons. Innovative plastic surgeons have embraced this new technique and have 
achieved unparalleled success in facial reconstruction, transforming not only their 
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patients but also the entire field of reconstructive surgery. We are probably only at 
the start of a major shift in this subspecialty.

Components of Vascularized Composite Allografts

Solid organs have uniform histology through the organ while vascularized compos-
ite transplants are not composed of one tissue. They consist of an array of tissues 
including skin, subcutaneous tissue, muscles, nerves, tendons, bones and cartilage, 
vessels, etc. Each of these structures has a different immunogenic potential.

As mentioned earlier, Murray [5] found that the skin possessed the highest de-
gree of antigenicity (Fig. 7.1). However, VCA is more complex. In pursuit of reduc-
ing the antigenicity of limb allografts by removing or suppressing the more anti-
genic portions, Lee[8] studied the relative antigenicity of the various limb tissues. 
Across a strong histocompatibility barrier in rats, he studied the humoral and cell-
mediated immune response to transplanting vascularized skin flap, groin flap with-
out skin, gastrocnemius muscle, knee joint, segment of femoral artery and vein, and 
the entire hind limb. The results were more complex than had been propounded by 
Murray (Figs. 7.1 and 7.2). The various limb tissues reacted with the host immune 
system in a predictable but differing timing and intensity. Vascularized muscle elic-
ited the greatest cell-mediated response while skin, subcutaneous tissue, and bone 
produced a higher humoral response. Another interesting finding in this study was 
that when the entire hind limb was transplanted, the rejection response was slower 
and the rejection occurred more slowly. This finding corroborated an earlier report 
by Black [9] and different mechanisms were thought to be at play. These included “a 
consumption phenomenon,” antigen competition, induction of enhancing antibod-
ies, and an activation of suppressor T cells. These experiments also established that 
vascularized skin allografts elicited immune responses sooner: 1–2 weeks as against 
over 2 weeks in non-vascularized skin grafts.

Fig. 7.1  Immune response to limb tissue allografts [5]
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The differential immune response generated by different organs/tissues from the 
same donor results in acceptance of one and rejection of another. This phenomenon 
of “split tolerance” has been extensively studied in the laboratory.

Reasons for High Immunogenicity of Skin

Skin is the largest organ of the body and is the first point of contact with the external 
environment. This has resulted in a specialized and potent immunological apparatus 
in the skin and surrounding tissues. Structurally, it consists of the epidermis and der-
mis. The epidermis is chiefly composed of ectodermal-derived keratinocytes and a 
smaller proportion of Langerhans cells, Merkle cells, and melanocytes. The dermis 
supports the epidermis and is composed of fibrous connective tissue (collagen and 
elastin) in a matrix of ground substance. Based on the difference in connective tis-
sue density and arrangement, the dermis is divided into two layers: the superficial 
papillary dermis and the deeper reticular dermis which overlies the subcutaneous 
fat. Other important components of skin include the hair follicles, sebaceous, ecrine, 
and apocrine glands. The cutaneous vasculature is composed of two plexuses: the 
superficial and a deep plexus of arterioles and venules. Paralleling the blood supply 
of the skin is a lymphatic system that serves to allow Langerhans’ cells to travel the 
regional lymph nodes.

Fig. 7.2  Relative antigenic-
ity of tissues [5]
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The mechanisms of cutaneous defense consist of both innate and adaptive im-
mune responses. The innate immunity consists of a physical barrier of stratum cor-
neum and its various antimicrobial products including secreted lipids. In addition, 
antibacterial antibodies (immunoglobulin (Ig) A) are secreted by the sweat and se-
baceous glands.

The adaptive cutaneous immunity is orchestrated through the “skin associated 
lymphoid tissue” (SALT) analogous to the gut-associated lymphoid tissue (GALT). 
This includes the Langerhans’ cells, resident and migratory lymphocytes, keratino-
cytes, etc. The skin is rich in dendritic cells (DCs) which are the predominant antigen-
presenting cells in the body. These Langerhans cells are abundant in the epidermal 
and dermal tissues and play a key role in the initiation of immune responses in the 
skin. They constitutively express major histocompatibility complex (MHC) class I 
antigens. Upon stimulation, the DCs and skin keratinocytes present class II antigens, 
intercellular adhesion molecule 1 (ICAM-1) and pro-inflammatory cytokines. The 
chief function of these cells is to process and present antigens encountered in the epi-
dermis to naive T cells and thus initiate the adaptive immune response. Circulating 
skin-homing lymphocytes are a part of the cutaneous immune response and normal 
human skin demonstrates extravascular T lymphocytes—both CD4 and CD8. This is 
relevant to interpretation of skin biopsies in the transplant situation.

In the context of VCA transplantation, the cutaneous Langerhans’ cells, which 
constitute 2–4 % of epidermal cells, are thought to play a crucial role in the prim-
ing of naive host T cells against the donor antigens. This results in the rejection 
response. Keratinocytes, which compose 90 % of epidermal cells, support the cell-
mediated immune response. The DCs present in the dermis (dermal DCs) are able 
to migrate to the secondary lymphoid tissues. This property enables them to carry 
skin antigens to the host’s lymphoid structures leading to initiation of the rejection 
phenomenon.

In addition, skin possesses tissue specific soluble antigens that are thought to 
play an important role in its antigenicity.

Immune Activation

Following transplantation, skin DCs migrate from the graft via the lymphatic ves-
sels to the recipient’s lymph nodes. They may present donor antigens to the recipi-
ent in two ways: the direct path where the host T cells recognize the donor MHC 
molecules present on the donor DCs and the indirect path where the donor peptides 
are bound to recipient DCs and then present them to the recipient T cells. Allo-rec-
ognition by either mechanism can trigger the rejection of the allogeneic skin graft. 
In addition, natural killer (NK) cells may be activated by the absence of self MHC 
class I molecules on allogeneic cells—this leads to direct killing of donor cells and 
the	production	of	pro-inflammatory	cytokines	such	as	interferon	(IFN)-γ	and	tumor	
necrosis	factor	(TNF)-α	[10].
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Role of Adhesion Molecules

The infiltration of alloantigen specific T cells into the skin of VCA grafts has been 
considered the key feature of acute rejection in composite tissue transplants. Adhe-
sion molecules are vital for the function of immune cells. These molecules help ac-
tivate leukocytes and convert them from an inactive, non-sticky state to an adhesive 
state [11]. This permits the activated cells to adhere to the vascular endothelium and 
thus migrate to inflamed tissues. The expression patterns of adhesion molecules are 
specific for each population of cells [12].

Various adhesion molecule types have been identified and broadly belong to 
two groups: selectins and integrins. It is currently thought that selectins (E, P, and 
L type) are important in leukocyte infiltration of skin in inflammation. Leukocytes 
also express integrins (lymphocyte function-associated antigen (LFA)-1 and mac-
rophage-1 antigen (Mac-1)) which bind to ICAMs (ICAM-1 and 2) expressed on 
vascular endothelium.

Following transplantation, there is a unique injury related to restoration of blood 
flow following a period of ischemia: ischemia–reperfusion injury. This results in 
upregulation of adhesion molecules and generation of damage-associated molecular 
patterns (DAMPs). This leads to recruitment of lymphocytes [13] with potential 
adverse effect on graft—both acute and long-term injury [14]. Blocking adhesion 
molecules has been studied in experimental models to blunt the effect of ischemia–
reperfusion injury. P-selectin blockade has been shown to reduce ischemia–reperfu-
sion injury following liver transplantation in mouse models [15] and in a phase II 
clinical study [16]. In the study by Busuttil [16], the selectin antagonist known as 
recombinant P-selectin glycoprotein ligand IgG (rPSGL-Ig) was shown to signifi-
cantly reduce the incidence of poor early graft function in liver transplant recipients, 
including those with a high donor risk index.

Adhesion Molecules in VCA

Study of skin biopsies from hand transplant recipients has demonstrated a strong 
correlation of LFA-1, ICAM-1, and E-selectin with the severity of acute rejection 
[17]. This finding was followed up with an elegant series of experimental studies by 
the Innsbruck group [17]. In a rat hind limb VCA model, Effomycine M was used 
subcutaneously to inhibit E and P-selectins. Long-term graft survival was demon-
strated in five of six animals. Use of other agents to block ICAM-1 and LFA-1 was 
also reported to prolong graft survival significantly [11]. The ability to use these 
agents locally in the case of VCA transplants provides opportunities that are not 
feasible in solid organ transplantation. If this path can be further explored, it has 
the potential to target the early phase of immune activation with minimal systemic 
effects and thus facilitate lower systemic immunosuppression.
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Rejection in VCA

By 2006, three different classification systems to grade acute rejection in VCA 
transplants had been published [18–20]. As the clinical volumes began to grow, 
there was a need to develop consensus on the issue. This was addressed at the Ninth 
Banff Conference on Allograft Pathology in 2007. The consensus group on compos-
ite tissue allotransplantation published its recommendation in 2008 [21]. Guidelines 
included the following: (a) specimen size—one “4-mm” punch biopsy of skin taken 
from the most red and indurated area of involved skin, (b) sample must have epider-
mis and adnexa, dermis, subcutaneous tissue, and vessels, and (c) slide preparation 
with hematoxylin–eosin (H&E) and periodic acid–Schiff (PAS) stains.

Clinical findings of rejection include mild pink discoloration, gradual erythe-
ma, macules progressing to red infiltrated lichenoid papules with or without limb 
edema, and onychomadesis in advance rejection [21]. Skin lesions can be either 
scattered over the allograft or present in a confluent pattern. In the Banff 2007 
working classification, the area of graft involvement was graded as follows: < 10 %, 
10–50 %, and > 50 % of the graft. However, this description has not been widely 
used in subsequent literature as this is not vital to grading the rejection event. The 
microscopic appearance is the basis for grading and is shown in Table 7.1.

Grade 1 rejection (mild) includes mainly lymphocytic perivascular aggregates in 
the dermis without epidermal involvement. With progression, the cellular infiltrate 
spreads into the epidermis. In severe cases, there is dense involvement of epidermis 
with apoptosis, dyskeratosis, and keratinolysis which could end up in frank necrosis 
of skin (Table 7.1 [21]).

While acute rejection in hand transplantation typically presents with maculopap-
ular erythematous rash that is diffuse or patchy/focal over the forearms and dorsum 
of hands, a variant form has been described to occur rarely [22]. This atypical form 
involves the palmar skin and nails and has been attributed to repetitive mechanical 
stress of the palm. The features include red papules and lichenification of the palmar 
skin and dystrophy of the nail. The response to steroids was poor and resolution 
required the use of lymphocyte depleting agents Thymoglobulin and alemtuzumab.

Grade 0 No or rare inflammatory infiltrates
Grade I Mild. Mild perivascular infiltration. No involve-

ment of the overlying epidermis
Grade II Moderate. Moderate-to-severe perivascular 

inflammation with or without mild epidermal and/
or adnexal involvement (limited to spongiosis 
and exocytosis). No epidermal dyskeratosis or 
apoptosis

Grade III Severe. Dense inflammation and epidermal 
involvement with epithelial apoptosis, dyskerato-
sis, and/or keratinolysis

Grade IV Necrotizing acute rejection. Frank necrosis of 
epidermis or other skin structures

Table 7.1  The Banff 2007 
working classification of 
skin-containing composite 
tissue allograft pathology 
[21]
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Immunohistochemical Studies of Rejection in VCA

Cendales [23] studied the cellular infiltrate seen during acute rejection using im-
munohistochemical staining. The study of 29 specimens from both hand and ab-
dominal wall transplants showed that the cells were predominantly CD4 + in milder 
cases and CD8 + in advanced cases. Hautz [17], in a more recent study, described a 
different pattern of infiltrate. In a study of 174 skin biopsy specimens collected over 
a 9-year time scale from five hand transplant recipients, the author showed that the 
perivascular infiltrate was predominantly CD3 + T lymphocytes—a tendency for a 
predominance of CD8 positive lymphocytes in milder cases and CD4 positive cells 
in advanced cases was noted. During rejection, 10–50 % of cells were identified to 
be CD68 + histiocytes/ macrophages. The numbers were increased during higher 
grades of acute rejection. CD 20 + B cells were rarely detected (0–5 %) in the skin 
of hand transplant recipients. In addition, Fox p3 and indoleamine 2, 3-dioxygenase 
expression correlated with the severity of rejection—suggesting a tendency toward 
self-limitation of the alloimmune response during the rejection process in VCA [24].

Humoral Immunity in VCA

The role of HLA antibodies in solid organ transplantation is well established. Since 
the landmark studies of Patel and Terasaki [25, 26], pre-transplant identification of 
donor-directed human leukocyte antigen (HLA) antibodies (donor-directed HLA-
specific alloantibodies (DSAs)) has been a critical prelude to renal allotransplanta-
tion [27]. The presence of DSAs is largely a contraindication in renal transplanta-
tion. Recent innovations such as the use of desensitization techniques [28] have 
enabled successful transplantation in highly sensitized individuals. The develop-
ment of DSAs following transplantation has been associated with episodes of acute 
rejection, chronic rejection, and graft loss in renal transplantation [29, 30].

The ability to detect DSAs has improved significantly in the past few years with 
the development of solid-phase detection assays [27]. This enhanced sensitivity and 
specificity in DSA detection has led to many unanswered questions regarding their 
relevance [31].

The role of preformed HLA antibodies in VCA transplantation has not been stud-
ied in depth. Although most VCA transplant centers use pre-transplant crossmatch 
testing [32, 33], the precise role DSAs play in hand or face transplantation is yet 
to be determined. A recent study [34] in Wistar Furth (WF) rats demonstrated that 
VCA grafts are rejected in an accelerated but not hyperacute fashion in the presence 
of allosensitization and preformed DSA. Additionally, this rejection was mainly 
cell-mediated and differed mechanistically from renal transplantation.

DSAs have developed during the follow-up of hand transplant recipients (de 
novo DSA) but have not been clearly shown to have adverse effects [33, 35]. C4d 
is a by-product of complement activation and the presence of staining for C4d on 
histopathology is considered a hallmark of acute antibody-associated injury of the 



857 Unique Immunological Features of Vascularized Composite Allografts

allograft [36]. C4d deposition has been investigated in skin biopsies from VCA 
recipients with mixed results. Kanitakis [37] reported absence of C4d deposition in 
a study of 60 biopsy specimens obtained from four VCA recipients (three hand and 
one face). However, Landin [38] reported the occurrence of C4d deposits in the cap-
illaries of skin biopsy specimens from two hand transplant recipients—both during 
and in the absence of clinical rejection episodes. Thus, further studies are needed 
with long-term follow-up of VCA recipients to further assess the role of preexisting 
and de novo DSAs in the field of VCA.

Regulatory T Cells

Regulatory T cells are thought to counter rejection and promote tolerance in the 
setting of transplantation. Many types of regulatory T cells have been identified in 
the recent past. These include CD8 + T cells, CD4-CD8- double negative T cells, 
CD8	+	CD28-,	 natural	 killer	 (NK)	T	 cells,	 and	 γδ	 T	 cells	 [39–42]. But the best 
studied are the CD4 + regulatory T cells (Tregs). These have been characterized by 
high	and	stable	expression	of	surface	interleukin	(IL)-2	receptor	α	chain	(IL-2Rα,	
CD25hi) and the transcription factor, fork-head box protein 3 (FoxP3) [43]. These 
cells are derived from thymus and are CD4 + CD25 + FoxP3 + and are referred to as 
natural Tregs (nTregs), in contrast to the induced Tregs (iTregs) which are generated in 
the periphery and whose activation requires T cell receptor engagement and cyto-
kines [44]. Tregs have been shown to prevent rejection of allogenic skin grafts in T 
cell deficient nude mice given CD25− T cells [43]. In a murine skin transplant model 
following thymectomy and partial T cell depletion, in vitro expanded Tregs have been 
shown to induce donor-specific transplantation tolerance [45]. Trials are currently 
in the pipeline to use adoptive Treg cellular therapy in inducing transplantation toler-
ance [44].

Studies in human hand transplantation have demonstrated the presence of Tregs in 
transplanted skin. Intracellular staining of skin biopsy with highly specific mono-
clonal antibodies (mAbs) and measuring the FoxP3 messenger RNA (mRNA) ex-
pression has demonstrated the presence of FoxP3 positive cells in the grafted hand. 
In addition, these cells showed immunosuppressive properties when isolated in cul-
ture. These cells were found to be present as far out as 6 years posttransplantation 
[46]. It has been suggested that the presence of these cells could play a role in the 
long-term survival of VCA grafts [46].

Vascularized Bone Marrow Transplant

In the experimental setting, VCA grafts (face and limb) are thought to function as a 
vascularized bone marrow transplant (VBMT). Hewitt [47] established macrochi-
merism with vascularized limb allografts from Lewis X Brown-Norway F1 to Lew-
is rats and reported long-term survival in eight recipients treated with cyclosporine. 
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When immunosuppression was discontinued, two of eight animals did not show 
histologic evidence of acute rejection.

Based on laboratory data, it was widely anticipated that clinical hand transplanta-
tion would induce chimerism due to the viable bone marrow component of the graft. 
However, this expectation has not been fulfilled. Peripheral blood kinetic studies on 
two hand transplant recipients failed to demonstrate either donor macrochimerism 
or donor-specific hyporesponsiveness in mixed lymphocyte reaction [48]. Only a 
transient low level of peripheral microchimerism (1:75,000 cells) was detected. An-
other clinical study failed to demonstrate recipient-derived antigen-presenting cells 
(Langerhans’ cells) in the epidermis of the graft beyond 77 days [49]. Upper limb 
allografts may not be a significant source of donor hematopoietic cells and the little 
that is engrafted will likely not survive without some conditioning.

Even when additional stem cell product is used along with VCA graft, there has 
been lack of success in engraftment of the stem cells. In the Pittsburgh study [33], 
unmodified donor stem cell transplant was added to hand transplantation as a way 
of minimizing immunosuppression. In the absence of additional conditioning other 
than alemtuzumab induction, the marrow graft failed to take and chimerism was 
not seen. Despite this, the five patients reported could be maintained on tacrolimus 
monotherapy with infrequent rejection episodes.

Clinical studies in renal transplantation have successfully utilized different con-
ditioning regimens to facilitate chimerism following combined kidney and stem 
cell transplantation [50–52]. It appears that stem cell transplant survival will re-
quire more intense conditioning than is feasible with standard immunosuppression 
of VCA. This might explain why the VBMT that is thought to be part of a VCA graft 
fails to engraft. Thus, it seems unlikely that human hand allografts can be consid-
ered to a VBMT with the current immunosuppression protocols.

Conundrum of Chronic Rejection in VCA

Chronic rejection is a term that has been used to describe a slow decline of graft 
function over long-term follow-up. The mechanisms are poorly understood and 
manifest differently with each organ. The vasculature seems to be the main target—
chronic obliteration and scarring of vessels in the organ. In the heart, this is seen 
as an “accelerated graft atherosclerosis” while in the kidney there is damage to the 
microscopic vasculature along with interstitial fibrosis and tubular atrophy. In the 
lung, this is manifest as “bronchiolitis obliterans” and in the liver with paucity of 
bile duct referred to as the “vanishing bile duct syndrome.”

In renal transplantation, chronic renal allograft injury is multifactorial [53]. The 
etiology is both immunological (sensitization, HLA disparity, previous acute rejec-
tion episodes) and non-immunological (donor age, delayed graft function, calci-
neurin inhibitor toxicity, arterial hypertension, infections). The occurrence of acute 
rejection and the development of DSAs have been linked to chronic rejection in 
solid organ transplantation [29].
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VCAs are subject to a higher prevalence of acute rejection episodes as compared 
to solid organ transplants [54]. Yet, these episodes do not seem to lead to chronic 
changes [55]. Development of DSA has been documented in hand transplant recipi-
ents [33, 35] but there is little correlation with immunological damage to the graft 
[38]. Whether the ability to detect acute rejection at an earlier point in the immu-
nological cascade and thus treat it or the lack of adequate long-term follow-up are 
the reasons for this absence of clear cut long-term immunological damage to VCA 
grafts remains to be investigated.

There is evidence that vasculopathy does occur in VCA. An upper extremity 
graft was lost due to severe vasculopathy at 9 months from unclear reasons. Sophis-
ticated techniques such as the ultrasound biomicroscopy are being investigated as a 
tool to detect changes in graft vessels as a means of detecting chronic damage to the 
graft in VCA [35]. The incidence of such injury and its etiology remain undefined 
at this time.

However, there is experimental data that supports chronic damage to VCA grafts. 
In a rat hind limb allotransplantation model, multiple episodes of acute rejection 
ultimately led to vasculopathy, skin and muscle atrophy, sclerotic bone, and an up-
regulation of profibrotic gene expression resulting in fibrosis [56]. Although the 
study protocol may not truly reflect the clinical situation, there is need for further 
exploration.

Conclusions

VCA is immunologically unique due to the multiple tissues involved and the high 
immunogenicity of the skin component. It provides unique opportunities to study 
transplant immunology due to its visibility and ease of biopsy. The following areas 
provide opportunities for research in future:

1. The role of ischemia-reperfusion injury in VCA transplantation
2. The role of preformed and de novo DSAs
3. The significance of HLA disparity
4. Development of specific biochemical markers of immunological injury
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Introduction

Since the first successful hand allotransplantation in 1998 and the first partial face 
allotransplantation in 2005, 61 patients have received a single or bilateral upper ex-
tremity transplantation, one patient a bilateral lower extremity transplantation, and 
20 patients a partial or total face transplantation. Clinical reconstructive transplanta-
tion programs have been developed in several countries as a method of choice in 
plastic and reconstructive surgery for those patients suffering from complex injuries 
or malformations not amenable to conventional reconstruction. However, the princi-
pal factor limiting the widespread clinical application of reconstructive transplanta-
tion is the requirement for lifelong immunosuppression that carries many possible 
complications and side effects, especially in the setting of nonlife-saving transplants.

Improved understanding of the mechanisms of acute and chronic rejection in 
hand and face allotranplantation will allow for improved transplant management, as 
well as the future development of immunosuppression minimizing and tolerance-
inducing protocols. The similarities and differences between the collective experi-
ences of face and extremity transplantation are analyzed in this chapter.

Acute Rejection

Hand and face transplantations are called “composite tissue allotransplantations” 
(CTA) or “vascularized composite allotransplantations” (VCA) as they consist of 
histogenetically different tissues including skin, connective tissue, muscle, bone, 
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bone marrow, nerves, and blood vessels, that comprise a single functional unit 
transferred from a deceased donor to a recipient, much like a solid organ [1]. In 
other words, a VCA is a single vascularized unit comprised of different tissues with 
different antigenic loads.

Skin was historically considered the most antigenic tissue as proposed by Mur-
ray in his relative scale of the antigenicity of tissues and organs [2]. However, on 
the basis of their experimental studies, some authors concluded that no single tissue 
is dominant in primarily vascularized limb allografts. Moreover, they demonstrated 
that a whole limb allograft elicits a less intense immune response than each indi-
vidual component of the composite tissue allografts [3].

Clinical experience, however, seems to confirm the contention that skin is the 
main target of acute rejection (AR). The first clinical signs of AR manifest on the 
skin: Suspicion is based on visual inspection, and then confirmed by histological 
examination. Whether the dominant immune response is really directed towards the 
skin is uncertain; however, since information on the involvement of the other com-
ponents of composite tissue allografts is difficult to obtain. Indeed, much fewer data 
are available on the pathologic findings of deeper tissues during AR.

Experimental studies in a rat hind limb transplant model have shown an impor-
tant involvement of muscles during acute rejection episodes that lead to fibrosis and 
impairment of muscular function and strength [4].

However, clinical experience shows that even during severe rejection, the chang-
es found in underlying tissues (muscles, nerves bones, and tendons) are less severe 
than those present in the skin [5, 6].

Although the immunosuppressive drugs currently used in solid organ transplan-
tation ensure VCA viability, the majority of extremity and face recipients experi-
enced at least one episode of AR in the first year after transplantation (Figs. 8.1 and 
8.2).

In extremities, as well as in face transplantations, AR reactions manifest clini-
cally as erythematous macules, diffuse redness, or asymptomatic papules over the 
allografted skin [7]. Microscopically, they show characteristic, although nonspe-
cific, changes involving mainly the dermis and the epidermis that may even extend 

Fig. 8.1  Episodes of acute rejection within the first year in upper extremity transplantation
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to the hypodermis in cases of severe rejection. These changes consist of a perivas-
cular lymphocytic infiltrate in the superficial and mid-dermis predominantly made 
of CD3 + /CD4 +  T cells, with smaller proportions of CD8 +  and TIA-1 +  cytotoxic 
T cells, FoxP3 +  T regulatory cells, and occasional CD68 +  histiomonocytic cells 
of recipient’s origin. The epidermis can show exocytosis and keratinocyte necro-
sis or apoptosis associated with basal keratinocyte vacuolization. More rarely, the 
epidermis shows spongiosis (intercellular edema) or lichenoid changes (orthokera-
totic hyperkeratosis, hypergranulosis, acanthosis, band-like subepidermal infiltrate) 
similar to those observed in (lichenoid) graft-versus-host disease (GvHD). In the 
case of very severe rejection, the epidermis (and its appendages, hair follicles, and 
sweat glands) may show extensive necrosis. In those severe cases, the infiltrate may 
extend to the hypodermis and also contain eosinophils [5]. A specific score (Banff 
score 2007) consisting of five severity grades has been established in order to assess 
AR in hand and face transplantations [8, 9].

In the case of facial allotransplantation, biopsies obtained from the allograft-
ed oral mucosa show qualitatively similar changes, which are as a rule more pro-
nounced than those found concomitantly on the skin [10–12]. The explanations for 
this discrepancy are unclear; however, one possible explanation could be the ex-
istence of a higher density of vessels and antigen-presenting cells (dendritic and 
endothelial cells) in mucosa versus skin.

The presence of C4d deposits in the skin and their significance is somewhat 
controversial. In our experience, such deposits are rarely (if ever) detected in the 
allografted hand and face skin and mucosae [13]. In some studies, such deposits 
have been reported in the skin of hand transplants with and without signs of AR, 
albeit in the absence of concomitant donor-specific antibodies [14, 15]. The role 
of humoral rejection in VCA is not clear. It has yet to be demonstrated [16] in 
experimental limb transplantation, although in clinical hand and face transplan-
tations alloantibody production against donor human leukocyte antigen (HLA) 
has been reported. In the unique case of lower extremity transplantation [17], 
the patient presented two AR episodes that were graded on the basis of Banff 
score; C4d deposits were detected without donor-specific HLA antibodies, but 

Fig. 8.2  Episodes of acute rejection within the first year in face transplantation
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they were considered to be “artifacts” by the authors. It is interesting to note that 
in the first posttransplant year the patient presented two episodes of AR, grade II 
and III, respectively. These findings showed that the number and severity of AR 
episodes are not correlated to the mass of the transplanted tissues, which primar-
ily consists of muscle. Indeed, several studies [18, 19] suggested that muscles are 
the most sensible tissue to the ischemia/reperfusion injury and, consequently, to 
rejection.

The immune response in hand and face transplantations is essentially T-cell me-
diated, and the cytotoxic activity of these T cells is donor specific, as shown in the 
first face transplantation recipient [20]. It has also been shown that the rejection of 
a VCA in sensitized recipients is mainly cell mediated and differs mechanistically 
from that of solid organ transplantation [21]. The predominance of the T-cell re-
sponse during VCA rejection probably explains the efficacy of the traditional triple 
therapy approach used in the majority of VCAs (steroid, tacrolimus, mycophenolate 
mofetil (MMF), which primarily targets the T-cell response.

Chronic Rejection

In solid organ transplantation, high rates of acute rejection are often associated with 
high incidence of chronic rejection and low organ survival rates. However, despite 
the high incidence of AR episodes to date (76.7 % of the hand recipients and 54.5 % 
of the face recipients presented at least one episode of AR in the first posttransplant 
year), no clear evidence of chronic rejection has been found in compliant patients 
on long-term follow-up [7] and the graft survival rate was 90.5 and 95 % at 1 year 
for upper extremity and face transplants, respectively.

Insufficient data are available to define specific changes of chronic rejection 
in VCA. The Banff 2007 classification, while useful in assessing acute rejection, 
has not yet included features of chronic rejection [8]. Clinicopathologic features 
suggestive of chronic rejection could include myointimal proliferation of arteri-
oles, loss of adnexa, nail changes, skin and muscular atrophy, and fibrosis of deep 
tissues.

The small number of extremity and face allotransplantations performed to date, 
the relatively short follow-up, and the limited data on deep tissue biopsies make it 
difficult to evaluate the real incidence of chronic dysfunction of VCA.

The hallmark feature of chronic rejection is graft vasculopathy, which initi-
ates with injury of vessels’ endothelium, proliferation and migration of smooth 
muscle cells, deposited matrix protein, and finally concludes with arterial luminal 
narrowing.

An experimental murine study employing a rat hind limb transplantation model 
showed that graft vasculopathy was determined by multiple AR episodes and that it 
was the last lesion to occur after skin and muscular atrophy [22].

Another experimental model of face transplantation in nonhuman primates 
[23] showed graft vasculopathy involving both the external carotids as well as 
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smaller vessels when immunosuppression was withdrawn. All grafts developed 
arteritis, intimal hyperplasia progressing to vessel occlusion, and tertiary lym-
phoid follicles.

The first clinical case of graft vasculopathy [24] occurred 275 days after trans-
plantation and was characterized by acute ischemia of a grafted hand. On the basis 
of the pathological findings, which showed intimal hyperplasia and vessel occlu-
sion similar to that reported in heart transplantation, the Louisville team introduced 
a sophisticated ultrasound technique for monitoring transplant vasculopathy. Al-
though this technology remains experimental and not yet ready for clinical appli-
cation, varying degrees of neointimal hyperplasia in other hand-grafted recipients 
were reported without correlation with the number of AR episodes, follow-up time, 
and the presence of acute skin rejection.

Additionally, one case of vasculopathy in a vascularized knee allograft has been 
reported [25]. In this case, necrosis of the skin sentinel flap occurred 36 months 
after transplantation, and the knee was removed 50 months posttransplantation after 
showing intimal hyperplasia and occlusion of the small vessels.

Although currently there are no reports of face allograft vasculopathy, careful 
evaluation of skin lesions and the treatment of all AR episodes are imperative for 
proper graft management.

A face loss was reported due to patient noncompliance with his immunosuppres-
sive regimen. The patient died afterwards, but the circumstances concerning his 
death are not clear.

It is of paramount importance, particularly in facial transplant, to detect the early 
signs of graft vasculopathy due to the tremendous psychological impact of chronic 
rejection and graft loss on the recipients.

Graft-Versus-Host Disease, Chimerism, and Tolerance

Although bone marrow was present in the transplanted upper extremity bones and a 
substantial amount of active hematopoietic cells was in the bone marrow of the bi-
lateral femoral transplantation, GvHD did not occur in any of these cases. Similarly, 
GvHD also failed to develop in partial and total face transplantations including the 
mandible, a bone that contains a rich marrow compartment.

It is even more remarkable that no GvHD occurred in the recipients of face or 
upper extremity transplantations who also received bone marrow infusions.

GvHD has never been observed in VCA to date; however, this possibility has 
to be considered prior to expanding immunosuppressive protocols including bone 
marrow infusion [26].

Peripheral blood microchimerism was detected for a very short period in two 
hand recipients in Louisville [27]. Although the long bones transferred as part of 
arm transplantation contained a substantial amount of active bone marrow, it was 
neither sufficient to induce chimerism nor allow for a reduction in immunosuppres-
sive treatment.

8 Immunological Similarities and Differences Between Extremity …
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Chimerism was not assessed in the case of bilateral femoral transplantation.
The team from Pittsburgh University and Johns Hopkins University [28] used 

a new protocol of “immunomodulation” or “minimizing immunosuppression” in 
upper extremity transplantation based on a regimen of donor bone marrow infusion 
10–14 days posttransplantation and low-dose tacrolimus monotherapy after an 
induction with Campath-1H. Although they have obtained interesting and highly 
encouraging results, neither chimerism nor tolerance has been detected in these 
patients to date.

Similarly, face transplant recipients, including those receiving bone marrow in-
fusions, did not show chimerism or tolerance. The only exception to this observa-
tion is first face transplant patient, who showed a transient microchimerism in a 
CD34 +-enriched cell population [20]. Despite this anomaly, there was no evidence 
for reduction in immunosuppressive requirements. In this case, the absence of du-
rable donor chimerism and tolerance may be explained by an insufficient hemato-
poietic engraftment due to poor hematopoietic stem cell quality or an insufficient 
conditioning regimen.

At present, no VCA recipient has proved to be spontaneously tolerant. Indeed, it 
was noted in the first hand allotransplantation and in all recipients who discontinued 
immunosuppressive therapy that consequent rejection of the graft inevitably occurs 
[5, 7].

It is evident that the results obtained in rodent vascularized bone marrow trans-
plant could not be transferred to the clinical practice in extremity as well as in face 
transplantation.

Immunosuppression and Complications

The large majority of upper extremity transplants [7] have been maintained on 
immunosuppression therapy similar to that used in solid organ transplantation, 
consisting of tacrolimus, steroids, and MMF. The induction therapy included an-
tithymocyte globulin, basiliximab, and more recently, Campath-1H. All recipients 
received tacrolimus in the early postoperative period because of the stimulatory 
effect of this drug on the synthesis of axotomy-induced growth-associated protein 
(GAP-43) that seems to promote nerve regeneration [29]. Over the years, various 
modifications have been made to the initial maintenance treatment in order to de-
crease the risk for opportunistic infections, metabolic disorders, and malignancies. 
Such modifications include steroid-sparing maintenance, MMF-free treatment, and 
replacing tacrolimus with sirolimus.

The use of conventional immunosuppression in VCA is associated with the same 
complications commonly reported in solid organ transplantation [7], and these side 
effects have led to the creation of a novel protocol to minimize maintenance im-
munosuppression in upper extremity transplantation. This protocol is based on 
Campath-1H and prednisolone for induction, followed by tacrolimus monotherapy 
and infusion of donor bone marrow isolated by nine vertebral bodies on day 14 [28]. 
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Five patients received this treatment with encouraging results. Although all of them 
presented with at least one episode of AR and developed donor-specific anti-HLA 
antibodies, only a few metabolic complications occurred and there were no reported 
infections.

The immunosuppressive therapy used in the case of lower extremity transplan-
tation was similar to that used in upper extremity transplantation. It was based on 
Campath-1H as induction, and corticosteroid, tacrolimus, and MMF as maintenance 
treatment [17].

At present, it is difficult to demonstrate the superiority of one immunosuppres-
sive regimen over another due to the lack of prospective randomized studies and the 
limited number of grafted patients.

The large majority of face transplant patients received antithymocyte globulins 
as immunosuppressive therapy, and all of them received corticosteroids, tacroli-
mus, and MMF in the immediate postoperative period. In addition, three patients 
also received topical immunosuppressants [7]. The maintenance therapy of mul-
tiple face transplant patients was modified during follow-up: Three patients were 
switched from tacrolimus to sirolimus, four patients were changed to steroid-
free treatment, and another four cases were maintained on MMF-free treatment. 
In three cases, bone marrow cells were infused after transplantation in addition 
to induction therapy (antithymocyte globulins) and the conventional triple-drug 
maintenance therapy.

Immunosuppressive therapy in face transplantation is usually more aggressive 
than in extremity transplantation as graft loss is considered a more catastrophic 
event in the former group.

Graft loss was prevented in extremity as well as in face recipients compliant 
with the abovementioned protocols, but episodes of AR occurred in the majority of 
cases. Thus far, all episodes of skin rejection were reversible when treated promptly 
and effectively.

As reported by the International Registry on Hand and Composite Tissue Al-
lotransplantation, the treatment of AR episodes in upper extremity transplantations 
was based on increase in oral dose or intravenous (IV) administration of corticoste-
roids at the first episode. Subsequent episodes were treated with IV corticosteroids 
or other drugs such as antithymocyte globulins or Campath-1H. The topical applica-
tion of immunosuppressive drugs (steroid and tacrolimus ointments) was used for 
the first time in transplantation, and 95 % of patients received it as AR treatment 
with or without systemic therapy.

In face transplantation, the treatment of AR mainly involved IV corticosteroids 
and increases in the doses of oral immunosuppressants; other drugs such as anti-
thymocyte globulins or Campath-1H were administered when the episodes were 
steroid resistant. Extracorporeal photochemotherapy was also used in several cases 
for the first time in VCA [30]. Although the mechanism of extracorporeal photoche-
motherapy has not been fully elucidated and at present is difficult to propose it as 
antirejection therapy for VCA, it has been successfully used after face transplanta-
tion to reverse AR episodes.

8 Immunological Similarities and Differences Between Extremity …
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Local immunosuppressants have been used in both face and hand transplanta-
tion, yet their efficacy remains unproven. These local agents do not seem to be 
sufficient to reverse episodes of severe AR without additional systemic immuno-
suppressive treatment. A recent experimental model [31] showed the efficacy of 
clobetasol and tacrolimus ointment in the treatment of AR episodes as an adjunct 
agent to systemic therapy.

The use of conventional immunosuppression in both extremity and face trans-
plants is associated with the complications usually reported in solid organ trans-
plantation.

The main complications reported in the International Registry of Hand and Com-
posite Tissue Transplantation [7] are metabolic ones, infections, and malignancies 
(Fig. 8.3).

Although the small number of patients, great number of variables, and short 
follow-up periods limit the statistical significance between the two groups, there 
seems to be a slight higher incidence of complications in face transplantation com-
pared to extremities.

The higher incidence of bacterial, fungal, and viral infections could also be cor-
related to the presence of oral mucosa and/or paranasal sinuses in the grafts, as 
well as the higher incidence of burns among face recipients [32]. These patients are 
more exposed to bacterial infections as systemic immunosuppression may allow 
indolent, resistant bacteria to reemerge in a clinically significant manner with pos-
sible overwhelming sepsis after transplantation. This phenomenon occurred after a 
simultaneous face and bilateral hand transplantation and was followed by the recipi-
ent’s consequent death [33].

Pertinent fungal infections may include candidal stomatitis, which can be dif-
ficult to distinguish from an episode of mucosal rejection in face transplantation. 

Fig. 8.3  Complications
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Although no serious fungal infections have been reported thus far, the potential that 
fungal spores might colonize the graft (nasal and oral mucosa, paranasal sinuses) 
exists.

The most common viral infection or reactivation in face and upper and lower 
extremity transplantations was Cytomegalovirus (CMV). CMV infection or reac-
tivation may not only condition the posttransplant period but also can increase the 
risk of AR.

Herpes viruses seem to be more common in face than in hand transplantation; the 
infection can be a reactivation of a latent infection or an infection through donor-
derived transmission.

Face and extremity transplant patients are also at risk for Epstein–Barr virus 
(EBV) infection, which can lead to posttransplant lymphoproliferative disease 
(PTLD). Two such cases have been reported: one in a hand and one in a face trans-
plant recipient [7].

These infectious risks can be reduced with a strategy based on antibiotic, fungal, 
and viral prophylaxis and avoiding the match EBV donor positive/EBV recipient 
negative. It is more complicated to use the same strategy for CMV as many regions 
have a considerable CMV-positive population, and in this case, prophylaxis and 
careful monitoring (CMV PCR) with antiviral therapy upon positive test results 
may be the best solution.

The primary metabolic complications associated with chronic immunosuppres-
sion are hyperglycemia, decrease in renal function, and arterial hypertension. Can-
cer of the skin, PTLD, and one case of uterus carcinoma were the specific malignan-
cies reported in extremity and face transplant recipients.

The risks of the immunosuppression should not be underestimated; how-
ever, many of them are dose dependent and can be avoided with careful patient 
monitoring.

Conclusions

Extremity and face transplants are both composed of heterogeneous tissues and 
seem to show the same immunological features. The presence of mucosa in face 
transplantation could increase the susceptibility to infections, and in some cases 
may induce more severe AR lesions.

The immunosuppressive regimens used to maintain these two types of trans-
plants are similar, although the more aggressive treatment used to prevent rejection 
in face transplantation also carries the risk of over-immunosuppression. This differ-
ence in the approach to immunosuppressive treatment is due to the fact that the loss 
of a facial allograft would likely have a more significant psychological impact on 
recipients than the loss of an extremity VCA.

A delicate balance between over- and under-immunosuppression is required to 
avoid infections, malignancies, and complications correlated to the toxicity of the 
drugs with graft vasculopathy, chronic rejection, and graft loss.

8 Immunological Similarities and Differences Between Extremity …
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Skin Rejection

Introduction

The fear that the skin would be ineluctably rejected after vascularized composite 
allotransplantation (VCA) was considered a major obstacle for hand transplanta-
tion prior to the first unilateral hand transplantation successfully performed in Lyon 
in 1998 [1]. The first human hand transplantation performed in 1964 by Gilbert 
et al. in Ecuador was indeed lost to rejection after only 2 weeks due to the lack of 
effective immunosuppressive therapy at that time [2]. As early as the late 1960s, 
experimental data suggested that the level of immunogenicity varied from one tis-
sue to another. The skin was considered the tissue that carries the highest immu-
nogenic potential because it was possible to induce tolerance to most allografted 
organs except the skin. This contention was further developed a few years later by 
Murray et al. [3], who proposed a scale of relative immunogenicity of tissues and 
organs, ranking the skin first, far above all the other tissues tested. The validity of 
this concept in the human setting was suggested by the histological examination 
of the first human hand allograft, removed during month 29 posttransplantation 
for uncontrolled rejection due to voluntary discontinuation of immunosuppression, 
showing that the most severe pathological changes were found in the skin, whereas 
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only mild inflammation was found in muscles and tendons, and bone and joints 
were spared [4].

However, on the basis of experimental studies, Lee et al. concluded that no sin-
gle tissue is dominant in primarily vascularized limb allografts; they further demon-
strated that a whole limb allograft elicits a less intense immune response than each 
individual component of the composite tissue allograft [5]. Finally, one patient from 
the Louisville group who developed severe intimal hyperplasia and vasculopathy 
early after hand transplantation had normal skin at the time of graft loss, suggesting 
that vessels and skin are differentially targeted by the immune system and that skin 
can be spared despite its high immunogenicity while vessels are rejected [6]. Alto-
gether, now more than 15 years of clinical experience under modern immunosup-
pressive therapy have confirmed that the skin is the main target of acute rejection 
(AR) in VCA.

Immunology of Skin Rejection

Cell Mediators of Skin Rejection

As for most cutaneous inflammatory reactions, the immune response against the 
donor skin is primarily T cell mediated. The skin contains at least two cell types that 
can recruit and activate T cells in dermal capillaries: (i) Langerhans cells (belonging 
to the dendritic cell family) and dermal dendritic cells and (ii) keratinocytes. Lang-
erhans and dermal dendritic cells are professional antigen-presenting cells and act as 
a critical stimulus for sensitization of recipient’s alloreactive T lymphocytes during 
the afferent phase of rejection, and keratinocytes can express major histocompat-
ibility complex (MHC) class II molecules on their cell surface under inflammatory 
conditions [7] and may thereby contribute to the stimulation of CD4 +  T cells. The 
role of T cells in acute skin rejection is suggested by the composition of the cell in-
filtrate found in the skin during allograft rejection, which is made mainly by CD3 + /
CD4 +  (and to a lesser degree CD8 + ) T cells (Fig. 9.2, [8]) and by the donor-specific 
cytotoxic activity of these T cells, as shown in the first face transplant recipient [9]. 
In a large series of biopsies that has characterized cell infiltration in hand transplant 
patients over time, the majority of infiltrating cells were CD3 +  T lymphocytes [10]. 
The CD4/CD8 ratio seems to vary over time and with the severity of rejection [10]. 
Infiltration with CD68 +  macrophages observed in the dermis during skin rejection 
could also contribute to T cell activation [8, 10]. Besides CD4 + and CD8 +  and TiA-
1 + cytotoxic T cells, CD4 + /CD25 + /FoxP3 + T regulatory cells were also found in 
donor skin at different time points of follow-up in several patients [10–12]. T regu-
latory cells in the recipient lymphoid tissue may protect the allograft from an initial 
attack, while these cells, when present in the allograft, may help downregulate the 
effector cells that have infiltrated it. Similar to renal transplantation [13], the role of 
CD4 + /CD25 + /FoxP3 + T cells in the skin of composite tissue allografts remains un-
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clear, including their clinical relevance in terms of immunoregulation and tolerance 
induction. Indeed, CD4 + /CD25 + /FoxP3 + T were not detected in skin biopsies in the 
absence of rejection, and FoxP3 expression was increased in rejection episodes at 
later time points after transplantation [10].

The role of B cells in acute skin rejection is uncertain. B cells are poorly rep-
resented within skin infiltrates (Fig. 9.2, [8, 10]). Circulating donor-specific anti-
human leukocyte antigen (HLA) antibodies (DSA) have not been durably detected 
in hand transplant recipients, despite a high incidence of AR episodes [10, 14, 15]. 
The patient from the Louisville group who lost his grafted hand from vascular rejec-
tion had no DSA at the time of graft loss. Interestingly, DSA appeared 2 days after 
amputation [6], suggesting that anti-HLA antibodies could have been sequestered 
in the graft, as observed in kidney transplant recipients who developed DSA after 

Fig. 9.1  Pathology of skin acute rejection. Illustration of the VCA Banff 2007 classification. 
a Grade 1, mild rejection. Pathological appearance of the sentinel skin graft of the first face trans-
plant patient 6 years after transplantation (patient 7) shows mild perivascular infiltration without 
involvement of the overlying epidermis. b Grade 2, moderate rejection. Skin biopsy of the fore-
arm in a bilateral hand transplant patient 2 years after transplantation (patient 5). Pathological 
appearance of the skin shows moderate-to-severe perivascular inflammation without epidermal 
involvement. c Grade 3, severe rejection. Skin biopsy on facial allograft 2.5 years after transplan-
tation (patient 8). Pathological appearance of the skin shows lichenoid epidermal hyperplasia and 
lymphocyte infiltration in the upper dermis. The epidermis contains lymphocytic exocytosis. VCA 
vascularized composite allotransplantation

 

Fig. 9.2  Immunohistochemical analysis of skin rejection in hand transplantation. Immunohisto-
chemical studies showed that dermal-infiltrating lymphocytes expressed predominantly a CD3 + /
CD4 +  phenotype, with fewer cells expressing the CD3 + /CD8 +  phenotype. CD20 +  B cells are 
scarcely represented. (Hand transplant biopsy at 2 years posttransplantation, patient 5)

 



106 E. Morelon et al.

transplant nephrectomy [16, 17]. The presence of C4d deposits in the skin and their 
significance as a marker of antibody-mediated rejection (AMR) remains doubtful. 
In kidney transplantation, deposition of the C4d complement degradation product 
in the capillary lumen is a relevant marker of AMR [18]. In our experience of hand 
and face transplantation, such deposits are exceptionally, if ever, detected in the al-
lografted skin and mucosa [19]. Additionally, intraluminal capillary C4d deposits 
have been reported by other groups in the skin component both with and without 
concomitant signs of AR, DSA, and B cell infiltration [20–22]; this questions the 
usefulness of C4d detection in diagnosing VCA rejection. Besides producing anti-
bodies, B cells might be involved in skin rejection through their ability to secrete 
cytokines and to act as antigen-presenting cells. B cells are indeed key components 
to generate memory CD4 +  T cells [23].

Altogether, these data suggest that the humoral arm of immune response does not 
play a significant role in skin AR in VCA.

Lymphocyte Migration to the Skin

Recruitment of immune cells to the skin graft involving chemokines and adhesion 
molecules is a key event in the process of AR as in other inflammatory cutane-
ous reactions [24, 25]. Expression of markers involved in cell trafficking has been 
extensively analyzed in protocol and for-cause hand transplant skin biopsies [10]. 
None of the markers investigated was found constitutively upregulated in the skin 
in the absence of histological signs of rejection. In contrast, the expression levels of 
lymphocyte function-associated antigen 1 (LFA-1), intercellular adhesion molecule 
1 (ICAM-1), E-selectin, and P-selectin were upregulated upon rejection and cor-
related with the severity of rejection. This study also suggested that the superficial 
layers of the skin might be the primary sites of lymphocyte infiltration during the 
rejection process before their migration into the epidermis [10].

What Triggers Acute Skin Rejection in VCA?

Cellular rejection occurs as a result of an imbalance between the immunologic 
processes that maintain graft tolerance and those that promote graft rejection. One 
potential mechanism that could trigger such processes is activation of the innate 
immune response by ischemia/reperfusion injury (IRI) that subsequently initiates 
the adaptive alloimmune responses in the recipient. Emerging evidence has shown 
that innate immune activation as a consequence of IRI may occur in VCA [26, 27]. 
In addition, nonspecific stimuli such as mechanical trauma to the skin may also 
activate innate immune reactions [28]. Also viral infections, particularly cytomega-
lovirus (CMV) and herpesviruses, may trigger rejection episodes [9, 29].
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Diagnosis of Skin Rejection

Frequency of Skin Rejection in the Clinical Setting

Although the immunosuppressive drugs currently used in solid organ transplanta-
tion usually ensure VCA viability, the majority of patients experience at least one 
episode of skin AR in the first posttransplant year. According to the International 
Hand and Composite Tissue Transplantation Registry [30], 85 % of hand-grafted 
patients and 54.5 % of face-grafted patients presented at least one episode of AR in 
the first posttransplant year, while multiple rejections developed in 56 % of them. 
Furthermore, steroid-resistant rejections are frequently observed, and require treat-
ment with anti-thymocyte globulin (Thymoglobulin, Genzyme), basiliximab, or 
alemtuzumab (Campath-1H) [30]. Repeated episodes of skin rejection were ob-
served in some patients beyond the first year after transplantation [30]. Table 9.1 
shows the incidence of AR episodes in face and hand transplant patients in Lyon. 
All patients had at least one rejection episode in the first year, yet few patients expe-
rienced late AR episodes that required T-cell-depleting treatment by Thymoglobulin 
or Campath-1H.

Table 9.1  Incidence and severity of skin AR episodes in face and hand transplant patients. Lyon 
and Amiens experience
Patients Sex VCA TR date 

(d/m/y)
No. of 
episodes

POD Banff 
score

Initial IS 
treatment

Patient 1 M Bilateral 
hands

13.01.2000 2 53, 72 2, 2 ATG, Tac, 
St, MMF

Patient 2 M Bilateral 
hands

30.04.2003 3 57, 86, 2759 2, 2, 2 ATG, Tac, 
St, MMF

Patient 3 F Bilateral 
hands

19.02.2007 7 16, 271, 635, 
951, 1365, 
1855, 2250

2, 2, 3, 2, 
3, 3, 3

ATG, Tac, 
St, MMF

Patient 4 M Bilateral 
hands

4.07.2008 1 65 2 ATG, Tac, 
St, MMF

Patient 5 M Bilateral 
hands

11.07.2009 3 10, 350, 560 2, 2, 2 ATG, Tac, 
St, MMF

Patient 6 M Bilateral 
hands

05.11.2012 3 20, 88, 154 2, 3, 3 ATG, Tac, 
St, MMF

Patient 7 F Face 27.11.2005 2 23, 214 2, 3 ATG, Tac, 
St, MMF

Patient 8 M Face 27.11.2009 8 41, 112, 186, 
239, 474, 
527, 540, 931

3, 3, 2, 2, 
3, 3, 3, 3

ATG, Tac, 
St, MMF

Patient 9 F Face 13.06.2012 1 12 3 ATG, Tac, 
St, MMF

TR transplantation, POD postoperative day, IS immunosuppressive, ATG Thymoglobu-
lin, Tac tacrolimus, St steroids, MMF mycophenolate mofetil, VCA vascularized composite 
allotransplantation
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The high rate of AR episodes reported in this field of transplantation might be 
due to the prompt diagnosis of AR, as the corresponding lesions are easily seen, and 
to the high immunogenicity of the skin, as discussed above. Despite the high inci-
dence of AR episodes, the graft survival rate was 96 % at 1 year, and no convincing 
evidence of chronic (skin) rejection was found in compliant recipients on long-term 
follow-up [15].

Positive Diagnosis of Skin Rejection

Acute skin rejection is diagnosed by visual inspection as it manifests clinically with 
erythematous macules, diffuse skin redness (Figs. 9.3 and 9.4), or asymptomatic 
papules over the allografted skin with or without burning pain. Lesions are usually 
distributed on the dorsum of hands and forearms and may be bilateral when numer-
ous [8, 31–33]. All changes can be associated with limb edema. Atypical rejection 
that affects the skin of the palm and nail beds has also been reported. Nail lesions 
include leukonychia and dystrophy, sometimes resulting in nail loss [28].

Interestingly, skin rejection in face transplantation may have a different clinical 
presentation form than that of hand transplantation. In our experience, face rejec-
tion usually appears as diffuse redness combined with diffuse edema (Fig. 9.3 and 
[9]). The different aspect might be related to venous and lymphatic vascularization 
that differs between the hands and face, as during the same episode of rejection, the 
patients may present macular lesion of AR on the sentinel skin flap and diffuse red-
ness and edema on the facial graft skin (Fig. 9.3).

Given the importance of visual inspection for the diagnosis of skin rejection, 
patients need to be educated for routine daily inspection of the graft, at least during 
the first year posttransplant. Since the clinical appearance is not specific, diagnosis 
of skin rejection has to be substantiated by histological examination, even though 
the pathological findings alone are not totally specific.

Pathology of Skin Rejection

Skin Biopsy

In contrast to renal and liver transplantation, where rejection can be suspected by 
serological biomarkers of organ dysfunction, histological examination of skin biop-
sies remains the only established technique for assessment of skin rejection in VCA. 
Skin biopsy is a nonrisky procedure and easy to perform using a 4-mm punch scal-
pel. An adequate sample should contain the epidermis, dermis, and some quantity 
of subcutaneous tissue (hypodermis) [34]. The main drawback of skin biopsy is the 
resulting scar that can affect the aesthetic outcome in particular in face transplanta-
tion. Biopsy of the cheek oral mucosa or the sentinel skin flap of donor origin has 
been used as an alternative in order to limit damage to the grafted face by repeated 
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skin biopsies [35, 36]. The macroscopic features of the sentinel flap correspond 
well to those of the facial graft, and the pathological patterns of rejection are similar 
when skin biopsy specimens from both sites are compared [37]. Interestingly, the 
pathological patterns of rejection may appear earlier on the transplanted mucosa 
and also be more pronounced in the oral mucosa as compared with both the facial 
and the sentinel flap skin [37].

Pathology of Acute Skin Rejection

Microscopically, skin AR shows characteristic, although nonspecific, changes in-
volving mainly the dermis and the epidermis that may also extend to the hypo-
dermis in the case of severe rejection (Fig. 9.1). The earliest changes consist of a 
perivascular lymphocytic infiltrate in the superficial and mid dermis, predominantly 
made of CD3 +  CD4 +  and TIA-1 +  cytotoxic CD8 +  T cells, FoxP3 +  T regulatory 
cells, and CD68 +  histiomonocytic cells [8, 10]. In more severe rejection grades, this 
infiltrate may fill the dermis and invade the epidermis (exocytosis). The epidermis 

Fig. 9.3  Clinical aspects of skin rejection in face transplantation. Acute rejection grade 3, 12 days 
after	face	transplantation	(patient	9):	diffuse	erythema	on	the	sentinel	skin	graft	( upper left panel); 
diffuse	erythema	and	diffuse	edema	on	the	facial	graft	( upper right panel). The acute rejection epi-
sode was treated successfully with three boluses of intravenous methylprednisolone. The allograft 
skin	of	 the	sentinel	skin	graft	 ( lower left panel)	and	 the	 facial	graft	 ( lower right panel) shows 
normal appearance at 3 months posttransplantation
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is initially spared in the early phase of AR. At later stages, it shows exocytosis and 
keratinocyte necrosis or apoptosis associated with basal keratinocyte vacuoliza-
tion. More rarely the epidermis shows spongiosis (intercellular edema) or lichen-
oid changes (orthokeratotic hyperkeratosis, hypergranulosis, acanthosis, band-like 
subepidermal infiltrate), similar to those observed in (lichenoid) graft-versus-host 
disease (GVHD). In the case of very severe rejection, the epidermis (and its append-
ages, hair follicles, and sweat glands) may show extensive necrosis. In those severe 
cases, the infiltrate may extend to the hypodermis and contain also eosinophils. On 
the basis of these changes, a specific score (Banff score 2007) has been established 
in order to assess the severity of AR (Table 9.2 and [33]).

Fig. 9.4  Various clinical aspects of skin rejection in hand transplantation. Erythematous scaly 
papular lesions over the hand allograft, 5 years after bilateral hand transplantation (patient 3, left 
panel). Erythematous macula on the hand allograft during month 2 post-graft (patient 6, middle 
panel). Diffuse erythematous macula on the hand allograft during month 5 post-graft (patient 6, 
right panel)

 

Grade 0 (no 
rejection)

No or rare inflammatory infiltrates

Grade 1 (mild 
rejection)

Mild perivascular infiltration. No involve-
ment of the overlying epidermis

Grade 2 (mod-
erate rejection)

Moderate-to-severe perivascular inflamma-
tion with or without mild epidermal and/or 
adnexal involvement (limited to spongiosis 
and exocytosis). No epidermal dyskeratosis 
or apoptosis

Grade 3 
(severe 
rejection)

Dense dermal inflammation associated with 
epidermal involvement (basal keratinocyte 
vacuolization, keratinocyte apoptosis, and/
or necrosis)

Grade 4 (nec-
rotizing acute 
rejection)

Frank necrosis of epidermis or other skin 
structures

Table 9.2  The BANFF 2007 
working classification of 
skin-containing composite 
tissue allograft pathology. 
This system comprises the 
following five severity grades 
in order to assess the severity 
of acute rejection [33]



1119 Advances in Diagnosing Skin Rejection and Immune Monitoring

It should be noted here that the above pathological changes are not specific for 
AR as they can be found in a number of inflammatory, infectious, or proliferative 
dermatoses [38]. Ancillary techniques have been applied in an attempt to increase 
the specificity of AR diagnosis, such as immunophenotyping of infiltrating cells or 
detection of C4d in the allografted skin. The composition of the cell infiltrate is not 
very discriminative, since it is similar to that found in most inflammatory derma-
toses. As discussed above, the presence of FoxP3 +  T regulatory cells, detectable 
in the allograft up to several years post-graft [11, 12] is interesting, although its 
prognostic significance remains so far unclear.

Chronic Skin Rejection

Surprisingly, despite a high incidence of skin AR, the occurrence of skin chronic 
rejection (CR) in VCA is rare and has not been reported so far in patients that were 
compliant with immunosuppressive therapy on long-term follow-up.

Experimental studies have shown that it is possible to induce CR in VCA. Data 
from a rat hind limb allograft model showed changes consistent with CR after 11 ± 3 
episodes of AR. The skin was the main target of the immune response with pro-
gressive dermal atrophy and sclerosis and apoptosis of epithelial cells in the hair 
follicles with permanent hair loss. There are not yet sufficient data available in the 
clinical setting to define specific changes of CR in VCA. Indeed, the Banff 2007 
classification did not include features of CR [33]. Clinicopathological features sug-
gestive of skin CR could include loss of adnexa nail changes, skin atrophy, and 
fibrosis of deep tissues [33].

We recently investigated all allograft structures by histology, magnetic resonance 
imaging, ultrasonography, and high-resolution peripheral quantitative computed to-
mography scan in four bilateral hand transplant patients and one facial allotrans-
plant recipient who all complied with the immunosuppressive treatment. We found 
no lesions that could suggest CR, such as dermal fibrosis and vascular stenosis [15].

Skin CR has been reported in the first hand transplant recipient after amputation 
of the graft following discontinuation of his immunosuppressive treatment. The re-
jected skin allograft showed a histological aspect that resembled chronic lichenoid 
GVHD [4]. Interestingly, the first patient who lost his hand allograft reportedly be-
cause of vascular rejection had no evidence of skin CR at the time of graft loss [6].

Finally, one face transplant patient from our group developed an Epstein–Barr 
virus (EBV)-positive B cell lymphoma and then a hepatic leiomyosarcoma that ne-
cessitated a drastic reduction of the immunosuppressive treatment resulting in mul-
tiple AR episodes. The face allograft, as well as the sentinel skin flap, showed some 
clinical and histological features consistent with CR beginning in the second year 
after transplantation. This patient showed exactly the predicted lesions of VCA CR, 
such as a sclerotic aspect of the graft, presence of dense dermal collagen fibers with 
hyalinosis, and atrophy of the adnexa. The large vessels remained unaffected while 
the dermal capillaries showed thickened walls and narrowed lumina (unpublished 
data, manuscript in preparation).
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In summary, the experience obtained from 15 years of VCA has shown that 
chronic skin rejection is a rare event in patients who remain on immunosuppressive 
treatment. However, it may develop in noncompliant patients or in those where life-
threatening side effects necessitate reduction of immunosuppression. One plausible 
explanation for the discrepancy between the high incidence of acute skin rejection 
and the absence of chronic skin rejection in compliant patients might be the excep-
tional healing potential of skin tissue as compared with other transplanted organs 
(such as the kidney).

Immune Monitoring

Overview on Immune Monitoring in Organ Transplantation

In the past 20 years, major progress has been made in prolonging graft and patient 
survival after organ transplantation as a result of the development of more efficient 
immunosuppressive drugs that have dramatically reduced the incidence of acute cel-
lular rejection. However, the occurrence of AMR and subclinical rejection episodes, 
which markedly influence the long-term graft survival of transplanted organs, can-
not be completely prevented with the current standard-of-care immunosuppressive 
protocols. Furthermore, long-term allograft survival requires lifelong immunosup-
pression that precipitates renal toxicity, opportunistic infections, diabetes, hyper-
tension, and tumor formation. To avoid the toxic side effects caused by perma-
nent immunosuppressive treatment, research in transplantation has focused on new 
treatment strategies, such as inducing tolerance or minimizing immunosuppression, 
in immunologically low-risk patients. The current challenge in transplantation is 
therefore to develop personalized treatment based on biomarkers at different bio-
logical levels that reflect the individual’s immune reactivity and enable transplant 
clinicians to identify patients at risk for allograft rejection or, conversely, patients in 
whom immunosuppression could be safely minimized (review in [39]). Until now, 
monitoring of the immunosuppressive therapy received by solid organ transplant re-
cipients has relied on the measurement of drug blood levels. Although this strategy 
has shown some efficacy in preventing drug toxicity, it is clearly inaccurate for the 
evaluation of the level of each patient’s response against his graft, which remains a 
mandatory step in proposing a tailored immunosuppressive regimen.

Progress in transplant immunology has shown that the recipient’s adaptive im-
mune response relies on two effector arms that reject an allogenic transplant. The 
cellular cytotoxic response involves graft infiltration by activated T lymphocytes, 
which induces apoptosis of allogenic cells. The second arm is the humoral response, 
which relies on the generation of DSA by plasma cells in secondary lymphoid or-
gans. Circulating DSA in turn bind to allogenic targets expressed by graft endothe-
lial cells, which triggers the activation of the classical complement pathway and 
the recruitment of innate immune effectors responsible for antibody-dependent 
cell cytotoxicity (ADCC) and microvascular inflammation. Although these two 
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processes usually function in collaboration, some rejection episodes can be exclu-
sively cellular or humorally mediated. Accurate monitoring of allogenic immune 
responses therefore requires the combination of different techniques.

The question of the monitoring timing is equally important. When performed 
before transplantation, the tests allow practitioners to grade the a priori “immuno-
logical risk” and to adjust the immunosuppression accordingly. Immune monitoring 
can also be performed as part of the follow-up process posttransplantation, either 
in regularly predefined intervals or as indicated by graft dysfunction. The former 
option offers the theoretical possibility to identify recipients at risk for rejection 
before this becomes clinically apparent. While this strategy can improve long-term 
outcome, it also requires increased tests (and therefore costs) and defining the time 
points when the monitoring should be performed.

Another important aspect is the source of the samples available for the moni-
toring. There is an ongoing debate as to whether the peripheral blood accurately 
reflects the events occurring within the graft. Although the analysis of a transplant 
biopsy will undoubtedly give more direct information, sequential analysis, a pre-
requisite for accurate diagnosis, is unlikely to be possible. For kidney transplant 
recipients, urine is an easily accessible source of material that has proved to be 
informative [40]; however, urine biomarkers will not be relevant for patients receiv-
ing other types of transplants, particularly vascularized composite tissue allografts.

Finally, it should be noted that immune monitoring in transplantation is an emerg-
ing field. Most studies published so far are from single centers and the strength 
of their conclusions are limited by the inclusion of a small number of patients. 
Furthermore, most of them focused on renal transplant recipients; therefore, their 
conclusions may not be directly transposable to the field of VCA. For instance, ac-
cumulating evidence points toward a major role for DSA in the immune-mediated 
failure of kidney, lung, and heart transplants [41]; in contrast, evidence that DSA are 
capable of driving VCA rejection is still lacking (see above).

Monitoring of the Humoral Response

Circulating DSA

The humoral alloimmune response is monitored by quantification of serum DSA lev-
els. In the past, antibody detection was performed exclusively with lymphocyte tar-
gets in complement-dependent cytotoxicity assays. These assays had a low sensitiv-
ity (they only detect high titers of complement-fixing antibodies, resulting in false-
negative results) and were time consuming. Recent developments of solid-phase 
antibody detection assays and flow cytometric technology have revolutionized our 
ability to detect HLA antibodies with regard to both sensitivity and specificity [42].

False-negative reactions still occur, however, because of antibody adsorption by 
the graft [43] (which can sometimes leave no detectable anti-HLA antibody in the 
circulation) or because the humoral response against the graft is directed toward 
polymorphic non-HLA alloantigens and/or nonpolymorphic autoantigens. Such an-
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tibodies, that can be involved in graft rejection [23], are not detected by the assays 
described above. Most often, however, clinicians using these tests are facing the op-
posite problem of “excessive sensitivity,” with anti-HLA antibodies being detected 
in asymptomatic patients. Efforts are currently being made to standardize laboratory 
procedures so that cutoff levels of antibody titers can be defined. Preliminary data 
also suggest that it is possible to refine the technology to improve the predictive 
value. An assay for complement-fixing C1q on HLA single-antigen beads has been 
developed and preliminary data suggest that it correlates better with rejection and 
failure of heart and kidney grafts [44].

Allospecific B Cells

Immunological dogma states that the production of a specific antibody should be 
preceded by the increase of B cell clones of the same specificity. Monitoring the 
frequency of HLA-specific B cells longitudinally may therefore offer the possi-
bility to detect humoral alloimmune responses in their early phase, at the time of 
their development, when they can still be controlled using B-cell-depleting agents 
(i.e., anti-CD20 mAb, which are ineffective on plasma cells). Using recombinant 
monomeric HLA molecules as target molecules for the HLA antibodies to bind, a 
novel Enzyme-Linked Immuno Spot (ELISPOT) assay has been recently described 
which allows for quantification of HLA-specific B cells in sensitized individuals 
[45]. Whether the increase of peripheral HLA-specific B cells actually precedes 
the formation of antibodies is currently under investigation. As outlined above, it 
should be remembered that B cells are more than mere plasma cell precursors. They 
are endowed with several important antibody-independent functions, including the 
ability to present antigens to T cells and to orchestrate the immune response through 
the provision of a wide range of cytokines [46]. Monitoring B cell response might 
therefore provide interesting clues regarding the cellular response.

Monitoring of Cellular Response

Soluble CD30

In activated T cells, the membrane-bound CD30 molecule, a member of the tumor 
necrosis factor receptor superfamily, is proteolytically cleaved. This generates a 
soluble form (sCD30), which can be measured in the serum. It has been suggested 
that pre- or posttransplant levels of sCD30 represent a biomarker for graft rejection 
associated with an impaired outcome for transplanted patients [47].

Polyclonal Lymphocyte Stimulation Assays

The overall function of lymphocytes can be determined by their intracellular ad-
enosine triphosphate (iATP) content after phytohemagglutinin (PHA) stimulation, 
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the latter reflecting the “energy” levels available within the cell. A Food and Drug 
Administration–approved iATP assay is available commercially, the ImmuKnow 
assay (Cylex, Columbia, MD). High CD4 +  T cell iATP levels have been shown 
(albeit inconsistently) to be associated with a higher risk for AR in kidney, liver, 
heart, and small bowel transplantation, whereas low levels were a risk factor for 
infections [48]. A major drawback of this technique is that it determines a patient’s 
general immune status rather than the T cell reactivity specifically directed toward 
the allograft.

Quantifying Donor-Specific Memory T Cell Reactivity

Memory T cells respond more rapidly to stimulation by alloantigens and are more 
difficult to suppress than their naive counterparts. Memory T cells generated in re-
sponse to environmental stimuli (e.g., previous transplant, blood transfusion, viral 
infections) become more prevalent with age and can cross-react with alloantigens 
from the donor graft, despite no previous exposure to tissue from that donor. Donor-
specific	memory	T	cell	reactivity	can	be	quantified	using	interferon	gamma	(IFN-γ)	
ELISPOT [49].
Increased	levels	of	donor-reactive	IFN-γ-producing	T	cells	pre-kidney	and	post-

kidney transplantation were shown to be a risk factor for AR and a predictor of 
graft function, independent of the humoral response [50]. Based on these promis-
ing results, the European Reprogramming the Immune System for Establishment 
of Tolerance (RISET) consortium (www.risetfp6.org) has recently implemented a 
rigorous	approach	to	optimize,	standardize,	and	validate	IFN-γ	ELISPOT,	enabling	
it to be used by multiple laboratories [51].

Flow Cytometry

Multiparameter flow cytometry is a flexible tool allowing simultaneous quantifica-
tion and phenotyping of many immune cell subsets. Regulatory T cells (Treg) have 
been shown to prevent allograft rejection in many animal models of transplantation. 
Therefore, monitoring of Treg in the peripheral blood may detect unresponsiveness 
to the graft. Renal graft recipients with lower percentages of Treg in the peripheral 
blood are indeed at increased risk of chronic graft dysfunction [52].

Memory T cells can be identified thanks to their surface expression of CD45RA, 
CCR7, and CD62 L which differs from that of naive T cells. The increase in a circu-
lating memory T cell subset has been associated with a higher risk for AR in kidney 
and heart transplant recipients [50]. Other studies have reached similar conclusions 
with different subsets, such as activated CD8 + CD69 +  T cells during both acute 
renal and cardiac rejection [53]. The discriminatory potential of assays relying on 
general activation markers is likely to be poor, however, as the same activation 
markers will increase on any T cell when responding to an antigen. In line with this 
observation, CMV infection in renal transplant patients coincided with upregulation 
of CD69 +  on CD8 T cells in the absence of acute renal allograft rejection [50]. To 
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circumvent this limitation, new procedures are under development that will hope-
fully provide data on antigen specificity of T and B cells, signaling pathway activity, 
transcription factor expression, and cytokine production.

Overall, flow cytometry is a useful monitoring technique that provides a wealth 
of data. However, because flow cytometer configuration, setup, and data acquisi-
tion and analysis are expectedly different among centers, standardization to enable 
multiparameter phenotyping to be used in biomarker studies is crucial [54].

Gene Expression Profiling

Perforin, granzyme B, and FasL are molecules involved in cytotoxicity whose level 
of gene expression can be quantified by polymerase chain reaction (PCR). Upregu-
lation of two or more of these molecules in the peripheral blood correlates with AR 
in kidney transplant recipients [55], a finding confirmed and extended in subsequent 
studies [50]. However, as already discussed with other biomarkers of immune acti-
vation, this tool lacks specificity since it does not make a distinction between rejec-
tion and viral infection.

Advances in molecular biology have led to the development of microarrays, 
which allow for the simultaneous quantification of the expression of a vast numbers 
of genes. Using this tool, it has been possible to identify a signature specific for 
operational tolerance to kidney allografts [56–58]. Current investigations will de-
termine if this monitoring can be used to select recipients that can be weaned from 
immunosuppression.

Immune Monitoring in VCA

VCA differs from other types of organ transplantation on the following issues that 
impact patient care: (i) acute skin rejection does not induce graft dysfunction and has 
no biological signature, (ii) skin rejection is easy to detect by visual examination, 
(iii) skin biopsy is a nonrisky procedure that can be repeated as often as required, 
(iv) the limited number of patients limits validation of biomarkers by appropriate 
clinical trials, and, finally, (v) upper limb and face allografts contain bone marrow 
cells that could be involved in graft acceptance as described in rodent models of 
vascularized bone marrow transplantation, whereas lower hind limb transplantation 
is associated with tolerogenic posttransplant chimerism [59].

Pre-transplant Assessment of Sensitized Patients

Sensitization to nonself HLA prior to transplantation can occur through three main 
routes: blood transfusion, pregnancy, and previous transplantation. Patients who 
are candidates for VCA may have been exposed to allogenic HLA antigens by 
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transfusions performed during surgery for hand amputation or face disfiguration. In 
addition, burned patients can be sensitized through allogenic skin grafted to cover 
the burned body areas. Therefore, even if the role of AMR has not been clearly de-
fined in VCA, identification of anti-HLA sensitized patients must be systematically 
performed before transplantation by detecting anti-HLA class I and anti-HLA class 
II antibodies with highly sensitive techniques such as enzyme-linked immunosor-
bent assay (ELISA) or Luminex assay [42]. Development of anti-HLA antibodies 
might be a sign of thymo-dependent B cell activation through allogenic-activated 
CD4 +  T cells involved in skin rejection. In the near future, direct measurement 
of T cell sensitization with new cellular techniques, such as IFN-ELISPOT assay 
[49], should be of help in detecting alloantigen-specific memory T cells in patients 
awaiting a VCA and in adapting the induction and maintenance immunosuppressive 
treatment accordingly in high-risk recipients. As outlined above, kidney transplant 
recipients with high frequencies of donor-reactive memory T cells detected pre-
transplantation by IFN-ELISPOT are at risk of severe AR episodes during the early 
posttransplant period [49, 60].

Posttransplant Assessment of Alloreactivity and Immunological 
Status

For-Cause and Protocol Biopsies

The ultimate goal of the posttransplant phase is to avoid both a state of over-im-
munosuppression and of under-immunosuppression. Because the skin is the main 
target for AR, the most reliable method to monitor alloimmune activation against 
the VCA graft after transplantation is the use of for-cause and protocol skin biopsies 
that can more specifically reveal the local ongoing anti-donor immune response.

As outlined above, for-cause biopsies are skin biopsies performed whenever new 
skin lesions appear on the graft. Patients have to be educated to examine their graft 
to detected early cutaneous changes that reveal clinical acute skin rejection. The al-
loimmune response against a VCA allograft is most stringent during the early post-
operative period. Occurrence of one or two AR episodes in the first posttransplant 
year is common and should not prompt revision of the maintenance immunosup-
pressive treatment. In contrast, multiple episodes of AR later after transplantation 
could reveal either a noncompliant patient to immunosuppressive treatment, or a 
maintenance immunosuppressive treatment inadequate in controlling the alloim-
mune response. Occurrence of acute clinical skin rejection during the weaning pro-
cess should also prompt (at least temporarily) discontinuation of the reduction of 
immunosuppression. Conversely, patients who experience less than two episodes of 
acute skin rejection during the first posttransplant year can be considered as candi-
dates for weaning protocols.

Protocol biopsies, performed on well-functioning grafts at regular time points, 
are the gold standard for detecting subclinical intragraft processes in organ trans-
plantation. Protocol biopsies can also be informative in revealing new mechanisms 
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and cellular players of graft rejection. However, there is currently no clear consen-
sus regarding the legitimacy of protocol biopsies in organ transplantation. Proto-
col biopsies could allow for detection of subclinical histological changes that may 
impact the management of the patient at early posttransplant stages, thus delaying 
graft loss [61]. However, opponents of protocol biopsies claim that analysis of the 
clinical benefit of protocol biopsies has not been formally assessed and that these 
benefits may not outweigh the risks associated with this invasive procedure [62]. 
These limitations of protocol biopsies in organ transplantation should not be consid-
ered in VCA because the risk of skin biopsies is negligible. In human hand and face 
transplantation, it is recommended that protocol biopsies be obtained weekly until 
the end of the first month. Then, skin specimens should be taken at 2, 3, 6, 9, 12, 
18, 24, 30, and 36 months. After year 3, skin biopsies can be collected biannually 
[34]. In hand transplantation, protocol biopsies are usually performed on the volar 
surface of the forearm. In face transplantation, protocol biopsies should preferably 
be obtained from the sentinel skin graft or alternatively from the oral mucosa so as 
to avoid damaging the reconstructed face [63]. In addition, recipient skin and deep 
donor tissues should be collected without additional morbidity for the patient during 
secondary surgeries.

Protocol biopsies can identify mild histopathological changes in the dermis of 
the allograft skin, consistent with grade 1 rejection in the Banff classification, with-
out any macroscopically visible signs of rejection. At present, there is no convinc-
ing evidence that subclinical rejection, defined by microscopic skin infiltration in 
the absence of clinical signs of rejection, should be treated to reduce the risk of 
long-term CR, but these patients should be carefully monitored [63]. The risk of 
reducing immunosuppression in patients presenting subclinical rejection in protocol 
biopsies is also unknown. Our reluctance to rely on the mere presence of infiltrates 
for treating patients can be justified by the nature of focal and mild perivascular 
mononuclear infiltrates that may be composed of active allogenic T cells or alterna-
tively FoxP3 +  Treg cells.

This observation underlines the need for subsequent evaluation by immunohis-
tochemistry that would allow for further characterization of the function of the cells 
infiltrating the graft. For immunophenotyping the infiltrates, labeling for CD3 (T 
lymphocytes), CD4 (T helper cells), CD8 (T suppressor/cytotoxic cells), FoxP3 
(T regulatory lymphocytes), CD19 or CD20 (B lymphocytes) and CD68 (macro-
phages), and C4d (surrogate marker of AMR) should be performed [33]. Assessment 
of adhesion molecules such as LFA-1 (CD11a, on lymphocytes), ICAM-1 (CD54), 
E-selectin (CD62E), P-selectin (CD62P), and VE-cadherin (CD144), which are all 
found on the vascular endothelium, can be used to evaluate the role of lymphocyte 
trafficking and adhesion molecules in VCA [64].

Protocol biopsies can also identify morphological changes associated with 
chronic skin rejection, such as skin atrophy, fibrosis, and vasculopathy of dermal 
vessels.

Finally, protocol biopsy is an interesting tool for the scientific community be-
cause it provides insights into the natural history of graft rejection, as described in 
renal transplantation [65].
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Noninvasive Immune Tests

Among the noninvasive immune tests described above, none has been developed 
or even validated in the setting of VCA. Nowadays, monitoring of the immunosup-
pressive therapy received by VCA recipients is based on measuring drug blood 
levels to achieve concentrations within the established therapeutic range previously 
defined in organ transplantation. This strategy largely prevents the toxicity of im-
munosuppressive drugs but is insufficient in determining the individual alloimmune 
response in each patient.

Based on our organ transplantation experience, we recommend performing the 
following tests in each episode of AR and at least at 3 and 6 months posttransplanta-
tion, and then at each transplant anniversary: (i) circulating DSA to assess humoral 
immune response, and (ii) peripheral blood lymphocyte subset analysis by multi-
parameter flow cytometry: CD3 +, CD4 +, CD8 + T cells, CD20 + B cells, CD4 + CD-
25hiFoxP3 + CD127–T regulatory cells, memory and naive T cells.

Quantification of T lymphocyte subsets by flow cytometry is useful in monitoring 
not only the short-term effects (depletion) but also the long-term effects (reconstitu-
tion) of T depleting therapies such as Thymoglobulin or Campath-1H. Monitoring of 
blood T cell depletion provides guidance for adjustment of the daily dose of Thymo-
globulin in the early posttransplant period. The aim is to keep the lymphocyte and/
or the CD3 + T cell count below 200/mm3 and 20/mm3, respectively [66]. In the long 
term, Thymoglobulin-induced T cell depletion is followed by immune reconstitu-
tion, with both new thymic emigration of naive T cells and homeostatic proliferation 
of depletion-resistant memory T cells that may be influenced by the maintenance 
immunosuppression regimen. A recent preliminary study suggested that during the 
first year after kidney transplantation, homeostatic reconstitution following Thymo-
globulin induction showed disproportionately high recovery of memory T lympho-
cyte subsets in patients receiving sirolimus compared to cyclosporine [67].

Immune reconstitution occurs slowly and in some individuals may be prolonged 
over several years. Risk factors for impaired reconstitution are not well defined, 
except for increasing age [68]. The blood subsets of T cells must be monitored 
because this secondary immunodeficiency may favor opportunistic infections and 
malignancies. The association between lymphocyte-depleting therapies and viral 
infections is well established. After treatment with Thymoglobulin, an increased 
incidence and severity of CMV infection [69] and pneumonia due to Pneumocystis 
[70] have been reported, especially in patients not receiving prophylactic therapy. 
The effect of CD4 + T cell lymphopenia on the risk of malignancy is still contro-
versial; it appears to be associated with an increased incidence of some, but not all 
types of malignancy [71, 72].

Besides quantification of lymphocyte subsets by flow cytometry, the other bio-
markers of T cell activation described above (such as soluble CD30, polyclonal 
lymphocyte	 stimulation	 assays,	 and	 IFN-γ	 ELISPOT	 to	 quantify	 donor-specific	
memory T cell reactivity) still need to be assessed in the setting of VCA in order to 
improve our evaluation of the patient’s general immune status and T cell reactivity 
toward the skin allograft and to adapt immunosuppression accordingly.
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So far no VCA recipient proved to be spontaneously tolerant with any immuno-
suppressive protocol; indeed, until now all recipients who discontinued the immu-
nosuppressive therapy rejected their graft. On the other hand, VCA recipients have 
shown a low incidence of CR despite the high incidence of AR episodes, suggesting 
that they may have developed an operational tolerance state. It would be of utmost 
importance to identify a signature specific for operational tolerance in recipients of 
hand or face allotransplantation, as already identified in operational tolerant kidney 
transplant recipients [56–58].

Posttransplant Chimerism

Sixty years of research in tolerance induction in preclinical models of organ trans-
plantation, as well as in renal transplantation in humans, have confirmed the results 
of the pioneer work of Medawar and colleagues who demonstrated that infusion 
of hematopoietic stem cells (HSC) combined with a nonmyeloablative regimen is 
the best way to achieve a durable tolerance state toward an allogenic organ via the 
development of posttransplant chimerism [73].

Interestingly, VCA (particularly upper extremities and face when the mandible 
is grafted) function as a vascularized bone marrow transplant (VBMT). The graft 
itself contains HSC within donor bones. Experimental studies in rats have clearly 
demonstrated that limb composite tissue allografts function as VBMT with the de-
velopment of a stable mixed chimerism and donor-specific tolerance [59]. How-
ever, peripheral blood microchimerism in humans has been detected for a very 
short period only in two hand transplant recipients in Louisville [74], in two face 
transplant recipients, and in one hand transplant recipient in Lyon [63]. Peripheral 
chimerism was not detectable even in hand transplant patients who had received 
HSC infusion with a lymphocyte-depleting induction therapy with alemtuzumab 
but no further conditioning prior to HSC transfusion [14]. The absence of stable 
microchimerism might be explained by the insufficient number of HSC contained 
in the adult upper extremities and in the mandible, or by the rejection of the donor 
bone marrow by the recipient’s immune system. Thus, the very promising results 
obtained in rodent VBMT model cannot be transposed to the clinical practice with-
out recipient conditioning.

Based on the findings from these preliminary data, it is not possible to rely on 
posttransplant chimerism to assess a tolerance state in VCA. It is, however, recom-
mended to check for blood chimerism by PCR at least during the first posttransplant 
year as new patients might yield different results.

In conclusion, progress in immune monitoring in VCA should come from experi-
ence in organ transplantation. Correlation of immune monitoring tests with protocol 
and for-cause biopsies in patients who received different combinations of immu-
nosuppressive drugs should help to discriminate between patients in whom immu-
nosuppression could be reduced and high immunological risk patients who should 
remain on high-dose immunosuppressive protocols.
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Abbreviations

BBNs Bayesian belief networks
CDS Clinical decision support
USRDS (United States Renal Data System) database
OPO Organ Procurement Organization
TG Transplant glomerulopathy
PPV Positive predictive value
WRTC, www.wrtc.org Washington Regional Transplant Community
PSAs Public service announcements
AUC Under the curve
VCAs Vascularized composite allografts

Introduction

Solid organ transplantation is the definitive treatment for end-stage organ fail-
ure, and vascularized composite allografts (VCAs) are an increasingly important 
restorative option. However, clinical decisions regarding allocation or postopera-
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tive treatment can be difficult to make. This has stimulated research investigating 
applications designed to analyze large amounts of data, show how that data affects 
outcomes, and assist in the decision-making process. As has been done in cardiol-
ogy and oncology, our research uses machine learning techniques to produce a clini-
cally relevant prognostic tool [1–3].

Machine learning uses logical algorithms that allow computers to recognize 
complex patterns within datasets. These patterns can then be represented mathe-
matically into clinical decision support (CDS) tools. In the area of transplantation, 
machine learning has been used to estimate the likelihood of delayed graft function, 
transplant glomerulopathy (TG), and allograft survival.

Many types of statistical techniques can yield CDS tools, including neural net-
works, nomograms, and tree modeling [4–7]. Nomograms tend to use multivariate 
analysis in their formation, but can be limited by the number of variables they may 
incorporate. Neural networks and tree modeling use machine learning, but variables 
are selected based on univariate analysis. While both techniques identify variables sig-
nificantly associated with outcome, each may leave out variables that are not predictive 
by themselves but can yield prognostic information when considered in combination 
with additional variables. In addition, both neural networks and tree modeling require 
the input data to be complete, and as such, are intolerant of missing data common in 
the clinical setting. Bayesian belief networks (BBNs), on the other hand, are designed 
to accommodate missing information by generating an array of conditional interdepen-
dencies. In this fashion, a joint probability distribution function can be generated which 
allows all variables (or features) to be displayed graphically within the same model.

Bayesian analysis has been used to examine kidney transplant outcomes with 
standard criteria, extended criteria, and donation after cardiac death. BBNs have 
been used in medicine for over a decade and are ideal for analysis of datasets con-
taining missing information and rare events, such as elucidating disease processes, 
selecting ideal alternative therapies, and estimating the likelihood of certain out-
comes [8] including 90-day outcomes following liver transplantation [9].

This chapter reviews their use as applied to the diagnosis of TG using biomark-
ers, estimating the likelihood of renal allograft survival when using deceased donor 
grafts, and developing a better understanding of how beliefs within ethnic popula-
tions influence organ donation within those communities. Additionally, we describe 
the future expanded role of machine learning in determining immune status across 
transplantation.

Bayesian Modeling Applied to Molecular Markers

There is an extensive area of research surrounding biomarkers and their application 
in wound healing, oncology, and transplantation [10–12]. In oncology, particularly 
for breast cancer, biomarkers such as human epidermal growth factor receptor 2 
(HER2) and multigene assays are already being used to personalize therapy [13, 
14]. There is also considerable interest in developing biomarkers for the early detec-
tion of breast cancer before it is evident on mammography [11].
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In transplantation, biomarkers have been studied to diagnose TG. TG is a dis-
ease of the kidney allograft that, despite having a low prevalence (< 10 %), has a 
high morbidity with approximately 50 % of grafts that develop TG failing within 
10 years [15, 16]. While the etiology has been researched extensively, no causative 
factor has been found for which there is specific treatment aside from increasing 
immunosuppression. As such, Elster et al. [12] used a BBN approach to develop a 
learning model which compares gene transcripts from both the immune and fibrosis 
pathways in patients who developed TG and those who had stable function as de-
fined by 6 months posttransplant with no change in renal function and no significant 
histological or clinical abnormalities. Their model confirmed several mechanisms 
which are already known, but also uncovered novel relationships such as the in-
terdependence of ICAM-1, IL-10, CCL-3, and the development of TG, as well as 
the association between C4d grade and increased expression of VCAM-1, MMP-9, 
MMP-7, and LAMC2 in TG development. Furthermore, the models developed for 
gene panel 1(immune pathway) and gene panel 2 (fibrosis) were able to estimate 
the probability of developing TG based on available evidence. When internal cross 
validations of the models were performed, the predictive accuracy as measured by 
area under the curve (AUC) was 0.875 for GP1 and 0.859 for GP2. While these 
models and biomarker profiles do not fully elucidate the mechanisms involved in 
TG development, as in oncology, they offer the potential to direct therapy specific 
to a patient’s particular pathology.

Bayesian Models as Applied to Kidney Transplantation

Population-based research is common in transplantation, as is the use of machine 
learning to develop predictive models for renal allograft function and allocation. 
The tools currently used to make final allocation decisions are inadequate and sub-
jective, which can result in suboptimal graft survival. As more extended criteria 
are available from donors and donation following cardiac graft failure, it becomes 
increasingly important to develop relevant CDS tools designed to identify those 
donor/recipient graft pairings that are likely to fail. Machine learning has enabled 
the development of a prognostic model that incorporates multiple variables for a 
systems approach to organ allocation and made the process more objective.

This study used a BBN to create a prognostic model for deceased donor renal 
allograft transplantation. This probabilistic approach is useful when dealing with 
large databases, can tolerate missing information, and can graphically describe the 
probability distributions of outcomes based on the conditional interdependence of 
known information [17]. In other words, this type of statistical analysis allows for 
the use of an unlimited number of variables and identifies not only the relationship 
between each variable and the targeted outcome but also the relative contribution 
and inter-variable relationships to the probability of each outcome [9].

To create this model, first time renal transplant patients over the age of 18 and 
only receiving a kidney were selected from the United States Renal Data System 
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(USRDS) database [18]. Five thousand records were then randomly selected from 
2000 to 2001, which were used to create the model. A network of 46 preoperative 
variables was constructed and externally validated using an additional 2000 patients 
from the same time period with matching demographic characteristics. This model 
was able to predict graft failure within the first year with a 99 % positive predictive 
value (PPV) and AUC of 0.81, and 3-year failure with a 94 % PPV and 0.72 AUC. A 
tenfold internal cross validation continued to perform well at 1 year (99 % PPV and 
AUC 0.81) and 3 years (98 % PPV and 0.72 AUC). Using this model as a method 
to optimize donor/recipient pairing equates to a 3 % increase in graft survival at 1 
year and 3 years. While this number is small, given the 17,000 renal transplants per-
formed annually, this would translate to 510 more patients with a functioning graft 
at 1 year than occurs with current allocation practices.

The use of a machine-learned model enabled investigators to examine a vast 
number of variables simultaneously from a large database and develop a robust 
prognostic model. This has been done for liver transplantation, but has not been 
used in the setting of renal transplants to date [9]. Many authors have examined 
donor and recipient characteristics that are associated with decreased survival such 
as donor age, renal insufficiency, cerebrovascular accident, and hypertension [19, 
20]. None of these variables are able to estimate the likelihood of graft survival, 
however, but rather simply estimate how that graft will likely function. Therefore, 
this model may allow transplant surgeons to optimize donor–recipient pairs for 
high-risk grafts. It also will allow surgeons to exclude grafts with the highest risk 
of failure more objectively than current practices. This CDS tool may limit overall 
center-specific graft-loss rates and improve transplant outcomes. External valida-
tion and comparative studies must be performed to compare this model to current 
allocation practices.

Using Bayesian Models to Understand How Beliefs and 
Attitudes of Minorities Influence Organ Donation

Organ donation rates in minority populations are much lower than in the Caucasian 
population, and there is a need to increase those rates within minority communities. 
It is thought that the minority belief system and attitudes toward organ donation is 
the reason for decreased rates. Understanding what deters minorities from becom-
ing donors and raising awareness about organ transplantation could contribute to 
increased organ donation rates in those populations.

Some organizations have already made progress toward improving minority 
participation in organ donation. The Task Force on Organ Transplantation (DHHS 
1986) [21] issued a report recommending that “educational efforts aimed at increas-
ing organ donation among minority populations be developed and implemented, so 
that the donor population will more closely reflect the ethnicity of potential trans-
plant recipients, in order to gain the advantage of improved donor and recipient im-
munologic matching.” After years of intensive public education to raise awareness, 
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donation rates for minority populations increased. Also, the National Minority Or-
gan Tissue Transplant Education Program (National MOTTEP) has done a great 
deal of work promoting awareness of organ donation and kidney failure in the Af-
rican American population [22, 23]. They showed that culturally appropriate health 
education programs aimed toward minority populations can effect positive change 
in knowledge, attitudes, and behavior.

However, there is still a need for more research and understanding of the is-
sues surrounding minority organ donation. In the Washington Regional Transplant 
Community (WRTC, www.wrtc.org) service area in 2008, 71 % of organ donations 
were authorized for African Americans, 50 % for Asians, and 73 % for Hispanics. 
In comparison, the authorization rate was 85 % for Caucasians, clearly indicating 
that the current effort directed toward the minority communities has not yielded a 
comparable number of donations.

The way beliefs and attitudes play a role in minority decision making for organ 
donation is currently being explored in an ongoing study. This will be accomplished 
by developing a BBN, which will represent the joint relationships between parame-
ters affecting each participant’s willingness to participate in organ donation. Bayes-
ian models developed in this process may predict attitude toward donation based on 
the themes, personality traits, and other attributes of the participants. Ultimately, the 
validated model could first identify candidates for themes or beliefs that might be 
addressed by teaching relevant facts, and also whether changing one’s view toward 
the theme would make him or her more likely to support organ donation. These 
candidate themes will be used to improve public service announcements (PSAs) 
already in use by the Organ Procurement Organization (OPO).

Future Directions and Summary

Machine learning, such as BBN, has long been used in health care, and its popular-
ity has increased as its ability to handle uncertain knowledge is directly applicable 
to solving diagnostic dilemmas and predicting outcomes [8]. Several systems have 
been used, including neural networks and tree-based diagrams. We chose BBN as 
the graphical representation of the data as it is easily interpreted and allows the 
researcher to more clearly understand underlying mechanisms displayed. This has 
been shown by Elster et al. [12] who used BBN to analyze gene panels in renal 
transplant patients with and without TG. The authors identified novel gene products 
that when expressed together in certain combinations, could be used to estimate the 
likelihood of developing TG. This knowledge allows clinicians the opportunity to 
diagnose TG earlier, as well as direct focus toward the identified pathways in an 
effort to develop novel means by which to treat TG.

Bayesian analysis has also been used to develop a CDS tool for deceased donor 
renal allograft allocation. This tool will allow surgeons to optimize donor/recipi-
ent pairings based on pretransplant variables, which may ultimately improve graft 
survival. Both internal and external validations show the model to be robust with 
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high predictive accuracy and AUC of 0.81. While this is promising, the model must 
still be tested in an external dataset in order to compare the model with current al-
location practices.

Probabilistic approaches have also been used in an effort to better understand 
why historically minority populations, specifically Hispanic and African American, 
have had lower organ donation rates than Caucasians. For this application, a BBN 
is being used to model beliefs and attitudes in these patient populations. It is hoped 
that this approach will allow for a better understanding of the belief hierarchies of 
each minority population and elucidate the effects of those beliefs and attitude(s) 
toward organ donation. Targeted educational programs could be initiated within 
minority populations using this information in an effort to increase organ donation 
and potentially improve immunologic matching among minorities.

While machine learning approaches have been introduced in solid organ trans-
plantation, their use as a methodology to assimilate data and assess the current im-
mune state of an allograft of any type has not yet moved beyond these preliminary 
studies. With the introduction of high throughput, multiplex molecular assays, the 
ability to determine the state of immune engagement has grown significantly. How-
ever, there has not been a reciprocal growth in tools to analyze these data along 
with patient parameters in a clinically useful manner. While the aforementioned 
study using BBNs to interpret transcripts for diagnosing TG is a step in the right 
direction, it is illustrative at best. In the context of severe trauma, recent efforts have 
determined that machine learning can develop CDS tools that function in a manner 
similar to high-end clinical decision making significantly enhanced by the addi-
tion of molecular markers. As more OMIC-based assays assessing immune function 
(genomics, proteomics, metabolomics) become available, CDS tools will need to be 
developed to clinically employ such data across all aspects of transplantation [24]. 
In particular, VCA, with its relatively small numbers when compared to solid organ 
transplantation, will benefit from machine learning as robust tools can be developed 
from small clinical data sets [25].

Machine learning applied to transplantation has demonstrated the potential to 
improve the current allocation practice, give insight into mechanisms involved in 
TG and chronic rejection, and give insight into barriers to organ donation in minori-
ties to allow for more tailored education to increase donation rates. Furthermore, 
the development of machine learning-based CDS tools offers the ability to assess 
immune status across transplantation and tailor therapy based on the patient’s bi-
ology. This offers the potential to improve long-term survival of grafts, develop 
customized treatments for TG and other transplant-related outcomes, and increase 
donation.
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The Skin as an Immunologic Organ

The skin is an immunologic defense organ containing various immunocompetent 
cells. At the same time, the skin accommodates a commensal bacterial flora and 
helps to differentiate between dangerous and harmless subjects [1]. The skin as the 
body’s outermost layer is the first contact surface for many pathogens, and it is also 
constantly exposed to physical and chemical stressors. In the avascular epidermis, 
keratinocytes proliferate at the basal layer and move as maturing cells towards the 
stratum corneum. Cytokines are produced by keratinocytes or invading immune 
cells and serve as important communication signals within the epidermis [2, 3]. 
Epidermal Langerhans cells (LCs) are of dendritic shape and derived from bone 
marrow precursors. Their contribution to immunologic skin reactions is currently 
much debated [4]. The underlying dermis harbors a dense network of blood ves-
sels with a constitutively pronounced level of leukocyte rolling compared to other 
organs [5]. This indicates a more rapid and frequent immigration of immune cells 
into the skin [6]. A battery of memory T cells is constantly perambulating the skin 
for harmful intruders [7]. At the same time, tolerogenic cells populate the skin to 
maintain tolerance to self and foreign antigens [8].

In reconstructive transplantation (RT), a number of experimental studies have 
shown that rapid infiltration of allografted skin by host T cells results in graft loss. 
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Under certain conditions, tolerance towards other tissues of the vascularized com-
posite	graft	can	be	achieved	while	the	skin	is	selectively	rejected	( split tolerance) 
[9, 10, 11]. In the clinical experience, however, survival of hand and face allografts 
was achieved and skin rejection episodes were found to be treatable and reversible 
[12]. While potential pro-tolerogenic elements such as bone marrow are part of the 
allograft and phenomena such as chimerism have been extensively studied in ex-
perimental and clinical trials [13, 14], pro-tolerogenic elements of the skin itself in 
the field of RT are poorly understood.

Intrinsic tolerogenic mechanisms of the skin have been investigated in the field 
of inflammatory and immune dermatoses. Data from RT is still sparse, and mainly 
acquired retrospectively from skin biopsies.

One study has evaluated a hand recipient 6 years after transplantation, aiming 
to detect evidence for regulatory responses. T cell isolation from punch biopsies 
revealed the presence of Foxp3 expressing cells, together with a cytokine profile 
supporting a tolerogenic environment that included increased levels of transforming 
growth	factor	beta	(TGF-β)	and	interleukin-10	(IL-10)	messenger	RNA	(mRNA)	
[15].

In a follow-up study of five hand transplanted patients, Hautz et al. reported 
similar findings indicating a pro-tolerogenic counterresponse: T cells staining posi-
tive for Foxp3 were found among the cellular infiltrate, and indoleamine 2,3-dioxy-
genase (IDO) staining was detected in infiltrating antigen-presenting cells (APCs). 
Both those markers increased with intensity of rejection and towards later time 
points after transplantation [16].

These findings from hand transplantation are in line with observations from re-
nal transplantation, where Foxp3 expression in the urine was associated with acute 
rejection. Foxp3 expression predicted a favorable outcome and was thus considered 
a mechanism for “damage control” [17].

Histopathology of Acute Rejection

Episodes of acute skin rejection have been observed in the majority of hand trans-
plant recipients [18]. T cells are the primary actors among the graft-infiltrating cells 
[16]. Several histologic analyses have shown skin rejection to be a dynamic pro-
cess, which starts with a perivascular infiltrate that tends to spread in the dermis 
and eventually involves the epidermis and adnexae. Epidermal involvement starts 
with vacuolization and necrosis of single keratinocytes, spongiosis, and ultimately 
leads to dermal–epidermal separation and necrosis [19]. To allow for comparability 
among RT-performing centers, a classification system for acute skin rejection in RT 
has been proposed [20].

Macroscopic appearance of a rejection episode in hand/upper extremity trans-
plant patients has been described as maculopapular lesions of various size and/or 
location that tend to spread over the allograft, with a sharp delineation at the border 
between host and graft tissue, along with edema and erythema of the graft, and 
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eventually leading to erosive areas [21, 22]. However, atypical macroscopic appear-
ance along with a difficult clinical course has been reported [23].

It was shown in the first longer-term surviving human hand allograft that was 
reamputated at 29 months posttransplant, that the skin of the amputated graft 
was most strongly affected by rejection, while other tissues such as muscles, ten-
dons, and joints were mostly intact. Within the skin component, the epidermis 
and the eccrine sweat glands showed the strongest affection [24]. Also, deep tis-
sue biopsies taken upon secondary surgeries from various patients did not show 
tissues other than the skin to be significantly affected [25]. These findings stand 
in contrast to a recently published study in nonhuman primates, where deep tis-
sue biopsies from five long-term (200 days) surviving animals showed signs of 
chronic rejection. The pathologic changes included vasculopathy and neointimal 
proliferation, narrowing of the lumen, vessel fibrosis, and the appearance of ter-
tiary lymphoid follicles [26]. Findings like this advocate for closer attention to 
deep tissues, instead of focusing only on superficial punch biopsies that are more 
easily obtained.

The cellular composition of an acute rejection episode has been investigated in 
hand allografts. Hautz et al. reported the majority of the infiltrating cells to be of 
CD3+ T cell origin. Among those, CD8+ cells were more frequent than CD4+ cells 
during mild rejection, which, however, changed during severe rejection. Additional 
cells comprised B cells and macrophages, which were not identified in all samples 
[16]. Kanitakis reported similar findings, with the major difference that he detected 
a majority of CD4+ cells over CD8+ cells [19] in mild cases of rejection.

Leukocyte Trafficking and T Cell Epidermotropism

As it appears to be the case in acute skin rejection, T cells are also the driving force 
for many inflammatory dermatoses [27, 28]. While environmental factors and dete-
rioration of the skin barrier share important contributions for the development and 
aggravation of many inflammatory skin conditions, it has been shown that psoriasis 
vulgaris is most likely a T-cell-mediated autoimmune disease [29].

The process of leukocyte trafficking into the skin is a multistep cascade, which 
involves various adhesion molecules and is stimulated by local inflammatory me-
diators (Fig. 11.1). Briefly, the leukocyte adhesion cascade is as follows: Selectins, 
expressed on the endothelial surface, establish loose bindings with Sialyl-LewisX 
carbohydrates on the leukocyte surface. This allows the rolling leukocyte to come 
closer to the endothelium with its integrin adhesion molecules; for example, lym-
phocyte function-associated antigen 1 (LFA-1; CD11a/CD18) and macrophage-1 
(Mac-1; CD11b/CD18), which bind to endothelial intercellular adhesion molecule 
1 (ICAM-1; CD54). This firm adhesion allows the leukocyte to arrest and trans-
migrate through the endothelium and basal membrane, thus exiting from the cir-
culation [30]. Leukocytes and endothelial cells can upregulate adhesion molecules 
in response to inflammatory molecules, such as cytokines and chemokines [31]. 
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Additionally, many adhesion molecules obtain better affinity and avidity following 
cytokine stimulation [32]. Secreted chemokines form gradients. They are of highly 
basic pH, which causes them to interact with the negatively charged extracellular 
matrix proteins and become immobilized [31].
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Fig. 11.1  a Immunocompetent cells within the skin: Langerhans cells (LC) form a network within 
the epidermis. Dermal dendritic cells (DC) reside below the basal membrane. T lymphocytes 
migrate through the skin. b The leukocyte adhesion cascade: Loose bindings via selectin-PSGL-1 
interactions lead to rolling of the leukocyte. Further adhesion results in activation and firm attach-
ment to the endothelial wall, and, lastly, extravasation. PSGL-1 P-selectin glycoprotein ligand-1, 
LFA-1 lymphocyte function-associated antigen 1, MAC-1 macrophage-1, TCR T cell receptor, CLA 
cutaneous lymphocyte-associated antigen, ICAM intercellular adhesion molecule, VCAM vascular 
cell adhesion molecule, JAM junction adhesion molecule
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The leukocyte adhesion cascade is not specific for leukocyte recruitment to the 
skin. The process of leukocytes homing to solid organs follows the same steps, with 
minor exceptions: No ICAM-1 is necessary for adhesion to neutrophils on hepatic 
sinusoids [33], and in the heart, neutrophils leave the circulation from larger coro-
nary veins instead of postcapillary venules [34].

One molecule that distinguishes skin-homing lymphocytes from others is the 
surface receptor cutaneous lymphocyte-associated antigen (CLA). It contains the 
glycoprotein Sialyl-LewisX, and readily binds to selectins [35]. CLA+ T cells are 
found in the skin of inflammatory dermatoses in high numbers [35]. Apart from 
their contribution to skin autoimmunity and defense, Clark et al. have found a high 
number of CLA+ T cells in normal steady-state human skin, which even exceeded 
the number of circulating cells [7]. It is proposed that skin-homing T cells, apart 
from their detrimental effects in inflammatory skin diseases, are an important fac-
tor of immune surveillance in the steady state. Most of these isolated CLA+ T cells 
from noninflamed skin showed high levels of CCR4 and CCR6, and 50 % stained 
positive for CCR8 and CXCR6. The isolated cells contained a very diverse T cell 
receptor repertoire, suggesting a broad array of pathogen defense. Another recent 
finding was that almost all peripheral blood CD4+CD25hiFoxp3 regulatory T cells 
(Tregs) expressed high levels of the skin-homing receptor CCR4; 80 % were found 
to express CLA and 73 % CCR6 [8].

The high number of skin-resident T cells under normal conditions also indicates 
that these skin-homing cells are already sufficiently arrested by baseline endothelial 
adhesion molecule expression and do not depend on inflammation-induced upregu-
lation. When skin from psoriatic patients was transplanted into immunodeficient 
mice, the number of skin-resident T cells sufficed to cause psoriatic lesions in the 
host [36].

Taken together, these findings indicate that migration of T cells into the skin is a 
physiologic and frequent process necessary for defense as well as tolerance towards 
pathogens and injury. Skin-homing T cells express a homing marker signature that 
distinguishes them from T cells that are affiliated with other organs [37].

Leukocyte Adhesion Molecules in Skin Rejection

Evaluation of the expression of adhesion molecules in skin biopsies from five hand/
upper extremity transplant patients indicated that a specific pattern of adhesion 
molecules was upregulated upon rejection. The markers LFA-1, ICAM-1, and E-
selectin were highly upregulated during rejection, and expression of those markers 
also correlated well with the severity of rejection in immunohistochemical stains. In 
samples of nonrejecting skin, none of these markers was upregulated [16].

Blockade of adhesion molecules seems an attractive approach to treat skin in-
flammatory conditions of all kind. While some approaches have proven ineffective 
due to the redundancy of these pathways [38], others have revealed substantial ef-
fects. For example, the small molecule inhibitor for E- and P-selectin, efomycine 
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M, was effective in the treatment of plaque psoriasis [39]. In a rat hind limb trans-
plantation study by our group, efomycine M was able to significantly prolong al-
lograft survival when administered subcutaneously into the transplanted limb [16]. 
In the same experimental model, antibodies against ICAM-1 and LFA-1 were able 
to delay or even prevent graft rejection (unpublished results).

Other blockers of adhesion molecules, which have been applied clinically for 
the treatment of various inflammatory diseases, have shown ambivalent success: 
Natalizumab, a monoclonal antibody against the alpha-4 integrin, is approved for 
the treatment of severe multiple sclerosis. While causing substantial symptom re-
lief in many patients, the side effect of progressive multifocal leukoencephalopathy 
was reported [40]. The same was true for efalizumab (anti-LFA-1), a substance for 
severe psoriasis treatment [41], which led to its withdrawal from the market.

In summary, a pattern of adhesion molecules has been shown to be upregulated 
during skin rejection, representing novel and interesting targets for treatment and 
prevention of skin rejection in RT.

In Vivo Assessment of Immune Cell Trafficking

Recently, in vivo imaging techniques have enhanced the ability to investigate im-
munological mechanisms in transplantation. Because of its accessible location, the 
skin has become a commonly studied subject in two-photon and single-photon mi-
croscopy [42, 43].

Horner et al. have imaged vascularized versus conventional, nonvascularized 
skin grafts with intravital confocal microscopy [44]. They report a fundamental 
difference in the kinetics and distribution of infiltrating host cells comparing vascu-
larized versus nonvascularized skin: In nonvascularized skin grafts, the infiltrating 
cells are localized at the edges of the graft [45]. In primarily vascularized flaps, the 
cells tended to distribute more densely at the center, and were twice as many as in 
nonvascularized grafts. In both transplant types, the cellular infiltrate was localized 
in the upper dermis, clustered around hair follicles in both graft types, and addi-
tionally was cuffed around blood vessels in the vascularized skin grafts. A positive 
major histocompatibility complex II (MHC-II) staining could be detected in dermal 
endothelia of primarily vascularized grafts, but was absent in nonvascularized skin 
grafts. Along with their observation of the infiltrate localized primarily in the upper 
dermis and around hair follicles, the authors argue that not the epidermis, but differ-
ent antigens might be the main target of the alloimmune response [44]. The observa-
tion period of the trial was only 4 days posttransplant and the infiltrate might have 
been in an early stage of rejection; any comparison with the Banff classification 
system [20] is therefore not meaningful.

Another in vivo imaging study using two-photon microscopy has characterized 
the contributions of both donor and host cells to acute rejection in a mouse model 
of nonvascularized ear skin transplantation [45]. Soon after transplantation, a burst 
of host CD11c positive cells infiltrated the graft; among those were mainly neutro-
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phils (at earlier time points) and monocytes (the majority after day 9). This early 
influx of cells was the same in allogeneic and syngeneic transplants, indicating it 
to be antigen unspecific. Dermal dendritic cells (dDCs) from the graft were shown 
to rapidly migrate from the graft to the draining lymph nodes. In the allogeneic set-
ting, however, the morphology of the dendritic cells resembled those of dead cells 
when they had reached the lymph nodes. LCs did not seem to contribute at all to the 
immunologic processes, but rested immobile in the epidermis until rejection was 
complete. Additionally, the study revealed that graft-infiltrating recipient cells were 
able to reach the draining lymph node and cross-prime CD8+T cells.

These findings strongly point to the importance of the indirect pathway even at 
very early phases of the alloimmune response. Although the study was performed 
in nonvascularized skin grafts and it might be delicate to draw the same conclusions 
also for vascularized skin, there are other studies that advocate the importance of 
the indirect presentation pathway in the allogeneic response. Natural killer cells 
were shown to rapidly kill graft dendritic cells once they had reached the lymph 
node [46]. In solid organ transplantation and bone marrow transplantation, similar 
findings have been reported: Immunosuppressive dendritic cells (ISDC) have been 
cultured as a tool to prolong allograft survival, which was actually demonstrated in 
some animal models [47–50]. While it was long assumed that these dendritic cells 
would perform a “tolerogenic” direct antigen presentation to host T cells, this para-
digm was recently challenged by a study, which showed that these ISDCs quickly 
vanished from the circulation and were uptaken by recipient dendritic cells. Deple-
tion of recipient dendritic cells at the time of ISDC application abrogated their pre-
viously permissive effect on cardiac graft survival [51]. Such findings need further 
confirmation in the setting of RT, but might have an impact on the way future im-
munosuppressive strategies are designed.

Antigen-Presenting Cells in Skin Rejection

APCs form the bridge between innate and adaptive immunity. Knowledge about 
different subpopulations of APCs within the skin has only recently accumulated. 
Our overall understanding of APC function and their characteristic maturation and 
migration cycle was postulated following in vitro experiments. In brief, antigen 
uptake by the immature APC leads to maturation of the cell, downregulation of 
adhesion molecules, and detachment. The maturating cell travels via the lymphatic 
vessels to a draining lymph node, enters, and primes T cells with the help of newly 
upregulated molecules such as CCR7 [52–54].

In general, two major populations of resident dendritic cells have to be distin-
guished within the skin: the dDCs and epidermal LCs. Currently, a major debate 
concerning their immunogenic versus tolerogenic functions is ongoing—while 
some investigators use dendritic cells to induce tolerance, there are other studies 
that indicate their potent immunostimulatory functions. A critical confounding fac-
tor for any APC study is the environment—whether those cells are investigated in or 
ex vivo, under inflammatory or tolerogenic conditions, and if they are immature or 
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mature [55]. A substantial part of APC research is done in the context of contact hy-
persensitivity (CHS). Recently, an array of transgenic animal models for skin APCs 
has been developed, in most studies leading to inconsistent results [56]. However, a 
comprehensive analysis of the current data on skin APCs is beyond the scope of this 
chapter, which will focus only on the aspects concerning RT.

In both hand and face transplantation, there is little but some information on 
the contribution of skin APCs. LCs were found to have surprising longevity in 
transplanted skin—in a hand transplant patient, they were isolated 10 years post 
transplant, where they seemed to form a stable population and renew from epi-
dermal precursor cells [57]. Upon major destructive stimuli, such as UVC ir-
radiation, LCs have been shown to be replenished from bone marrow precursors 
[58]. From an academic point of view, it would be interesting to evaluate how this 
replacement happens in a bone marrow containing allograft—from host mono-
cytes, host LC precursors, or actually viable donor LC precursors from the bone 
marrow niche?.

Skin APCs have been exploited for their abilities to induce tolerance within the 
skin. In a recent study, LCs showed only a weak capacity to uptake, process, and 
present bacterial antigen on MHC-II molecules. Compared to dDCs, immature LCs 
possess a restricted repertoire of toll-like receptor (TLR) for bacterial uptake. They 
only poorly activated bacteria-specific T cells, as compared to dDCs. On the con-
trary, these bacteria-primed LCs induced Foxp3+ cells [59]. Studies like this indi-
cate that the epidermis, although representing the “first barrier” for invaders, has 
a tolerogenic function that allows commensal, noninvasive bacteria and fungi to 
reside. Parallel hypothesis exist for the gut flora, where a specialized CD103+ den-
dritic cell type has been reported to induce bacteria-specific Tregs [60].

Conclusive Remarks

Specific ways to overcome skin rejection require more in-depth knowledge about 
mechanisms of rejection within the skin. Many of our theories to date are extrapo-
lated from dermatology research, in particular from chronic inflammatory derma-
toses. Inflammation in such conditions, however, is always a result of an orches-
trated communication between skin-resident and skin-invading cells. In the setting 
of allotransplantation, the skin-resident cells are donor cells, whereas skin-invading 
cells are recipient cells. It was noted in a recent in vivo imaging study that dDCs 
from allogeneic skin grafts did not prime host T cells in the lymph node (i.e., via 
the direct pathway), but were dead by the time they had reached the draining node 
[45], indicating that the mechanisms triggering the immune response may differ in 
this setting.

The relevance and contribution of APCs such as LCs in skin transplantation re-
main unclear at this point. The long-lived, very resistant cells seem to interact with 
the commensal bacterial flora [59], but their contribution to skin rejection remains 
unclear.
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T regulatory cells have been identified in hand allografts [12, 16], and like for 
solid organ transplantation, a role for peripheral tolerance has been implemented. 
Still, neither in solid nor vascularized composite allotransplantation strategies to 
locally enhance and enrich those cells are available.

Blocking leukocyte extravasation into the skin seems a promising approach. 
Leukocyte adhesion molecules are upregulated in hand allograft rejection [16], but 
the side effects of adhesion molecule blockers in psoriasis or multiple sclerosis limit 
their application in skin rejection.

Even though the immunology of transplanted skin is starting to be better ex-
plored, we do not have means to specifically target the alloimmune response to-
wards the skin. However, the skin offers the advantage that treatment can be applied 
locally. We believe that local concepts for diagnosis and therapy of skin rejection 
have to be further exploited.
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Antibody-Mediated Rejection in Solid Organ 
Transplantation

The development of potent immunosuppressive (IS) drugs, the most popular of 
which are calcineurin inhibitors (CNI), has driven the improvement in rates of al-
lograft survival in recent decades. These drugs mainly influence the mechanisms 
of cell-mediated rejection (CMR). However, another form of rejection—which in-
volves antibodies (Abs) against donor-specific class-I and class-II human leukocyte 
antigen (HLA) and is usually referred to as humoral rejection or antibody-mediated 
rejection (AMR)—is increasingly recognized as a cause of allograft loss [23]. A 
common attribute of patients suffering from AMR is that they barely respond to 
conventional therapy for CMR [24, 44, 95]. High doses of IS drugs usually control 
CMR but do not necessarily prevent or treat AMR. Although AMR and CMR may 
occur simultaneously, they are independent phenomena [17, 50].

Diagnosis of AMR following kidney, heart, and liver transplantation is usually 
based on four criteria: (1) clinical evidence of graft dysfunction, (2) histological 
evidence of tissue injury, (3) immunopathological evidence of Ab action, (4) and 
serological evidence of anti-donor Abs at the time of biopsy.

A spectrum of clinical situations relates to these four criteria, in addition to re-
ported exceptions (Fig. 12.1) [56].

AMR can cause two different forms of graft dysfunction: classic arterial hyper-
acute AMR and vascular AMR. Classic arterial hyperacute AMR is characterized 
by necrotizing arteritis, with mural fibrinoid necrosis and inflammation in artery 
walls. Endothelial cells are damaged and luminal thrombosis is common, resulting 
in organ infarction. Hyperacute rejection occurs minutes after transplantation and 
is caused by preexisting Abs against the donor. These Abs activate the classical 
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pathway of the complement system and initiate the blood clotting cascade. Vessels 
become obstructed and neutrophils are rapidly recruited to the allograft. Hyper-
acute AMR differs from Ab-mediated vascular rejection in that it does not feature 
an inflammatory or fibrinoid component in vessel walls as its outset. Histologi-
cal evidence of tissue injury in the context of vascular AMR usually includes the 
presence of neutrophils and macrophages in capillaries, endothelial damage such 
as swelling and denudation in cardiac allografts, fibrinoid necrosis, thrombi, and 
acute tubular injury in kidney allografts. Vascular AMR is generally characterized 
by abundant deposition of the complement activation product C4d in peritubular 
capillaries (Fig. 12.2) [44, 23, 24, 6, 26, 54].

A significant number of episodes of AMR occur in sensitized patients, in whom 
donor-specific antibodies (DSAs) are already present in the bloodstream. DSAs 
may form after implantation of the allograft, or may be present before transplanta-
tion. They may arise in patients who have been pregnant or have undergone transfu-
sions or prior transplants. Mismatched blood type (ABO-incompatible) transplants 
may be subject to DSA-mediated AMR and display features of the phenomenon 
termed accommodation [56, 49].

Hyperacute rejection occurred more frequently before the introduction of cross-
match (CXM) testing. CXM testing is used to detect the presence of Abs against 
the lymphocytes of an individual donor. A positive T-cell CXM test is usually con-
sidered an absolute contraindication to kidney transplantation because of the high 

Fig. 12.1  The	 spectrum	of	 clinical	presentations	of	 antibody-mediated	 rejection	 ( AMR). AMR 
can only be diagnosed when the four criteria are met. The presence of donor-specific antibodies 
( DSAs) poses a risk of graft injury. By itself, the deposition of C4d is not a criterion for AMR. If 
DSAs and C4d are identified simultaneously to vascular histological injury, there is a high risk of 
graft dysfunction
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risk of hyperacute rejection. Although CXM testing initially presented low sensitiv-
ity, the addition of antihuman globulin (AHG), flow cytometric crossmatch (FXM) 
testing and solid-phase beads have since improved its sensitivity: it is now capable 
of detecting anti-class-I and class-II Abs. The panel-reactive Ab (PRA) assay is a 
screening test used to measure breadth of sensitization as determined by the pres-
ence of anti-HLA Abs [27]. Since the enhancement of the PRA assay by the addi-
tion of AHG and flow cytometry, it is now able to detect very low levels of Abs 
and noncytotoxic Abs. The PRA tests the recipient’s serum for its ability to lyse a 
panel of T lymphocytes that is a surrogate of potential donors. Despite continuous 
improvements in the technique, the panel does not reflect all potential donors and 
provides limited information about the specificities of the Abs.

Recipients with a positive FXM test after a negative CXM test are at very low 
risk of hyperacute rejection. However, they are at an increased risk of AMR, CMR, 
or both. The introduction of solid-phase assays permits identification of the pres-
ence of anti-HLA Abs against a wide range of HLA types and determination of their 
HLA specificity. The detection of DSAs in the CXM or solid-phase assays is not 
considered an absolute contraindication to kidney transplantation, but it represents 
an immunological risk of Ab-mediated injury. Whereas a positive CXM test and 
high DSA levels pose a notable risk of hyperacute rejection, a positive CXM test 
coincident with low levels of DSAs may increase the risk of AMR [25].

The presence of preformed Abs at the time of kidney transplantation was found 
to be associated with chronic allograft failure (CAF), which is the second leading 
cause of kidney allograft loss after death [91]. Up to 60 % of patients diagnosed 
with CAF show evidence of Ab-mediated injury. Although anti-HLA Abs are usu-
ally detectable several weeks before graft dysfunction, they are not the sole cause 
of AMR [91]. A study that followed 70 kidney transplants demonstrated that AMR 

Fig. 12.2  Renal allograft biopsy from a child with chronic allograft nephropathy showing C4d 
deposition (brown) in peritubular capillaries consistent with humoral-mediated rejection (reprinted 
with permission, Fletcher JT)
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occurs across a wide spectrum of baseline DSA levels, even after a negative T-cell 
AHG CXM test. The risk of AMR increased with increasing baseline levels of DSA, 
but its occurrence remained unpredictable. Interestingly, prior transplantation did 
not increase the incidence or severity of AMR compared with other methods of 
sensitization. The authors concluded that anti-class-II DSAs, alone or in combina-
tion with anti-class-I DSAs, played an important role in AMR and could be the sole 
cause of AMR in as many as 16 % of cases [11].

The detection of C4d deposits is considered a vital tool for the diagnosis of 
AMR. Before identification of the C4d component, many Ab-mediated rejection 
episodes went undiagnosed. Attempts to diagnose humoral rejection were unsuc-
cessful, probably because of the rapid endocytosis of Abs from the endothelial sur-
face [23]. Current immunopathological evidence of AMR includes positive staining 
for complement products such as C1q, C3d, or C4d, which may also be accompa-
nied by Igs G, M, and A [80, 23]). C4d in transplanted kidneys is characteristically 
located in the peritubular capillaries, [95] and should be considered the ‘fingerprint’ 
of an Ab response [7]. However, a variety of situations can accompany the local-
ization of C4d in peritubular capillaries. Whereas up to 90 % of C4d + cases exhibit 
anti-HLA Abs, in 10 % of C4d +  recipients, the search for DSA yields no results 
(Fig. 12.3) [56]. This may be due to the technical limitations of assays or the pres-
ence of unusual Abs. Conversely, there is emerging evidence of episodes of AMR 
that	 are	C4d	−	 in	 the	 kidney	 and	 in	 other	 allografts	 [72]. Indeed, a recent study 
showed that a high percentage of recipients presented circulating DSAs that were 

Fig. 12.3  Humoral rejection needs be diagnosed in the presence of antibodies and C4d. Other pos-
sible presentations may occur. AMR antibody-mediated rejection; DSAs donor specific antibodies
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not associated with C4d deposits [85, 56]). An explanation for this phenomenon 
might be that the pattern of C4d deposition is dynamic and can disappear after a few 
days. Deposition of C4d can also persist, despite anti-rejection therapy [56].

C4d is not an exclusive marker of AMR. It has also been found in protocol biop-
sies of stable grafts and is not even a molecule limited to allografted organs; it has 
been found in biopsies of normal kidneys, located at every glomerular mesangium, 
and at the vascular pole of the arterioles. The accumulation of C4d in glomerular 
capillaries has also been implicated in kidney diseases caused by the formation of 
immune complexes [56].

Liver allografts are less susceptible to AMR than other solid organ allografts. 
This has been attributed to phagocytosis by Kupffer cells of immune complexes 
generated after Ab binding and the absence of a basal membrane in the sinusoidal 
hepatic microvasculature [22]. Following liver transplants, anti-HLA Abs do not 
always cause clinically relevant allograft damage, whereas isoagglutinins usually 
cause more damage. Hyperacute rejection is followed by liver dysfunction over a 
period of hours to days. This can be recognized by swelling, a dusky appearance 
of the liver, cessation of bile flow, difficulty in achieving hemostasis, and an exag-
gerated need for platelets and blood replacement. Arterial thrombosis is evident 
on post-transplant angiograms. Areas of necrosis are visible in gross examinations 
of failed liver grafts. Histological examination reveals findings common to other 
organs, such as vessel congestion, thrombi, and necrotizing arteritis. For “vascular” 
humoral rejection caused by preformed anti-HLA Abs, the changes are usually less 
florid and necrotizing arteritis is rare. Detection of immune reactants relies on the 
localization of C4d deposits. However, C4d is also evident during CMR [22, 20].

In cardiac transplantation, AMR has only recently been recognized as a real and 
distinct clinicopathological entity [42]. Hemodynamic dysfunction has been attrib-
uted to AMR more frequently in women than in men. The presence of DSAs is 
strongly correlated with AMR and decreased allograft and patient survival [62]. 
Macroscopically, the heart is swollen and discolored, showing areas of focal necro-
sis. Histological examinations frequently reveal intravascular thrombi and endothe-
lial swellings. There are abundant accumulations of macrophages in the capillaries. 
Mixed AMR and CMR rejection is evident in 15 % of biopsies of hemodynami-
cally abnormal cardiac allografts [47]. Similarly to the kidney, C4d deposition is 
a footprint of AMR in the heart. It has been associated with a poor prognosis but 
deposition of C4d alone should not be equated with AMR [42]. In lung transplants, 
histopathological criteria have not yet been established for the diagnosis of AMR.

Cellular and Molecular Basis of Antibody-Mediated Rejection

Only B-lymphocytes are able to generate humoral immunity. They originate in bone 
marrow and are divided into two subsets; whereas the B1 lineage contributes to 
innate immunity and usually produces Abs against microbes, the B2 lineage forms 
part of the adaptive immune system that resides in the bloodstream and  peripheral 
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lymphoid tissues. Each B cell produces only one specific type of Ab, placing a 
transmembrane molecule on its surface to act as receptor for the antigen (Ag) spe-
cific to that Ab. The B cell places approximately 105 identical Ab molecules on its 
surface [21]. If an Ag binds one of these molecules while the B cell resides in the 
secondary lymphoid tissues, it transforms into a plasma cell (PC). PCs are able to 
secrete a soluble version of the specific Ab with the same specificity as the mem-
brane-bound Ab characteristic of the B-lymphocyte.

Only B lymphocytes that bind their specific Ag proliferate in successive waves; 
this phenomenon is known as clonal selection. Other cells, such as dendritic and 
T-helper follicular cells, aid the formation of a germinal center of activated B cells. 
It takes several days before Abs are detectable in the serum following primary con-
tact with an Ag. This type of response to antigens is termed the acquired immune 
response. The maturation of B cells changes the expression of cell-surface markers. 
For example, the expression of CD20 and CD19 is high on unstimulated B cells, but 
low-to-absent on PCs. Additional markers of the later stages of B-cell development 
include B cell activating factor from the tumor necrosis factor family (BAFF), A 
proliferation inducing ligand (APRIL) and Blimp-1 [76]. Identification of B cells 
requires more than one marker because of the variability of B-cell phenotypes; for 
example, not all memory B cells express CD20. The final step in the development 
of persistent Ab production involves the migration of PCs back to the bone marrow. 
Most PCs express CD138 and CD38; these markers are not expressed on unstimu-
lated B cells. PCs that produce Abs against specific HLA are rare, with an average 
frequency of a single HLA-specific PC per 2 × 106 bone marrow cells [61].

The complement system comprises 20 plasma proteins that are activated in a 
cascade-like manner (Fig. 12.4). There are different ways of activating this cas-
cade, including the perception of microbial polysaccharides, Ab binding, and the 
mannose–lecithin pathway. Complement activation results from the deposition of 
molecules that can produce direct lysis, facilitate opsonization, and enhance phago-
cyte function; byproducts of the complement system act as chemotactic factors and 
activate mast cells. The complement components are named using the letter ‘C’ 
followed by a number related to the chronology of its discovery.

AMR damage is caused by classical complement activation when donor-reactive 
HLA Abs bind to allograft endothelial cells. The Abs bind C1qrs, which in turn 
binds C4; C4 cleaves to C4b, then recruits C2 and C3 to form C4b2a, a convertase 
of C3. Then, it forms C4b2a3b, which cleaves C5 into C5b, leading to the formation 
of the annular membrane-attack complex (MAC) C5b-9. The MAC is a transmem-
brane channel that is fully permeable to electrolytes and water. Owing to the high 
internal colloid osmotic pressure of cells, there is a net influx of Na + and water into 
cells that contain the MAC; this causes cell lysis. The C5-9 MAC also mediates 
neutrophil influx and synthesis of pro-inflammatory cytokines, causing cell injury, 
apoptosis, and necrosis. The C5a receptor on endothelial cells seems to function in 
the production of adhesion molecules and may regulate apoptosis [25].

In contrast, C4d is an inert degradation product of C4 that binds the cell surface. 
Complement component C4d was linked to the presence of DSAs and AMR in 
the 1990s and has since been considered a footprint of the presence of humoral 
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 rejection. C4d is a marker of complement cascade activation that is evident in the 
endothelium of peritubular capillaries and basal membrane of kidneys (Fig. 12.2) 
and in the portal capillaries of livers undergoing humoral rejection. Histological 
tests are best performed on frozen section specimens [91, 4]. Using immunohisto-
chemical techniques, donor-specific IgG and IgM are undetectable on the vascular 
endothelium of renal allografts, even in the context of AMR [25].

Antibody-Mediated Rejection and Accommodation

Clinical and experimental research has demonstrated that allografts can develop 
resistance to anti-graft Abs. This is best established in ABO-incompatible kidney al-
lografts and is usually referred to as accommodation [19, 49]. However, the mecha-
nisms involved are not well understood.

It has been suggested that accommodation might result from a change in the 
expression of Abs from a complement-fixing form to a non-fixing form, or from 
the lack of subsets of T-helper cells [52, 81]. However, no conclusive data explain 
accommodation as a result of the modification of allograft antigens. Accommodated 
allografts seemed to change their phenotypic profile compared with ABO-compat-
ible grafts. The evidence was stronger for ABO-incompatible grafts than for renal 
allograft recipients with positive-CXM tests [59]. In contrast, others have suggest-
ed a resistance to complement that might reflect modification of the  complement 

Fig. 12.4  Schematic representation of the complement system. Ig immunoglobulin; LPS lipo-
polysaccharide; MAC membrane-attack complex; MBL mannose-binding lectin. (Reprinted with 
permission, Berger ST)
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 cascade such that its effector functions cause little or no injury to graft endothelium 
[49]. This may be the result of complement regulation, resistance to lysis, and im-
proved metabolism of complement complexes.

Accommodation may be more frequent than expected in functioning allografts; 
there is a possibility that Abs bind to the allograft that will subsequently be re-
moved. This is consistent with the clinical finding of increased serum Abs after 
failed allograft removal [49].

There is a paucity of reported strategies to facilitate accommodation. Using an 
experimental model, Wang and colleagues reported that administration of anti-C5 
Ab in presensitized allograft recipients, in conjunction with immunosuppression, 
prevented rejection and permitted accommodation. However, double-transplant ex-
periments demonstrated that immunological alterations in both the graft and recipi-
ent were required for successful graft accommodation [86].

Prevention and Treatment of Antibody-Mediated Rejection

A complete patient sensitization history, which includes PRA results, CXM test 
results, prior transfusions, pregnancies, and previous transplants is required to as-
sess the risk of AMR for renal, cardiac, and lung transplants. An individual cannot 
be reliably defined as unsensitized without a complete sensitization history [80]. 
Sensitive techniques should be used to determine the presence or absence of DSAs, 
and the specificity of DSAs should be determined before transplantation. The pres-
ence or absence of auto-Ab must be established to facilitate the interpretation of 
pretransplant CXM test results. In addition, both T- and B-cell CXM tests should 
be performed before transplantation (unless clinically contraindicated, i.e., after a 
long period of cold ischemia—and only then if a complete and reliable sensitization 
history is negative) [80]. The risk of AMR and early graft loss in patients showing a 
positive complement-dependent cytotoxicity (CDC) on CXM testing is high. Trans-
plantation should be avoided unless a desensitization protocol can be used. A posi-
tive CXM test using the flow cytometry technique poses medium risk and requires 
high doses of immunosuppression. Recipients with negative flow cytometry results 
or CDC on CXM testing are at low risk of AMR.

AMR can be managed in different ways, depending on the treatment target, and 
some therapies can tackle several of these targets. Plasmapheresis (PP) and immu-
noadsorption (IA) can control B-cell responses by removing the Abs against donor 
antigens, whereas administration of intravenous Ig (IVIG) dilutes alloantibodies, 
which mediate the effector arm of AMR. Alternative approaches are to neutralize 
B-cell division with mycophenolate mofetil (MMF) or inhibit B-cell surface mol-
ecules with rituximab. On the other hand, the use of MMF and steroids to inhibit 
T-cell division, CNI to prevent the signaling of interleukin (IL)-2 to T cells, or anti-
thymocyte globulin (ATG) to ablate T cells can restrain T cells from activating B 
cells. Additional drugs, such as bortezomib, act against PCs, inhibiting what is con-
sidered the basis of AMR. There is also an arsenal of drugs that prevent the  fixation 



153

of complement, including Abs such as eculizumab, which decreases the spread of 
the complement cascade. Finally, several of these steps can be circumvented by 
a nonspecific treatment, such as splenectomy, which limits the development of B 
cells [45, 78, 5].

ATG is a polyclonal Ab preparation generated from the immunization of rabbits 
with human thymus. ATG has different effects on cells involved in rejection, such 
as anti-T-cell effects and inhibition of the interaction between CD4 + helper T cells 
and B cells; these reduce rates of B-cell activation. However, ATG may also have 
direct cytotoxic effects on B cells, both by modulating the production of allo-Abs 
and by causing the apoptosis of B cells. These effects are due to different speci-
ficities against T cells (class-I and class-II HLA molecules, CD3, CD4, CD8, co-
stimulatory pathways and cell adhesion molecules), B cells (CD20) and PCs (CD38 
and CD138) [8, 9, 94]. This therapeutic option is included in different treatment 
algorithms, particularly when there is histological evidence of combined cellular 
rejection and AMR [74, 65, 71, 87, 3, 40].

IVIG is derived from the plasma of thousands of healthy blood donors and is pri-
marily composed of IgG (90 %), a few dimers, Ag-binding fragments and traces of 
IgA and IgM [48]. In the 1990s, IVIG was discovered to inhibit the cytotoxic effects 
of allo-Abs [30, 83]. Nowadays, IVIG is used in desensitization protocols and for 
the treatment of AMR. IVIGs have different specificities against class-I and class-
II HLA molecules, CD 40 costimulatory molecule, IL-1, IL-4, IL-6, and cytokines 
such	as	tumor	necrosis	factor-α,	T	cells	and	interferon-γ	receptor	among	others	[28]. 
IVIG has several immunomodulatory effects on activation of the complement sys-
tem, including binding and blockading Fc receptors, regulating the mechanism of 
immune responses by diminishing allograft rejection by dendritic cells, inhibiting 
T-cell activation by dendritic cells, B-cell apoptosis, and downregulating the B-cell 
receptor [2, 82, 93, 41, 73, 89, 67, 37, 88]. Common adverse effects include head-
ache, fever, myalgia, arthralgia, chills, hypotension, and hypertension. Slowing the 
infusion rate and using iso-osmolar preparations can reduce these adverse effects. 
Serious adverse effects include aseptic meningitis, acute renal failure related to high 
osmotic load, anaphylaxis associated with IgA sensitization in recipients with IgA 
deficiency, and thrombotic events related to rapid infusion rates [41, 18, 63, 36].)

PP acts to remove allo-Abs from the circulation and is the fastest, most effective 
therapeutic option for reducing the levels of DSAs. It is used in both desensitization 
protocols and in AMR treatment [17, 65, 60, 53]. Some of the currently available 
variants of PP are plasma exchange, double filtration and IA PP. These treatments 
are usually applied in combination with either IVIG, rituximab, MMF or CNIs, or 
bortezomib. Adverse effects related to PP, which occur in 5–12 % of all patients, are 
considered to be mild or moderate. They include volume concentration, bleeding 
diathesis, allergic reactions, and blood-borne pathogen transmission [92, 77, 58].

Rituximab is a chimeric monoclonal Ab against anti-CD20, an Ag expressed in 
the early stages of the B-cell cycle, and is absent on mature PCs. CD20 regulates 
the early steps involved in initiation of the cell cycle and cell differentiation. Ritux-
imab	comprises	a	human	IgG1	heavy	chain	and	κ-light	chain	constant	region	fused	
with mouse variable regions. The mechanisms of rituximab-induced depletion are 
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 Ab-dependent T-cell-mediated cytotoxicity, complement-mediated cell killing, and 
induction of apoptotic cell death via CD20 [90, 31, 84, 13, 1, 16]. Rituximab has 
been successfully used as induction therapy for sensitized patients; however, few 
protocols have used it to treat AMR [68, 87]. This agent produces a marked deple-
tion of circulating B cells and a less marked reduction of B cells present in the 
spleen and lymph nodes [3, 64]. Rituximab has no effect on PCs, which are the 
source of DSAs; accordingly, its effect on the production of allo-Abs has no rela-
tionship with the depletion of Ab-producing cells. The therapeutic benefit of ritux-
imab may be related to depletion of B memory cells and the modification of cellular 
immunity, rather than a reduction in the abundances of Abs [31, 12, 75, 66, 32]. A 
single dose in renal transplant patients can result in prolonged B-cell depletion, with 
populations that are suppressed for 1–2 years [29].

Bortezomib is a proteasome inhibitor that causes apoptosis of PCs, reducing allo-
Ab production in sensitized patients [46]. Bortezomib binds to the 26S proteasome, 
which is part of an enzyme complex that is the primary proteolytic mechanism of 
the eukaryotic cell [10]. The inhibition effected by bortezomib induces apoptosis by 
activating the terminal unfolded protein response, which is related to the high rate 
of Ig synthesis [57, 55, 51]. Modification of signal transduction through nuclear 
factor-κB	(NF-κB)	and	inhibitors	of	NF-κB	are	alternative	mechanisms	of	action	of	
this drug. Bortezomib can produce digestive-related adverse effects such as nausea, 
diarrhea and vomiting, neurological adverse effects such as peripheral neuropathy, 
blood-related adverse effects such as thrombocytopenia and neutropenia, and con-
stitutional adverse effects such as fatigue, malaise, and weakness. Adverse effects 
caused by bortezomib can be treated by dose reduction and supportive care [35].

Eculizumab is a humanized monoclonal Ab that blocks the activation of the 
complement system via its high affinity to the C5 complement protein, preventing 
formation of the C5b-C9 MAC. A recent clinical trial described use of eculizumab 
for desensitization before transplantation and for AMR treatment after transplanta-
tion. On 1-year protocol biopsy, transplant glomerulopathy was found to be pres-
ent in 6.7 % (1/15) eculizumab-treated recipients and in 35.7 % (15/42) of control 
patients	( p = 0.044). The authors concluded that inhibition of terminal complement 
activation with eculizumab decreased the incidence of early AMR in sensitized re-
nal transplant recipients [79].

Antibody-Mediated Rejection in Reconstructive Transplantation

AMR has not been demonstrated so far in the recipients of vascularized composite 
allografts. A major difficulty associated with diagnosing AMR in vascularized com-
posite allografts is the definition of graft dysfunction. Whereas graft dysfunction 
can be defined by physiological parameters and their impairment in solid organ 
allografts, it is unusual that, for instance, allografted hands exhibit diminished func-
tion. Recipients have reported that allografted hands are less pliable and flexible 
during rejection episodes. However, it is impossible to quantify this perception. No 
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report has investigated the alleged changes in these patients before, during and after 
rejection. One potential source of data could be changes in electrodiagnostic tests.

The first evidence of C4d deposition in vascularized composite allotransplanta-
tion was seen in a nonhuman primate model of allogenic vascularized radial osteo-
cutaneous flaps transplantation [14]. Seven cynomolgus monkeys were kept under 
triple standard immunosuppression using tacrolimus (Tac), MMF, and steroids. 
Biopsy samples showed C4d deposits in 100 % of the allografts, in addition to its 
deposition in native skin. Interestingly, 85 % developed anti-donor Abs. The authors 
concluded that the C4d marker had limited use in the diagnosis of rejection, given 
that it could also be found in normal skin. Unfortunately, this study did not investi-
gate DSA levels after allograft removal.

Because the significance of C4d remained unknown, C4d staining was later rec-
ommended in the working classification scoring for rejection of skin in vascularized 
composite allografts for research purposes [15]. Several groups found positivity for 
C4d during the rejection of human hand allografts (HHA) in the absence of circu-
lating DSAs, after administration of either ATG or alemtuzumab (Fig. 12.5) [43, 
34, 69]. Specifically, C4d was found in the skin samples of three recipients of HHA 
that underwent rejection and also in allografts free from rejection. These patients had 
received alemtuzumab induction and were receiving a combination of Tac, MMF 
and steroids. Despite C4d deposition, the patients did not meet the aforementioned 
criteria for AMR. Additional reasons to avoid the treatment of alleged AMR were 

Fig. 12.5  Diffuse C4d staining was positive in the endothelium of an arteriole and its two venae 
comitantes. The capillaries in the surrounding tissues and subcutaneous fat were also positive for 
C4d (reprinted with permission, Landin L)
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that arterial mural necrosis, neutrophilic infiltrates, and luminal thrombosis could 
not be demonstrated in the vascular and microvascular samples obtained during the 
secondary surgery. The lesions were clinically resolved upon treatment of CMR and 
the patients remained DSA-negative throughout the process. The detection of C4d 
in the absence of clinical rejection and in native skin cast doubt on its role in the 
acute rejection process. Fortunately, no functional impairment developed in the hand 
allografts [43]. In a multicenter retrospective tissue sampling evaluation of HHA 
recipients, 42 % of the recipients exhibited C4d deposits in the allografted hands 
between the third and twelfth months post-transplantation. However, its clinical rel-
evance remained unclear [34]. Kanitakis used positive and negative controls to eval-
uate the presence of C4d, and was unable to detect C4d deposits in a group of hand 
or face human allograft transplants after ATG induction and triple IS [38]. Other 
markers of humoral rejection, such as CD20 + B cells, have been reported by sev-
eral teams; again, these were not associated with evidence of AMR [33, 43]. More 
recently, four out of five recipients of HHA under Tac monotherapy after CD34 cell 
infusion showed positive DSA in association with skin rejection. The authors sug-
gested that the cellular immune response was paralleled by antibody formation [70].

The relevance of C4d staining in clinical vascularized composite allotransplan-
tation remains unknown. In addition, AMR may be occurring in the ‘absence’ of 
DSAs because Abs may be fixed to the allograft. Whether vascularized composite 
allografts already performed are accommodated also remains unknown. Currently, 
the development of intimal hyperplasia is under investigation as a form of chronic 
rejection of vascularized composite allografts [39]. In their report of six recipients 
of HHAs, one recipient lost his allograft through chronic rejection. This patient 
presented circulating DSAs only after HHA removal. Another patient treated by the 
same group presented C4d + DSA-vasculopathy and was treated with PP, IVIG, and 
MMF. Arterial thickening was relatively aborted. Whether this situation represents 
AMR leading to chronic rejection must be elucidated in future reports.

Conclusions and Future Directions

Only a few patients who have undergone reconstructive transplantation have shown 
circulating DSAs, whereas tissue samples from others have demonstrated the pres-
ence of C4d deposits. The presence of C4d has not been reliably associated with 
any induction or rejection prevention regimen. Several reports have documented 
the presence of CD20 in the skin of hand allografts. However, their significance re-
mains unknown. Graft dysfunction is yet to be defined in reconstructive transplanta-
tion, while graft loss has been mostly the result of IS cessation or patient death from 
other complications. The diagnosis of AMR in vascularized composite allografts 
remains elusive and its treatment must be based on protocols developed for other 
kinds of solid organ transplant.
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Introduction

Chronic rejection is a major cause of late graft loss in solid organ transplantation 
[24, 63]. To date, sequelae that look like chronic rejection have not been a major 
clinical problem for the majority of hand and face transplant recipients. Whether 
vascularized composite allotransplantation (VCA) may be less sensitive to chronic 
rejection remains to be seen. One reason most programs have not reported evidence 
of chronic rejection may be the lack of long-term follow-up. Of approximately 90 
documented cases, only 10 % of VCA recipients are out more than 10 years and 
14 % are out 5 or more years (www.handregistry.com, [40]. With only a quarter 
of the clinical cases five or more years posttransplant, long-term sequelae may be 
more evident as time progresses. Graft losses in VCA patients have been fairly 
acute, most within the first year, and all within 3 years. Clinical experience in VCA 
transplantation is accumulating. The time has come for this new field to deal with a 
specter that haunts every other type of allograft, namely chronic rejection.

The field of VCA has benefited greatly from the experience of solid organ trans-
plantation. Losses in this new field are much lower than the graft loss encountered 
in the early stages of other types of allografts. After the initial kidney homograft 
in 1954, reports 10 years later showed mortality (not graft loss, mortality) rates of 
35 % at 1 year [52]. Especially in the past two decades, 1 year survival rates have 
increased in all types of solid organ transplantations, and are over 90 % for renal 
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transplantation [30]. One year survival rates were 87, 84, 83, and 76 % for heart, 
liver, lung, and intestine allografts respectively for 2008 recipients [34]. However, 
the long-term outcomes for solid organs (annualized attrition rates) have not sig-
nificantly changed over the past two decades [34]. Even considering trends such 
as transplanting more high-risk patients, the analysis by Lodhi et al. suggests most 
of the recent improvements in half lives of solid organ transplants occur during the 
first year [34]. Chronic rejection, far less understood, and far less studied, is proba-
bly the factor most responsible for the lack of improvement in long-term outcomes.

What is Chronic Rejection?

Gather ten transplant specialists in a room, ask each to describe chronic rejec-
tion, and prepare for diverse answers. An underlying theme seems to be that as 
a group we are not exactly sure. A PubMed search using the term “chronic rejec-
tion” revealed 12,768 manuscripts on the subject. Two thousand four hundred of 
these manuscripts are review papers, with changing focus and terminology over 
the years. Historically, chronic rejection first revealed itself in the kidney as loss of 
nephrons, followed by interstitial fibrosis, and atrophy of the tubules. The common 
perception at the time was that this pathology was initiated by alloantibodies. It was 
subsequently determined that chronic rejection could also occur in the absence of 
antibodies [17]. A recent review by Heemann and Lutz (Heemann and Lutz 2013) 
noted that chronic graft loss occurs in transplants between identical twins even now.  
Additionally the first transplants between twins in the 1950s by Murray et al were 
eventually lost over the long term and had biopsies that would have been read as 
interstitial fibrosis today [55]. This data in twins suggests there is more to chronic 
rejection than an alloimmune response. Additionally, as we briefly describe below, 
each type of solid organ transplant seems to have a different target or cause of long-
term chronic graft loss, or chronic rejection. We also present evidence for what the 
targets of chronic rejection may be in VCA. This evidence suggests that VCA grafts 
may bear the dubious distinction of having more than one primary target of chronic 
rejection, or sequelae that resemble chronic rejection.

Potential Causes of Chronic Rejection

The early definitions of allograft rejection were divided into three categories: hy-
peracute, acute, and chronic, based on the timing of the rejection episode. Hyper-
acute rejection occurs when preformed antibodies are present, and in renal trans-
plantation resulted in a black kidney within minutes or hours of reestablishing blood 
flow [29, 54]. Advances in tissue typing and flow crossmatching have made hy-
peracute rejection as a result of occult preformed donor-specific antibodies some-
thing most clinicians will never see. Acute rejection was defined as occurring in the 
early posttransplant period (first 3–6 months) with the highest risk in the first year. 
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Chronic rejection was thought to occur later and was characterized as a “slow burn” 
phenomenon. This chronic indolent rejection is likely due to a number of different 
factors. Antibodies can and are involved in both types of rejections. The presence of 
donor-specific antibodies, especially of a de novo nature is clearly correlated with 
reduced graft survival [19], perhaps directly related to chronic rejection. Recently, B 
cells directed at donor antigens have been implicated in acute rejection [8] and have 
been shown to increase quantitatively shortly after renal transplantation, even in the 
absence of circulating donor-specific antibodies [35]. T-cell-mediated immunity is 
implicated more in acute rejection, but lesions in chronically rejected grafts may 
also have a cellular infiltrate containing T cells. Other nonimmune factors include 
ischemia-reperfusion injury, drug toxicity, and even infections. It has been clearly 
established that infection can initiate an acute rejection episode in lung [64], kidney 
[48], and liver [1] allografts. It is probable that any of these non-allogeneic insults 
will also set up an environment that leads to fibrosis, hypertrophy, and parenchymal 
damage in solid organ transplants. Unfortunately, based on this evidence there is no 
clear reason to believe that long-term VCA grafts would be spared the same fate.

Differences in Chronic Rejection Between Solid Organ 
Allograft Types

While acute rejection manifests as a cellular infiltrate of the parenchymal tissue in 
all solid organ allografts, chronic rejection seems to target different areas in differ-
ent organs. A diagnosis of chronic rejection is based on biopsy and functional im-
pairment in renal and liver transplants [10, 51]. The definitive diagnosis of chronic 
rejection is again generally made by biopsy of the organ in question. The heart is 
an exception to this generalization: Chronic rejection in heart grafts manifests as 
accelerated graft atherosclerosis [21]. The vasculature of the new heart undergoes 
a progressive but focal disease, resulting in intimal thickening and occlusion of the 
grafted coronary vessels [21]. Kidneys with chronic rejection have fibrosis (scar-
ring) and damage to the microscopic blood vessels in the substance of the kidney 
[51]. Livers with chronic rejection have a decreased number of bile ducts on bi-
opsy. This is referred to as the “vanishing bile duct syndrome” [22]. Transplanted 
lungs with chronic rejection are said to have “bronchiolitis obliterans syndrome” 
(BOS)—a fibro-proliferative process that gradually reduces the lumen of the bron-
chioles, and can result in complete occlusion [56]. Like cardiac vasculopathy, bron-
chiolitis obliterans is focal, making diagnosis by biopsy difficult [56]. Interestingly, 
this syndrome is not restricted to lung transplantation and does occur in hematopoi-
etic stem cell transplantation as well [20].

Despite relatively different target structures, all solid organ transplants share a pat-
tern of heterogeneous factors associated with the development of chronic rejection. 
Development of anti-donor human leukocyte antigen (HLA) antibodies has been as-
sociated with increased risk of chronic rejection for all organs. Numerous episodes 
of acute cellular rejection have been associated with an increased risk of chronic 
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rejection in cardiac [62] and renal [41] clinical transplantation. Recently, the develop-
ment of autoantibodies has been implicated in the development of chronic rejection in 
all types of solid organ transplantations [61]. In addition to generating alloantibodies, 
the presence of an allograft can induce an antibody response against antigens shared 
by the donor and the recipient. Sumpter and Wilkes first developed the hypothesis 
that rejection may be made of two phases: the first is injury to the graft, followed by 
development of an autoantibody [53]. They suggested that the resulting autoreactive 
T cell and antibody response could sustain the rejection process in the absence of al-
loimmunity [53]. In a recent review of BOS, Todd and Palmer cite studies showing 
that type 5 collagen (col(V)), and other epithelial cell surfaces such as K-a1 tubulin 
may be important autoantibody targets in lung transplant recipients [56]. Wilkes et al. 
have demonstrated that patients with severe BOS have a five- to tenfold increase in 
cell-mediated immunity to col(V) [5]. This theory of development of autoantibody 
may help to explain why different organs have different targets of chronic rejection.

In addition to comparing the targets of different kinds of rejection, multiorgan 
transplantation offers insight into how chronic rejection may manifest in VCA. Co-
transplantation of heart and lungs, kidneys and pancreas, livers and kidneys, and 
multi-visceral organ transplantation are commonly performed. A protective effect of 
multiorgan transplantation has been noted, especially when the liver is involved [46]. 
However, like many issues in transplantation, exceptions abound [16, 47]. Nonethe-
less, a detailed examination of United Network for Organ Sharing (UNOS) data on 
over 133,000 transplant recipients from 1994 to 2005 revealed that multiorgan trans-
plants had a consistently higher rate of rejection-free survival compared to singly 
transplanted organ recipients [46]. Interestingly, these authors also compared single 
and double lung transplants and single versus en bloc (double kidney) transplants. 
In both cases, the transplantation of larger amounts of tissue was associated with 
a significant decrease in the percentage of patients with acute rejection at 1 year 
[46]. Similar results were demonstrated for heart/lung multiorgan transplants [45], 
although the effect did not hold in a study of pediatric heart/lung transplantation [28].

Are VCA Transplants Protected from Chronic Rejection?

If multiple organs or larger amounts of grafted tissue are associated with protection 
from acute and perhaps chronic rejection, would VCA grafts be protected? The an-
swer seems to be no, at least with respect to acute rejection. At 1 year posttransplant, 
at least 85 % of hand transplant recipients have had a rejection episode [38, 43]. At 
our own center, 100 % of patients have had multiple episodes of at least grade 1 
histological rejection in the first year posttransplant. An argument can be made that 
rejection is much easier to detect and diagnose in hand and face transplantation, and 
much early rejection in solid organ transplantation goes undiagnosed. However, it 
is clear that VCA grafts are at minimum, certainly not protected from acute allograft 
rejection, at least of the skin.

The early experience in VCA suggests that there might be a protective effect of 
VCA for chronic rejection. As of 2011, there had been no clinical reports of chronic 
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rejection in a compliant hand or face transplant recipient. Criteria for diagnosing 
chronic rejection in hand transplantation were proposed [6]. These criteria sug-
gested histologic and clinical features indicative of chronic injury in a VCA include 
vascular narrowing, loss of adnexa, skin and muscle atrophy, fibrosis of deep tissue, 
myointimal proliferation, and nail changes [6]. Initially, a report of chronic rejec-
tion in a hand transplant was described in the first French hand transplant recipient, 
who independently stopped his immunosuppression and requested that the graft be 
removed [32]. In hindsight, these changes were attributed to acute rejection and 
noncompliance, rather than chronic rejection [44]. Our group and others expected 
chronic rejection to manifest as fibrosis in the skin. To date there have been sur-
prisingly few reports of atrophy and fibrosis of the skin and adnexal structures in 
VCA patients. It had been predicted that chronic rejection would manifest as severe 
dermal fibrosis or dyskeratosis [4, 23], and that hand transplant recipients might 
be considered as a model of scleroderma [33]. Target organs were thought to be 
the skin and adnexal units as has been seen in chronic graft versus host disease in 
recipients of bone marrow [14, 13].

It is human nature to see what you look for. Although other solid organs such 
as the heart demonstrated that the vasculature can be a primary target of chronic 
rejection, our monitoring protocols were focused on the skin. Conventional vas-
cular monitoring of our hand transplant patients including digital brachial indi-
ces, computed tomography (CT), and magnetic resonance (MR) angiography were 
performed with no indication of significant issues. Nevertheless, in April of 2009, 
at just 9 months after his transplant, our fourth hand transplant recipient lost his 
graft to an aggressive confluent graft vasculopathy [27]. In his case, by the time 
the patient was brought back to Louisville for evaluation, the radial and ulnar 
arteries were almost completely occluded. Diefenbeck et al. previously reported 
vasculopathy in an allogeneic vascularized knee transplant [11], but this was the 
first finding of aggressive confluent graft vasculopathy in a hand transplant re-
cipient. While histology of vessels taken from the amputated graft revealed almost 
complete obstruction in many vessels, there was at least partial blood flow up to 
the point of amputation (Fig. 13.1). Nonetheless, the ischemia in the graft as a 
result of the intimal hyperplasia necessitated amputation of the graft. This event 

Fig 13.1  Appearance of hand 
allograft prior to required 
amputation in patient 4
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triggered a careful evaluation of all patients previously transplanted at our center. 
Deep tissue biopsies and histological evaluation of excised arteries revealed mea-
sureable and in some cases significant intimal hyperplasia in all four of our other 
patients, despite no obvious clinical signs of graft vasculopathy, or evidence of 
vessel thickening on MR or CT angiography. We subsequently obtained a Vevo 
2100 ultrasound biomicroscopy (UBM) unit. This device allows noninvasive im-
aging of the intima and media of vessels at a high resolution (up to 30 uM) in ves-
sels near the surface of the skin. We obtained Institutional Review Board’s (IRB) 
approval to use this research device on our patients and now routinely image the 
brachial, radial, ulnar, palmar arch, and digital arteries as part of the clinical trial 
protocol. As reported recently [27], this monitoring did allow us to image an ag-
gressive confluent vasculopathy in patient 6 at about 6 months after transplant, 
which responded to intravenous immunoglobulin (IVIG), plasmapheresis, and 
switching from a Prograf/mycophenolate mofetil (MMF)/prednisone regimen to a 
Prograf/Rapamycin/Prednisone treatment protocol. The patient is now more than 
2 years posttransplant.

A Rose Is Not a Rose

Unlike the experience in solid organ transplantation, it appears that chronic rejec-
tion may manifest in several different ways in VCA recipients. We have discussed 
the aggressive, confluent, concentric graft vasculopathy that was seen in patients 4 
and 6 at our center. All arteries in the graft were involved from the ulnar and radial 
arteries to the digital arteries, and there was thickening of venous walls as well. In 
contrast, we have also seen a focal, sometimes acentric vasculopathy that is found in 
some but not all arteries in the graft, and progresses very slowly. We have mapped 
specific lesions in some of our patients that have not changed significantly in 3 
years of follow-up. In some cases these thickened areas are in the digital arteries, 
and in some cases are in the ulnar arteries. While these focal lesions do not appear 
to change significantly over time, there is a clear distinction in most of our unilateral 
recipients between the transplanted hand and the native hand. The vessel walls have 
sharper images and are easier to view than the transplanted hand which has slightly 
thicker vessel walls in general compared to the native hand. This is not true for ev-
eryone. In patient 7, who has a unilateral transplant, but who has a native hand that 
endured significant damage in the original accident, it is easier to image by UBM 
in his transplanted hand than his native hand. In the eight hand transplant recipients 
transplanted at our center, two recipients have had multiple significant acute rejec-
tion episodes in the skin component of the graft, both in the first-year posttransplant 
and many years posttransplant. Most would predict that these two patients might 
have the greatest level of graft vasculopathy, and might suffer from the more conflu-
ent variety. That has not been our experience. Our second patient, who is now more 
than 12 years posttransplant has had eight episodes of biopsy proven skin rejection 
of grade 2 or higher. Our third patient has had at least 12 episodes of grade 2 or 
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higher rejection. Both of these patients have shown minimal changes in their vessels 
over the past 3 years, with very good blood flow, excellent digital temperatures, and 
no obvious changes in vessel wall thickness by UBM imaging.

In contrast, patients 4 and 6 had relatively quiet courses with respect to skin 
rejection (Table 13.1). In these patients, the vasculopathy quickly escalated to the 
point the graft was lost to ischemia in patient 4, and without intervention, patient 
6 may have lost his graft as well. The other patients to date have areas of vascular 
thickening, but it has not progressed noticeably, and in none of these cases does the 
vasculopathy seem to be affecting either blood flow or graft function in the slight-
est. Both forms are a type of vasculopathy, but they do not appear to be similar in 
any respect other than both are thickening of the vessels restricted to the graft. A 
similar variance in presentation is seen in other transplant vasculopathies. In cardiac 
transplantation, 50 % of all patients develop graft vascular disease (GVD) within 12 
months, one third of which is rapidly progressive [36, 57]. The lack of correlation 
between skin rejection and vasculopathy is supported by recent observations in a 
nonhuman primate model of face transplantation [39]. In this model, animals that 
lost their graft upon cessation of immunosuppression also developed a near occlu-
sive intimal thickening, and the grafts were edematous and pale, supporting a re-
striction of blood flow. Superficial punch skin biopsies in these animals also failed 
to show evidence of immunologic rejection despite a restriction of the vasculopathy 
to the graft vessels. Interestingly, biopsy of deeper tissues revealed an active im-
mune response, with development of tertiary lymphoid follicles [39]. In our clinical 
experience, both patients with aggressive vasculopathy had surface skin biopsies 
that were negative for cellular infiltrates. The histology of deep tissue in the ampu-
tated graft did reveal significant infiltrates in the deeper tissues. Whether that was 
due to a rejection process, or severe ischemia, or both is unknown. Like our clinical 

Table 13.1  Lack of association of skin allograft rejection and vasculopathy
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experience, in the primate face transplant model antibodies did not appear to play a 
role in the vasculopathy. There was no immunoglobulin (Ig)G or IgM alloantibody 
production that correlated with intimal hyperplasia, and staining for C4d deposition 
was negative in both the thickened vessels and the tertiary lymphoid follicles. In our 
clinical trial, we saw nonspecific staining of C4d in both skin punch and deep tis-
sue biopsies. Of note, with the exception of patient 2 who developed donor-specific 
antibodies (C1q negative) at year 6, none of our patients have evidence of donor-
directed HLA-specific alloantibodies (DSAs). In patient 4, DSAs were negative up 
to and at the time of amputation, but DSAs were detected 2 days after amputation 
and 4 days after immunosuppression was stopped. Similar conversions to a positive 
DSA after graft removal have been shown in renal transplants [9]. Landin et al. have 
also reported that development of donor-specific antibodies does not necessarily 
correlate with staining of C4d on skin biopsies [31]. Kanitakis et al. examined C4d 
expression in four VCA recipients and found no evidence of C4d staining, despite 
development of DSA antibodies [25]. Dr. Anthony J. Demetris at the University 
of Pittsburgh has suggested that staining of vessels within adipose tissue might re-
duce the nonspecific staining and allow us to detect an active humoral response to 
the donor. Mundinger et al. reported that in their nonhuman primate model, Notch 
pathway receptors 1, 3, and 4 and Notch pathway ligand Jagged-1 were upregulated 
specifically in the areas of large vessel intimal hyperplasia compared to unaffected 
control vessels, suggesting this may be an important pathway in the development of 
graft vasculopathy [39].

Nonvascular Targets of Chronic Rejection in VCA 
Recipients

The graft loss from ischemia and evidence for at least some vascular thickening in 
comparison to the native hand in 100 % of our recipients is strong evidence that the 
vasculature may be a target of chronic rejection in hand transplant recipients. We 
and others hypothesized that the skin would be a primary target of chronic rejec-
tion, and data from experimental models and our own patients support this. Unadkat 
et al. have shown in a model of rat hind limb transplantation with multiple episodes 
of acute rejection that both the vasculature and other tissue show signs of chronic 
rejection (skin atrophy and fibrosis, as well as muscle atrophy and infiltration [58]). 
In this model, the experimental group received cyclosporine A in an irregular man-
ner to simulate noncompliance, and rejection episodes were repeatedly treated, and 
animals were allowed to reject again. The investigators then followed the animals 
to determine the effect of multiple rejection episodes on the development of chronic 
rejection as defined by vasculopathy and skin and tissue changes. Animals with mul-
tiple episodes of acute rejection showed patchy hair loss with dermal atrophy and 
apoptotic bodies in the sebaceous glands and hair follicles demonstrating adnexal 
structure involvement. The dermis was thinner, however, fibrosis at the epidermo-
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dermal juncture resulted in significantly thicker skin in the multiple Acute Rejection 
(AR) animals [58]. Changes were also seen in muscle and there was an increase 
in osseous malunion in the multiple AR group. This association of multiple AR 
episodes with increased incidence of chronic rejection makes immunologic sense. 
Correlation of acute rejection and increased risk of chronic rejection is well docu-
mented in solid organ transplantation [41, 59, 60]. As previously stated, reports of 
chronic rejection directed at skin or tissue other than the vasculature have been rare 
in clinical VCA recipients. Careful assessment of five hand and face recipients from 
10 to 2 years posttransplant failed to produce any evidence of changes in the skin or 
vessels, or decreases in function or sensorimotor recovery [44]. The authors suggest 
that strict adherence to triple-drug immunosuppression without attempts to wean or 
minimize may have contributed to freedom from evidence of chronic rejection [44]. 
A trend toward higher immunosuppression may contribute, however, other groups 
who have implemented immunosuppression minimization have not reported issues 
with chronic rejection in compliant patients to date either [3]. In fact, no center has 
reported loss of a VCA graft due to skin rejection in a compliant patient.

Recently, our center reported what appears to be evidence of chronic changes in 
the skin and adnexal structures of our third hand transplant patient who is now 6 
years posttransplant [26]. Our third recipient received his unilateral graft in 2006. 
At year 4, the patient presented with thinning of the digits and partial loss of fin-
gernails on the transplanted hand. At presentation, overexposure to topical steroids 
was suspected. Fungal scrapings were negative and skin biopsies were negative 
for fibrosis. At year 5, he presented with complete loss of the nails and thinning 
of the skin as well as a noticeable rash on the skin. Radiographs of the hand at 
years 4 (Fig. 13.2a) and 6 (Fig. 13.2b) were unremarkable for loss of bone in the 
digits, but loss of soft tissue especially at the tips was noted in year 6 (Fig. 13.2). 
Electromyography (EMG) conductivity is reduced at year 6. Figure 13.3 shows the 
changes in his skin and nails between year 2 and year 6. Significant changes in the 
nails were noted in year 4 (Fig. 13.3b), and the nails disappeared by year 5 (Fig. 
13.3c). This subject is notable for a preexisting and stable marginal zone lymphoma 
(MZL) diagnosed 18 months posttransplant. The patient is also notable for multiple 
episodes of skin rejection over the previous 6 years, with biopsies of histologic 
grade 2 or higher. Note that these rejections are in the face of good compliance with 

Fig 13.2  (a) Radiograph of fingertips of patient 3 at year 4, (b) and at year 6 posttransplant. Note 
the reduction of soft tissue at the tips of the fingers at year 6
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immunosuppressive medications. This patient is also remarkable in that while skin 
atrophy is present, skin biopsies to date have been negative for significant fibrosis, 
in contrast to the histology found in the nonhuman primate model of face transplan-
tation [39]. Scleroderma patients have been proposed as a good model to study for 
chronic rejection in VCA [50]. To date, our center has not seen a VCA recipient 
that resembles a scleroderma patient. Antibodies do not seem to be a major initiat-
ing factor. Fibrosis and/or collagen deposition has not been a factor in either acute 
or chronic rejection in our patients or those of our colleagues. The field of VCA is 
young, and there may be a subpopulation of VCA patients with chronic rejection 
that resembles scleroderma. But to date, this has not been our experience.

Potential Causes of Chronic Rejection in VCA 
Transplantation

It is clear that nonimmune components as well as allogeneic responses contribute 
to vasculopathy and chronic rejection in solid organ transplantation [2, 12, 37]. The 
nonimmune aspects which are unique to VCA include mechanical and traumatic 
stress to the graft and possibly surgical techniques such as the long donor brachial 
artery harvest. However, mechanical stress alone and/or long artery harvest cannot 
be sufficient for development of vasculopathy. Patients transplanted previously and 

Fig 13.3  Changes in appearance, skin thinning, and loss of adnexal structures over time in patient 
3. a Year 2 posttransplant; b year 4; c year 5; d year 6. Note the complete loss of fingernails by 
year 5 and 6 posttransplant
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subsequently at our center who also routinely stress their grafts mechanically in 
manual labor and who have received a graft with a long brachial artery did not 
develop aggressive vasculopathy [52]. We believe that the aggressive vasculopathy 
we have seen in our patients is due to a “perfect storm” of both alloimmune and 
nonimmune factors. Our data and the data from other centers and from experimen-
tal models suggest that there may be multiple types or targets of chronic rejection 
in VCA grafts. We hypothesize that the four major types of chronic rejection in 
VCA recipients are: (1) aggressive confluent graft vasculopathy, (2) focal slowly 
progressing graft vasculopathy, (3) chronic rejection of the skin, with atrophy of 
the skin and underlying muscle, loss of adnexal structures such as fingernails, hair 
follicles, and sebeaucous glands, and (4) a classic chronic rejection of the skin with 
dermal atrophy, loss of adnexal structures, and thickening of the skin due to fibrosis. 
As clinical and experimental evidence accumulates, the first type of graft vascu-
lopathy may turn out to be more of an acute type of rejection rather than a chronic 
rejection. We were encouraged by the fact that this type of vasculopathy was recep-
tive to treatment. The more indolent type of vasculopathy may not be amenable to 
treatment. However, we would predict that few grafts would be lost to this much 
more focal and slowly progressing form.

There are multiple factors that can induce intimal hyperplasia and vasculopathy. 
Trauma alone can induce intimal hyperplasia [7, 36]. Any mechanical, cytotoxic, 
immunologic, and thermal injury that might result in endothelial damage can in turn 
initiate and propagate intimal hyperplasia [15, 36], as well as remodeling [37]. Re-
cently, Christensen et al. reported that repeated rubbing of cage wire induced epi-
sodes of rejection in a swine model of hind limb transplantation [7]. In a rat model of 
sustained thrombocytopenia after injury, restoration of platelets even 2 weeks after 
injury can trigger smooth muscle cell proliferation [49]. Factors such as cytomegalo-
virus (CMV) have also been shown to induce vasculopathy [42]. In the face of these 
stimuli, and when allogeneic immune responses are also occurring, a situation that 
is conducive to the development of chronic rejection is created. Patient 4 who lost 
his graft received less immunosuppression than the first two patients who have done 
well clinically and with respect to vasculopathy. This patient also prided himself on 
the aggressive use of his allograft. It is not possible to know for sure, but one can 
hypothesize both of these scenarios contributed to the aggressive vasculopathy and 
loss of the graft. This hypothesis was the impetus for starting patient 6 on standard 
triple-drug immunosuppression. Nonetheless, patient 6 also developed severe vascu-
lopathy despite conventional levels of immunosuppression (induction, followed by 
triple-drug therapy with maintenance steroids). This patient had wound coverage is-
sues and infectious complications requiring multiple surgical debridements. This lev-
el of mechanical trauma could also have contributed to his aggressive vasculopathy.

Diagnosis/Monitoring of Chronic Rejection in VCA

Most VCA programs have excellent monitoring protocols which involve testing 
blood levels of immunosuppressive drugs, frequent interactions with nurse coordi-
nators to discuss clinical changes and problems, protocol skin biopsies, and annual 



174 C. L. Kaufman et al.

monitoring of vascular changes by digital brachial indices, MR or CT angiography, 
and CT scans. Sensorimotor function and EMG changes are also monitored. Based 
on our experience, we highly recommend that programs implement vascular moni-
toring using high-resolution ultrasound imaging. Ideally, centers should have access 
to an ultrasound unit with probes of at least 20–40 mHz. If smaller vessels such as 
the digital arteries will be monitored, probes of 50–70 mHz are recommended. Note 
that the higher resolution probes are not effective for vessels more than a centimeter 
or so under the skin. Our established recipients who are doing well are monitored 
on an annual basis, and recent transplant recipients are monitored monthly or as 
clinical course indicates.

Treatment of Chronic Rejection

In the case of the second patient with aggressive vasculopathy, treatment with 
IVIG, plasmapheresis, and conversion from MMF to Rapamycin was associated 
with cessation of progression of the vasculopathy, and this patient still has his bi-
lateral grafts at 34 months posttransplant, over 2 years after the event that occurred 
6 months after the transplant. Unfortunately in the case of patient 3, who has what 
appears to be more conventional chronic rejection with skin and muscle atrophy and 
loss of adnexal structures, we have only maintained his immunosuppression levels 
as high as possible, balancing graft projection with protection of his kidneys, blood 
sugar, and lipid levels. We continue to follow and report the progression of chronic 
rejection-like sequelae in this recipient.

Research Directions

Our center and others are focusing their research efforts in animal models to de-
termine what immune and nonimmune factors affect the development of chronic 
rejection. We have the same obstacles found in solid organ transplantation with the 
additional challenges of mechanical, traumatic, and toxic stress which can initi-
ate or exacerbate rejection in VCA recipients. Evidence suggests these nonimmune 
stressors can induce acute rejection, and associated evidence that they may play a 
role in chronic rejection as well. It will be important to determine which patients are 
more susceptible to these stressors, and also if the sensitivity of our VCA recipients 
to these challenges changes over time. Ideally, patients would become less sensitive 
to mechanical or traumatic stressors as time posttransplant increases.

Perhaps the most promising research areas with respect to managing or prevent-
ing chronic rejection are immunomodulatory and/or tolerance-inducing strategies 
which should control the alloimmune portions of the initiating events and thus sig-
nificantly reduce the rate of chronic rejection as well as the amount of immuno-
suppressive agents needed to control both acute and chronic rejection. The recent 
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findings of developments of autoimmune antibodies in transplant recipients and 
how these antibodies may participate in accommodation of the VCA graft will also 
be a key area of research.

Summary

While the presence of donor bone microenvironment could minimize or even miti-
gate sequelae of chronic rejection in VCA recipients, early evidence from our center 
on hand transplants at the mid-forearm or more distal suggests that protection will 
be incomplete. All of our transplants are at the mid-forearm or more distal. The 
outcome may be different in recipients of larger amounts or more hematopoietically 
active bone. It appears that more than one structure will be targeted by long-term 
chronic rejection-like sequelae. Unlike solid organ transplantation, at least some 
VCA recipients will have the option of removing the graft, should chronic rejection 
prove to be as debilitating as it has been for solid organ transplantation. Like solid 
organ transplantation, there is a clear need in VCA for tolerance-inducing protocols 
that should prevent the onset of both acute and chronic rejection.
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Introduction

The investigation of cell-based protocols to induce clinical tolerance in VCAs has 
permeated the past decade of research in the field of reconstructive transplantation. 
The major limitations of immunosuppressive drugs currently in clinical use include 
increased propensity to develop infections, organ toxicity (i.e., nephrotoxicity and 
neurotoxicity) and risk of carcinogenesis.

The establishment of tolerance, defined as the lack of a destructive immune re-
sponse against donor tissues in the absence of immunosuppression, would free vas-
cularized composite allotransplantation (VCA) recipients from the burden of long-
term immunosuppressive medication and potentially expand the indication of such 
procedures to post-oncological reconstruction or surgical correction of congenital 
malformations in pediatric recipients. Currently, the main strategy to induce toler-
ance in basic science, translational, and clinical studies is via central or peripheral 
immunoregulatory mechanisms. Central tolerance entails the deletion of leukocytes 
directed	against	the	donor	( donor-reactive leukocytes) and is mainly achieved by 
establishment of cellular chimerism. In contrast, peripheral tolerance is most com-
monly achieved via the induction of T cell anergy or expansion of regulatory T cells 
(Tregs) [105].

The experience in solid-organ transplantation has provided key insight into the 
mechanisms underlying donor-specific nonresponsiveness following VCA. How-
ever, in contrast to solid organs, tolerance induction in VCA is limited by the pres-
ence of skin, the most immunogenic of tissues [56], making tolerance induction to 
this component particularly challenging. Furthermore, limited data are available 
on the existence or prevention of chronic rejection in VCA [43, 72] and whether 
VCA recipients rendered tolerant by cellular approaches are protected from chronic 
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injury responsible for late graft loss. Immunomodulation and tolerance induction in 
VCA have been attempted using both cell-based therapies and biologic agents. In 
this chapter, we focus on cell-based therapies and tolerance protocols that combine 
the two approaches.

Cell-Based Immunomodulation

Actively acquired transplantation tolerance was shown to be possible for the first 
time in 1953 by Billingham, Brent, and Medawar, who reported indefinite accep-
tance of donor hematopoietic cells in mice following intravenous injection within 
24 h of birth [8]. The mechanism that was deemed responsible for the development 
of tolerance was the coexistence of host and donor-derived cells, a phenomenon 
termed chimerism.

The pioneering studies investigating tolerance induction through establishment 
of mixed chimerism were conducted in mice, and entailed the use of myeloablative 
regimens including lethal irradiation of the recipients and bone marrow reconstitu-
tion using a combination of host and donor T-cell-depleted bone marrow [36]. Do-
nor-specific unresponsiveness in vitro, and acceptance of donor skin grafts in these 
animals proved that mixed chimerism was capable of inducing tolerance in mice 
without incurring graft-versus-host disease (GvHD). However, the myoablative ir-
radiation used in this protocol produced severe side effects due to the ablation of the 
recipient immune system and therefore would not be acceptable for clinical use [77].

The need for alternatives of such toxic irradiation/conditioning regimens 
prompted the investigation and development of T-cell-depleting agents and im-
munoregulatory drugs. Such regimens would severely decrease T cell number or 
promote their tolerance toward the donor antigens encountered, modulating T cells 
both in the thymus and the peripheral blood [77, 96]. T cell depletion in the host 
along with irradiation allowed donor-specific tolerance of organs and bone marrow 
engraftment across a major histocompatibility complex (MHC) mismatch. Addi-
tion of thymic irradiation (7 Gy) was capable of reducing the high-dose total-body 
irradiation (TBI) from 6 to 3 Gy, while enabling the elimination of mature allore-
active thymocytes [70, 85]. The addition of monoclonal antibodies against T-cell-
specific targets has been shown to be comparable to thymic irradiation for induc-
tion of mixed chimerism and tolerance [96, 97]. However, both thymic irradiation 
and monoclonal antibodies may be replaced by the use of drugs that provide co-
stimulatory blockade, such as cytotoxic T-lymphocyte antigen 4-immunoglobulin 
(CTLA4-Ig), which interferes with the second signal pathway of T cell activation 
[102] (Fig. 14.1).

In the attempt to translate these protocols to the clinic, multiple large animal 
studies have been conducted in the past decade. In fact, protocols that are feasible 
in mice and small animals often do not yield the same results in large animal models 
and humans due to several biological differences that affect both metabolic respons-
es to drugs and the intrinsic–innate and adaptive immunologic responses [75, 77].
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The first clinical evidence that cellular strategies may promote tolerance induc-
tion was prompted by the observation that patients undergoing myeloablative ther-
apy combined with both solid-organ transplantation and allogeneic bone marrow 
transplantation (BMT) became tolerant of their kidney allograft [18]. The repopula-
tion of host myeloid lineages with donor hematopoietic cells induced tolerance to-
ward the donor kidney graft, highlighting the potential role of cell-based approaches 
for establishing tolerance in VCA. Since then, numerous studies have investigated 
the use of different cell types as possible immunomodulators. These cell popula-
tions include hematopoietic stem cells (HSCs), Tregs, dendritic cells (DCs), and 
mesenchymal stem cells (MSCs) among others.

Mixed Chimerism

Chimerism is defined as the coexistence in the host of donor and recipient hema-
topoietic cells. The use of myeloablative conditioning regimens leads to the es-
tablishment of a condition termed full chimerism, in which the complete replace-
ment of the recipient’s bone marrow with donor cells occurs. Severe morbidity is 
associated with the establishment of full chimerism, largely due to the toxicity of 
myeloablative regimens that expose the patient at risk for severe infections and 
GvHD. For this reason, this procedure was historically reserved to patients receiv-
ing organs from human leukocyte antigen (HLA)-matched siblings. More recently, 

Fig. 14.1  Schematic representation of possible mechanisms of tolerance in reconstructive trans-
plantation. BM bone marrow, Tregs T regulatory cell
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Sykes et al. have shown that mixed chimerism can be induced in adult recipients of 
HLA-mismatched BMT by a nonmyeloablative conditioning regimen, allowing for 
wider application of such protocols in patients receiving an organ from unrelated 
donors [94].

The preliminary studies to achieve these goals were possible due to the develop-
ment of the Massachusetts General Hospital (MGH) miniature swine as a model 
for translational research in transplantation [76]. These animals were bred to fix 
the MHC antigens (while maintaining variability for minor antigens). This allowed 
selection of a variety of MHC mismatches including but not limited to:

1. Syngeneic (complete match of both alleles for MHC class I and II in both donor 
and recipient swine leukocyte antigens (SLA), i.e. SLAaaSLAaa)

2. Single-haplotype mismatch (sharing of only one allele of class I and II, i.e., 
SLAacSLAad)

3. Full mismatch (no sharing of any haplotype of class I and II between donor and 
recipient, i.e., SLAccSLAdd) clinical scenarios

For this reason, the MGH miniature swine model allowed the investigation of dif-
ferent conditioning regimens for tolerance induction of organs and testing of such 
protocols, while simulating different genetic disparity, such as those present in 
HLA-identical siblings (full MHC match, minor antigens mismatch only), parents 
to offsprings, and single haplotype-mismatched siblings (single haplotype MHC 
mismatch) or nonmatched living-related or cadaveric-donor transplants (full MHC 
mismatch) [73, 76].

Most of the preliminary studies aimed at the treatment of hematologic malignan-
cies by means of mixed chimerism were conducted in the MGH miniature swine 
and utilized leukapheresis to mobilize large quantities of HSCs from peripheral 
blood [14, 34]. Such protocols, however, are not readily translatable to the scenario 
of clinical reconstructive transplantation, as drug-induced mobilization of HSCs 
and leukapheresis is not feasible in the deceased donor. Clinically, translational pro-
tocols for VCA, indeed, require the use of induction therapies that can be adminis-
tered in the immediate pre/perioperative time period.

Currently, mixed chimerism has been the only approach to successfully achieve 
tolerance in solid-organ transplantation in nonhuman primates (NHPs), despite nu-
merous protocols capable of inducing tolerance in other animal models including 
rodents and swine [16, 93]. Based on promising experimental results, clinical trials 
have been developed to study combined BMT and kidney transplants first in MHC-
matched patients affected by multiple myeloma-induced renal failure and, subse-
quently, in kidney transplants in MHC-mismatch recipients with no malignancy 
[47, 90]. Importantly, recipients of these cell-based tolerance protocols achieved 
long-term tolerance to their allografts, with the longest immunosuppression-free 
survival exceeding 10 years. Furthermore, no evidence of chronic rejection has 
been observed and a lower-than-expected incidence of GvHD has been reported fol-
lowing these protocols. (We will defer an in-depth discussion of mixed chimerism-
based approaches to Chap. 16.)
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T Regulatory Cells

Tregs, previously known as T suppressor cells, play a crucial role in maintaining 
tolerance to self-antigens and balancing immune responses that otherwise would 
be harmful to the host. In fact, Treg dysfunction has been implicated in a variety 
of autoimmune and inflammatory diseases in humans. Tregs can be classified as 
either thymus-derived naturally occurring (CD4+/CD25hi/FOXP3+) or peripherally 
induced (FOXP3) and upregulated in response to antigen exposure [81]. FOXP3 
is a master transcription factor that regulates Treg activation and IL-2, IL-10, and 
transforming	growth	factor	β	(TGF-β)	pathways	appear	essential	in	controlling	Treg	
interactions with other cells.

In transplantation, Tregs are thought to be highly important in maintaining im-
mune suppression and preventing acute and chronic graft rejection. Experimental 
transplantation models that target Treg function have been highly promising and of-
ten utilize either in vivo or ex vivo techniques to activate this cell population. In vivo 
strategies involve antigen exposure to induce expansion of Treg populations, result-
ing in prevention of allograft rejection in multiple animal models (Issa and Wood 
2012). Co-stimulatory blockade—e.g., targeting cluster of differentiation (CD)28, 
CTLA4, or CD40L)—or lymphocyte depletion protocols (monoclonal antibodies, 
cytotoxic agents, radiation) have also shown success in activating Tregs and pro-
moting graft tolerance [71, 100].

Ex vivo strategies that employ Tregs have utilized blood obtained from the pe-
ripheral circulation or umbilical cord. However, isolation of these cells is predicated 
on being able to efficiently identify characteristic surface markers. Given the non-
specific nature of CD25 and FOXP3 expression, other markers have been described 
to isolate Tregs, including CD44, CD45RA, CD49b, CD69, CD127, CD152, and la-
tency-associated peptide (LAP). For example, Tregs with low expression of CD127 
have been demonstrated to suppress vessel allograft and skin graft rejection in hu-
manized mice models [39]. Additionally, Tregs expressing LAP may have superior 
in vivo	immunosuppressive	capabilities	mediated	via	TGF-β	signaling.	This	subset	
of Tregs was shown to successfully block experimental autoimmune encephalomy-
elitis in mice [13].

Ex vivo	expansion	of	Tregs	has	been	described	using	αCD3/αCD28	microbeads	
and recombinant human interleukin (IL)-2 [78]. Selection of human Tregs based on 
CD69 and CD71 expression was utilized to reduce immune-mediated injury to hu-
man skin grafts in a mouse model, suggesting that anti-donor Tregs can be “custom-
ized” for clinical transplantation protocols [80]. Recently, scalable techniques have 
been described to harvest and efficiently expand Treg populations from peripheral 
blood using artificial antigen-presenting cells (APCs) (loaded with anti-CD3 anti-
body) expressing the high-affinity fragment crystallizable (Fc) receptor and CD86 
[32]. These populations were infused into mice and markedly reduced GvHD le-
thality. Collectively, these studies demonstrate the potential of Treg modulation to 
maintain transplant graft tolerance.
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Dendritic Cells

DCs are bone marrow-derived APCs that play a critical role in modulating the im-
mune response. Although comprising less than 1 % of circulating blood mononucle-
ar cells, they are found throughout the body and appear to regulate T cell physiol-
ogy. Multiple subsets of DCs have been characterized based on distinct phenotypic 
and functional properties. Although initially described as key initiators of the adap-
tive immune response, they are now recognized as sentinel regulators of both innate 
and adaptive immune responses [62].

The two broadest categories of DCs include classical DCs and plasmacytoid 
DCs. Classical DCs are largely involved in antigen presentation and T cell acti-
vation, whereas plasmacytoid DCs function to secrete interferons and other cy-
tokines [91]. Importantly, both classes of DCs do not directly engage in effector 
activities. Basic science studies on DC function in mice have established surface 
marker profiles (e.g., CD8+/CD103+  and CD11c+) to characterize key functional 
properties but likely underestimate the significant heterogeneity in DC function 
[21, 28]. Much less is known about human DCs but genomic analyses demon-
strate substantial conservation between mice and human DCs [17]. Recently, 
heterogeneous DC subpopulations that express Blood Dendritic Cell Antigen-3 
(BDCA-3) have been identified in human blood, lymph nodes, and spleen and 
may correlate with established murine markers. However, much work remains in 
identifying and characterizing DC subsets in humans.

Given the primary role of DCs in regulating the immune response, recent trans-
plant immunology research has focused on targeting subpopulations of DCs that 
may be responsible for promoting and maintaining tolerance [69]. In a mouse cardi-
ac allograft model, immature bone marrow-derived DCs were able to significantly 
prolong graft survival compared to mature DCs [66]. In a mouse study on alloge-
neic BMT, a subset of DCs displaying high levels of MHC and low levels of co-
stimulatory markers induced protective effects against GVHD, demonstrating the 
therapeutic potential of DCs [83].

Researchers have also demonstrated the ability to augment the tolerogenic ef-
fects of DCs via manipulation of co-stimulation pathways. For example, modula-
tion of the CD40 pathway regulates DC–T cell interactions and promotes cardiac 
allograft survival in mice [65]. Additionally, blockade of the CD80/CD86–CD28 
co-stimulatory pathway has been shown to prolong survival of hepatic allografts 
in a mouse model 63]. In a different mouse cardiac allograft model, preoperatively 
infused DC precursors treated with immunomodulatory signals have been demon-
strated to extend allograft survival [1]. Most recently, DCs treated with the co-stim-
ulation blocking agent CTLA4Ig were infused preoperatively in a NHP kidney al-
lograft model, resulting in significantly prolonged graft survival [22]. These studies 
and others highlight the therapeutic promise of DC-based approaches for composite 
tissue transplantation.
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Donor Hematopoietic Cells

Multiple approaches for tolerance induction have been developed that employ do-
nor BMT [87]. Donor hematopoietic cells reach the recipient thymus, resulting in 
the negative selection of donor-reactive T cells and theoretically limiting the host 
response to donor antigens. Several groups have demonstrated improved chimerism 
using intraosseous delivery of bone marrow cells compared to standard intravenous 
delivery in a rat model [49]. Additionally, greater numbers of donor cells were de-
tected in thymic and lymphoid tissues after intraosseous transplantation compared 
to intravenous techniques [49]. Enhanced chimerism and hind-limb transplant sur-
vival was also demonstrated in rats when intraosseous delivery of HSC was em-
ployed compared to no HSC therapy [88].

The combination of nonmyeloablative regimens with donor bone marrow cell 
delivery may be a viable strategy for tolerance induction in composite tissue al-
lotransplantation. In a rat osteomyocutaneous flap model, recipient rats were pre-
treated with TBI,	transplantation	of	selectively	depleted	T	cells	(lacking	αβ-T	cells),	
anti-lymphocyte serum, and short-course tacrolimus to generate mixed allogeneic 
chimeras [74]. Although peripheral blood chimerism was lost by 6 months, the do-
nor bone compartment maintained long-term chimerism that appeared to sustain 
tolerance to the allograft.

Successful combined bone marrow and kidney transplantation from HLA single-
haplotype-mismatched living-related donors has demonstrated the clinical potential 
of nonmyeloablative conditioning protocols for tolerance induction [46]. Impor-
tantly, these clinical trials highlight the relevance of transplanted hematopoietic 
cells in promoting immune tolerance. In addition to pretransplantation strategies, 
posttransplantation infusion of HSCs has also been used successfully, most notably 
in the first partial human face transplant [20]. Ongoing studies are examining the 
role of donor HSC infusions as maintenance immunosuppression following hand 
transplantation. Taken together, these studies suggest that hematopoietic-based 
strategies may be a key component of future tolerance induction protocols.

Facilitating Cells

Facilitating cells are a rare population of bone marrow-derived cells that enable allo-
geneic stem cell engraftment. Extensive studies have demonstrated that facilitating 
cells are neither mature T, B, or natural killer (NK) cells [15]. They exhibit lower 
levels of CD8 expression and lack the T cell antigen receptor (TCR) phenotype char-
acteristic of T cells [42]. Studies have suggested that these cells are related to precur-
sor plasmacytoid DCs and may have a similar cytokine activation profile [3, 25].

Experimental models of BMT have demonstrated that facilitating cells promote 
stem cell engraftment, inhibit GvHD, and induce tolerance [15]. Researchers have 
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even shown that facilitating cells can sustain the engraftment of both adult and 
fetal stem cells in animal models of BMT [26]. Although the utility of these cells 
in solid-organ transplantation has not been extensively explored, facilitating cells 
represent a promising approach to establish allograft tolerance, while avoiding my-
eloablation and minimizing the risk of GvHD [40]. More recently, Leventhal et al. 
used mobilized cells enriched for HSCs and graft-facilitating cells combined with 
a nonmyeloablative conditioning in kidney transplant recipients across an MHC 
mismatch (nonrelated donor/recipient pair) [61]. In this phase 2 clinical trial, five of 
the eight kidney recipients displayed durable chimerism and were rendered immu-
nosuppression-free 1 year after transplantation. No signs of GvHD or engraftment 
syndrome (a constellation of symptoms and signs following HSC transplantation 
and that include fever, erythrodermatous skin rash, and noncardiogenic pulmonary 
edema) [89] were observed in these patients. Testing this encouraging protocol in a 
larger patient cohort would provide further data to potentially allow its widespread 
use in the clinic.

Mesenchymal/Adipose-Derived Stem Cells

MSCs are a multipotent population of progenitor cells that have been described in 
many human tissues. Although originally identified in bone marrow, mesenchy-
mal-like stem cells have also been found in adipose tissue (the adipose-derived 
stem cell—ASC) but their true identity and physiologic relevance remain unclear 
[59, 60]. In vitro, these cells can be directed to differentiate into several mesenchy-
mal lineage cells, including fat, bone, and cartilage. They have also been shown 
to exhibit potent immunoregulatory properties [103] and have been increasingly 
explored as therapeutic cells for a wide variety of diseases [55].

The immunosuppressive effects of MSCs have been studied in various allotrans-
plantation models in mice. For example, allogeneic islet graft take was markedly 
improved by therapeutic MSCs via mechanisms linked to matrix metalloproteinases 
and T cell expression of CD25 [19]. MSCs have also been used with rapamycin 
to augment cardiac allograft survival [27]. Interestingly, labeled MSCs could be 
tracked to lymphoid organs and cardiac grafts in tolerant recipients. In a kidney-
allotransplant model, the delivery of MSCs pretransplantation promoted Treg path-
ways and graft survival, whereas posttransplantation delivery of MSCs resulted in 
early graft rejection [11]. The role of MSCs in VCA remains unclear, but the potent 
paracrine mechanisms observed in wound regeneration models suggest that MSCs 
may be a valuable tool to induce tolerance [2].

In this regard, MSCs have also been studied in large animal models of vascu-
larized composite tissue transplantation. In a swine hind-limb allotransplantation 
model, MSC delivery was shown to prolong allograft survival and the combined use 
of MSCs, BMT, and cyclosporine A demonstrated the greatest degree of survival 
with no signs of GvHD and the lowest levels of rejection [52]. Similarly, a swine he-
mi-face allotransplantation model demonstrated improved graft survival with com-
bined MSC infusion and cyclosporine A [54]. These findings were associated with 
increased markers for regulatory T cells and suppressed inflammatory signaling.
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Researchers have also studied the immunomodulatory effects of intravenous 
ASC delivery following hind-limb transplantation in a rat model [53]. Allografts 
were shown to persist longer with ASC infusion via mechanisms linked to blockade 
of inflammatory cytokines and regulation of T cell function. ASCs have even been 
shown to augment engraftment of stem cells and to prevent GvHD in vivo [107]. 
Given their ease of harvest, relative abundance in Westernized societies, and the 
growing obesity epidemic worldwide, ASCs have tremendous translational poten-
tial as a therapeutic cell type [64].

Other Regulatory Cell Populations

Regulatory immune cells, including the previously discussed regulatory T cells, 
play a critical role in modulating the host immune response and can dictate long-
term outcomes after allotransplantation. The broad classification of immune cells as 
T cells, B cells, macrophages, etc., grossly oversimplifies the complexity of these 
important cell populations. Recent immunology research has shed light on several 
cell subpopulations that may facilitate cell-based approaches to induce allograft 
tolerance [37, 38]. These cell subsets and others have been utilized in clinical stud-
ies and shown to improve graft tolerance. We refer the reader to an excellent recent 
review on this topic [2012].

Studies in renal transplant recipients that no longer require immunosuppres-
sion have demonstrated greater numbers of B cells and increased expression of B 
cell-related genes [79]. Regulatory B cells are a rare, immature subpopulation of B 
cells that have been described in both mice and humans (CD19+/CD24hi/CD38hi). A 
major property of these cells is their propensity to secrete IL-10, a potent immuno-
modulatory cytokine that controls T cell differentiation [23]. Another important sig-
naling pathway appears to be CD40-associated activation of IL-10 and induction of 
Treg cells. Although B-cell-activated T cells appear more potent than plasmacytoid 
DC-activated T cells, the relevance to human allotransplantation remains unclear 
[109]. Studies in kidney transplant recipients suggest that regulatory B cells may 
facilitate the appearance of Treg cells later after induction therapy, suggesting that 
therapeutic expansion of regulatory B cells may be a viable strategy in the clinical 
setting [30].

Regulatory macrophages play a diverse role in tissue repair and immune regula-
tion. Although this cell population remains ill-defined, these cells secrete IL-10 and 
can develop a suppressive phenotype upon interaction with Treg and B cells [95, 
104]. In mice, blockade of macrophage populations in recipient animals worsened 
GvHD and resulted in higher numbers of donor T cells in a HSC transplantation 
model, indicating that macrophages may have a protective role in transplantation 
[29]. In promising early studies, kidney transplant recipients that received regula-
tory macrophage infusions required reduced levels of tacrolimus and maintained 
good early graft function [35]. These studies and others suggest that cell-based ap-
proaches to regulate the immunologic response after allotransplantation may be an 
effective strategy to promote graft tolerance.
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Tolerance Protocols in VCA

Most of the research on allograft tolerance over the past few decades has focused 
on solid organs. However, recent research has increasingly focused on VCA. The 
presence of skin, the most immunogenic of tissues, in most VCA cases makes the 
translation of these protocols from solid-organ transplantation to VCA extremely 
challenging. In these protocols, heavy immunosuppressive therapy has been nec-
essary to avoid rejection of these tissues. In this section, we discuss the regimens 
utilized in large animal models (swine and NHPs) and humans.

Swine

Several groups have utilized the MGH miniature swine models to study tolerance 
induction in VCA using different protocols based on mixed chimerism and various 
surgical models [51, 59, 98]. Furthermore, swine, canine, and NHP models have 
been used to investigate diverse strategies to reduce the number and dose of immu-
nosuppressive drugs [5, 6, 12, 68].

The first attempts to achieve tolerance in VCA were performed using heterotopic 
limb transplants in the swine model. These experiments entailed the use of an os-
teomyocutaneous composite graft that included the distal part of the femur, the en-
tire knee joint, and parts of tibia and fibula together with the surrounding muscles. 
The donor hind-limb allograft was transplanted to a subcutaneous abdominal wall 
pocket in the recipient animals. In contrast with the controls, which rejected the al-
lografts in approximately 12 weeks, experimental animals receiving a calcineurin 
inhibitor (cyclosporine A) displayed long-term graft survival for up to 47 weeks 
following transplantations [57]. The presence of a bone marrow component in the 
donor graft-induced transient mixed microchimerism in the peripheral blood, as-
sessed by the presence of pig allelic antigen positive (PAA+) donor cells in recipi-
ents lacking such antigens (PAA-). Interestingly, despite loss of chimerism in this 
model, the experimental animals remained tolerant of their allografts [9]. However, 
a skin component was not present in this model and additional immunomodulation, 
by means of BMT, to assess the validity of this model across disparate mismatch 
barriers was not attempted in these early studies. When a skin paddle was added 
to the design of the graft, further studies on MHC-matched/minor antigens mis-
match models elucidated the concept of “split tolerance,” according to which the 
simultaneous acceptance of some of the graft tissues (i.e., muscle and bone) and the 
rejection of a more immunogenic tissue, such as skin, was possible due to the high 
immunogenicity of the skin component [67].

In the scenario of clinical reconstructive transplantation, however, it seems 
unlikely to find a fully matched donor/recipient couple to which such regimens 
would apply. For this reason, subsequent studies have explored clinically relevant 
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models involving transplantation of vascularized composite allografts across par-
tial and full MHC mismatches. In one of these studies, following T cell depletion, 
cytokine-mobilized peripheral blood mononuclear cells (CM-PBMCs) or bone 
marrow cells were transplanted at the time of VCA together with a short course of 
a calcineurin inhibitor. Donor-specific unresponsiveness and tolerance to the mus-
culoskeletal components of the grafts were observed in both the CM-PBMC and 
the BMT recipients. Similar to the previous studies, the skin component was not 
accepted in both models, and peripheral chimerism was observed only in the group 
receiving CM-PBMCs. However, skin GvHD was observed in all the animals that 
displayed macrochimerism, making this protocol suboptimal for translation in the 
clinic [31].

Tolerance to skin in VCA across a single-haplotype MHC mismatch in MGH 
miniature swine was first reported by Horner et al. Donors were mobilized using 
stem cell factor and IL-3 and then leukapheresed to collect the donor hematopoi-
etic product, which was then infused to recipients conditioned with 100 cGy TBI, 
T cell depletion and a 45-day course of cyclosporine A. Using this protocol, one 
animal achieved long-term multilineage mixed chimerism in peripheral blood and 
tissue chimerism in the thymus and in the bone marrow without developing GvHD 
[33]. More recently, the establishment of multilineage mixed chimerism across 
MHC haploidentical donor/recipient combinations was obtained using a condi-
tioning regimen with CD3 immunotoxin (pCD3-DT390), TBI, hematopoietic cell 
transplantation and a 45-day course of cyclosporine A, leading to long-term sur-
vival of VCAs in this model [58]. As these studies further support the evidence 
that stable mixed chimerism can induce indefinite survival of a VCA, migration 
toward more clinically applicable protocols that do not require cell mobilization 
and donor treatment before transplant is paramount, since the possibility of con-
ditioning a patient in the setting of clinical VCA is unlikely. The multilineage 
chimerism and bone marrow engraftment is thought to provide constant antigenic 
stimulation, thereby inducing central tolerance by prompting negative selection of 
donor-reactive thymocytes.

Furthermore, it has been hypothesized that peripheral regulatory mechanisms 
by T regulatory cells may allow for peripheral tolerance induction by deletion of 
donor-reactive clones escaped from the thymus [106].

More recently, the consideration that vascularized bone marrow may not be pres-
ent in every type of VCA has led to the design of a reliable VCA model lacking 
a bone segment. This myocutaneous graft is harvested from the pig groin (based 
on the saphenous and femoral vessels) and reanastomosed to the common carotid 
artery and internal jugular vein in the cervical region [59]. This model allows the 
assessment of tolerance induction protocols in absence of a vascularized source of 
donor bone marrow cells. Further studies, however, are needed for achievement of 
stable tolerance induction of skin-containing allografts. The use of biologic agents, 
such as co-stimulatory blockade, may help to overcome this limitation and is dis-
cussed ahead in this chapter.
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Nonhuman Primates

Tolerance induction regimens for solid-organ transplantation or VCA require test-
ing in large animal models before clinical applicability, with NHPs representing 
an ideal preclinical model for the assessment of such protocols. The initial proto-
cols tested in NHP included nonmyeloablative TBI, thymic irradiation, and T cell 
depletion. The severe T cell depletion obtained with these regimens, however, car-
ried a high rate of mortality due to infections and development of lymphoma. In 
the attempt to reduce the toxicity of such regimens and obtain an effective T cell 
depletion, horse anti-thymocyte globulin (ATG), splenectomy, and a short course of 
cyclosporine A was added to these protocols, allowing for detection of high-level 
multilineage chimerism [44]. Unlike the long-term chimerism observed in mice 
studies, this protocol only allowed for transient chimerism. Surprisingly, despite 
cessation of cyclosporine and loss of mixed chimerism, the NHP did not reject its 
renal allograft, which was deemed viable for several years without any signs of 
rejection [44]. To reduce the toxicity of this protocol, the TBI was fractioned over 2 
days. In this study, 11 of the 14 recipients developed transient mixed chimerism and 
eight of them survived long-term without need for any immunosuppressive drugs, 
with the longest kidney recipient surviving over 14 years with a functioning graft. 
Stable tolerance was confirmed using skin grafting, by evidence of acceptance of 
donor skin and prompt rejection of skin from third-party animals.

Similar protocols have been used in NHP to translate these encouraging find-
ings from solid organ to reconstructive transplantation. NHP models offer relevant 
anatomical and immunological similarity to humans for preclinical studies. How-
ever, transplantation of full hand and face allografts is extremely challenging both 
surgically and from a postoperative management standpoint. Aiming to simulate 
a clinical VCA (e.g., a hand transplant) while reducing surgical level of complex-
ity, costs, and discomfort to the animals, Cendales et al. have described a sensate 
osteomyocutaneous radial forearm flap. This flap was performed in 14 allogeneic 
transplants and entailed the use of an immunosuppressive regimen similar to those 
used in clinical transplantation, such as a calcineurin inhibitor (tacrolimus), an an-
tiproliferative agent (mycophenolate mofetil), and methylprednisolone allowing for 
evaluation of VCA histology. Other VCA models in NHP were also investigated by 
Barth et al., who described a partial face transplant model by isolation of an osteo-
myocutaneous flap based on the common carotid artery and the internal and exter-
nal jugular vein [5]. In this protocol, long-term survival of the grafts on tacrolimus 
monotherapy was associated with development of posttransplant lymphoprolifera-
tive disorder (PTLD). Later studies from the same group have shown that the ad-
dition of mycophenolate mofetil to the regimen prevented PTLD [6]. Furthermore, 
in this study, the authors investigated the role of vascularized bone marrow in this 
model, demonstrating that the lack of the vascularized bone segment was associated 
with acute rejection by 2 weeks [7]. The role of mixed chimerism or other cell-
based approaches to induce tolerance in these models remains largely unknown.
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Immunomodulatory Approaches

Alternative approaches to modulate the immune response have entailed the use of 
different biologic agents directed toward specific target molecules. Some of these 
drugs are intended to avoid acute rejection and, simultaneously, decrease sensitiza-
tion to donor antigens, usually due to donor-specific antibody formation. The addi-
tion of these compounds to the conditioning regimens aimed to replace splenectomy 
as a way to improve graft survival. A high number of residual T cells remains in 
lymph nodes and in the spleen following the common conditioning regimens used 
in these studies, making sensitization likely. The addition of splenectomy in some 
protocols, such as the delayed kidney transplant model, has been shown to lead to 
long-term graft survival [45]. Replacing splenectomy with co-stimulatory blockade 
molecules such as anti-CD154 (also known as anti-CD40L) or anti-CD152 (also 
known as CTLA4) has been associated with high-level and long-lasting chimerism, 
leading to long-term graft survival [77].

The mechanism of action of co-stimulatory blockade molecules is linked to the 
modulation of T cell activation. In order for alloantigens to robustly activate naïve 
T cells, two signals are required. Following processing of donor antigen by the 
APCs in the context of the MHC, the first signal is delivered upon interaction of the 
TCR with the MHC/Ag complex. The second signal is a co-stimulatory signal that 
can be delivered by another surface molecule. Failure to produce co-stimulation 
via a second signal induces a state of T cell anergy [108] (Fig. 14.2a). The two co-
stimulatory pathways best known to allow normal development and maintenance of 
immunity involve the CD80/CD86–CD28 and the CD40–CD40L pathway. In the 
CD80/CD86–CD28 second signal pathway, the CD80 (also known as B7.1) and 
CD86 (alternatively known as B7.2) molecules on the surface of APCs deliver a 
co-stimulatory signal by interacting with the CD28 cell surface proteins expressed 
on naïve T cells [24, 41] (Fig. 14.2b). Furthermore, following TCR interaction 
with the MHC/Ag complex present on the APC, CD40L expression is induced in 
T cells, allowing interaction with its receptor CD40, which results in upregulation 
of CD80 and CD86 by the APCs. Moreover, the CD80/CD86–CD28 interaction 
triggers upregulation of CD40L surface molecules when the TCR is occupied [24]. 
The redundancy of these mechanisms, and the fact that these two pathways regulate 
T-cell-dependent immune responses critically, hints at the importance of such inter-
related pathways.

The presence of this co-stimulatory signal acts as a silencing signal, leading to 
T cell anergy and has been, therefore, used to promote tolerance induction. CTLA4 
is similar to CD28 and therefore binds CD80/CD86, acting as a “switch off” signal. 
For this reason, much interest has developed around the use of biologic agents, such 
as monoclonal antibodies (mAb) targeting CD80/CD86 (named CTLA4-Ig) or tar-
geting CD154, for tolerance induction in solid-organ transplantation. However, an-
ti-CD40L mAb have displayed severe thrombogenic effects, limiting their clinical 
applicability [50]. Recently, our group and others have investigated co-stimulatory 
blockage by means of perioperative CTLA4-Ig infusions for reconstructive trans-
plantation with promising results in mice, pig, and NHP models [48, 92, 99, 101].
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Clinical Protocols

Most of the reconstructive transplantation programs performing limb or face trans-
plantation currently still use conventional immunosuppressive regimens similar to 
those used for solid-organ transplantation. These regimens entail conditioning with 
ATG and long-term immunosuppression with triple therapy (tacrolimus, mycophe-
nolate mofetil, and corticosteroids) [86]. The use of these protocols in VCA has 
allowed long-term survival of skin-bearing allografts and successfully prevented 
acute rejection. Scarce data are available to date on the rate of chronic rejection in 
VCA, although it seems that, if compared to solid-organ transplantation, chronic 
rejection occurs less frequently in VCA. Despite the encouraging results obtained 
so far, these immunosuppressive regimens show a high rate of acute rejection epi-
sodes. It has been observed that 85 % of patients experience at least one episode of 

Fig. 14.2  T cell activation and co-stimulatory signals; a) T-cell activation via signal 1 and 2; b) Partial 
T cell activation by lack of signal 2; c) Antigen-specific anergy following co-stimulatory blockade. 
MHC: Major histocompatibility complex, CD: cluster of differentiation, APC: antigen-presenting cells, 
TCR: T cell antigen receptor; CTLA4-IgG: cytotoxic T-lymphocyte antigen 4-immunoglobulin G.
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acute rejection in the first year following transplantation and require an increase in 
the dose of immunosuppression to avoid graft loss [72].

The need to treat transplant recipients with lifelong immunosuppression has fu-
eled the attempt to develop alternate protocols to minimize and ultimately obvi-
ate immunosuppression. At the University of Pittsburgh, and subsequently at Johns 
Hopkins University, the team led by W. P. Andrew Lee and colleagues has devel-
oped the first protocol for minimization of immunosuppression in reconstructive 
transplantation. Based on encouraging results in the swine model, this group used 
an induction regimen using monoclonal antibody (Campath 1 H) at the time of 
transplant, followed by treatment with a single immunosuppressive agent (tacroli-
mus) and donor bone marrow infusion 2 weeks post transplant (Fig. 14.3). To date, 
this novel protocol has been successfully used in a total of ten upper-extremity 
transplants performed in six recipients, including the first double-hand transplant 
and first above-elbow transplant performed in the USA. In compliant patients, this 
protocol allowed also reduction of the dose tacrolimus dose (2–4 mg/day), was well 
tolerated and, despite lack of detectable chimerism, enabled long-term survival of 
the allografts [82]. Episodes of acute rejection were infrequent using this protocol 
and were easily manageable using topical immunosuppression. No chronic rejec-
tion has been observed to date in any of the recipients [10, 84, 99]. Of note, the 
Louisville group has reported the development of intimal hyperplasia in one patient 
under similar immunosuppression minimization protocols. The vascular damage 
resulted in allograft ischemia and reamputation was performed 275 days post trans-
plant [43]. Long-term follow-up in more patients will be necessary to determine 
whether reduced immunosuppression protocols are a viable option for long-term 
allograft maintenance. Recently, intra-thymic HSC transplantation has been de-
scribed in the macaque as a potential way to induce longer and more robust T cell 
reconstitution. Such techniques may require less HSCs and maintain long-term thy-

Fig. 14.3  Schematic representation of immunomodulation using minimization protocols in clini-
cal reconstructive transplantation. VCA vascularized composite allotransplantation, BM bone 
marrow
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mopoiesis [4]. The future direction for clinical reconstructive transplantation may 
entail the translation of successful preclinical experimental protocols on swine and 
NHP to clinical scenarios.

Conclusions

Reconstructive transplantation is an exciting field of medicine that could dramati-
cally improve the lives of many patients. The clinical experience with solid-organ 
transplantation has allowed researchers to make tremendous gains in developing 
tolerance protocols for VCA. However, because VCA is currently a life-enhanc-
ing and not a life-saving procedure, less morbid immunosuppression regimens are 
needed to justify performing these surgeries. Ongoing research in small and large 
animal models has allowed researchers to develop innovative tolerance induction 
protocols that may have clinical applicability. Similar to preclinical studies in ani-
mals, human recipients of concomitant BMT and kidney transplant have developed 
allograft tolerance and maintain a functioning graft long term without immuno-
suppressive medications. This observation highlights the potential of cell-based 
approaches to modulate the immune system and promote tolerance in VCA. It is 
possible that the use of conditioning regimens combining both cell-based therapies 
and biologic agents may provide a synergistic effect to enable long-term composite 
allograft function without immunosuppression.
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Introduction

Vascularized composite allograft (VCA) transplantation was introduced to the mod-
ern clinical arena in 1998, when the first successful hand transplant was performed 
in Lyon, France [1]. The first partial face transplant followed in 2005 [2], and since 
then more than 80 upper extremity and 20 face transplant procedures have been per-
formed worldwide [3]. VCA transplantation can now be considered an established 
option in the management of disfiguring injury, amputation, and massive tissue loss, 
particularly when the specialized anatomic and functional units of the craniofa-
cial region and upper extremity are involved. Although most frequently associated 
with these regions, any somatic unit composed of multiple tissues, transplanted in 
a primarily vascularized manner, may be considered a VCA, and abdominal wall, 
larynx, and lower extremity transplants have also all been performed. Follow up of 
some of these patients now extends more than 10 years, and results are encouraging, 
with both impressive objective functional outcomes [3–6] and patient satisfaction 
and quality of life [3, 7–10]. Indeed, some of these cases, performed many years 
following injury on patients who had already undergone autologous reconstruction 
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procedures, clearly demonstrate the challenges posed by reconstruction of complex 
functional units, and illustrate the paradigm shift represented by VCA Fig. 15.1.

However, despite these considerable benefits and the positive clinical outcomes 
to date, VCA transplantation is not, in contrast to solid organ transplantation, an 
acutely life-preserving procedure. Therefore, the risk-to-benefit ratio of the surgery, 
the necessary lifelong immunosuppressive therapy, and the sequelae of immuno-
logic rejection, whether acute or chronic, must be carefully considered. Indeed, the 
ethical aspects of VCA transplantation, particularly with regards to face transplants, 
remain a topic of considerable debate [11–13]. While various immunosuppression 
minimization approaches have shown considerable promise, and are undoubtedly 
closer to clinical application for VCA if not already in clinical trial [14], we be-
lieve that transplant tolerance, defined as a state of specific unresponsiveness to 
donor antigen, permitting long-term rejection-free acceptance of transplanted tis-
sues without immunosuppression, represents the ultimate goal of research in this 
field. The potential significance of transplant tolerance for VCA was recognized 
prior to the first face transplant, by the 2004 working party of the Royal College of 
Surgeons who stated that “clearly, if it did prove feasible to induce transplant toler-
ance clinically, this would overcome all the immunological disadvantages of facial 
transplantation. Indeed, many of the ethical objections to proceeding with clinical 
evaluation of the procedure would be eliminated” [12]. While clinical evaluation of 
face transplantation has clearly proceeded, and grafts have been designed to restore 
a range of injuries from partial loss of the skin and muscles of facial expression [15] 
to complex three-dimensional craniomaxillofacial defects [16–18] with impressive 
results, recipients of face transplants, and other VCAs, have experienced a burden 
of immunosuppressive side effects comparable to that observed in solid organ trans-
plantation, including infection, metabolic and renal impairment, and malignancy 
[3]. Given the necessity for lifelong immunosuppression to prevent VCA rejection, 
it can be expected that the impact of these side effects will accrue over time, further 
highlighting the benefit of a tolerance protocol when one considers that the trau-

Fig. 15.1  Vascularized 
composite allotransplantation 
achieves high-quality restora-
tion of function and form 
following complex injuries to 
specialized anatomic subunits
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matic extremity and craniofacial injury suitable for reconstructive transplantation 
are predominantly experienced by a relatively young cohort of patients.

While numerous VCAs have now been performed, the incidence and presen-
tation of chronic rejection in these grafts have not yet become clear. To date, al-
lograft vasculopathy has been reported in one knee transplant [19] and one hand, 
which presented with progressive ischemia necessitating amputation 9 months post 
transplant, with widespread intimal hyperplasia of donor arteries demonstrated on 
histology [20]. While these cases may be attributed to chronic rejection, nonim-
mune factors may also have contributed, particularly in the hand where procure-
ment of a long segment of isolated donor brachial artery and over use of the hand 
post transplant were described [20]. In contrast to the small number of confirmed 
cases of chronic rejection to date, the incidence of acute rejection episodes has 
been reported to exceed 85 % at 1 year [3], and this has been associated with an 
increased risk of chronic rejection in animal models of VCA [21]. The apparently 
low incidence of chronic rejection in VCAs may include some degree of artifact 
due to the relatively small number of cases available for analysis, but none the less 
stands in contrast to kidney transplantation, for example, where 10-year survival for 
living donor transplants is 59 % and only 43 % for cadaveric grafts [22]. Chronic 
vasculopathy has been associated with humoral immunity and the development of 
donor-specific antibody in various experimental models of organ transplantation 
[23], and unfortunately has proved resistant to conventional immunosuppression, 
despite the considerable improvements observed in control of acute rejection over 
the past 20 years. Until such time as multicenter cohorts of VCA recipients are 
available for long-term follow-up and analysis, it is likely that experience in or-
gan transplantation will continue to offer important insights for development of 
VCA protocols, and further investigation of chronic rejection in the context of VCA 
would be welcome. Induction of VCA tolerance not only avoids the risks associated 
with long-term treatment with conventional immunosuppressive regimens but also 
holds the potential to prevent chronic rejection.

Tolerance and Mixed Chimerism

Tolerance of transplanted organs or tissues, including skin grafts, may be achieved 
in small animal models by numerous protocols; however, nearly all have failed in 
large animal studies, which remain an important step in the translation from bench 
to bedside [24]. Hematopoietic mixed chimerism, defined as the coexistence of he-
matopoietic cells of donor and recipient origin within an individual has been suc-
cessfully applied for induction of transplant tolerance in small animals [25], in large 
animal models [26], and recently in clinical trials in renal transplantation [27–29].

The initial association of hematopoietic mixed chimerism with immune toler-
ance stemmed from an observation in naturally occurring bovine chimeras (termed 
free-martin cattle) almost 70 years ago [30]. Medawar and colleagues confirmed 
this observation in a mouse model by intrauterine injection of fetuses with a prepa-
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ration of cells from a mismatched adult donor, with subsequent skin grafts from 
the donor strain accepted indefinitely following birth and maturation [31]. Later 
experiments by Ildstad and Sachs demonstrated the induction of chimerism and 
tolerance of transplanted skin grafts in adult mice reconstituted with a mixture of 
donor and recipient bone marrow following myeloablative conditioning [32]. Ab-
lation of the recipient immune system and hematopoiesis, combined with deple-
tion of mature T cells from the donor bone marrow prior to transplant, permitted 
engraftment of donor hematopoietic cells while avoiding graft versus host disease 
(GvHD) and permitted development of a new immune system tolerant of donor and 
recipient antigens. However, these early protocols consisting of lethal total body 
irradiation (TBI) and chemotherapeutic agents would be unacceptable for use in 
patients for the sole purpose of inducing VCA tolerance. Furthermore, rodents have 
also demonstrated considerable resistance to GvHD following hematopoietic stem 
cell (HSC) transplantation across major histocompatibility complex (MHC) barri-
ers in comparison to large animal models and humans. Paired with a considerable 
incidence of engraftment failure when the donor hematopoietic cell graft is T-cell-
depleted prior to transplant to reduce the risk of GvHD [33–36], the use of myeloab-
lative protocols becomes unjustifiable.

Thus, subsequent studies focused on development of progressively less toxic, 
nonmyeloablative conditioning regimens based on T-cell-depleting antibodies, low-
dose total body, or targeted thymic irradiation and/or costimulatory blockade [37]. 
Protocols of this sort have resulted in engraftment of donor HSCs and stable mul-
tilineage mixed chimerism and induction of donor-specific unresponsiveness with 
considerably reduced morbidity and mortality. Indeed, this approach was success-
fully extended to induction of chimerism and organ transplant tolerance [38–40], 
and more recently VCA tolerance [41, 42] across MHC barriers in the Massachu-
setts General Hospital (MGH) miniature swine model.

Mixed chimerism has also been successfully applied for the induction of kid-
ney allograft tolerance across MHC barriers in nonhuman primates [26], and in 
both human leukocyte antigen (HLA)-matched and HLA-mismatched settings in 
humans [27–29, 43]. Interestingly, both stable [28] and transient [27] mixed chime-
rism have been demonstrated to contribute to tolerance of renal allografts in clinical 
trials. The successful induction of kidney tolerance by transient mixed chimerism 
is consistent with previous data in both small and large animal models achieving 
induction of renal allograft tolerance by very mild regimens, in which the kidney 
has been demonstrated to contribute to its own tolerance [44]. This suggests that 
in the transient chimerism model in nonhuman primates and clinical protocols, the 
transplanted kidneys may be contributing to the maintenance of tolerance following 
loss of mixed chimerism, and the mechanisms may or may not be similar for VCA 
tolerance. The recent report of a protocol achieving engraftment of HSCs, durable 
high-level chimerism, and acceptance of kidney transplants without long-term im-
munosuppression from HLA-mismatched donors [28] is an interesting development 
while may be of significance for more immunogenic transplants, including VCAs, 
which lack the tolerogenic capacity of renal or liver grafts. All in all, there is cur-
rently no one protocol which will reliably and safely induce stable multilineage 
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mixed chimerism across MHC barriers in humans without GvHD, and further work 
in this area is undoubtedly required.

Mechanisms of Tolerance in Mixed Chimerism

Definitions of immune tolerance vary, but throughout this discussion we will define 
tolerance as a state of specific unresponsiveness to donor antigens associated with 
long-term rejection-free acceptance of transplanted tissues without immunosup-
pression. Currently, mechanisms for induction and maintenance of immune toler-
ance are considered in three main groups: deletion, anergy, and regulation/suppres-
sion. These mechanisms may be further classified as occurring centrally, referring 
to intrathymic events such as the clonal deletion of alloreactive thymocytes, or 
generation of T regulatory cells (Tregs), or peripherally within either secondary 
lymphoid tissues or at the graft site itself. Similarly, the relative importance of each 
mechanism may vary during induction and maintenance phases of tolerance, and 
in protocols achieving transient or limited, rather than stable, multi-lineage mixed 
chimerism. We will consider each of these mechanisms and scenarios in turn, with 
a specific focus on tolerance mediated by mixed chimerism, and its relevance to 
VCA Fig. 15.2.

2. Recipients are 
condi�oned with a non-
myeloabla�ve regimen 
to control alloreac�vity 

d t ‘ ’ f

4. Stable engra�ment of donor HSCs ensures
life-long donor-derived mul�lineage mixed
chimerism (lymphoid and myeloid), allowing
for specific tolerance of donor VCAs while

and create ‘space’ for 
donor HSCs to engra�.  
Protocols may include 
total body and thymic 
irradia�on, T cell 
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courses of conven�onal 
immunosuppression.
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Tregs.

Fig. 15.2  Mechanisms of tolerance in mixed chimerism. VCA vascularized composite allograft, 
CD cluster of differentiation
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Central and Peripheral Mechanisms of Tolerance

The establishment of immune tolerance is a natural process during immune devel-
opment, which is essential for discrimination of “self” and “nonself,” recognition 
of pathogens, and avoidance of autoimmunity. If one considers HSC transplantation 
and the establishment of mixed chimerism as the redefinition of self, it is coherent 
that the mechanisms by which transplant tolerance is achieved will overlap with 
those establishing self-tolerance during natural immune system development. In-
duction of tolerance of donor tissues or organs requires specific unresponsiveness 
of those immune cells which would otherwise be capable of exerting a destructive 
effect on the graft. Although cells of the innate immune system, particularly natural 
killer (NK) cells, have been implicated in some situations [45, 46], allograft rejec-
tion is principally mediated by the adaptive immune system. Furthermore, while it 
has been demonstrated that B cells may be directly tolerized by mechanisms includ-
ing deletion [47, 48] and anergy [49, 50], evidence for humoral rejection in VCA is 
lacking [20, 51], and induction of T cell tolerance may be sufficient for tolerance of 
donor antigens at a functional level [52]. Therefore, we will focus our discussion on 
the mechanisms of T cell tolerance, as these appear most relevant to VCA.

The thymus is the primary site of T cell development, and also the first step in 
establishing tolerance at the “population” level. Thus, T cell tolerance established 
by intrathymic mechanisms is classified as central tolerance. In contrast, peripheral 
tolerance is established in mature T cells following encounter with antigen in the 
peripheral tissues. The underlying mechanisms by which both central and periph-
eral T cell tolerance can be established include deletion, anergy, and regulation. In 
the context of self-tolerance, peripheral mechanisms were historically viewed as 
critical in tolerizing T cells, recognizing tissue-specific antigens which may not 
have been encountered in the thymus during development through interaction with 
either thymic epithelium or hematopoietic-derived antigen-presenting cells (APCs) 
[53,54]. Furthermore, it has now been demonstrated that a considerable number 
of so-called tissue-specific antigens are in fact expressed in the thymus, under the 
control of the autoimmune regulator (AIRE) transcription factor and can mediate 
central tolerance of these antigens [55]. Thus, with regard to induction of VCA 
tolerance, the efficiency of these mechanisms may reflect the challenge of estab-
lishing skin tolerance, even in mixed chimeras, as presumably the skin expresses 
tissue-specific antigens not presented to developing thymocytes during the time of 
central tolerance induction. Nonetheless, the role of AIRE in mixed chimerism and 
transplant tolerance has not been established and peripheral mechanisms are likely 
of considerable importance, particularly in controlling mature alloreactive T cells 
which survive pre-transplant conditioning.

Clonal Deletion

Clonal deletion is the core mechanism of central tolerance, mediated in the thymus 
by recognition of autoantigens presented by medullary and cortical thymic epithe-
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lial cells and dendritic cells of hematopoietic origin at the cortico-medullary junc-
tion [56, 57]. During T cell development, lymphoid progenitors arising in the bone 
marrow traffic to the thymus and enter the subcapsular region of the cortex where 
they proliferate and sequentially express cluster of differentiation (CD)2, CD44, 
and CD25 and undergo rearrangement of the T cell receptor (TCR) beta chain [58]. 
Successful rearrangement and cell-surface expression of the beta chain with CD3 
and pTa, forming the pre-TCR, is followed by expression of CD4 and CD8. These 
double-positive thymocytes commence alpha chain rearrangement and migrate to-
ward the cortico-medullary junction. Positive selection, mediated by binding of the 
rearranged TCR to complexes of MHC and self-peptide on cortical epithelial cells 
with sufficient affinity to provide a survival signal, and ensure cognate T cell/APC 
interaction in the periphery is essential within 3–4 days to avoid “death by neglect.” 
But those thymocytes with TCR with high affinity for self-peptide/MHC expressed 
by hematopoietic-derived dendritic cells at the cortico-medullary junction undergo 
deletion, also termed negative selection, or clonal diversion to become Tregs [59]. 
Successfully selected thymocytes differentiate into CD4 and CD8 single-positive 
populations and migrate to the thymic medulla, expressing high levels of rearranged 
αβ TCR and addressins to permit homing to secondary lymphoid organs as naïve 
T cells.

In mixed chimeras, while thymic epithelial cells remain of solely recipient ori-
gin, hematopoietic cells of both donor and recipient origin migrate to the thymus 
and mediate deletion of both donor-reactive and host-reactive T cell precursors. 
This results in establishment of a peripheral T cell repertoire tolerant of both donor 
and host, thus simultaneously controlling graft rejection and GvHD [60, 61]. Fur-
thermore, the persistence of recipient-origin APC populations, alongside cells of 
donor origin, in the periphery of mixed chimeras facilitates appropriate recipient-re-
stricted immune responses and maintenance of immunocompetence. This is in con-
trast to full chimeras prepared by myeloablative conditioning, in which the MHC 
disparity between the thymic epithelial cells responsible for positive selection, and 
the entirely donor-derived APC pool in the periphery against which the recipient-
restricted T cells are significantly limited in mounting an effective response [25].

One of the primary mechanisms by which mixed chimerism maintains long-
term, robust tolerance is through the continual presence of donor-derived cells me-
diating negative selection of newly developing thymocytes. This was demonstrated 
in a murine model, in which elimination of chimerism using donor-specific anti-
MHC antibody resulted in abrogation of tolerance and emergence in the periphery 
of T cells recognizing donor-presented superantigen. In contrast, if recipient thy-
mectomy was performed prior to elimination of chimerism, donor-specific toler-
ance was preserved and cells with donor-reactive TCR could not be detected [62]. 
This result is consistent with a central deletional mechanism of tolerance playing a 
primary role in maintenance of tolerance in this case, since alternate mechanisms 
such as anergy and regulation typically required persistence of antigen for mainte-
nance of tolerance.

While central deletion of donor- and recipient-reactive T cells is a highly robust 
mechanism of tolerance, as cells deleted in the thymus will never be available in 
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the periphery and therefore unable to contribute to pathology, the thymus does not 
express all antigens expressed by all peripheral tissues. Deletion of mature T cells in 
the periphery has been described for both CD4 and CD8 T cells in antigen-specific 
manners [63–65]. Peripheral deletion occurs in a similar fashion to central dele-
tion, through apoptotic cell death, with evidence for both Fas- and Bim- apoptosis 
pathways operating in a coordinated manner to achieve elimination of chronically 
self-stimulated T cells in vivo [59].

Achieving robust tolerance is clearly of significant importance in the develop-
ment of protocols for clinical application, and the strength of deletional tolerance 
has been well established, permitting acceptance of highly immunogenic grafts (in-
cluding skin and small bowel) across stringent histocompatibility barriers in small 
animal models [66–68]. Given the well-established challenges of inducing toler-
ance of transplanted skin, and the facility with which mixed chimerism achieves 
clonal deletion, it is likely that protocols achieving VCA tolerance will be built on 
a primarily deletional mechanism. However, other mechanisms, principally anergy 
and regulation, may contribute, particularly in the early post-transplant phase, prior 
to completion of the deletion process [69].

Anergy

The classic definition of anergy is a state in which a T cell is rendered unresponsive 
to an antigen by binding of a peptide-MHC complex (pMHC) in the absence of ap-
propriate costimulatory signals [70–72]. Cellular anergy has been associated with 
reduced interleukin (IL)-2 production, altered intracellular signaling and tyrosine 
phosphorylation patterns [73–75]. Recent studies have demonstrated that inhibition 
of the mammalian target of rapamycin (mTOR) pathway following T cell activation 
via CD3 and CD28 is sufficient for induction of anergy, and that nutrient-sensing 
pathways such as activation of the hypoxia and adenosine triphosphate (ATP) depri-
vation sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK), 
may play a role in this process [76].

TCR engagement in the context of co-inhibitory molecule ligation such as pro-
grammed death 1 (PD-1) and cytotoxic T lymphocyte antigen-4 (CTLA-4) has also 
been shown to induce an anergic state in T cells. Binding of PD-1 by its ligands 
PD-L1 and PD-L2 can limit the expansion of autoreactive T cells [77]. Similarly, 
CTLA-4 binding of CD80/86 can transduce a negative signal that blocks the cell 
cycle progression [78]. Interestingly, Tregs may promote local hypoxia via expres-
sion of CD39 and CD73 which convert ATP to AMP, and AMP to adenosine, re-
spectively, suggesting that the Tregs may in part modulate T cell activity through 
anergy [79, 80]. Overall, a constellation of genes has been associated with anergy, 
and interestingly many of which overlap with the expression profiles of cells under-
going peripheral deletion [59, 81].

Evidence for anergy in mixed chimerism was demonstrated in a murine bone 
marrow transplantation (BMT) model, using a costimulatory blockade-based induc-
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tion regimen. Peripheral donor-reactive CD4 T cells were rapidly rendered anergic 
post transplant, with evidence of complete unresponsiveness to donor at week 1, 
prior to progressive deletion over a period of weeks [82]. Similarly, the sequential 
deletion of T cells following induction of anergy has been reported in several other 
studies [83, 84]. However, induction of anergy does not always precede deletion, as 
anergic T cells have been shown to survive long term [85,86]) and may in fact ex-
hibit regulatory activity by modulating the activity of other effector T cells [87, 88].

Classically [89], but not universally [90], T cell anergy may be abrogated in vitro 
by reexposure to cognate antigen in the presence of exogenous IL-2. There is also 
evidence for reversal of anergy in vivo both by infection [91] and removal of antigen 
[92–95]. Clearly, these findings would raise concern regarding the reliability and 
robustness of any protocol in which anergy was the primary mechanism for mainte-
nance of tolerance over the long term.

Regulation

Specialized cell populations, initially termed “suppressor cells,” capable of attenu-
ating and controlling immune responsiveness in an antigen-specific manner, were 
identified in the 1970s [96, 97]. Efforts to define the cellular characteristics and mo-
lecular mechanisms responsible for suppression achieved limited success until 1990 
when it was demonstrated in a rodent model of cardiac allograft transplantation that 
tolerance could be adoptively transferred by CD4+CD25+ cells [98]. Subsequently, 
considerable strides have been made in characterizing this cell population, now 
referred to as Tregs, in both mice and humans [99, 100].

One of the major hurdles in dissecting the specific roles and contribution of 
Tregs to transplantation tolerance is the heterogeneity of both cell surface marker 
and transcription factor expression in various model systems and species. While 
regulatory function has been demonstrated for non-CD4+ cell populations includ-
ing CD8+ [101–103], CD8+CD28− [104], TCR+CD4−CD8− [105], natural killer T 
(NKT) [106, 107], and myeloid suppressor cells [108], CD4+ Tregs remain the most 
fully characterized. The cardinal markers associated with this population of Tregs 
in humans are considered to be cell-surface expression of CD25 (the alpha subunit 
of the high affinity IL-2 receptor), constitutive expression of the transcription factor 
forkhead box P3 (FoxP3) and both cell-surface and cytoplasmic expression of the 
co-inhibitory receptor cytotoxic T lymphocyte antigen 4 (CTLA-4) [109]. Each of 
these molecules has been demonstrated to be of functional significance in Tregs, 
respectively providing survival signals to the Treg (and presumably mediating sup-
pression by IL-2 absorption), promoting transcription of factors essential for Treg 
development and survival (including CD25 and FOXP3), and outcompeting CD28 
for binding of CD80 and CD86 on APCs [110]. Furthermore, Tregs may down-
regulate expression of CD80/CD86 via a CTLA-4-dependent mechanism, exerting 
suppressive activity through APC modification [100, 111]. Another area of active 
research in Tregs that has direct implication for the field of transplantation is the 
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origin of Treg generation. It has been shown that Tregs can arise both during thymic 
development through intermediate-affinity interactions with antigens expressed in 
the context of MHC class II on nonhematopoietic thymic epithelial cells in the 
cortex (nTregs) [112–114] or from naïve CD4 T cell precursors in the periphery 
(iTregs) [115].

While the principle role of Tregs is maintenance of self-tolerance, and resolv-
ing active immune responses to pathogens, they are also the focus of considerable 
research in the field of transplantation, where they have been demonstrated to play 
a role in prevention of organ allograft rejection [116–118] and to attenuate GvHD 
following BMT [53, 119]. Populations of cells enriched for Tregs have also been 
identified in allograft recipients, both in the peripheral lymphoid tissues [116] and 
at the graft-site itself [120]. Indeed, FoxP3 + cells have been identified in the skin 
of accepted hand transplants as much as 6 years post transplant on conventional 
immunosuppressive protocols [121], and experimentally, in the skin of VCAs trans-
planted between MHC-matched canines [122].The homing and activation of Tregs 
are now recognized to mirror that of conventional T cells, and appear to be criti-
cal for optimal protection of transplants, including skin grafts, against anti-allo re-
sponses [123, 124]. However, as yet the functional significance of Tregs for survival 
or tolerance of VCAs has not been clearly demonstrated.

The evidence for Treg function in the maintenance of tolerance in mixed chi-
merism models is sparse [125], but during the induction phase of chimerism, or in 
models where only low levels of chimerism are achieved, it is conceivable that the 
contribution of regulatory mechanisms to tolerance may be more significant [126, 
127], as in this setting the deletion of donor-reactive T cells appears to be less com-
plete [128] Fig. 15.3.

Mixed Chimerism: Transient Versus Stable

In elucidating and determining the contribution by each of the various mechanisms 
of tolerance invoked through use of HSC transplantation and mixed chimerism, an-
other major aspect that must be considered is the nature of the chimerism achieved, 
specifically whether it is transient or stable in nature. The majority of protocols 
utilized in small animal models (from extensive T cell depletion to costimulatory 
blockade) result in engraftment and establishment of long-term multilineage chi-
merism. In these situations, the continual contribution and differentiation of plu-

Regula�on/Anergy Dele�on

Fig. 15.3  Tolerance is induced rapidly following hematopoietic stem cell transplantation, with 
the contribution of nondeletional mechanisms declining over time as clonal deletion progresses
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ripotent HCSs into common lymphoid and myeloid progenitors ensure sustained 
input of donor-derived cells, facilitating both central and peripheral mechanisms of 
tolerance. However, in the translation of these small animal models into large ani-
mal models and the clinic, it has become evident that establishing stable chimerism 
with contribution from both host-derived and donor-derived HSCs is much more 
challenging: in most cases, recipients either fail to maintain donor chimerism for 
the long term (as determined by peripheral blood analysis by either flow cytometry 
or polymerase chain reaction (PCR), and lack of evidence for donor HSC in bone 
marrow samples), or they spontaneously convert to full-donor chimerism, with the 
attendant risk of GvHD.

With regards to the requirement of sustained donor hematopoiesis for estab-
lishment and maintenance of tolerance for organ transplantation, the current data 
in large animal and clinical trials do not yet provide clear insight into the neces-
sity of the various mechanisms for optimal outcomes. While the initial studies 
described for combined HSC and kidney transplant described successful engraft-
ment of donor HSCs and long-term hematopoiesis [43], these patients were be-
ing treated for both kidney failure and hematological disorders. However, further 
studies demonstrated that only transient chimerism was necessary for long-term 
kidney acceptance [27, 129], suggesting that peripheral mechanisms were suf-
ficient and that the kidney may play an active role in promoting its acceptance. 
From a therapeutic perspective, this has the benefit of avoiding the risk of GvHD 
in patients, although recent studies have demonstrated the establishment of long-
term donor chimerism in the absence of GvHD and concurrent acceptance of kid-
neys without immunosuppression [28].

Infusion of donor bone marrow cells has been included as part of the induc-
tion regimen for some cases from the outset of the clinical VCA era, with mixed 
evidence for effect. The recipient of the first face transplant received two donor 
bone marrow infusions, but chimerism was not detected; there was no evidence for 
modulation of anti-donor responses and comparable to protocols not including bone 
marrow, the recipient has experienced a number of rejection episodes despite con-
ventional immunosuppression [2]. In contrast, a protocol including alemtuzumab 
induction and donor bone marrow infusion has been shown to have a positive effect, 
permitting acceptance of upper extremity transplants on significantly reduced main-
tenance immunosuppression (tacrolimus monotherapy) [14]. From a mechanistic 
perspective, as these patients have not received any conditioning that would likely 
facilitate engraftment of donor HSCs and the establishment of long-term chimerism, 
the infusion of donor marrow most likely is providing a window of donor-specific 
nonresponsiveness, mediated through either peripheral deletion of donor-reactive 
lymphocytes or induction of regulatory cells. However, in contrast to the kidney, as 
yet there is little evidence to suggest that VCAs will be able to contribute to their 
own long-term acceptance, and the short-term effects of bone marrow infusion may 
not be sufficient to ensure immunosuppression-free survival due to the inherent 
qualities of the VCA Fig. 15.4.
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Issues Specific to VCA Tolerance

VCA transplantation has only relatively recently entered substantial clinical appli-
cation, and consequently, many well-accepted paradigms in solid organ transplanta-
tion remain to be specifically tested in VCA models. While it is likely that many of 
the basic principles of transplant acceptance and rejection will be shared, and proto-
cols comparable to those sufficient for prevention of solid organ transplant rejection 
in clinical practice have achieved an impressively low rate of VCA loss to rejection 
[3], some aspects specific to VCA warrant further consideration and investigation.

The relative difficulty in achieving acceptance of skin across allogeneic barriers 
in comparison to kidney and other organ transplants is well established. Classically, 
this has been attributed to skin’s unique mode of transplantation (as a secondarily 
vascularized split or full-thickness skin graft), or to the presence of skin-specific 
alloantigens [130]. Presumably, the prolonged period of relative ischemia and sub-
sequent ischemia–reperfusion injury following secondary establishment of circula-
tion contribute to a local inflammatory milieu and presentation of donor antigen 
to the immune system in a strongly immunogenic fashion. However, it has been 
observed in both experimental models and clinical practice that the skin component 
of a primarily VCA is particularly susceptible to acute rejection episodes, suggest-
ing a unique intrinsic factor of the skin.

It is now well established that skin provides more than a simple mechanical bar-
rier in the protection against pathogens, and is a site of significant immunologic 
activity. The identification of Langerhan’s cells as professional APCs within the 
epidermis [131], and the ability of epidermal cells to stimulate T cells directly [132] 
suggested a model where skin can serve as a site of immune sampling and effector 
immune function. Elucidation of a network of multiple immunologically active cell 
types within skin suggests that in fact the “skin immune system” may be considered 
another unique and distinct component of the overall immune system [133].

The scale of the skin immune system has only recently begun to be appreci-
ated, as recognition that the skin of a normal, healthy adult contains approximately 
1 × 106 T cells/cm2;almost twice the number circulating in blood. These T cells ex-
press the skin-homing addressins cutaneous lymphocyte-associated antigen (CLA) 
and chemokine (C-C motif) receptor (CCR)4, and the majority lack expression of 
CD62L and CCR4, a phenotype consistent with effector memory T cells. The pres-
ence of such a significant population of T effector memory (TEM) cells in normal 
skin stands in contrast to the conventional model where TEM remain primarily in the 

Chimerism Regula�on/Anergy

Fig. 15.4  Protocols achieving stable mixed chimerism result in the persisting contribution of 
donor cells to the thymus, and sustained clonal deletion. Protocols achieving transient or limited 
chimerism may require greater contribution from nondeletional mechanisms to maintain tolerance
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circulation until recruited to the tissues by inflammation. Furthermore, these skin-
resident TEM cells persist long term without recirculation, and appear to provide 
global cutaneous immunity which accumulates over time [134, 135].

Tregs have also been identified in human skin, where they represent between 5 
and 10 % of the resident T cell population [136, 137]. Interestingly, expansion of 
cutaneous Tregs has recently been demonstrated in response to corticosteroid treat-
ment, through upregulation of TGF-β secretion by Langerhans’ cells [138], sug-
gesting a mechanism through which topical application of clobetasol may act in the 
treatment of acute rejection episodes in VCA patients.

While skin represents a well-established challenge to transplant tolerance induc-
tion, both when transplanted in isolation and more recently as a component of VCA, 
there is evidence to suggest that VCAs may in fact be less immunogenic than the 
sum of their parts [139]. One frequent outcome in large animal studies has been the 
induction of split tolerance, with long-term acceptance of musculoskeletal compo-
nents of limb allografts but rejection of skin, across both minor histocompatibility 
antigen (miHA) and MHC barriers. In some cases, rejection has been targeted spe-
cifically at epidermis with maintenance of viable dermal tissue [140, 141].

The establishment of mixed chimerism by HSC transplantation, and the asso-
ciation of chimerism and tolerance have been extensively discussed. Clearly, the 
conditioning regimens necessary to achieve engraftment of donor HSCs retain some 
degree of toxicity and morbidity, despite considerable advances in the development 
of reduced intensity regimens. It has been suggested that the vascularized BMT 
(VBMT) may offer benefits over cellular BMT in this regard, by providing a source 
of donor HSCs pre-engrafted within appropriate cellular architecture.

Much of the data concerning the immunologic role of VBMT has been collected 
from experimental models of hind-limb transplantation in rats [142, 143]. The util-
ity of VBMT as a source of functional hematopoiesis was demonstrated by the 
complete repopulation with donor cells of bone marrow and secondary lymphoid 
organs in lethally irradiated recipients [144, 145]. Subsequent studies demonstrated 
induction of mixed chimerism, long-term-immunosuppression-free survival of the 
allograft, and in vitro evidence of tolerance of donor antigen in a parental to F1 
hybrid setting [146]. More recently, a number of small animal models of VBMT-
containing VCA have been introduced, permitting study of both immunologic as-
pects of these procedures and functional responses to transplantation and various 
conditioning and immunosuppressive regimens [147].

VCAs containing a vascularized bone marrow compartment have also been stud-
ied in large animal systems, including heterotopic hind-limb models in both porcine 
[140, 141] and canine systems [122], and partial face allografts in nonhuman pri-
mates [148]. In a series of studies in MGH miniature swine, tolerance of musculo-
skeletal components, but not skin, was observed in untreated recipients of MHC-
matched, minor antigen-mismatched limb transplants. In contrast to some small ani-
mal studies, evidence for sustained donor hematopoiesis was not observed either in 
peripheral blood or in the recipient bone marrow compartment and by 48 weeks post 
transplant donor cells could no longer be isolated from the donor marrow compart-
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ment, which had been repopulated with recipient origin cells [149]. In a subsequent 
study in which limb transplants were performed in conjunction with either cellular 
BMT or mobilized HSCs following irradiation-free conditioning, split tolerance 
was once again demonstrated across MHC barriers. Multilineage mixed chimerism 
was detected early in some, but not all, recipients and when present was observed to 
gradually decline over time [140]. Thus, the acceptance of some components of the 
VCA cannot be entirely attributed to the VBMT. The potential role of VBMT was 
studied more specifically using a nonhuman primate model of heterotopic partial 
face transplantation, in which the facial segment was transplanted with or without 
hemi-mandible [150]. Immunosuppression was maintained with calcineurin inhibi-
tors and antiproliferative agents, but no conditioning or cytoreductive treatments 
were given. In contrast to rejection of VCAs lacking VBMT within 50 days, none 
of those containing VBMT rejected while on immunosuppression. However, toler-
ance was not achieved in this model, as withdrawal of immunosuppression between 
205 and 430 days post transplant lead to rejection, suggesting that attenuation of the 
immune response against VCAs while under therapeutic immunosuppression may 
offer encouragement for development of clinical immunosuppression minimization 
protocols for VCAs containing functional marrow compartments Fig. 15.5.

Practical Considerations for Translating VCA Tolerance to 
Clinical Practice

Significant strides have been made in our understanding of the immunobiology of 
VCA since the introduction of these procedures to the clinical arena. Encouragingly, 
many of these findings have been reproducible in large animal models, which rep-
resent an important step from laboratory bench to clinical practice. However, these 
studies have also served to illustrate the unique aspects of achieving tolerance in 
VCA.

In contrast to kidneys, for which transient chimerism has proven sufficient, it 
appears that stable multi-lineage mixed chimerism may be a prerequisite for VCA 
tolerance. To date, the application of HSC transplantation for induction of stable 
chimerism in humans remains limited by the toxicity of conditioning regimens tra-
ditionally used to achieve engraftment, and by the risk of GvHD which until rela-
tively recently precluded transplantation in all but MHC-matched scenarios [151]. 
However, progress in the field of BMT for treatment of malignant and nonmalig-
nant diseases with increased focus on nonmyeloablative and reduced intensity con-
ditioning regimens, including recent protocols utilizing post-transplant cyclophos-
phamide therapy for preferential depletion of alloreactive T cell clones, has resulted 
in the introduction of MHC mismatched BMT to clinical practice [152]. Thus, the 
use of HSC transplantation for induction of tolerance is continuing to become a 
more viable option.

Another major consideration which clinically applicable VCA tolerance proto-
cols must address is the obvious necessity of procurement from deceased donors. 
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This is in contrast to current tolerance protocols for kidney transplantation in which 
there are two significant differences: First, HSCs have been collected from liv-
ing donors which influence the structure of the recipient conditioning regimen, as 
conditioning of a VCA recipient prior to the day of transplant will be impractical. 
Second, the choice of HSC source used for induction of chimerism. While mecha-
nistic studies in small animal models typically utilize bone marrow for induction 
of chimerism which similarly can serve as a source of HSCs in clinical practice, it 
has become more common to use cytokine-mobilized peripheral blood stem cells 
as an alternative. While cytokine-mobilized HSC have successfully been utilized 
for induction of chimerism across MHC barriers without GvHD [40, 153] and in-
duction of VCA tolerance [41], the necessity for treatment of the donor with cyto-
kines to mobilize hematopoietic stem and progenitor cells from the marrow to the 
peripheral blood for collection by apheresis limits applicability in the deceased 
donor setting.
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Finally, mechanisms involved in the induction and maintenance of tolerance 
through mixed chimerism approaches are dependent on thymic function. While this 
may seem a significant obstacle in light of thymic involution in adulthood, per-
sistence of thymic function, despite the absence of an anatomically well-defined 
thymus, can be demonstrated in normal adults even in old age [154]. Furthermore, 
in experiments in aged mice, abrogation of long-term mixed chimerism with anti-
donor MHC antibody resulted in loss of tolerance and re-emergence of anti-donor 
T cells in the periphery [62]; thus demonstrating that, even in senescence, sufficient 
thymic function is maintained to generate de novo donor-reactive T cells in the ab-
sence of donor antigen within the thymus.

Concluding Remarks

Transplantation and reconstructive surgery have an extensive shared history, and 
researchers at the interface of these two specialties have contributed much to both 
fields [155]. The introduction of VCA to the clinical arena has shifted the emphasis 
on skin transplantation from being a stringent test of experimental protocols to be-
coming a clinical goal in its own right. Progress continues to be made in translating 
mixed chimerism-based tolerance protocols to large animal models and, for renal 
transplantation, to clinical application. However, further work is required before 
regular clinical application of protocols achieving tolerance of VCAs through the 
mechanisms described above becomes reality, and we believe that such an achieve-
ment will be inherently reliant on the availability of safe and effective protocols 
for establishment of stable mixed chimerism across HLA barriers. To this end, 
it should be acknowledged the state of the art with regard to surgical aspects of 
VCA is impressive, allowing these complex procedures to be performed with rela-
tively high frequency and with a low incidence of surgical complications. Prog-
ress towards the implementation of tolerance protocols will require preclinical and 
translation research efforts, and effective collaborations between immunologist, 
hematologist, and surgical scientist in the field of VCA (Figs. 15.1, 15.2, 15.3, 
15.4, and 15.5).
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Chimerism as an Approach to the Problem of Tolerance 
Induction in Transplantation

The Origins of Chimerism in Medicine

In Greek mythology, there is a fabled creature possessing the strength and body 
parts of many animals called chimera. One of the most famous chimera statues 
is “The Chimera of Arezzo” of 1553, which is made of bronze and found on dis-
play in the National Archaeological Museum of Florence, Italy. This chimera is a 
mythic three-headed monster. The special feature characterizing the chimera is its 
indestructibility; such a creature is able to compensate for its shortcomings because 
it has the strength of another creature in addition to its own. The term “chimera” 
permanently entered medical vernacular and is understood today as an experimental 
animal or a human that accepts another’s genetic makeup, tolerates it, and becomes 
its permanent host. These donor-derived cells live and differentiate, in the host body 
and can be delivered to the host body in a variety of methods. The most familiar 
method is chimerism resulting from organ transplant, which was first displayed in 
the case of kidney and liver transplantation and originally treated more as an in-
teresting side effect rather than a common posttransplantation interaction between 
donor and recipient. For almost 70 years, scientists have been debating over the 
interpretation of this phenomenon. We know now that donor cell engraftment in 
the recipient body is usually a sign of transplantation success [72]. This means the 
body has developed tolerance toward the foreign organ and has become a chimera. 
However, it must be emphasized that the word chimerism is understood not only as 
a result of solid organ and VCA transplantation, but also as a natural phenomenon 
during pregnancy. This aspect of chimerism is not covered in this chapter.

Several basic questions are important to understand chimerism. These questions 
include how long the chimeric state will last, whether these cells will induce or 
be induced to create a state of tolerance to support graft survival, and whether the 
development of chimerism will lead to chronic problems in the long-term. It is also 
important to know if these genetically distinct cell types will live without any side 
effects in the body untill the end of the recipient’s life. These essential questions 
open the scientific debate that supports continuation of multidisciplinary projects in 
many scientific centers around the world.

Chimerism and Tolerance

The existence of chimerism is often interpreted as evidence of transplantation 
success and is applicable to solid organ, bone marrow, and stem cell transplanta-
tion. For many decades, scientists have been debating over the interpretation of 
this phenomenon. Chimerism can be viewed today as a form of a tolerance induc-
tion therapy to support engraftment and maintain long-term graft survival in solid  
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organs, as well as in the relatively new and still developing field of reconstructive 
transplantation. The main goal of such a therapeutic approach is to understand a 
complex mechanism of self and nonself discrimination by the recipient’s immune 
system and would apply to our new bone marrow-based cellular therapy of do-
nor–recipient chimeric cell creation where the cells are carrying antigens specific 
for both donors. Such an advantage would open unlimited options for induction 
and modulation therapies in patients receiving solid organ or VCA transplants. Tra-
ditional cellular therapies in the form of bone marrow-derived cells are still the 
most common protocols for tolerance induction in transplantation. This therapeutic 
approach is changing, toward the development of more defined cellular therapies 
including chimeric cell protocols.

The first application of chimerism as an approach for tolerance induction was 
reported in the literature in the early 1950s [9, 10]. Billingham, Brent, and Medawar 
published a paper in 1953 describing the process of acquiring tolerance to foreign 
cells [10]. They reported the induction of transplantation tolerance by injection of 
donor hematopoietic cells into neonatal mice within the first 24 h after birth [92]. 
These classic experiments performed by Billingham showed that it was possible 
to engraft splenic leukocytes or bone marrow cells (BMCs) into the newborn mice 
recipients which were immunologically immature and unable to reject them [108]. 
Moreover, the recipient mice carrying donor leukocytes were able to accept a skin 
graft from the donor leukocyte strain which indicated that leukocyte chimerism was 
supporting the acquired tolerance [108]. Many years later, in 1984, Ildstadt and 
Sachs published the results of their study about tolerance induction through mixed 
chimerism [37]. Sachs’ experimental design included a total body irradiation of the 
recipient mice and its reconstitution by a mixture of the T-cell-depleted bone mar-
row of the recipient with the bone marrow of the donor [92]. As the results showed, 
animals receiving a mixture of donor and recipient BMCs became and remained 
lymphohematopoietic chimeras for the rest of their lives without the development 
of graft-versus-host disease (GVHD) or complications due to T cell depletion of the 
host bone marrow [92]. Moreover, long-term graft acceptance was achieved after 
the transplantation of tail skin grafts onto the lateral thorax of the irradiated mice. 
Despite the success of achieving long-term tolerance following skin graft trans-
plantation, one major disadvantage of this experimental model was the need for 
recipient conditioning in the form of irradiation. Irradiation can cause irreversible 
changes, such as depletion of the bone marrow compartment, and patients may de-
velop toxic side effects. Due to these reasons, the irradiation protocol tested in this 
experimental model has significant limitations for clinical application. However, 
despite the negative aspects of total body irradiation, this study proved that mixed 
chimerism may lead to the development of long-term tolerance following skin graft 
transplantation [37, 92]. Another study performed by Ilstadt in 1984 showed sig-
nificant limitations in the use of animal models to study the role of chimerism in 
tolerance induction [37]. The development of animal models closely relevant to a 
clinical scenario is always challenging, and there are no perfect animal models for 
tolerance and chimerism studies. Based on the experimental data obtained in the 
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late 1970s and 1980s, which included irradiation protocols, a new approach to study 
chimerism and tolerance induction was proposed. A total depletion of the recipient’s 
T cells was replaced by the introduction of T-cell-depleting monoclonal antibodies 
(Table 16.1). This scenario seemed to be less toxic and much more clinically ac-
ceptable.

It needs to be emphasized that the animal studies assessing the mechanism of 
tolerance induction via chimerism are crucial for the transition of this approach 
toward clinical applications.

Scientific efforts and experimental protocols of Billingham, Ilstadt, Sachs, and 
many other investigators studying tolerance induction in animal models opened a 
new era in the field of solid organ and VCA transplantation. As a natural follow-up 
to these experimental studies, clinical trials on tolerance induction were introduced. 
The first reports referring to chimerism were based on bone marrow transplantation 
(BMT). In the late 1970s, reports confirmed that donor-specific blood transfusion in 
humans often led to the improved allograft acceptance in kidney transplant recipi-
ents [75, 76, 93, 119]. Consequently, studies on mice [65], dogs [15, 61, 29], and 
monkeys [113, 114] showed that the infusion of the donor BMCs combined with 
the depletion of recipient T cells prolonged allograft survival without the need for 
toxic and chronic immunosuppression. The first clinical attempt to use donor BMCs 

Table 16.1  Milestone experimental protocols in the development of chimerism approach
Protocol Description References
In vivo T cell depletion 6 Gy TBI [48]
In vivo T cell depletion Irradiation of the thymic/mediastinal area, reduc-

tion in TBI to 3 Gy
[99]

In vivo T cell depletion Thymic irradiation combined with T-cell-deplet-
ing antibodies

[116]

In vivo T cell depletion High dose of nonmyeloablative TBI—6.5 Gy [5]
Co-stimulation blockers Anti-CD40 ligand with or without CTLA4-Ig 

and 3 Gy TBI
[98, 122]

Co-stimulation blockers Anti-CD4 and anti-CD9 with anti-CD40 ligand [26]
Administration of T-reg cells T-reg cells administrated after myeloablative 

conditioning (8.5 Gy)
[40]

Administration of T-reg cells T-reg cells combined with BMT, depleting anti-
bodies and TBI (10 Gy)

[83]

In vivo T cell depletion and 
BMT

Canine model, low-dose TBI combined with 
BMT and immunosuppression

[50, 51]

In vivo T-cell depletion Miniature swine model, CD3 antibody and CsA [34]
Co-stimulation blockers Nonhuman primates model, TBI, CsA, anti-

CD154 antibody
[45]

Co-stimulation blockers Rhezus monkey model, nonmyeloablative 
conditioning with busulfan, anti-CD40 ligand 
antibody, sirolimus, anti-CD25 antibody, BMT

[47]

TBI total body irradiation, BMT bone marrow transplantation
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in combination with polyclonal antilymphocyte globulin therapy was performed by 
Monaco et al. in kidney transplant patients [66]. The use of BMT was performed 
as a supportive cellular therapy in solid organ transplants. Initially, piloted in only 
a few patients, bone marrow grafts (11 × 109 BMCs) were given 21–25 days after 
kidney transplantation in combination with immunosuppressive protocol consisting 
of: azathioprine, antilymphocyte globulin, and prednisone [66]. The early results 
were encouraging. Decreased levels of kidney graft rejection and decreasing levels 
of donor responsiveness were observed [1]. In another study, post-kidney transplant 
administration of donor BMCs (2–3 × 108 BMCs/kg) was performed and supported 
by cyclosporine A (CsA), prednisone, azathioprine, and antilymphocyte globulin 
immunosuppressive protocol [61]. Although not randomized, improved kidney 
graft survival was observed at both 12 and 18 months in the group that received 
donor BMCs [6]. However, no differences were observed in renal graft function or 
in the rejection episodes between the two groups [1, 31]. In 1997, the first random-
ized trial was performed in liver transplant patients and supported by perioperative 
BMT showing significantly better results in BMT cases, thus favoring the protocol 
of multiple donor bone marrow infusions. Specifically, both patient and liver graft 
survival were greater in patients who received multiple bone marrow infusions than 
the controls who did not receive bone marrow or who received a bone marrow 
infusion only on the day of liver transplant. In addition, this study confirmed that 
cytoablative conditioning was not necessary to improve allograft survival when the 
recipient was given multiple bone marrow infusions [1, 86]. Recently, another study 
on kidney transplantation was performed following total lymphoid irradiation, anti-
thymocyte globulin, CsA, prednisone, and mycophenolate mofetil (MMF) followed 
by the administration of 1 × 106 CD3+ T cells and 8 × 106 CD34+-enriched hemato-
poietic cells/kg [94]. Impressively, this regimen established mixed chimerism and 
tolerance toward the kidney allograft to such an extent that all immunosuppressive 
medications were discontinued at 6 months after transplantation. Subsequently, this 
protocol led to stable kidney graft function and withdrawal of immunosuppression 
in eight out of 12 patients [1, 95].

In contrast to the augmentation of chimerism by BMT, donor microchimerism 
commonly refers to chimerism that is detectable after solid organ transplantation 
without BMT support. In these cases, microchimerism is a consequence of pas-
senger leukocytes migrating out of transplanted tissues. Starzl reported one of the 
first cases indicating the existence of chimerism after liver transplantation [110, 
115]. His group reported systemic microchimerism after a successful liver trans-
plant and suggested that immunosuppression in transplant recipients promotes the 
microchimeric state. Examples of clinical studies confirmed that the essential con-
dition required for the development of donor chimerism is the migration of pas-
senger leukocytes from transplanted tissue into the host. Confirmation of leukocyte 
migration was reported in kidney transplants where a large leukocyte population 
originating from the recipient cells was found [109]. Donor-derived cells were also 
found in the skin and lymph nodes of the recipients [109]. The presence of donor 
DNA was confirmed by polymerase chain reaction (PCR) and detection of periph-
eral blood chimerism. Moreover, donor-specific nonreactivity was confirmed by 
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mixed lymphocyte reaction (MLR) assays. The fact that donor cells were found in 
the lymphoid organs, peripheral blood, and bone marrow compartments confirms 
their ability to migrate and be distributed throughout the body. This suggests that 
a cumulative effect of donor cell engraftment must be considered as a significant 
phenomenon.

In 1990, Larsen et al. published their observations regarding migration and func-
tion of dendritic leukocytes after transplantation [55]. They reported that the infused 
donor BMCs or passenger leukocytes that migrated out of the transplanted organ 
in the nonimmunosuppressed murine recipients first circulated in the peripheral 
blood and then disappeared [63]. Starzl and Elwood observed a similar continuing 
pattern of BMCs circulation in the posttransplantation patients [24, 91]. The high-
est concentration of the infused BMCs was recorded in the peripheral blood up to 
three months following transplantation and then gradually decreased to the minimal 
levels by one year after cellular therapy infusion [24]. These observations indicate 
that there are preferential sites for bone marrow-derived cell engraftment as well 
as differences in cell concentration and localization throughout the recipient body.

Questions thus arise as to how the chimeric cells replicate or prolong their pro-
liferation and long-term survival in the recipient body? What are the immunological 
mechanisms and functions that allow for the acceptance and existence of the chi-
meric cells? Based on animal experimental models and experiences in human organ 
transplantation, the phenomenon of mutual immunosuppression plays an important 
role in the maintenance of graft survival.

Chimerism-Based Strategies for Tolerance Induction: 
Cleveland Clinic Experience

Since confirmation of the crucial role of passenger leukocytes by Starzl in his pio-
neering work, the quest for discovering immunomodulatory properties of chime-
rism and its correlation with tolerance induction in solid organs and vascularized 
composite allograft (VCA) transplants is still being investigated [20, 110]. During 
the last decade, the Siemionow laboratory has been actively involved in the de-
velopment of tolerance-inducing strategies by introducing new VCA models and 
performing basic science research on new tolerance inducing immunosuppressive 
protocols and cell-based therapies.

Siemionow’s team designed a variety of VCA experimental models and evalu-
ated the effects of different tolerance inducing protocols on the development of 
donor-specific chimerism and VCA transplant survival (Table 16.2). Using the 
single-tissue (skin) vascularized allotransplantation model, the Siemionow team 
showed that donor-derived cells present in the graft are migrating to the recipient’s 
lymphoid compartments and leading to chimerism induction. Furthermore, these 
studies confirmed the importance of immunosuppressive protocol adjustments for 
chimerism induction and maintenance.
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Single-tissue component models provided experience and knowledge that al-
lowed progression to more surgically and immunologically advanced multi-tissue 
models. In 2000, the Siemionow team was the first to perform a full composite face/
scalp allograft transplantation in the rat. The report on the semi-allogenic full-face 
transplant model in 2003 discussed the role of tapered and low-dose CsA mono-
therapy on the long-term allograft survival [101]. The development of the less sur-
gically challenging hemiface transplantation model allowed assessment of the im-
munological responses of face transplant recipients to different immunosuppressive 
protocols. The study, which compared allogenic and semi-allogenic hemiface trans-
plants, confirmed engraftment of donor-derived cells into lymphoid tissues, such 
as lymph nodes and spleen in both experimental groups. There was a significant 
difference between the groups, however, in the level of donor-specific chimerism 
for both the T and B cell lineages. Following a fully allogenic face transplantation, 
a higher level of chimerism was observed for both the CD4 and CD8 T cell popu-
lations, whereas a significantly reduced chimerism level was found for the B cell 
lineage when compared with the semi-allogenic hemiface transplants.

The introduction of multi-tissue transplant models containing bone marrow com-
ponents such as limb, calvaria, maxilla, or hemiface/mandible/tongue transplanta-
tion confirmed that the addition of the bone marrow component in combination 
with adjusted immunosuppressive protocol significantly increased allograft survival 
(400–700 days). High chimerism levels in these experimental designs encouraged 
Siemionow’s team to further evaluate the immunomodulatory role of BMT and its 
potential application as the supportive therapy facilitating allograft acceptance and 
long-term survival.

Selection of Immunosuppressive Protocol for Chimeric 
Cell Therapy

According to literature reports, it is confirmed that the highest success rate for ex-
tension of allograft survival, chimerism, and tolerance induction is achieved by ap-
plication of immunosuppressive protocols combining targets which are affecting 
different stages of the immunologic response [92]. When used as a monotherapy, 
immunosuppressants, such as immunodepletive agents (Table 16.1), calcineurin 
inhibitors (CsA, Tacrolimus), mammalian target of rapamycin (mTOR) inhibitors 
(sirolimus), steroids (methylprednisolone), or co-stimulatory blockade antibodies, 
are not effective in tolerance induction and have to be used daily in high concen-
trations. This increases drug-related side effects, morbidity, and mortality. On the 
other hand, cessation of these immunosuppressive agents leads to acute rejection. 
Thus, major research centers worldwide are focusing on the development of proto-
cols inducing tolerance and/or chimerism in VCA models by taking advantage of 
the synergistic effect of combining induction therapy with immunodepletive an-
tibodies, followed by maintenance therapy using calcineurin inhibitors, steroids, 
and MMF. The immunosuppressive protocols designed for hand transplants include 
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conventional triple therapy, Louisville protocol, Innsbruck protocol, and Pittsburgh 
protocol; protocols supporting face transplants include conventional triple therapy 
and Lyon protocol (Table 16.3).

Over the past decade, the majority of VCA clinical cases used immunosuppres-
sive protocols originating from kidney transplant experience [17, 81, 96]. However, 
the dosage of immunosuppressive agents used in clinical VCA is either similar or 
higher when compared to kidney transplant protocols due to the histological hetero-
geneity of different tissue components of VCA transplants. Therefore, there is still 
a great need for the development of new protocols that would facilitate induction 
of tolerance associated with donor-specific chimerism. The introduction of support-
ive cellular therapies is a new and exciting option for the prevention of both acute 
and chronic allograft rejection and the promotion of tolerance induction. Cellular 
therapies may enhance the development of chimerism and help to induce tolerance 
secretory functions or through cell-to-cell interactions. It is crucial, however, to 
adjust current immunosuppressive protocols to the specific types and characteristics 
of supportive cellular therapies.

The Siemionow laboratory has tested different dosages and timing of the ALS 
induction therapy, as well as introduced a new immunodepletive agent—the anti-
αβ	T	cell	 receptor	 (anti-αβTCR)	monoclonal	 antibody,	 to	 the	 field	of	VCA.	The	
study of the rat semi-allogenic limb transplantation showed that a 21-day protocol 
of combined ALS and CsA induced tolerance and significantly prolonged limb al-
lograft survival (over 420 days). Extended survival of the allograft was associated 
with a high level of donor chimerism measured in the peripheral blood of the recipi-

Table 16.3  Immunosuppressive protocols in the clinical cases of hand and face VCA transplantation
Protocol Induction therapy Maintenance 

immunosuppression
Cellular treatment References

Conventional 
Hand, face

ATG or 
alemtuzumab

Triple therapy of 
corticosteroids, 
calcineurin inhibitors, 
and mycophenolate 
mofetil

N/A [81, 96]

Louisville 
Hand

Alemtuzumab Tacrolimus and 
mycophenolate 
mofetil

N/A [44]

Innsbruck 
Hand

Alemtuzumab Tacrolimus and 
prednisone

N/A [13, 30]

Pittsburgh 
Hand

Alemtuzumab Tacrolimus Donor-specific bone 
marrow cell transfu-
sion within 2 weeks 
after transplantation

[ 97]

Lyon Face ATG Tacrolimus predni-
sone and mycopheno-
late mofetil

Donor bone marrow 
transplantation at 
day 4 and 11 after 
transplantation

[32, 82]

VCA vascularized composite allotransplantation, ATG antithymocyte globulin
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ent. Tolerance was confirmed ex vivo by MLR assay as well as in vivo by the accep-
tance of the donor skin graft and rejection of the third-party graft (Table 16.2; 80]. 
Although application of the same immunosuppressive protocol of ALS and CsA 
in the case of allogenic limb transplantation between BN and Lewis rats extended 
allograft survival (up to 56 days) and was associated with a transient, low level of 
chimerism, it is important to note that tolerance was not induced [78].

In the process of optimizing an immunosuppressive protocol to support bone 
marrow-based therapies such as donor–recipient chimeric cell transplantation, the 
Siemionow	 group	 applied	 the	 selectively	 blocking	 anti-αβTCR	 monoclonal	 an-
tibody induction therapy combined with CsA. The main advantage of using the 
αβTCR	monoclonal	antibody	is	 the	selective	depletion	of	both	the	immature	and	
mature alloreactive T lymphocytes responsible for the first signal of T cell activa-
tion, when preserving small populations of gamma-delta T cells known for their 
tolerogenic properties.

An additional advantage of this protocol is decreased expression of intragraft 
pro-inflammatory cytokines	such	as	 interleukin	2	(IL-2)	and	 interferon	γ	(IFNγ),	
which are associated with allo-recognition, development of rejection, and endo-
thelial activation. Increased expression of Th2 cytokines (IL-10 and IL-4) suggests 
that the mechanism of action of this antibody includes a switch from Th1 to Th2 
response, allowing for long-term acceptance of the allografts [28]. Additionally, the 
anti-αβTCR	antibody	can	facilitate	the	beneficial	effects	of	cellular	therapies	due	to	
the fact that it does not target cells of the myeloid origin (monocytes, granulocytes) 
or	lymphoid	cells	such	as	natural	killer	(NK)	cells,	gamma	delta	(γδ)	T	cells	and	B	
cells. These cells may play a significant role in the development of chimerism and 
tolerance induction and protect the recipient against potential infections. Induction 
therapy	with	the	anti-αβTCR	antibody	was	combined	with	the	use	of	the	calcineurin	
inhibitor CsA. The use of CsA as a monotherapy requires higher dosages, which are 
toxic and cause a number of serious adverse reactions such as nephrotoxicity and 
hepatotoxicity. It has been shown that the application of high doses of CsA can re-
duce the number of interdigitating cells, the size of the thymic medulla, and can also 
change the morphology of epithelial cells [85]. Thus, high doses of CsA obstructs 
engraftment of the donor cells and prevents the effective development of a new 
repertoire of tolerogenic T cells that could facilitate allograft survival by changing 
the microenvironment in the recipient thymus [85].

Siemionow’s group developed a new clinically applicable nonmyeloablative 35-
day	protocol	of	anti-αβTCR	monoclonal	antibody	(250	μg/kg/day)	in	combination	
with tapered CsA (16 to 2 mg/kg/day) therapy based on the previous experience 
with the limb allograft transplantation model under the ALS and CsA immuno-
suppressive protocol [100]. Experimental animals, which received hind-limb trans-
plants	under	the	anti-αβTCR/CsA	protocol,	developed	tolerance	(survival	over	720	
days) as well as stable donor-specific chimerism observed in the T cell population. 
Further studies revealed that optimizing the duration of 21, 7, and 5 days of the anti-
αβTCR/CsA	protocol	resulted	in	long-term	limb	allograft	survival	at	all	time	points.	
Long-term survival of limb allografts was associated with stable chimerism main-
tenance.	The	7-day	αβTCR/CsA	protocol	was	chosen	to	support	the	future	chimeric	
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cell therapy due to the fact that it provides fast immunodepletion of T cells and 
is sufficient in creating immunological unresponsiveness to the newly introduced 
donor-derived cells, thus allowing for cell engraftment into the bone marrow niches 
and lymphoid organs—specifically into the thymus where the interaction with a 
new repertoire of T lymphocytes may occur and lead to negative selection of the 
host alloreactive T cells. This protocol is nonmyeloablative and safer for patients 
by providing protection against bacterial and viral infections. It also provides stable 
chimerism for both the T and B cell lineages and does not require preconditioning 
which makes it clinically applicable to cadaveric VCA transplants.

Chimerism as a Base for Development of Chimeric Cell 
Therapy: Primary and Secondary Chimeric Animals’ 
Creation

Multiple studies have shown that transplants containing a bone component are more 
efficacious in chimerism induction and maintenance compared to those without, 
such as vascularized skin allografts [12, 106]. Vascularized donor bone components 
provide a continuous source of hematopoietic stem cells that mature, differentiate, 
and are ultimately responsible for chimerism establishment and preservation in the 
recipient. In the case of solid organs transplants or VCA that do not contain a bone 
component, such as face or abdominal wall transplants, bone marrow infusion could 
be an alternative therapy that supports chimerism induction and increases allograft 
survival. Billingham et al. demonstrated in their study using neonatal mice that 
transplantation of hematopoietic cells can induce tolerance of the recipient to the 
skin allograft via chimerism development [10]. Several animal and clinical case 
studies confirmed the beneficial effect of bone marrow-derived therapies for sur-
vival of the solid organ allografts [8, 46, 49].

To assess the role of hematopoietic cells in chimerism and tolerance induction, 
the Siemionow group designed a series of experiments in which chimeric animals 
were created by an adoptive transfer of allogenic (ACI responder to transfused ACI 
(RT1a)) or semi-allogenic (RT1l+n) BMCs to Lewis rat recipients (RT1l). Animals 
received	 a	 nonmyeloablative	 7-day	 immunosuppressive	 protocol	 of	 anti-αβTCR/
CsA on the day of transplantation, and chimerism in both allogenic and semi-allo-
genic models was successfully developed. Interestingly, Siemionow’s group detect-
ed major histocompatibility complex (MHC) antigens specific for both the donor 
and recipient, ACI (RT1a) donor and Lewis (RT1l) recipient in the allogenic model 
and LBN (RT1l+n) donor and Lewis (RT1l) recipient in the semi-allogenic model, 
which were observed on the surface from the isolated recipient (Lewis rat, RT1l) 
bone marrow cells. To further investigate the properties of these in vivo created do-
nor–recipient (RT1a/RT1l) and (RT1l+n/RT1l) chimeric cells, the Siemionow group 
harvested BMCs from the primary chimera animals. Next, donor–recipient chime-
ric cells were isolated using specific monoclonal MHC RT1a and RT1n antibodies 
and a magnetic-activated cell sorting (MACS) method. Isolated donor–recipient 
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(RT1a/RT1l) and (RT1l+n/RT1l) chimeric cells were used as a supportive therapy for 
VCA transplantation of allogenic (RT1a) or semi-allogenic (RT1l+n) skin graft to 
Lewis recipients (RT1l) thereby creating secondary chimeric cells. VCA survival in 
these animals was up to 365 days post transplant, compared to 84 days in animals 
receiving no supportive cellular therapy (manuscript in preparation). These results 
showed that in vivo created donor–recipient chimeric cells carry pro-tolerogenic 
properties, which significantly improve VCA survival and could be a breakthrough 
in tolerance induction treatment.

Evaluation of in vivo created donor–recipient chimeric cells in a more complex 
hemiface transplantation model (manuscript in preparation) confirmed that chi-
meric cell therapy successfully induces chimerism and increases survival of fully 
MHC-mismatched hemiface allografts.

Donor–Recipient Chimeric Cells: Potential Mechanism of 
Chimeric Cell Creation in vivo

The mechanism of the creation of cells, which express markers characteristic of 
both the donor and recipient, may be explained based on the knowledge gained 
from stem cell research. There are only a few hypotheses describing the fate of 
donor-derived cells in the recipient tissues. Following bone marrow infusion, stem 
cells may undergo different processes, such as differentiation, transdifferentiation, 
and cell fusion [22], or following cell maturation, they may undergo surface an-
tigen transfer (trogocytosis). Siemionow’s group considers trogocytosis and/or in 
vivo cell fusion as the most probable mechanism of spontaneous in vivo creation of 
chimeric cells.

Trogocytosis

Trogocytosis is a widespread phenomenon of the rapid exchange of the membrane 
antigens between two interacting cells [42]. In 1972, Cone et al. provided the first 
evidence of trogocytosis (from Greek trogo-, meaning nibble or gnaw [19, 35] when 
they observed transfer of MHC class II proteins from B to T cells [19]. In the litera-
ture, it is described as a transfer of membrane patches containing proteins from the 
surface of one cell to another following “immune synapse” formation [35]. Trogo-
cytosis is not a protein-selective process. During the transfer, some of the adjacent 
proteins can also be passively transferred together with the membrane patch. It is 
regulated by Src kinases and depends on several factors, including adenosine tri-
phosphate (ATP), calcium mobilization, and actin cytoskeleton reorganization [107].

The mechanism leading to trogocytosis in vivo, types of cells involved in the 
process, and functional consequences are still under investigation. Trogocytosis 
is currently perceived as a process that can generate complex adaptations in the 
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immune system and results in immune plasticity beyond genetics and epigenetic 
programming. Acquisition of membrane patches by immune cells may significantly 
change their phenotype and augment or diminish immune function by generation of 
activated or immunosuppressive and regulatory cells [25, 56, 57].

Several studies confirmed that lymphocytes, including both B and T cells, are 
able to acquire or lose proteins relevant for their function [14, 23, 62, 69, 90, 128]. 
It has also been reported in murine models that CD4- and CD8-positive T cells can 
acquire APC-derived MHC class I and II molecules and the co-stimulatory mol-
ecules B7-1 (CD80), B7-2 (CD86), and I-CAM1 (CD54; 33, 35, 36, 87, 111, 123]. 
It has been demonstrated that human NK cells can acquire MHC class I or II protein 
and viral receptors from the target cells [68, 69, 89]. An in vitro study performed 
by Huang et al. showed that cytotoxic T lymphocytes (CTLs) after trogocytosis of 
MHC molecules loaded with antigenic peptide recognized by their own T cell re-
ceptor, can be eliminated from the organism through cytolysis (called “fratricide”; 
[33]). Trogocytosis observed in murine models is unidirectional, which means that 
proteins are transferred exclusively from the recipient to donor cells [16]. In the hu-
man experimental model, however, the process of trogocytosis is bidirectional. The 
phenomenon of intercellular membrane transfer is currently being tested as a tool 
for engineering immune cells presenting preferential membrane protein patterns for 
therapeutic application and could be used in the future for adoptive immunotherapy.

Trogocytosis in the Field of Transplantation

Trogocytosis may affect the immune response either in a quantitative (intensity of 
the process provides positive or negative modulation, e.g., “fratricide”) or qualita-
tive (transfer of rarely expressed or functionally atypical molecules, e.g., human 
leukocyte antigen G (HLA-G)) manner. There have been several attempts to use 
trogocytosis as a tool to transiently modify cells without direct genetic intervention 
and to use them for adoptive transfer.

Using trogocytosis, Somanchi et al. engineered human NK cells presenting sur-
face CCR7 receptors. Authors reported that in vitro modified NK cells were capable 
of migrating toward CCL19 and CCL21 chemokines in a migration assay. Further-
more, in vivo studies showed that after adoptive transfer of NK cells, the presence 
of CCR7 receptors on their surface facilitated their homing into the lymph nodes of 
the recipient [107]. The results obtained by Somanchi stand in line with the observa-
tions of Marcenaro et al. who suggested that NK cells presenting the CCR7 receptor 
will be capable of migrating to lymph nodes and playing an active role in prevention 
of graft-versus-host and host-versus-graft reaction [62].

Few studies observed the effect of trogocytosis on the modification of the func-
tion of regulatory T (T-reg) cells. In the study by LeMounlt et al., authors suggested 
that the trogocytosis of HLA-G could have a major impact on the immune response 
by generating T-reg cells from effector T cells. HLA-G is a nonclassical HLA class 
I molecule, which can inhibit the function of NK and CTLs cells. Effector T cells 
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can inhibit immune responses toward alloantigens by temporarily displaying HLA-
G acquired through membrane transfers. This type of transient regulatory cell may 
constitute an “emergency” immune suppression mechanism used by HLA-G-ex-
pressing tissues to protect themselves against immune aggression [57].

Another mechanism of modifying T regulatory cells’ function was dem-
onstrated	 by	 Ford	 McIntyre	 et	 al.	 Acquisition	 of	 alloantigen	 by	 murine	 αβ-
TCR+CD3+CD4−CD8−NK1.1-double	negative	T-reg	cells	via	trogocytosis	allowed	
these cells to eliminate antigen-specific syngeneic CD8 positive T cells. Interest-
ingly, T-regs presenting alloantigen were not cytotoxic toward antigen nonspecific 
CD8-positive T cells.

Yamanaka et al. assessed human hematopoietic stem cell engraftment follow-
ing xenotransplantation of human bone marrow to nonobese diabetic/severe com-
bined immunodeficiency (NOD/SCID) mice. Unexpectedly, the authors observed 
the presence of mouse MHC class I protein on the surface of almost 100 % human 
cells, suggesting that this mechanism was adopted by the human cells to evade host 
immune surveillance [124].

In a follow-up study by Chow T et al., authors showed that the transfer of MHC 
class I from host to the donor cells plays an important role in protecting donor cells 
from NK cell and macrophage-mediated rejection during hematopoietic stem cell 
transplantation and engraftment [18]. The authors hypothesize that by expressing 
MHC class I antigens from the host cells, human donor cells obtain the identity of 
the host, which allows for the evasion of detection by the immune cells. After the 
development of donor chimerism, transplanted cells do not require host MHC class 
I protein transfer to survive.

The Phenomenon of Cell-to-Cell Fusion

The phenomenon of cellular fusion is defined as the process of merging of entrapped 
contents between two membrane-enclosed aqueous compartments that involve the 
mixing of the membrane contents [21]. Examples of cell fusion can be found in 
multiple species (yeast, nematodes, arthropods, and mammals) and can involve 
various cell types (gametes, epithelia, myoblasts, and macrophages; [77]). It has 
been shown that cell fusion plays a critical role in organism development and is 
involved in a variety of biological processes, such as sexual reproduction, develop-
ment of trophoblasts, placenta, muscles, and bones, as well as immune response and 
tumorogenesis. The first observation of spontaneous fusion between mammalian 
cells was reported by Barski in 1961 [7]. The discovery of spontaneous fusion in 
vitro between pluripotent embryonic stem cells and mouse BMCs [112] or brain 
progenitor cells [127] created an interest in cell fusion as a process applicable to 
tissue regeneration.

The work of pioneers such as Terada [112] and Ying [127] revealed that cells 
created by spontaneous cell fusion could express characteristics of undifferentiated 
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cells or properties of both types of cells undergoing fusion. The possibility of the 
formation of stable, multinucleated heterokaryons as a result of spontaneous fusion 
of bone marrow derived cells with several types of cells, such as skeletal muscle, 
cardiac muscle, liver, monocytes, macrophages, intestinal cells, and Purkinje neu-
rons, was confirmed by multiple in vivo studies [2, 41, 54, 74, 88, 118, 120, 121].

In these experiments, fused cells not only presented mixed phenotype, but also 
overtook the function of injured recipient cells and helped facilitate the process of 
tissue regeneration. Several articles suggest that spontaneous cell fusion is triggered 
by changes in the cytokine microenvironment that are inevitable during injury. Pro-
inflammatory	cytokines,	such	as	IL-4,	IL-13,	IFNγ,	tumor	necrosis	factor	α	(TNFα),	
IL-1, and IL-3, were shown as potential participants in a fusion process of mono-
cytes, macrophages, and osteoblasts [3, 39, 64]. The interest in application of bone 
marrow-derived cells in various medical fields, including tissue regeneration and 
transplantation, is increasing due to their potential therapeutic effects.

Cell Fusion in the Field of Transplantation

The infusion of bone marrow-derived cells and presence of chimerism in peripheral 
blood followed by migration of donor-derived cells to lymphoid organs was as-
sociated with prolonged survival of the transplants, and in some cases even toler-
ance induction [4, 43, 67, 84, 103]. In the field of transplantation, however, due to 
inappropriate immunosuppressive protocols, a low number of fusion events or low 
interest in this process has resulted in a paucity of publications on the subject of 
spontaneous cell fusion. Bonde et al. [11] reported that spontaneous fusion occurred 
during coculturing of BMCs derived from two different mice strains, and an in vivo 
study confirmed this result following allogenic and syngeneic transplantation. This 
study reported that fused cells expressed both donor and recipient MHC antigens 
on their surface.

Siemionow’s group also performed experiments on cell fusion of bone marrow-
derived cells (PSRC supplement 2010). Results of this preliminary study were in 
line with those from Bonde et al. and confirmed the phenomenon of spontaneous 
cell fusion leading to the in vivo creation of donor–recipient chimeric cells that 
can facilitate face allograft survival (article in press). A short immunomodulatory 
protocol	of	anti-αβTCR	monoclonal	antibody	and	CsA	was	used	 to	 facilitate	 the	
engraftment of spontaneously created donor–recipient chimeric cells.

Ex Vivo Cell Fusion as a New Approach for Tolerance Induction

The successful establishment of a protocol creating in vivo donor–recipient chi-
meric cells either via the mechanism of trogocytosis or spontaneous cell fusion is 
opening the door for using bone marrow-derived cells as a tool for the development 
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of novel therapeutic products. Although further research on donor–recipient chi-
meric cells is necessary in order to fully understand the underlying mechanisms of 
their creation and action in vivo, the creation of tolerance-inducting cells could be a 
breakthrough modality in solid organ and VCA transplantation.

Ex Vivo Creation of the Donor–Recipient Chimeric Cells: 
Animal Model

There are several disadvantages for creating donor–recipient chimeric cells in vivo 
in the clinical setting. The most challenging issue in the clinical execution of the 
primary chimera protocol (Fig. 16.1a, b) is the critical time frame which is required 
following bone marrow infusion for the development of a chimeric pro-tolerogenic 
environment in the transplant recipient. In the clinical scenario, pretreatment of the 
transplant recipient, which is required in order to create in vivo donor–recipient chi-
meric cells, will be possible only in cases of living organ donor transplantation. To 
overcome this hindrance and progress toward a more clinically applicable model, 
Siemionow’s group adopted a new approach to create donor–recipient chimeric 
cells via ex vivo cell fusion. Donor–recipient chimeric cell therapy was created by 
fusion of donor and recipient bone marrow-derived cells using the polyethylene 
glycol (PEG) technique. The application of PEG in combination with dimethyl sulf-
oxide (DMSO) was confirmed to be more efficient in creating a higher number of 
fused cells than the use of PEG alone [27, 73]. Due to its hydrophobic properties, 
PEG decreases the distance between cells by removing water and causing their ag-
gregation. Addition of DMSO facilitates formation of pores in the membrane lipid 
bilayer (Fig. 16.2).

A detailed donor–recipient chimeric cell fusion protocol using PEG/DMSO solu-
tion is shown in Fig. 16.1c. Briefly, BMCs were harvested from the tibia and femur 
bones of two fully MHC-mismatched ACI (RT1a) and Lewis (RT1l) rats by a flush-
ing technique. Next, erythrocytes were removed and white blood cells from each 
donor were separately stained with PKH 26 (red) or PKH67 (green) cell membrane 
fluorescent dye. Fluorescent staining of cells was applied in order to detect and 
separate the double stained (green and red) donor–recipient chimeric cells, which 
were created during fusion. Separation of fused double-stained cells was performed 
using fluorescence activated cell sorting. Only fused donor–recipient chimeric cells 
were used for further evaluation, culturing, and therapeutic application. It is feasible 
to perform PEG-mediated ex vivo fusion protocol in the surgical unit. This protocol 
will yield a higher number of donor–recipient chimeric cells when compared with 
in vivo protocol of spontaneous cell fusion. The PEG protocol does not require cells 
of similar diameter nor specific proportions as does the electrofusion protocol [60].

Siemionow’s team successfully confirmed feasibility of the ex vivo fusion proto-
col and creation of the donor–recipient chimeric cells. The assessment of donor–re-
cipient chimeric cells was performed by flow cytometry, PCR, and immunostaining 
assays. The results confirmed the presence of MHC class I antigens derived from 
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Fig. 16.1  Experimental model of in vivo and ex vivo creation of the donor–recipient chimeric 
cells. Panels a and b: Primary and secondary chimeras will be created in vivo by bone marrow 
transplantation across an MHC barrier between LBN (RT1n+l; semi-allogenic model—Panel a) or 
ACI (RT1a) donors (fully allogenic model—Panel b) and Lewis (RT1l) recipients. Creation of the 
primary chimeric animals will be performed by transplantation of 70 × 106 BMC harvested from 
the LBN (RT1n+l) or ACI (RT1a) rat femurs and tibias. Isolated BMC will be transplanted directly 
to the bone of the naïve Lewis (RT1l) rat recipients. The primary chimeric animals will serve as 
a source of the donor–recipient chimeric cells of MHC-mismatched phenotypes. Chimeric cells 
will be harvested from the BM compartment of the primary chimeras and be purified using a mAb 
specific for the RT1n and RT1a MHC class I by magnetic-activated cell sorting (MACS) technique. 
Freshly isolated chimeric cells from the ACI or LBN donors will be delivered via intraosseous 

 



M. Siemionow et al.246

both donors on the surface of chimeric cells. The presence of ACI and Lewis-spe-
cific genomic sequences was also confirmed by PCR. The phenotype evaluation 
showed that more than 40 % of chimeric cells were carrying hematopoietic stem 
cell/progenitor cell marker—CD90. Additionally, MLR assay showed immunologic 
unresponsiveness of chimeric cells, and the colony-forming unit assay revealed that 

Fig. 16.2  The mechanism of polyethylene glycol/dimethyl sulfoxide (PEG/DMSO) induced 
donor–recipient chimeric cells creation via in vitro cell fusion. PEG-mediated cell fusion is a 
three-step process requiring the following: (1) aggregation (the intercellular distance may vary for 
different cells and fusion models) approach of membrane lipid bilayers due to hydrophobic prop-
erties of PEG that causes membrane dehydration; (2) the intermediate membrane destabilization 
(facilitated by PEG) is followed by the creation of pores (facilitated by DMSO) in the membranes 
of cells undergoing fusion; (3) positive osmotic pressure created by PEG improves stabilization 
of fusion intermediates and leads to expansion of the pores, cell swelling and cell-to-cell fusion. 
The products of PEG/DMSO-solution-induced cell fusion may include (4) heterokaryon and syn-
karyon cells, as well as cells that did not undergo the fusion process. For a more detailed descrip-
tion of cell fusion mechanisms, review articles by Lentz [58, 59]

 

injection into the naïve Lewis recipients at the time of VCA transplant coming from the respective 
bone marrow donor. Both the primary and secondary chimeric animals will be additionally treated 
with	a	7-day	protocol	of	combined	αβ-TCR	mAb	(250	µg/day)	and	CsA	(16	mg/kg/day)	therapy.	
Panel c: Donor–recipient chimeric cells will be created ex vivo by the chemical polyethylene gly-
col (PEG)-induced cell fusion of the bone marrow cells harvested from the ACI (RT1a) and Lewis 
(RT1l) rat donors. Isolated bone marrow cells will be separately stained with two different (red and 
green) fluorescent dyes. Next, the ex vivo fusion will be performed using PEG. Supportive therapy 
using the fused donor–recipient chimeric cells will be given based on the double fluorescent stain-
ing and injected into the bone of Lewis (RT1l) rat recipients along with the donor matching (ACI 
or LBN) VCA (skin allograft) transplant. ACI August Copenhagen Irish MHC major histocompat-
ibility complex, LBN Lewis-Brown Norway, BMC bone marrow cells, VCA vascularized compos-
ite allotransplantation, mAb monoclonal antibody. *	 7-day	protocol	of	 combined	αβ-TCR	mAb	
(250	µg/day)	and	CsA	(16	mg/kg/day)	therapy
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chimeric cells are capable of creating the same types of colonies as the normal un-
processed BMCs.

Donor–recipient chimeric cells were tested in vivo as a supportive therapy for 
allogenic vascularized skin allograft under Siemionow’s 7-day immunosuppressive 
laboratory	protocol	of	the	anti-αβTCR	monoclonal	antibody	(250	μg/kg/day)	and	
CsA (16 mg/kg/day). The results of this study showed an increased survival of the 
allograft confirming pro-tolerogenic properties of donor–recipient chimeric cells. 
Prolonged survival of the fully MHC-mismatched allografts was associated with  
the presence of donor-derived cells in the peripheral blood and lymphoid organs 
(lymph nodes and thymus) of the recipient rats.

One of the potential mechanisms of action of donor–recipient chimeric cells may 
be similar to the phenomenon observed by Chow et al. where cells presenting MHC 
of recipient origin acquired via trogocytosis were protected from the recipient’s im-
mune response [18]. Donor–recipient chimeric cells presenting both the donor and 
recipient MHC on their cell membrane may be viewed by the host as self-cells, and 
thus may engraft, induce chimerism, and create allograft acceptance.

Another possible mechanism of action of chimeric cells may be related to the mi-
gration of donor–recipient chimeric cells to the recipient lymphoid organs, such as 
the thymus, where these cells can influence the selection process for donor-reactive 
T cells, causing induction of chimerism and acceptance of the allograft.

Hematopoietic Donor–Recipient Chimeric Cells from the 
Animal Model to Humans

Ex vivo fused human donor–recipient chimeric cells are the ultimate goal of devel-
oping donor(s)-specific transferable tolerance. This novel approach will allow for 
the generation of custom-made cellular therapies with high specificity and sensitiv-
ity designed for the individual patient.

The promising results from the in vivo testing of murine donor-recipient chime-
ric cells led Siemionow’s group to test the feasibility of ex vivo creation of chimeric 
cells using human cord blood cells as a proof of concept. In contrast to collecting 
bone marrow from living donors, cord blood is easily available and can be har-
vested in a noninvasive way without any discomfort for the donor. Moreover, cord 
blood is less expensive and contains a sufficient number of hematopoietic stem cells 
required for cord blood cell fusion. Preliminary experiments by Siemionow’s group 
confirmed feasibility of their human chimeric cells protocol. Lymphocytotoxicity 
tests confirmed that the newly created chimeric cells presented on their surface 
the HLA class I and II characteristic for both cord blood cell donors. These results 
were confirmed at the DNA level by short-tandem repeat PCR (STR-PCR). Human 
chimeric cells were capable of creating the same colony types with number of cells, 
which were comparable to the normal, unprocessed cord blood controls.

As previously observed in the murine model, ex vivo fusion of human cord blood 
cells did not significantly increase the apoptotic cell number.
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As a future direction, Siemionow’s group will focus on the creation of donor–
recipient chimeric cells from human bone marrow, which serves as a tremendous 
reservoir of donor- and recipient-specific hematopoietic stem cells. It will be a pri-
mary source of cells for ex vivo cell fusion and the creation of chimeric cells for 
therapeutic applications. In cases where bone marrow is not available (i.e., recipient 
is suffering from bone marrow malignancies or severe deficiencies) or its collection 
results in a very low yield, an alternative option will be to use cord blood cells. The 
possibility of interchangeable application of either bone marrow or cord blood cells 
will provide assurance that a sufficient number of chimeric cells can be acquired 
always (Fig. 16.3). Additionally, if clinical trials determine that multiple injections 
of chimeric cells are required, two sources of cells will be available for chimeric 
cell creation.

Fig. 16.3  Future applications of the ex vivo created donor–recipient chimeric cells used as sup-
portive therapy in the clinical scenario. Human donor–recipient chimeric cells can be utilized as a 
supportive therapy for solid organ (living donor kidney, liver transplantation) and in the future for 
vascularized composite allotransplantation (VCA). Progenitor cells derived from sources, such as 
bone marrow or cord blood, will be isolated, fluorescently labeled using two different cell mem-
brane dyes (PKH26 and PKH67), and fused ex vivo using the PEG technique creating the donor–
recipient chimeric cells. Based on the double fluorescent staining, the ex vivo fused chimeric cells 
will be sorted out and delivered via either the intraosseous or intravenous route to the recipient at 
the day of solid organ or VCA transplants. Panel A—Patients receiving a transplant from a living 
donor will be supported with the bone marrow-derived donor–recipient chimeric cells collected 
from both the donor and the transplant recipient. Panel B—If access to the donor and/or recipient’s 
bone marrow cells is not possible (i.e., recipient is suffering from severe bone marrow deficiencies 
due to gamma irradiation or organ donor deceased), the donor and recipient HLA-matched cord 
blood cells can be used to create ex vivo donor–recipient chimeric cells and applied as a supportive 
therapy. [PEG polyethylene glycol, VCA vascularized composite allotransplantation, HLA human 
leukocyte antigen]
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Following the creation of human chimeric cells via ex vivo cell fusion, cellular 
therapy will be applied to transplant recipients by direct intraosseous transplan-
tation according to Siemionow group’s tolerance-inducing protocol. The ultimate 
goal is to use chimeric cell supportive therapy to facilitate the development of a 
tolerogenic microenvironment for engraftment and long-term allograft survival. 
Additionally, human chimeric cell therapy may have clinical applications in the 
treatment of diseases based on BMT; this new approach may serve as a platform 
for supportive cellular immunotherapy for transplants, where efficacious and stable 
engraftment is needed without recipient conditioning.

Finally, this innovative, chimeric cell supportive therapy represents a break-
through modality in the field of reconstructive transplantation and may allow for 
the reduction or elimination of lifelong immunosuppressive therapy.
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Introduction

Mesenchymal stem cells (MSCs), often also referred to as mesenchymal stromal 
cells, were first identified within the bone marrow more than 40 years ago [29–31]. 
Since then, MSCs have gained prominence and interest over the past two decades 
[10, 85] primarily for their ability to differentiate into cells that make up the tissue 
of mesodermal [10] and even nonmesodermal [46] origin. As our understanding 
of MSCs has increased, we now recognize several key features of this cell popula-
tion that have significance to transplantation biology and regenerative medicine: 
(1) MSCs are participants in tissue repair through direct regeneration of precursor 
cells, and more importantly, (2) MSCs alter the organismal response to injury and 
inflammation through dynamic interactions with surrounding cell populations. Par-
ticularly in the context of vascularized composite allotransplantation (VCA), MSCs 
hold significant therapeutic potential to modulate the inflammatory milieu to sup-
press rejection and improve the host response to foreign antigens. While the clinical 
data are early, there is compelling scientific evidence that MSCs can modulate the 
allograft response to ischemia-reperfusion injury (IRI), locally suppress both the 
innate and adaptive immune system, and skew the immune response to promote pe-
ripheral allograft tolerance. Despite this immense potential, significant challenges 
remain in translating their properties into a consistent therapeutic strategy. We will 
discuss several new approaches to harness the MSC’s immunomodulatory potential, 
and highlight its particular utility in the context of composite allografts.
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What is a Mesenchymal Stem Cell?

There is considerable debate as to what defines an MSC. This controversy has large-
ly evolved from lack of incontrovertible in vivo evidence that this cell population 
can self-renew, an essential property of any stem cell. However, as new techniques 
in molecular biology have allowed us to observe in vivo behavior of cell popula-
tions, there is now early evidence [77, 95] that MSCs possess this fundamental 
stem cell property. Unlike its capacity to self-renew, there is no debate about the 
MSC’s ability to differentiate into cells of multiple tissue types including bone, fat, 
cartilage, tendon, muscle, and marrow stroma [10]. MSC multipotentiality, as in all 
stem-cell populations, is a highly regulated, controlled, stepwise process involving 
multiple cell lineages whose fate is determined by the local microenvironments. 
Newer research has suggested that MSCs also have pluripotential capability, able to 
transdifferentiate into tissues of endodermal and neuroectodermal origin (neurons, 
hepatocytes, and endothelia), and are not necessarily restricted to mesenchyme-
derived tissues [46]. While scientifically interesting, MSC pluripotentiality is likely 
to have limited significance in the context of VCA.

Although MSCs were originally isolated from the bone marrow, MSCs exist in 
almost all tissues in both peripheral reservoirs, such as the dermis, tooth pulp, and 
hair follicles, and the central reservoir of the marrow [7, 96]. Though studies on 
MSC populations demonstrate significant heterogeneity in gene expression even 
from within the same tissue reservoir [115], they retain functional similarity in their 
ability to regulate immune tolerance, wound healing, inflammation, and fibrosis 
[49].

There is an evolving definition of what molecular characteristics encompass an 
MSC. Initially identified in the marrow, the Tissue Stem Cell Committee of the 
International Society of Cellular Therapy (ISCT) designated the term “mesenchy-
mal stem cell” for marrow-derived, nonhematopoietic, and plastic-adherent cells 
expanded under standard culture conditions [43]. Further phenotypic refinements 
to this imprecise definition included surface marker characterization (positive for 
cluster of deviation (CD)90, CD105, CD73, (STRO-1); negative for CD14, CD11b, 
CD45, CD34, CD19, and human leukocyte antigen; HLA-DR), as well as the po-
tential to differentiate into bone, fat, and cartilage. Despite significant research and 
study, no one has been able to identify a single marker that can definitively dis-
tinguish MSCs from other cell types. However, establishing minimum criteria for 
MSCs may actually hamper our understanding of their physiologic role. As charac-
teristics of MSCs vary according to the source of tissue, generating a global defini-
tion of MSCs may be too simplistic or unnecessary. Specific definitions of particu-
lar MSC subsets may suffice, provided that they accurately and reproducibly define 
the cells under study.

Given the evolving phenotypic characterization, we are still developing an un-
derstanding of the MSC’s physiologic role. Our understanding of MSC function 
primarily centered around two early-observed roles: (1) the ability to form mesen-
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chymal-derived tissue in the context of tissue injury and (2) the ability to support 
hematopoiesis within the bone marrow, critically maintaining the “stem-cell niche.”

The earliest studies [10, 30] of MSCs first noted their osteogenic potential, spur-
ring its study in the tissue-engineering literature [105]. Out of those studies, it be-
came clear that MSCs were directly involved in tissue regeneration in the context 
of injury. Although there is limited direct evidence of migration of MSCs to sites of 
injury, it is reasonable to assume that severe tissue damage mobilizes and recruits 
remote MSCs to injured sites [47]. These recruited and resident MSCs regulate the 
repair process by differentiation into several kinds of stromal and/or damaged cell 
types, as well as by providing a microenvironment through the interaction with 
many types of tissue cells including fibroblasts, endothelial, and epithelial cells. 
As immune cells are also directed to sites of inflammation, MSCs are able to ef-
fectively exert their immunomodulatory properties following induction by the local 
inflammatory milieu [87]. This stromal MSC–immune cell interaction is critical in 
providing a microenvironment for tissue regeneration and wound repair.

Outside of sites of injury, multiple studies detailed how marrow-derived MSCs 
create microenvironments that maintain hematopoietic stem cells (HSCs) and their 
derivatives [11, 39, 73, 77, 79, 95]. Specifically, in the bone marrow, while MSCs 
and MSC-derived stroma maintain HSC quiescence within the endosteal niche, they 
also control HSC proliferation, differentiation, and recruitment within the subendo-
thelial or “vascular” niche of the marrow sinusoids [50, 95, 117]. It soon became 
clear that MSCs not only participate in direct tissue regeneration following injury 
but also craft a complex and dynamic network to tightly regulate different arms 
of hematopoiesis and ultimately alter the immunologic profile of the tissue com-
partments [112] (Fig. 17.1). Indeed, the powerful immunomodulatory properties 
of MSCs have already been used to treat a host of immune-related challenges of 
clinical transplantation, potentially improving outcomes in clinical transplantation, 
particularly in the context of VCA.

Mechanisms of MSC-Mediated Modulation of the Immune 
System

The biological response to allografts is a process that involves both the innate and 
adaptive components of the immune system. Modern biology has demonstrated 
multiple overlapping mechanisms in which both the innate and adaptive immune 
systems potentiate rejection. As a process, the cascade of allograft rejection is ini-
tiated at the time of reperfusion, initially fueled by inflammation related to IRI, 
and ultimately executed by immunologic attack of the graft vasculature and un-
derlying parenchyma. Strategies to encourage graft tolerance have focused on not 
only reducing IRI but also reducing the immunologic sensitivity of the recipient’s 
immune system. To this effect, there has been a growing body of literature sup-
porting the MSC’s integral role in promoting transplant tolerance [12, 27, 48, 53, 
81, 109–112, 116, 118]. In both ischemia- and immunologic-related injury, MSCs 
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have significant therapeutic potential from their ability to secrete soluble factors 
and communicate with surrounding cells to modulate the local inflammatory mi-
croenvironment. These dynamic interactions have multipronged effects that can be 
exploited for use in VCA.

The Adaptive Immune System and MSCs

Although it has been almost 30 years since the hypothesis that marrow-derived stem 
cells could promote tolerance when transplanted into a mismatched recipient [44], 
only recently have MSCs been shown as a critical mediator of transplant tolerance. 
In the context of the adaptive immune system, MSCs have been shown to specifi-
cally inhibit T cell proliferation in vitro [56, 57, 93], and more importantly, have 

Fig. 17.1  Regenerative	and	immunomodulatory	properties	of	mesenchymal	stem	cells	( MSCs). 
MSCs help define and maintain the stem cell niche in the bone marrow where they undergo self-
renewal. They are thought to function in this compartment by maintaining hematopoietic stem 
cells	( HSCs) in a quiescent state, regulating the trafficking of both primitive and more differenti-
ated leukocytes, and modulating sinusoidal endothelial cell function. Although largely unknown, 
they likely have similar functions in nonbone marrow stem cell niches in peripheral tissues. In 
addition to this supportive and regulatory function, MSCs are identified by their regenerative 
capacity to differentiate into different tissues of mesenchymal origin. Furthermore, there is evi-
dence to suggest that transdifferentiation into nonmesodermal derivatives is also a possibility. In 
contrast to their regenerative properties, MSC have recently been identified as powerful immuno-
modulatory cells, with numerous functions which suppress both the innate and adaptive immune 
responses. This function is critical for their potential use in VCA. (VCA vascularized composite 
allotransplantation)
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the potential to prolong allogeneic skin engraftment in nonhuman primates in vivo 
[3]. When we look at specific mediators of allograft rejection, cytotoxic T cells 
(CTLs) represent effector cells of the adaptive immune system and are powerful 
mediators of parenchymal damage and inflammation. In experimental models of 
allograft rejection, CTLs lose their lytic abilities in the presence of MSCs [90, 101]. 
While the exact molecular mechanisms are still a matter of debate and vary between 
experimental models, most studies agree that MSCs do not constitutively exert their 
immunomodulatory functions. Rather, they are induced into that role through fre-
quent cross-talk interactions with surrounding T lymphocytes and inflammatory 
cytokines within the allograft environment. Several specific factors have been hy-
pothesized to contribute to this phenomena, including transforming growth factor 
(TGF)-β, hepatocyte growth factor [19], prostaglandin E2 (PGE-2; [1]), as well as 
nitric oxide [97] and indoleamine 2,3 dioxygenase [56].

PGE-2 is a small, short-acting lipid-signaling molecule that has long been linked 
to inflammation. The pathways for prostaglandin synthesis are mediated by the cy-
clooxygenase enzyme (COX-1 and COX-2), which produces PGE-2 from arachi-
donic acid. MSCs have been shown to have baseline expression of COX-2 [25] 
that is significantly increased in the presence of inflammatory cytokines such as 
interferon	(IFNγ),	TNFα,	and	interleukin	6	(IL-6).	MSC-elaborated	PGE-2	has	been	
linked to suppressor T-cell activation in vitro and in vivo [1, 80]. Beyond T-cell 
activation, MSC-derived PGE-2 has been shown to inhibit production of T helper 
(Th)17 T-cell populations, a cell population that impairs peripheral tolerance to al-
lografts [40].

Nitric oxide (NO) is a rapidly diffusing gaseous and bioactive molecule, particu-
larly in the context of vascular biology and transplant immunology. NO production 
is catalyzed by the nitric oxide synthases (NOS) by a variety of cell types, including 
endothelial cells and MSCs. NO exerts its effects locally at high concentrations, 
often induced by inflammatory conditions. MSC-derived NO can suppress T-cell 
proliferation and promote T cell apoptosis [93]. In an elegant study in a murine 
system [93], MSCs have been shown to chemoattract T cells using various chemo-
kines, and once in proximity, they release NO to exert local immunosuppression. 
In experimental models of graft-versus-host disease (GvHD), MSCs produce nitric 
oxide (NO) in a dose-dependent manner in response to interactions with CD4+ or 
CD8+ T cells, facilitating their immunomodulatory effects [93, 97].

Of recent interest, the tryptophan-metabolizing enzyme, indoleamine 2,3 dioxy-
genase (IDO) has been implicated in the suppression of T cell proliferation and 
apoptosis of activated T cells [48, 81]. Tryptophan is an essential amino acid re-
quired for T cell proliferation and is depleted through expression of the tryptophan-
metabolizing enzyme, indoleamine 2,3 dioxygenase. Via local tryptophan depletion 
and subsequent production of pro-apoptotic downstream metabolites, IDO provides 
the common basis for tolerance induction in a variety of physiologic conditions 
including pregnancy, autoimmunity, tumor immunosurveillance, and transplanta-
tion [9]. MSC expression of IDO can be induced via stimulation from IFNγ, or 
through toll-like-receptor (TLR) 3 and TLR4 ligands. Moreover, MSC-derived IDO 
has been shown to “reeducate” immune cells towards a more immunosuppressive 
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phenotype through promotion of a Th1–Th2 switch, altering the helper T cell bal-
ance and overall adaptive immune response. MSCs also modulate Th17 differentia-
tion to favor induction of tolerogenic T regulatory cells (Tregs; [25, 56, 71, 82, 103, 
107]). As Tregs critically regulate alloreactive T cell responses as well as induce 
transplant tolerance [27, 107], harnessing MSCs to induce both peripheral and cen-
tral tolerance to allografts is an area of particular benefit to VCA applications.

B cell behavior, the other main cellular component of the adaptive immune sys-
tem, is also altered in the presence of MSCs. Though less studied, MSCs have been 
shown to inhibit B cell proliferation in murine studies [18]. Specifically, allogeneic 
MSCs have been shown to inhibit the proliferation, activation, and immunoglobulin 
(IgG)	secretion	by	B	cells.	IFNγ-induced	IDO	expression	by	MSCs	has	been	linked	
to these effects as well [56].

Collectively, the powerful effects of MSCs on multiple pathways of the adaptive 
immune system (Fig. 17.2) are a promising approach to facilitating tolerance and 
eliminating the need for lifelong immunosuppression.

The Innate Immune System, IRI, and MSCs

Traditionally, the focus of transplant immunology has been on targeting the mech-
anisms of adaptive immunity. However, there is an emerging consensus that the 
potency of rejection is strongly influenced by the activity of the innate immune 
system as well as external factors, particularly including IRI [51]. MSCs have an 
equally important role in modulating innate immune system response to allografts 
(Fig. 17.3).

Natural Killer (NK) cells have a multifaceted role in allograft rejection. They 
contribute to the innate immune system’s ability to track pathogens through a sur-
veillance role, and, within the lymph nodes, they produce significant amounts of 
IFNγ to activate T cell responses to potentiate allograft rejection [51, 58, 75]. NK 
cells cocultured with MSCs in the presence of IL-2 and IFNγ demonstrate reduced 
lytic capacity against traditional targets lacking MHC-1 expression [56]. In a man-
ner analogous to its interaction with T cells, MSCs suppress not only natural killer 
(NK) cytotoxicity but also their ability to proliferate, largely through IL-6-, IDO-, 
and PGE-mediated mechanisms [103].

Like NKs, dendritic cells (DCs) are also members of the innate immune system. 
They are present mainly in tissues exposed to the external environment and serve as 
the most potent of the antigen-presenting cells (APCs) which are essential for im-
mune system recognition of alloantigens. Both donor-derived and recipient-derived 
DCs have critical roles in triggering allograft rejection through direct and indirect 
pathways of allorecognition. MSCs interfere with the activation and maturation of 
DCs [1, 4, 21, 111] and tilt the immune response towards generation of tolerogenic 
phenotypes via IL-6-mediated mechanisms [34, 104]. Furthermore, MSCs down-
regulate expression of DC maturation markers including the major histocompatibil-
ity complex (MHC) class II, CD40, CD80, and CD86, and impair the ability of DCs 
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Fig. 17.2  Impact of mesenchymal stem cells (MSCs) on functions of the innate immune system.
Top left: MSCs alter the phenotype of natural killer (NK) cells by inhibiting proliferation, cytokine 
expression and cell cytotoxicity via expression of a number of factors including prostaglandin E2 
(PGE2), indoleamine 2,3-dioxygenase (IDO) and soluble HLA-G5. Top right: MSCs block the dif-
ferentiation of monocytes into immature dendritic cells by preventing entry into the cell cycle. In 
addition, the maturation process of myeloid-derived dendritic cells is altered resulting in retention 
of more immature characteristics and an impaired ability to present antigen and activate the adap-
tive immune response. Bottom right: Plasmacytoid dendritic cells (pDC) significantly increase 
IL-10 expression in the presence of MSCs, promoting a more robust regulatory adaptive immune 
response. Bottom left: MSCs actively maintain neutrophils in a resting state, prevent apoptosis of 
both resting and activated cells, and decrease the respiratory burst associated with invading patho-
gens or inflammatory mediators via IL-6 secretion. PGE2 prostaglandin E2, IDO indoleamine 2,3 
dioxygenase, sHLA-G5 secretory isoform of HLA-G, DC dendritic cells
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Fig. 17.3  Impact of mesenchymal stem cells (MSCs) on functions of the adaptive immune sys-
tem. Top left: MSCs inhibit CD8+ T cell activation through a major histocompatibility complex 
-independent pathway (MHC-independent pathway). In addition, they also directly inhibit CD8+ 
cytotoxicity via expression of sHLA-G5. Top right: Several factors produced by MSCs actively 
contribute to direct inhibition of CD4+ activation, proliferation, and helper T cell function. Bottom 
right: MSCs inhibit B cell proliferation, differentiation, antibody production, and chemotaxis via 
its impact on helper T-cell function, as well as direct inhibition by MSC-expressed factors that are 
poorly understood. Bottom left: MSCs recruit and facilitate the expansion of regulatory T cells 
directly through expression of sHLA-G5 and indirectly through stimulation of IL-10 production 
by plasmacytoid dendritic cells

 



26317 Mesenchymal Stem Cells as Immune Modulators in VCA

to home to the lymph node in vivo [26]. DCs generated in the presence of MSCs 
produce high levels of anti-inflammatory cytokines including interleukin-10 (IL-
10) and lower levels of TNFα. Functionally, tolerogenic DCs generated by MSCs 
have failed to induce activation of CD4+ T cells in vitro and in vivo [104]. The ca-
pacity of MSC-educated DCs to induce a state of peripheral tolerance would greatly 
improve outcomes in VCA, and early data have shown this mechanism to contribute 
to kidney allograft survival in the setting of low-dose immunosuppression [34].

Innate immune phagocytes including neutrophils and macrophages have been 
shown to promote graft rejection through tissue damage, production of pro-inflam-
matory cytokines, and activation of antigen-specific T cells [120]. Although it has 
not been directly shown in a transplant-related model, MSCs can reprogram mac-
rophages to take on more “anti-inflammatory” (M2) phenotypes to mitigate propa-
gation of injury to surrounding tissues [72, 74, 91, 98, 112]. Furthermore, MSCs 
actively maintain neutrophils in a resting state, prevent apoptosis, and decrease the 
respiratory burst associated with invading pathogens or inflammatory mediators via 
IL-6 secretion (Raffaghello 2008, p. 136).

IRI is an unavoidable consequence of VCA and has been associated with an 
increased incidence of both acute and chronic rejection in the solid organ litera-
ture [65]. Reactive oxygen species produced after reperfusion have been linked 
to the induction of adaptive immune responses through the activation of APCs. 
During reperfusion, allograft donor DCs are activated and recipient CD4+ T cells, 
monocytes, and macrophages infiltrate the reperfused graft. This results in a strong 
cytokine and chemokine release, including damage-associated molecular patterns 
(DAMPs; [24, 120]). Accordingly, there has been significant interest in using MSCs 
to mitigate this process. MSCs have been shown to protect against ischemia-reper-
fusion renal injury via inhibition of apoptosis and stimulation of cell proliferation 
[32]. Specifically, in the context of transplantation, MSC administration reduced 
allograft inflammatory gene expression and recruitment of APCs into the allograft 
in a model of renal allotransplantation [37]. Independent of their immunomodula-
tory activities, MSCs have been shown to release an array of growth factors to ac-
celerate tissue repair including epidermal growth factor (EGF), fibroblast growth 
factor	(FGF),	platelet-derived	growth	factor	(PDGF),	transforming	growth	factor-β	
(TGF-β),	vascular	endothelial	growth	factor	(VEGF),	insulin-like	growth	factor	1	
(IGF-1), angiopoietin-1, and stromal cell-derived factor-1 (SDF-1), all of which 
influence both stromal cells and endothelial cells [54, 55].

Taken together, there is overwhelming evidence demonstrating that MSCs mod-
ulate the function of immune cells in vitro, particularly with regard to T cell and 
APC behavior. While there is limited in vivo evidence corroborating the molecular 
mechanisms of these observations, as more complex in vivo models are developed, 
we will gain a better understanding of how to develop clinically effective MSC-
based therapies.
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MSC Targeting Strategies in Transplantation

In contrast to the multitude of studies examining the immunomodulatory properties 
of MSCs, there are relatively few studies examining therapeutic targeting strate-
gies specifically in transplantation. Within transplantation, most models focus on 
MSCs in systemically delivered stem-cell transplants, with few studies focusing 
on solid organ (heart, liver, kidney), and even fewer on VCA [60, 62]. Analogous 
to solid organ transplantation, accelerated arteriosclerosis and vascular injury are 
hallmarks of chronic composite allograft rejection [99]. Both acute rejection and 
chronic rejection are characterized by significant vascular damage and accumula-
tion of inflammatory cells within the allograft. Accordingly, strategies to utilize 
MSC-based cytotherapy should focus on protection of allograft’s endothelial barrier 
from injury. As MSCs have been shown to take residence in perivascular space [6, 
8], they serve as ideal candidates for promotion of the endothelial barrier properties 
that are necessary to limit cytotoxic damage and influx of immune cells that prime 
the rejection response.

As with many therapies in transplantation, obtaining targeted delivery is a limit-
ing factor in clinical efficacy. Generally, two approaches of systemic administra-
tion have been used for MSC applications. One is intravascular injection, utilizing 
the capabilities of MSCs to migrate to specific inflammatory tissues in vivo. The 
engraftment was demonstrated in animal models and capable of persisting as long 
as 13 months after transplantation [70]. However, studies observing MSC traffick-
ing after systemic intravenous infusion have demonstrated that they largely end up 
accumulating in the lung, liver, and spleen rather than solely the site of injury [41, 
42, 125, 36]. The other is site-directed delivery, such as direct injection [38], which 
can be impractical in the case of a composite allograft where there are multiple 
tissue compartments. In rodent transplant models [119, 124], MSCs effectively mi-
grate to the site of allograft rejection during chronic rejection, suggesting that the 
inflammatory milieu of rejection can improve targeting and engraftment of MSCs. 
Pre-transplant infusion of MSCs appeared to be more effective as compared with 
peri-transplant administration. A recurring theme in these studies is that long-term 
graft acceptance is correlated to MSC-dependent expansion of Tregs or tolerogenic 
DCs in sites of immunologic importance. However, techniques to effectively traffic 
exogenous MSCs to those sites remains elusive [12, 13, 45, 88] and will remain a 
significant obstacle to clinical use of MSC immunotherapy.

As accelerated arteriosclerosis and vascular injury are hallmarks of solid/com-
posite allograft rejection [99], strategies to utilize MSC therapy should focus on 
maintenance of the endothelial barrier from both ischemic and immunologic injury. 
As MSCs have been shown to take residence in perivascular space [6, 8], they serve 
as ideal candidates for promotion of the endothelial barrier properties that are neces-
sary to limit cytotoxic damage and influx of immune cells that prime the rejection 
response. Novel strategies to improve MSC targeting have been discussed in the 
literature [17, 23, 35, 108, 114, 122] including hypoxic/pharmacologic precondi-
tioning [122], genetic engineering of MSCs [17], and magnetic-based guidance [23, 
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35, 108, 114] to focus delivery to the region of interest using systemic delivery 
after the inciting inflammatory event. Recent work has proposed a new approach 
that can utilize MSC-based cell therapy to modify the allograft itself at the time of 
transplantation to facilitate graft tolerance [16, 76, 78, 100, 101] (Fig. 17.4). Ex vivo 
MSC perfusion utilizes clinically available organ perfusion technology [113] to en-
gineer allografts that are primed for peripheral tolerance. MSCs are seeded into the 
allograft during the ex vivo period between procurement and transplantation where 
they take up permanent residence in the perivascular space of the allograft. Machine 
perfusion allows tight biologic control of the allograft environment in an isolated 
circuit and is clinically available for use in kidney, lung, and liver transplantation. 
The efficacy of pulsatile perfusion has been tested over the past 30 years, demon-
strating a reduction in delayed graft function and improved long-term graft survival 

Fig. 17.4  The tolerization of composite tissue allografts. While MSCs are powerful immuno-
modulatory agents, effective targeting of these cells to exactly where they are needed remains 
a critical limitation of their use. Due to these limitations, we have recently developed a novel 
method of delivering immunosuppressive MSCs via the allograft vasculature during the obligate 
ex vivo period in between procurement and transplantation. Using this strategy, large numbers of 
immunomodulatory MSCs home to the perivascular niche within the allograft where they take up 
residence to intercept infiltrating leukocytes, potentially converting these effector cells to suppres-
sive leukocytes, tolerogenic dendritic cells, and regulatory T cells
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[16, 113]. The clear benefits of using ex vivo perfusion approach include the ability 
to target delivery of high numbers of immunosuppressive MSCs to the allograft us-
ing a clinically available technology that has been shown to reduce the effects of IRI 
injury and improve allograft survival.

Applications of MSCs in Solid-Organ Transplant and VCA

There is a strong precedent set for use of MSCs in both preclinical and clinical 
settings to treat a variety of diseases and prevent acute rejection in transplantation. 
MSCs are an ideal cell-based therapeutic in many respects, given their impact on 
the innate and adaptive immune response. Their fundamental stem or progenitor cell 
properties make them a potentially self-renewing therapeutic agent which has the 
potential to persist for extended periods in the recipient. When delivered systemi-
cally, MSC preferentially home to known stem-cell niches, such as the bone marrow 
in a hand allograft, where they take up residence and modulate donor hematopoietic 
cells in this compartment. In addition to the bone marrow, MSCs have been dem-
onstrated to migrate to ischemic or damaged tissues where they participate in both 
tissue regeneration and immunomodulation of the ensuing inflammatory response. 
Within the target tissue, they retain the capacity to migrate towards an ischemic or 
inflammatory stimulus, which may direct their movement through an allograft to 
areas undergoing acute rejection where they can exert their immunosuppressive 
effect. They also secrete a number of cytokines to attract subsets of leukocytes that 
egress from circulation during inflammatory processes, such as acute rejection, ef-
fectively attracting these effector cells to modulate their immune response. Finally, 
allogeneic MSCs evade the host immune system despite expressing intermediate 
levels of MHC class I on the cell surface [66, 86, 109], and fail to stimulate recipient 
lymphocyte proliferation [19, 67, 109]. This relative hypoimmunogenicity permits 
transplantation across allogeneic barriers, making third-party sources of MSCs a 
practical and viable alternative for use in VCA.

Since the first demonstration of prolongation of allograft survival in skin grafts 
over a decade ago [3], there have been numerous studies in small animal models 
to establish the powerful immunosuppressive role of systemically delivered MSCs 
in heart [12, 15, 22, 34, 45, 88, 124], islet cell (Ding 2009, p. 120; Li 2010, p. 122; 
Xu 2012, p. 124; Kim 2011, p. 128; Solari 2009, p. 130), kidneys (Ge 2010, p. 131; 
Casiraghi 2012, p. 87), and liver transplantation (Wang 2009, p. 30). While many 
of these experiments used no additional immunosuppression, more practical pre-
clinical studies used low-dose immunosuppression that more accurately reflects the 
likely treatment strategy in human subjects. It remains to be determined, however, 
what the impact of the immunosuppressive drug regimen on MSC function and 
downstream generation of a regulatory T cell response will be (Zeiser 2006, p. 134; 
Wang 2009, p. 135).

There is an early yet growing clinical use of MSCs in solid-organ transplan-
tation. In renal transplantation, a clinical feasibility study [83] demonstrated that 
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autologous bone marrow-derived MSCs can be safely administered 7 days post 
transplant with concomitant increase in allograft Treg populations and stable serum 
creatinine at 1-year post transplant. Similarly, recent clinical trials in living-related 
kidney transplantation revealed that induction therapy with MSCs before allograft 
revascularization and then again 2 weeks following transplant resulted in lower 
incidence of acute rejection, decreased risk for opportunistic infections, and better 
estimated renal function after 1 year [106]. However, there is some evidence that 
post-transplant administration can induce a transient inflammatory allograft injury, 
not unlike “engraftment syndrome,” although there appeared to be no clinical con-
sequences at 1-year posttransplant [83, 84]. Phase I studies are currently being con-
ducted in liver transplantation [89] as well as lung transplantation [94].

Probably the most impressive in vivo evidence and use of MSC-based immuno-
modulation in humans is in the treatment of GvHD after allogeneic hematopoietic 
stem-cell transplantation. In phase II clinical studies, MSC infusions were shown to 
be safe and effective in treating steroid-resistant acute GvHD [68] and have shown 
to reduce the incidence of severe GvHD when used prophylactically [5, 64]. While 
extremely promising, further long-term studies are needed to conclusively demon-
strate safety and efficacy.

Much like solid-organ transplantation, vascularized composite allotransplan-
tation requires systemic lifelong immunosuppression. However, unlike the solid-
organ transplant population, the recipients of reconstructive composite allografts 
are relatively healthy patients without evidence of end-organ failure or chronic de-
bilitating disease. Considering the potential detrimental effects of systemic lifelong 
immunosuppression including shortened life span, organ failure, cancer, and even 
death, the need for more innovative therapeutic approaches towards achieving tol-
erance without the need for such harsh immunosuppressive drugs is even more 
evident in VCA.

There are important intrinsic differences in the composite allograft biological en-
vironment compared to solid organs that may represent an opportunity to use MSCs 
as potent immunomodulators. Unlike many solid organs, composite allografts fre-
quently contain skin, fat, lymph nodes, and bone marrow, which are known stem-
cell niches where MSCs may engraft and proliferate to exert their immunosuppres-
sive effect. Thus, the allograft itself becomes a reservoir of immunomodulatory 
MSCs exactly where they are needed to exert their effect. The skin-containing al-
lografts are a rich source of dendritic-antigen-presenting cells which frequently oc-
cupy similar tissue compartments that MSCs would engraft, potentially increasing 
the likelihood of generating large numbers of tolerogenic cell types. Furthermore, 
the very nature of a skin-bearing allograft being visible to the patient allows for 
continuous monitoring for signs of rejection, which would likely be a benefit when 
undertaking clinical trials of MSC therapy or minimization protocols. While there 
are no active clinical trials using exclusively MSCs for VCA, several preclinical 
studies have demonstrated a marked immunosuppressive effect of systemically de-
livered MSCs following VCA on the incidence and severity of acute rejection, the 
peripheral blood T regulatory response, inflammatory cytokine expression profile, 
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and ultimately allograft survival [2, 59, 61, 63]. These promising findings serve as a 
foundation for eventual translation of MSC therapy to clinical cases.

Future Directions and Considerations

As promising as MSCs appear as therapeutic agents, some consideration must be 
made to their safety profile. One of the current disadvantages of systemic immuno-
suppression regimens is their inability to distinguish between pathologic and pro-
tective immune responses; it is important to critically examine the effects of MSC-
based immunomodulation. There is little existing knowledge regarding the in vivo 
survival of MSCs, their potential to contribute to systemic immune suppression, 
ectopic tissue formation, or malignancy [14, 28, 94]. As MSCs have been shown to 
confer tumor immunity in several experimental studies, it is unclear whether MSC 
therapy can initiate malignant transformation of benign processes or shield indolent 
malignancies from immune surveillance in humans. While existing clinical studies 
have not reported adverse effects from MSC infusions in the context of stem-cell 
transplants or in GvHD, our experience is still relatively young [68] and warrants 
careful attention.

Route of administration, homing, and persistence of MSCs in the allograft are 
critical factors that require further investigation before translation to clinical care. 
Many of the published work on MSCs utilize systemic intravenous administration, 
which is likely inefficient to effectively target these cells to the graft. Furthermore, 
it is unclear whether the MSC immunomodulatory effect will persist over time, as 
the allograft microenvironment changes markedly from a significant inflammatory 
state immediately following reperfusion and resultant IRI (favoring more immuno-
modulation), to a more stable and less inflammatory state once healing is complete 
(favoring less immunomodulation). Finally, although there is some initial evidence 
that MSCs undergo self-renewal in vivo, it is unclear whether this will occur in the 
perivascular niche within that allograft tissue, or whether this is even required to 
make a significant impact on the need for systemic immunosuppression. Nonethe-
less, while there are many questions yet to be answered, the use of MSCs in clinical 
transplantation has the potential to be a paradigm-changing therapeutic approach to 
immunosuppression.
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Introduction

Over the last half century, the increasing sophistication of molecular biology has 
allowed clinicians and researchers to identify, repair, and replace genes causing 
human disease in the laboratory and in the clinic. The ability to reprogram the ge-
netic code in cases of derangement or disease is a profound concept that holds great 
promise for all aspects of medicine. Unfortunately, in practice, the results of the 
initial clinical trials of gene therapy have been somewhat disappointing. Perhaps 
too much was expected of the initial trials or perhaps they were undertaken to soon. 
Despite the tarnished reputation that gene therapy received from the failure of these 
initial high-profile cases, the field has made steady progress in its newest genera-
tion of clinical trials and seems poised to make real contributions to the treatment 
of several diseases. It is clear that gene therapy in one form or another, on its own 
or in combination with cellular therapies, will be an important tool in the clinician’s 
armamentarium in the coming century.

The use of gene therapy in allotransplantation, and in particular in vascularized 
composite allotransplantation (VCA), is highly attractive for a number of reasons. 
There are many ways transplant surgeon or physicians would like to immunologi-
cally “reprogram” the graft or its recipient. The essential difference between the graft 
and the patient is a genetic one, and the basic problem of transplantation is that of the 
genetic difference between the donor and recipient at several important alleles. By 
directly modifying the expression of these genes in the graft, or the response to these 
genes by the recipient, gene therapy could potentially offer an attractive long-term 
solution to the problem of allograft rejection. Additional possibilities for the use of 
genetic modification include targeting ischemia–reperfusion injury, allowing  longer 
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 ischemia times, and thus a wider donor pool. Another aspect of transplantation that 
makes gene therapy a particularly attractive technique is the ability to perfuse the 
allograft in isolation from the patient as part of the transplant procedure. The most 
poignant failures of gene therapy trials to date have been due to the systemic inflam-
matory toxicity and immunogenicity of the vector agents [1, 2].

The safety of these vectors is enhanced dramatically when they are used on 
an isolated allograft and removed before transplantation. Modern methods of 
ex vivo organ perfusion provide just such an opportunity and are the focus of 
many treatment proposals. By limiting the effect of the therapy and the subse-
quent genetic modification to the graft itself not only enhance safety but also 
open therapeutic opportunities based on the localized effect of the modifications 
[3]. Examples of this include modulating the local cytokine milieu, expressing 
biologic immunosuppressants at locally higher concentrations, and then systemi-
cally and potentially expressing advance warning markers of impending rejec-
tion prior to clinical symptoms. Many of the issues relating to gene therapy in 
VCA are similar to that of solid organ transplantation, and our discussion draws 
heavily on work that has been done in that field. However, while there are numer-
ous similarities and reasons for comparison, there are several unique advantages 
posed by VCAs.

First, the nonlife-saving character of many VCAs such as in upper extremity 
transplantation shifts the ethical balance toward experimenting with novel protocols 
to decrease toxicities of immunosuppression in these otherwise healthy patients. 
We feel this makes advanced trials such as gene therapy even more attractive in 
these patients than in solid organ recipients. Second, the ability to directly access 
the transplant and take skin biopsies allows researchers in clinical trials to monitor 
the effects of these novel agents in a way not possible with the interior solid organ. 
Finally, the skin component of the VCA allows the use of novel gene therapy tech-
niques such as transdermal nanoparticles and gene gun delivery of genetic material 
which is hardly possible in solid organ transplants.

In the following chapter, we explore possible targets for gene therapy in the 
arena of VCA. We begin by discussing in more detail specific vectors which can be 
used to deliver genetic therapies. Then we examine the wealth of studies relating to 
solid organ models and then finish with a brief discussion of the pioneering work 
specifically relating to VCA models.

Vectors for Gene Delivery

The continued improvement in vector design, production, and delivery has en-
hanced transfection efficiency and optimized gene expression over the last few de-
cades. Having developed successful transplant models, clinicians and researchers 
in transplant immunology now have the opportunity to orient these applications 
toward preventing acute rejection, minimizing ischemia/reperfusion,  toxicities 
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 associated with chronic immune suppression, and those features associated with 
progressive functional loss of the transplanted organ [4]. When selecting from 
among the wide array of vectors available, the features of each delivery system 
must be carefully weighed. There is no “best vector,” and each system has advan-
tages and disadvantages that must be optimized for each gene therapy application.

The basic characteristic of any vector is that it must be able to deliver genetic 
material (its payload) to a specific cell type (its target) with certain efficiency. The 
details vary greatly in the type and size of payload, the affinity for certain target 
cells and tissues, and efficiency and safety profiles. According to an in-depth review 
on the evolving field of gene manipulation, there is a relatively standard and vital 
set of factors that one must take into consideration when selecting both the transfer 
vector and cellular target within applications of gene delivery technology [4–6]. 
Some of these considerations are summarized in the table below (Table 18.1).

Once the critical features needed for an application have been determined, a type 
or class of vector can be selected. Until recently, gene therapy delivery agents were 
classified into two basic categories which were defined as (1) viral agent vectors 
and (2) nonviral vectors. Those gene transfer means which operated within viral de-
livery constructs employed the use of adenoviruses, oncoretroviruses, lentiviruses, 
and adeno-associated viruses or AAVs [4, 6]. Although evolutionarily adept at the 

Table 18.1  Desired feature of delivery system and description of feature. Developed from deli-
very of gene and cellular therapies for heart disease [7]
Desired feature of delivery system Description of feature
Safety Achieving desired effect with minimal morbidity
Practicality (ease) Readily adoptable by broad range of users, while also 

maintaining patient safety
Minimal invasiveness Limited procedural trauma may be more readily trans-

lated into patients with advanced disease, e.g., heart 
failure

Achieves delivery at a critical 
concentration

Allows delivery of a biological agent at a threshold level 
to ensure effect

Appropriate regional distribution Dependent on clinical need, provides either regional or 
global tissue/organ delivery

Homogeneity of expression and 
biologic effect

Ensures that all cells within an targeted area are impacted 
(rather than patchy distribution)

Limited systemic exposure and/or 
toxicity

Minimizes induction of systemic responses (e.g., immu-
nologic) or off-target consequences of accumulation in 
nontarget tissue

Cost effectiveness Determined by technical and equipment aspects
Procedural repeatability Determined by technical aspects such as invasiveness 

and cost in addition to biologic responses that limit the 
effect of repeat exposure
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delivery of genetic material into both eukaryotic and prokaryotic cells, viruses as 
bioengineered vectors for the transfer of therapeutic deoxyribonucleic acid (DNA) 
sequences are not without significant concerns, which has directed the field toward 
alternative vectors ranging from naked DNA sequences to liposomal delivery struc-
tures and even pretransplantation infusion of allogenic donor cells termed donor-
specific transfusion (DST) which are thought to induce anergy and T cell clonal 
deletion.

Naked DNA

Perhaps the simplest method of gene transfer which does not require a viral vector 
or additional conjugate carrier is a form of so called “naked” transfection. Here, the 
DNA itself is both the transport element and coding sequence which is delivered 
to target cells often through a more stabilized circular plasmid structure (pDNA), 
which prevents rapid degradation of the DNA once within the cell. An array of 
techniques have been developed in order to optimize the transfection of naked DNA 
into cells, all of which have shown relatively limited efficacy when it comes to in 
vivo application.

The common theme of delivery involves the transient induction of increased cell 
membrane permeability through the application of either physical stress or simple 
chemical compounds on cells which challenge the cell membrane integrity for short 
periods of time. Basic physical or nonchemical methods encompass electropora-
tion, micro-fluid platforms cell squeezing, and sonoporation. New advances in elec-
troporation as well as gene administration techniques have increased naked DNA 
transfection efficiencies [4, 8].

Intravascular delivery of DNA into mice and nonhuman primates has been dem-
onstrated to result in increased transgene delivery to kidney and muscle cells of 
up to 50 % [4, 9]. The use of electroporation produces a tenfold increase in in-
tramuscular DNA delivery gene expression. However, this enhanced delivery is 
accompanied by cell death, as evidenced by increases in serum creatinine kinase 
levels [6, 10].

One of the major drawbacks of naked DNA therapy is the transient nature of 
expression that lasts approximately no longer than 2–10 days [4, 6, 9]. Increas-
ing injection volume with rapid delivery can prolong gene expression up to 12 
weeks. However, the volume requirement of 100 ml/kg body weight delivered 
over 15 s makes the administration method difficult for clinical implementation 
[4, 6, 11]. The induction of cell damage with current delivery techniques makes 
naked DNA gene therapy use problematic in transplantation. The increased cell 
death can lead to activation of the immune response, prompting allograft rejection 
and causing significant organ dysfunction. Improvement in naked DNA delivery 
system makes this a possible option viable for use in solid organ transplantation 
and VCA.
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Cationic Polymer Vectors

An alternative to the transfection of naked DNA, which can augment the efficacy 
of delivery, is through the application of carrier which is complexed with the DNA 
sequence that can increase the uptake by target cells.

At this time, in order to gain sufficient and reproducible delivery of pDNA into 
the nucleus of the desired human cells both in a safe and an efficient manner, pDNA 
requires a carrier. A spectrum of chemically synthesized cationic polymer vectors 
has been developed by different groups which have been assayed to determine if 
certain complexes possess an advantage over another and if any can compete with 
the more effective viral-directed gene transfer [12]. Cationic polymer vectors or, of-
ten termed, polyplexes (polycation/DNA complexes) are formed between cationic 
polymers and DNA through electrostatic interactions, which physically compact the 
DNA into a smaller structure. These types of compacted poly-charged structures are 
by far the most widely used nonviral gene delivery vector system [13].

A myriad of complex variables affect gene transfection efficiency when using 
cationic polymer vectors such as molecular weight, surface charge, charge density, 
hydrophilicity of the complex, structure of cationic polymers/polyplex, and those 
specific features which those cells or tissues being target for gene therapy pos-
sess [4, 6, 13]. Understanding the dynamic features of cationic polymers and their 
interaction with both coding DNA and target cellular elements requires optimiza-
tion of each polyplex for each target system in order to optimize gene transfection 
efficiency for that specific assay. Currently, there are several cationic polymeric 
vectors most commonly used in model systems gene transfer. Among these cationic 
polymeric vectors are:

1. Polyethylenimine (PEI): A cationic polymer vector that maintains a repeating 
subunit which contains both an NH2 amine group separated by two carbon ali-
phatic CH2CH2 spacers. Often utilized within liquid adhesives detergents, bond-
ing agents, and cosmetics, PEI’s positive charged polymer properties allows it 
to electrostatically interact with the net negative charge of cell membranes. This 
interaction permits PEI-coated materials to bind cells weakly for attachment. 
Additionally, this attraction allows PEI complexed with DNA to interact with 
the anionic cell membrane, allowing for endocytosis of the polyplex. Follow-
ing endocytosis, the polyplex carrier within the endocytic vesicle utilizes NH2 
amine groups as sites of protonation. This alteration in pH of the vesicle offsets 
osmotic equilibrium by altering the flux of ions, and subsequently, the hypoos-
motic vesicles become swollen with an influx of equilibrating water influx, lead-
ing to rupture. The DNA is then released and can migrate into the nucleus [13]. 
Although capable of simple delivery of a DNA polyplex into cells, the constructs 
through its mechanism of delivery are cytotoxic at both the cell and mitochon-
drial membrane levels among a spectrum of mammalian cells at given carrier 
concentrations [14].

2. Poly-(l-Lysine) (PLL): Similar to PEI, this polycationic vector has demonstrated 
a capacity to induce apoptosis in a range of human cell lines (Jurkat T cells; 
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epithelial cells transformed with SV40 large T antigen (THLE3-hepatocytes); 
human umbilical vein endothelial cell, HUVEC). However, the mechanism of 
apoptosis differs in PLL-treated cells when PEI to those which received PEI. 
PLL is thought to induce apoptosis through cytochrome C accumulation as well 
as subsequent activation of protein kinases within recipient cells [15, 16].

3. Chitosan: A polycationic polymeric structure isolated from specific sugars 
within crustaceans skeletons. Following Na(OH) processing, the linearly ori-
ented polysaccharides is composed of glucosamine and N-acetyl-glucosamine 
units, which has allowed biomedical companies to utilize this substrate in wound 
care and hemostasis agents. For example, forms of chitosan have been approved 
as a wound dressing (Tegasorb® by 3M) and hemostatic patch (Hem-con® by 
HemCon) as well as within other fields of skin, nerve, cartilage, and bone regen-
eration [17]. Current application and research have not only shown that the use 
of chitosan nanoparticles greatly increases the transport of drugs through tissues 
but that this polysaccharide is also able to coat DNA for cellular delivery. Attrac-
tive qualities associated with chitosan-derived vectors pivot around the fact that 
these complexes are naturally derived, biocompatible, biodegradable, mucoad-
hesive, and nontoxic in polymer form [5].

4. Polyamidoamine (PAMAM): First described in 1985 as “A New Class of Poly-
mers: Starburst-Dendritic Macromolecules,” they are now the most common 
class of dendrimers in biotechnology applications and materials science engi-
neering [18]. Structurally consisting of a varying alkyl-diamine core and branch-
ing side chains containing tertiary amines, these dendrimers are thought to result 
in higher gene transfection efficiency and lower cytotoxicity compared with 
other cationic polymers [19]. PAMAM, initially thought to have too complicated 
synthesis technology to be clinically useful, now has a more promising future 
with the advent of hyperbranched polyamidoamine (h-PAMAM). This form is 
synthesized by a simpler one-pot method yet has similar gene delivery properties 
with PAMAM. In addition, through a polyethylene glycol (PEG)ylation modifi-
cation, the previously described cytotoxicity has been reduced [20].

At the present time, polycationic vectors are not as efficient as viral vector delivery 
systems within gene transfer modeling [13]. Researchers in the field have seen an 
increase in transfection efficiency with PEGylated polycationic polymeric forms 
which allows an increased total quantity of amount of pDNA uptake by target 
cells. A wide range of polymeric vectors have been utilized to deliver therapeutic 
genes in vivo. The modification of polymeric vectors has also shown successful 
improvements in achieving target-specific delivery and in promoting intracellular 
gene transfer efficiency. Various systemic and cellular barriers, including serum 
proteins in blood stream, cell membrane, endosomal compartment, and nuclear 
membrane, were successfully circumvented by designing polymer carriers having 
a smart molecular structure [15]. Cationic polymers display less toxicity associ-
ated with cytokine induction compared to their cationic lipid counterparts, which 
often elicit form of innate immune response through fatty acid inflammatory re-
activity [4, 5].
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Lipid Carriers

Another form of nonviral delivery vectors utilized in gene transfer was described in 
a 1963 publication of Nature as a negatively charged self-forming lipid membrane; 
this form of carrier has developed a spectrum of lipid-derived vectors such as lipo-
somes, micelles, and nanoemulsions. Alterations in organic synthesis have allowed 
biochemists to manipulate these lipid elements to become net positive or cationic at 
the head region of the lipid, which allows for interaction with both the negatively 
charged DNA backbone and target cell membranes. As early as the 1980s, research-
ers were describing these synthetic cationic lipids such as N-[1-(2,3-dioleyloxy)
propyl]-N, N,N-trimethylammonium chloride (DOTMA). At those times, studies 
described small unilamellar liposomes containing DOTMA which were capable of 
spontaneous interaction and incorporation with DNA. This interaction appeared to 
result in a lipid–DNA complex that was capable of 100 % DNA entrapment. Fur-
thermore, DOTMA-enriched liposome/DNA complex could facilitate the fusion of 
the complex with the plasma membrane of cells, resulting in both uptake and ex-
pression of the DNA [21].

And since the discovery that phospholipids could form lamellar bilayer struc-
tures in aqueous systems, liposomes have become a prominent topic of research in 
gene delivery. The structure of these cationic lipid vectors defines their simplicity, 
versatility, and biocompatibility. Many fields, particularly medicine, have yielded 
successful breakthroughs through liposome delivery mechanisms with over 12 lipo-
somal-based drug therapies on the market and over 20 in clinical trials worldwide 
that the vector has proven adequate safety and efficacy within human drug therapy 
[22]. From a production standpoint, the relatively simple preparation and various 
structural aspects of the liposome and lipid carriers have given rise to a reproduce 
mode of the internalization of a wide variety of biomolecules such as drugs, DNA, 
RNA, and even imaging probes [23].

Drawbacks concerning liposomal-mediated gene transfer have been published 
citing liposomes as having the capability of eliciting an immune response within the 
recipient tissues systems due to the expression of cytosine poly-guanine (CpG) bac-
terial motifs [24]. Moreover, in some cell-based and tissue-based systems, studies 
have described the necessity of delivering relatively high liposome construct con-
centrations in order to facilitate an adequate cellular transfection, resulting in mea-
surable transgene expression. Here, limited transduction efficiency coupled with a 
reactive immune response to potentially inflammatory components of lipid-conju-
gated molecules suggests prospective concerns for irreversible cellular toxicity and 
subsequent systemic damage. Researchers investigating gene transfer in pancreatic 
islets cells, through liposomal–DNA complex vector delivery, described a concen-
tration phenomenon which is both clinically relevant and concerning to gene modi-
fication allotransplantation efforts. This phenomenon describes an association of 
where the concentration of liposomal cations vectors necessary to achieve effective 
gene transfer directly results in the death of 50 % of islet cells receiving the therapy, 
in addition to impaired in vitro insulin release of the surviving transduced islets [4].
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As the field continues to evolve further away from conventional vesicles toward 
yet another new generation liposomes, such as cationic liposomes, temperature-
sensitive liposomes, and virosomes, researchers have begun to find ways to im-
prove lipid carriers’ sustainability within a given environment while also increas-
ing target-directed specificity. To achieve better selective targeting by PEG-coated 
liposomes or other particulates, targeting ligands were attached to nanocarriers via 
the PEG spacer arm, so that the ligand is extended outside of the dense PEG brush, 
excluding steric hindrances for its binding to the target receptors [23]. With the in-
creasing momentum behind lipid carrier applications for drug and gene therapy, in 
addition to limited toxicity and ease of synthesis, contemporary gene therapy may 
be based in a lipid vector delivery system very soon.

Viral Vectors

With regard to any gene therapy delivery vector, in order to achieve therapeutic 
success, the transfer vehicles must first be capable of transducing target cells. Sec-
ond, the administration, transduction, integration, and replication processes should 
ideally have no impact on nontarget cells. Despite improvements over the last three 
decades and the most effective transduction methods within gene therapy delivery 
systems, the viral vectors continue to suffer from a tropism to therapeutic need 
mismatch [25].

The promise of viral vector-based gene therapy has become integrated within 
many medical and surgical fields. With tremendous focus and significant accom-
plishments in both oncology and medical genetics (particularly among those pa-
tients suffering from a specific enzyme-deficient pathway), one may ask what is the 
role in viral vector-based gene therapy in the management of solid organ transplan-
tation or VCA [26]. Heart transplantation and liver transplantation have provided 
some advances in vector development and target improvement. This has allowed 
clinical progression within the field of transplantation as realistic and applicable 
form of therapy for transplant patients. Furthermore, review of the current literature 
will show how viral vector technology has proved to be better than nonviral vectors 
at delivering therapeutic genes to cells. With growing interest and ability within 
the field of viral gene delivery, transplant researchers are beginning to come to a 
realization of both the benefits and potential risks in viral delivery systems for gene-
based therapy in transplantation [26] (Table 18.2).

Adenovirus and Adeno-Associated Virus

Adenovirus is a member of the Adenoviridae family and defined as a nonenveloped 
100-nm-diameter virus with a double-stranded DNA (dsDNA) genome (insertional 
genetic capacity of approximately 7–8 kb) which in its natural state typically tar-
gets membranes within the gastrointestinal, hepatobiliary, and respiratory systems 
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[27]. Of those 51 serotypes endemic throughout the world, typically serotype 2 and 
serotype 5 are classified as potential vectors for gene transfer. The virus typically 
utilizes the endocytic pathway and, once within the cell, does not integrate into the 
host genome but instead remains an episome within the nuclear envelope. Because 
of this, there is a reduced risk of insertion-associated mutagenesis, which is unfor-
tunately seen with other genome-integrating viral vectors.

There has continued to be significant improvement in the design of the adeno-
viral vector which has subsequently led to momentum in technologies that increase 
the utilization and broaden the application of the adenoviruses as a clinically tangi-
ble gene therapy vector construct. There are a multitude of features that adenoviral 
vectors possess which make them forefront candidates for modification strategies 
in transplant-related gene therapeutics. Among the promising transplant-oriented 
elements, most adenovirus subtypes (specifically serotypes 2 and 5) are not found to 
be associated with severe human illnesses. Because of this, serotypes 2 and 5 retain 
only limited risk for replication-competent viruses, causing acute infectious pathol-
ogy in patients receiving adenoviral vector-based therapy [28, 29].

Since adenoviral vectors can effectively transduce nonreplicating and replicating 
cells, unlike many retroviruses which require active replication of cells in order to 
propagate their delivered transgene and viral life cycle, they offer a variety of op-
tions for genetic engineering in the incongruent proliferative phases seen in cells 
from donor, recipient, and chimeric tissues, seen in allotransplantation. Beyond an 
ability to transduce cells undergoing transient proliferative variability, the adeno-
viral vectors can easily provide systems with high-titer production along with an 
ability to concentrate based on certain tropism characteristics within each serotype. 
It remains the combination of all of these characteristics which suggests clinical 
feasibility within VCA and solid organ transplant. A tangible example of adenoviral 
application within liver transplant is demonstrated with the capability of adenoviral 
vector serotype 5 to localize to liver parenchyma and concentrate within  hepatocytes 

Table 18.2  Summary of gene therapy viral vectors and actors associated with delivery and expres-
sion [6]. Modified from [93]

Plasmid Oncoret-
rovirus

Lentivi-
rus

Foamy Herpes Adeno-
virus

AAV

Genetic material DNA RNA RNA RNA DNA DNA DNA
Genetic mate-
rial packaging 
capacity

No 
limitation

9 kb 10 kb 12 kb > 30 kb 30 kb 4.7 kb

Duration of 
expression

Transient Long Long Long Transient Transient Long in 
postmitotic 
tissues

Genome 
integration

Yes Yes Yes No No Rarely Rarely

Transduction of 
postmitotic cells

No Low Low High High Moderate Moderate

kb kilobase, AAV adeno-associated virus
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following intravenous administration. The absolute value of these findings beyond 
the setting of conventional orthotopic liver transplantation cannot begin to be quan-
tified at this time since the liver, no matter what solid organ or composite allograft, 
plays vital roles in acute inflammatory processes and disposal of toxic metabolites, 
which if genetically altered could promote the survival of any transplant element. 
The insertional genetic capacity of adenoviral vectors is approximately 7–8 kb, and 
they have high-level transgene expression. The ability of adenoviral vector serotype 
5 to localize and concentrate in the liver after intravenous administration in mice 
allows for the development of in vivo strategies that can have profound systemic 
effects.

A drawback of the adenoviral vector associated with nongenomic integration is 
that the transgene expression within a host cell is relatively short lived, despite ef-
ficient transduction and high titer levels that can be achieved with the virus making 
gene transfer more likely. Additionally, direct intravenous delivery of the virus re-
sults in nearly 90 % of the vector being degraded, while the immune system, namely 
T cells, destroy those cells infected with adenoviral particles. Furthermore, the ad-
enoviral serotype used to infect the cells will develop an antibody-derived immune 
response to protein expressed on the capsid as such antibodies will be directed to 
the transgene expressed. These antibodies will remain present and prevent further 
therapy by that specific adenoviral vector.

Concern over the death of a young man in 1999 at the University of Pennsyl-
vania while being a research participant in an ornithine transcarbamylase (OTC) 
deficiency transgene research study initiated an investigation and report by the Na-
tional Institutes of Health (NIH) Recombinant DNA Advisory Committee on the 
assessment of toxicity and safety when using the adenovirus vector for gene therapy 
[30]. At the conclusion of the report, the NIH committee made recommendations on 
general safety aspects such as consent, monitoring, and postmortem examination.

Within the field of solid organ transplantation, free tissue transfer, and VCA, 
the adenovirus has remained a staple in viral vector delivery of genetic material. 
Researchers have not only shown that interleukin (IL)-10 transgene delivery by a 
adenoviral to donors can reduce ischemia–reperfusion injury [31], but that adeno-
viral vectors can also be used to pre-sensitize a patient by targeting host cells (such 
as the liver) with allo-major histocompatibility complex (MHC) in order to induce 
pre-allotransplant tolerance [32].

Adeno-Associated Virus (AAV)

The single-stranded DNA AAV was defined over 20 years ago and was administered 
to the first human subject in 1995 [33]. A member of the Parvoviridae family (genus 
Dependoparvovirus), these viral subtypes have been found to not produce human 
infectious disease pathology within clinical applications of gene transfer [34–36]. 
While similar to the adenovirus and lentivirus vectors in their spectrum of cellular 
targets, secondary to advantageous tropisms, the AAV harbors a smaller genome 
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and genomic insertion capability (4–5 kb) as well as possesses a requirement for 
AAV helper viruses for replication and transgene expression within host cells [37].

Members of the AAV group have been shown to be a useful viral vector in clini-
cal trials, with now 11 in the process for approval in humans. Of those, AAV for 
the cystic fibrosis gene therapy is perhaps the most well-known application using 
this specific viral vector. Small, approximately 20 nm in diameter, the virus is cur-
rently thought to be nonpathogenic. However, one of the most attractive features of 
this virus is the specificity of genome integration. Although random insertions can 
occur at low levels, the AAV virus has the consistent ability to integrate at a region 
on chromosome 19 termed the AAVS1 site [38]. Mediated by the Rep78 and Rep68 
proteins (though involve endonuclease, helicase, and transcriptase functions), the 
AAV virus is able to replicate, integrate, and rescue the provirus from the genome 
to undergo both latent and lytic infection. Furthermore, with the assistance of a 
helper virus such as an adenovirus or herpesvirus, the AAV can initiate produc-
tive viral infections with long transgene expression. Other than the rep genes, the 
AAV 4.7 kb genome contains inverted terminal repeat (ITR) regions, open read-
ing frames (ORFs), and a sequence region containing “cap” genes, which code for 
capsid and structural proteins. Between these two coding regions, the plasmid or 
gene of interest can be inserted and the virus can be used to deliver a sequence of 
interest [38].

Among the 11 AAV serotypes defined, the AAV2 or (serotype 2) has developed a 
natural viral tropism directed toward smooth muscle, neurons, and skeletal muscle, 
which remain targets of interest in VCA modeling [39]. Furthermore, one of the 
most difficult challenges in optimizing viral vectors for gene therapy relates to the 
immune response of the host toward the viral vector. Interestingly, AAV vectors are 
associated with low immunogenicity and toxicity, resulting in vector persistence 
and long-term transgene expression, again suggesting a role in VCA [40]. Addition-
ally, although patients can potentially mount an immune response against the input 
virions, transient immunosuppression during the vector uncoating phase could be 
sufficient in blocking this response [41, 42].

Retroviruses and Lentivirus

The Retroviridae family or retroviruses has classically been defined as an enveloped 
virion particle approximately 100 nm in diameter which possess a single-stranded 
messenger RNA (mRNA) genome. This obligate cellular parasite was identified by 
its unique ability to transcribe its two copies of identical single-stranded RNA viral 
genome into dsDNA following delivery of the pre-integration complex after fusion 
of the virion to the host cell through binding and fusion proteins. The 10-kb genome 
of a retrovirus commonly contains four coding regions which are seen as ORFs: 
gag (viral capsid core proteins), pr (proteases for cleavage), pol (polymerase, syn-
thase, and integration), and env (proteins for viral entry into a cell). Integration of 
the retro-transcribed dsDNA into the host genome defines the provirus form, where 
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it can replicate and be incorporated into the genome of cellular progeny through 
somatic mitosis or germ line meiosis [4, 6, 43, 44].

Sequence variations of the “env” gene, known as viral tropism, is what deter-
mines the ability of envelope proteins of a given virus to bind and fuse with a 
defined host or target cell [43, 44]. From a research perspective, manipulation and 
replacement of the env gene allows one to dictate potential targets of an engineered 
viral vector and is known as pseudotyping. The practice of viral envelope engineer-
ing through pseudotyping, or altering the sequence of the viral “env” gene, not only 
alters the target cell but also can expand the potential target range to multiple cell 
types.

With a basic understanding of the unique retrovirus life cycle, one can begin 
to see the underlying set of weakness in this specific vector gene therapy delivery 
system. First, cells must be actively replicating and/or undergoing transcription for 
the virus genome (including the therapeutic gene) to propagate. Second, there is 
no site-specific region within the genome for viral integration of the provirus. This 
lack of definitive integration is why provirus insertion within an oncogene can lead 
to neoplasm. Finally, in addition to building an acquired immune response against 
virions released from host cells, retroviruses are also uniquely sensitive to the c1 
protein of the complement cascade, leading to an inability to maintain prolonged 
transgene expression.

A genus within the Retroviridae family known as Lentivirus is a subclass that 
contains five documented serogroups ranging from 80 to 100 nm in diameter. Per-
haps known best for its primate infectious lentivirus group, which contains HIV1, 
HIV2, and simian immunodeficiency virus (SIV), the others are bovine, equine, 
feline, and ovine. Containing an additional six protein coding regions within its 
genome, the lentivirus not only has the capacity to deliver more viral RNA into a 
host cell, but the genus also has an advantage over the standard retrovirus in that it 
can effectively infect nondividing cells and remain functional during long inactive 
incubation periods. Consequently, these features make them effective at delivering 
larger sequence gene therapy options in addition to a broader spectrum of cells 
based on their relative proliferation kinetics.

As early as the 1990s, there were several clinical trials which utilized retrovi-
ral vectors as a means of gene transfer. These studies were frequently related to 
the treatment of inherited monogenetic disorders and AIDS [4, 45, 46]. However, 
since the optimal retroviral vector targets are those cells, which have higher ten-
dency to undergo division, which permits viral gene incorporation into the host 
genome, their application to allotransplant gene therapeutics is limited at this time 
[4, 6]. Consequent to the lower transduction efficiency of the retroviral vectors, less 
cells will be able to express the delivered gene. Limited relative expression of the 
transgene makes the pathways involving anti-apoptotic or ischemia/reperfusion less 
effective targets for retroviral-directed genetic modification, since both pathways 
require sufficient molecular opposition to prevent their initiating elements from 
causing irreversible damage to the cell [4–6].

Despite concerns over gene propagation within hypo-proliferative cell and tissue 
systems, retroviral-directed gene therapy remains a viable option for genetic trans-
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fer. Research into the ability of retroviral delivery of immunosuppressive cytokines, 
where focal accumulation of such cytokines could reduce immune response elements 
within the graft without altering the systemic profile is particularly appealing. The 
stable gene expression of retroviral vectors can be viewed as either advantageous 
or detrimental, depending on the therapeutic goals one is trying to accomplish. In 
allotransplantation, stable gene expression is likely required for the prevention of 
acute cellular rejection. On the other hand, stable linear expression of the transgene 
may not be necessary to prevent ischemia/reperfusion injury seen at the onset follow-
ing engraftment [4–6]. Because of these fluid and sometimes transient requirements 
for gene expression, the lentivirus subtype of retroviruses would be required which 
could propagate transgene expression in “injured” grafts that may not be orienting 
their metabolic pathways toward cellular proliferation (nondividing cells) but rather 
toward cell and tissue repair and disposal of toxic products of ischemia such as free 
radicals, lactic acid, and inflammatory lipid components [47–49].

SI RNAs

Descriptions of relatively short noncoding RNA elements (~25 nucleotides) within 
cells became relevant in the 1990s, when researchers found them to function as a 
type of nucleotide sequence-specific defense system which could target both cel-
lular and viral mRNAs for destruction [50]. Small interfering RNA or (siRNA) is 
a form of dsRNA with the capacity to induce posttranscriptional gene silencing 
within cells through antisense binding to active form of mRNA and subsequently 
inducing endonuclease activity against the mRNA transcript/siRNA complex. Since 
the discovery of this mechanism of RNA interference using siRNA, researchers 
have begun to develop a spectrum of powerful tools to downregulate mRNA levels 
and even silence genes involved in the pathogenesis of various diseases associated 
with a known genetic background [51].

Although there are relatively limited studies on VCA and siRNA applications, 
the field of solid organ transplantation has developed basic therapeutic constructs 
and models. Researchers in renal transplantation have sought siRNA technologies 
therapy directed toward not only rejection but also ischemic–reperfusion injury. 
In order to prevent ischemia–reperfusion injury and damage to allograft tissues, 
siRNA technology is being actively studied [52]. However at the current time, most 
of these attempts at either naked or vector-based siRNA therapy within the arena of 
solid organ transplantation have been performed in vitro, with very limited studies 
progressing toward more advanced in vivo settings or animal models. Of the deli-
very mechanisms employed for siRNA therapeutic application, hydrodynamic in-
travenous injection of naked or carrier-bound forms of siRNA are most commonly 
the route for delivery of these RNA interference constructs [4–6, 52]. Of the gene 
targets thought to be prime targets for siRNA interference therapy, roughly 50 have 
been tested in transplantation-related models. Most of these mRNA transcripts be-
long to genes that are either related to apoptosis or involved in immunomodulatory 
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networks. Curiously, secondary to the small size of the interfering RNA, researchers 
have seen opportunity to combine multiple forms of siRNA in order to downregu-
late multiple targets. These separate siRNA elements can be transported within the 
same delivery vector or injected at the same time and by targeting more than one 
pathway, or by hitting the same pathways within two different key points, will aug-
ment the effects of each other [52].

Cells as Gene Therapy Vectors

DST, although discovered over 30 years ago as a potential tool to induce donor-
specific immunological tolerance in renal transplant, the protocol has widely been 
abandoned in contemporary clinical solid organ transplantation. Despite researchers 
having shown some encouraging results with regard to immunosuppressive drug 
minimization in human patient subsets and potential induction of immunological 
tolerance in some animal model systems, the mechanism underlying tolerance in-
duction to recipient tissue remained vague and associative at best [53]. Not until 
recently did transplant immunologist begin to understand the immunomodulatory 
mechanisms of DST or donor bone marrow infusion for inducing tolerance, par-
ticularly within skin containing VCA. Building on previously published concepts, 
which indicated that increased levels of regulatory T cells (Tregs) in recipients of 
an allograft prevented both acute and chronic rejection, investigators then identified 
the subset of cells dictating the immunomodulatory processes involved. Results of 
these studies show tolerance is mediated by an interaction among CD11b+ expressing 
cells (DCs, dendritic cells, and macrophages) augmented indoleamine 2,3-dioxy-
genase (IDO) and IL-10 expression and subsequent Foxp3+ CD4+ CD25+expressing 
Treg induction [53, 54].

Transdermal Gene Delivery (Gene Gun)

Described in a letter to Nature in 1987, researchers presented a novel phenomenon, 
where nucleic acids could be delivered into plant cells using high-velocity micro-
projectiles through what was described as a gene gun. This and prior research were 
conducted in the hope of circumventing some of the inherent limitations of existing 
methods for delivering DNA into plant cells, namely Agrobacterium tumefaciens, 
which was limited to a specific target host set of plants [55].

The mechanism of delivery utilized small tungsten particles, termed micropro-
jectiles, which where accelerated through a pressurized air gun and used to pierce 
cell walls and membranes. The microparticles, although penetrating the exterior of 
the cell, did not kill the organism. Following this success, the microprojectiles were 
used to carry RNA or DNA into epidermal tissue of an onion for subsequent gene 
expression analysis.
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Since the inception of the gene gun delivery of genes complex with microparti-
cles, the method of delivery has been an option within the search for a more efficient 
pDNA gene transfer system. Realizing that gene therapy offers a novel approach 
for the prevention and treatment of a variety of diseases and perhaps a mechanism 
to promote tolerance in VCA and solid organ transplantation, there remains a pau-
city of accepted methods because of reoccurring issues concerning either efficacy 
of delivery or toxicity of vector constructs. Viral vectors, although shown to have 
higher efficiency of gene transfer, are limited by certain elements of toxicity, host-
developed immunity, and length of time related to incubation and transgene expres-
sion. While other options of nonviral vector-based delivery systems of pDNA are 
relatively safe, the efficiency of delivery is significantly lower when compared to 
viral vector gene delivery [56].

Today, the gene gun, and other similar intradermal delivery devices, takes ad-
vantage of the knowledge that skin is known to be a highly immunogenic site for 
vaccination and other intradermal gene delivery application devices have been 
developed. Many of these technologies have been shown to administer materials 
within the skin by noninvasive or minimally invasive techniques. Those platforms 
utilizing noninvasive methods include high-velocity powder and liquid jet injection, 
as well as diffusion-based patches in combination with skin abrasion, thermal abla-
tion, ultrasound, electroporation, and chemical enhancers. Additional “minimally 
invasive” approaches are largely based on microneedle injections [57].

In summary, the choice of a vector to deliver the genetic material of interest is al-
most as important as what is being delivered. Critical factors include timing, target 
tissue type, expression level, and safety. The VCA scenario is more challenging due 
to the variety of tissue types that must be successfully modified, but offers unique 
opportunities such as the ability to monitor and deliver genes directly through the 
skin. In general, most groups studying gene therapy in VCA have utilized vectors 
successfully used for solid organ and systemic gene therapy approaches as we will 
see below (Table 18.3).

The Utility of Gene Therapy in VCA and Solid Organ 
Transplantation

Gene therapy within solid organ transplant or VCA, although not as well under-
stood as the role of gene therapy in cancer, there still remains promise and tangible 
cell and pathway targets, which within the realm of transplant immunology is well 
studied. Because of this, many in the field believe that if a proper vector could be 
developed for delivery, immunosuppression and cellular rejection would be the first 
targets for genetic alteration.

Historically, following the advent of contemporary immunosuppressive thera-
pies, fulminant rejection has been less of a concern while the side effects of lifelong 
systemic immunosuppression has taken over as the more common posttransplant 
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Vectors Advantages Disadvantages
Retroviruses Broad cell tropism Infects only dividing cells
– Stable gene expressiona Risk of insertional mutagenesis
– High-titer production (107 cfu/ml) Susceptible to complement degradation
– Large insertion capacity 10 kb Risk of recombination with human endog-

enous retroviruses
– Low levels of gene expressiona Risk of competent virus formation
– – Low levels of gene expressiona

– – Stable gene expressiona

Lentivirus Broad cell tropism with retroviral 
and VSV G pseudotyping

Risk of insertional mutagenesis

– Can infect nondividing cells Pseudotyped vectors are susceptible to 
complement degradation

– Stable gene expressiona Risk of recombination with human endog-
enous retroviruses

– High-titer production (107 cfu/ml) Risk of competent virus formation
– Large insertion capacity 10 kb Serum conversion with HIV-based vectors
– – Stable gene expressiona

Adenovirus High levels of gene expressiona High levels of gene expressiona

– Infect nondividing cells Transient gene expressiona

– Very high titers (1012 pfu/ml) Immunogenic
– Large insertion capacity 8 kb In vivo delivery minimized by host 

immune response
– Transient gene expressiona –
AAV Infects nondividing cells Stable gene expressiona

– Stable gene expressiona Requires a helper virus for replication
– High titers (1010 cfu/ml) Small insertional capacity (5 kb)
– Nonpathogenic Risk of insertional mutagenesis
– – Low transduction levels
Foamy virus Infects dividing cells Suboptimally infects nondividing cellsa

– Suboptimally infects nondividing 
cellsa

Stable gene expressiona

– Stable gene expressiona Risk of insertional mutagenesis
– Broad cell tropism with retroviral 

and VSV G pseudotyping
Risk of recombination with human endog-
enous retroviruses

– Large insertion capacity Risk of competent virus formation
– Resistant to complement-mediated 

lysis
Serum conversion to foamy virus

Cationic 
liposomes

Noninfectious Toxicity dose dependent and most evident 
in nonreplicating cells

– No limit to size of DNA insert Transient gene expressiona

– Transient gene expressiona Low transduction levels
– – Difficult to implement clinically

Table 18.3  Advantages and disadvantages of gene delivery strategies. Table from [4]
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difficulty seen in patients. Transplant immunologists, surgeons, and scientists be-
lieve that gene therapy may possess the potential to eliminate these side effects as-
sociated with chronic immunosuppression. This concept entails target gene therapy 
within donor grafts, which could permit the expression of specific immunomodula-
tors within a focal region rather than throughout the systemic circuit. Alternatively, 
gene therapy approaches could eliminate the requirement for general immunosup-
pression by allowing the induction of donor-specific tolerance as well as prevent 
graft damage owing to nonimmune-mediated graft loss or injury.

Research groups in gene transfer and vector development technologies within 
heart transplantation have remained at the forefront not only in pragmatic applica-
tion of gene therapy but also in defining those optimal features for its application 
in human trials.

Among transplant-related gene transfer studies, viral vector-based therapies 
show promise in that a virus continues to deliver genetic material most efficiently 
and predictably. With regard to viral vector constructs, the retrovirus family mem-
bers have been utilized to modify various cell types and address challenges in trans-
plantation successfully. Certain retroviruses such as HIV, feline immunodeficiency 
virus (FIV), and murine leukemia virus (MLV) have been shown to effectively 
transduce islet cells at efficiencies of 1.9, 13.7, and 0.9 %, respectively [4, 58]. 
These studies suggest that genetic engineering of islets before transplantation with 
protective genes may potentially enhance their posttransplantation survival, leading 
to improved functional outcomes at both the cellular and patient level. Furthermore, 
the results of islet cell-directed gene therapy via viral vectors showed that transduc-
tion was nontoxic and remained an efficient method to genetically modify this cell 
type for transplantation [58, 59].

Cellular entities within the liver have also been effectively transduced. In 2002, 
using a pLXSN-CTLA4Ig plasmid construct within a pLXSN retrovirus vector, 
 researchers were able to transduce the fusion gene cytotoxic T lymphocyte antigen-
4-immunoglobulin (CTLA4-Ig) after in vivo perfusion of a murine model with ret-
roviral vectors [27]. The results of this study describe enhanced liver regeneration, 
CTLA4-Ig transcript production, and a sustained fluorescent CTLA4 protein, which 
was genetically labeled with a fluorescent protein. Moreover, gene transduction of 
CTLA4-Ig conferred no adverse effect on the regeneration of the liver graft or the 
general health status of the animals [4, 27].

Vectors Advantages Disadvantages
Naked DNA Noninfectious Transient gene expressiona

– No limit to size of DNA insert Low transduction levels
– Transient gene expressiona Stimulation of host immune responses 

due to bacterial CpG
AAV adeno-associated virus, CpG cytosine poly-guanine, VSV G vesicular stomatitis virus G
a Can be viewed as advantageous or detrimental depending on therapeutic goal

Table 18.3 (continued)
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Specific Targets for Gene Therapy in Transplantation

The potential to alter cell interactions and immune responses, within the realm of 
solid organ transplantation and VCA, through gene therapy is unique in that there 
remains a wide spectrum of targets and pathways that not only alter the graft func-
tion and survival but also those that effect the recipients’ morbidity and mortality. 
Within this dual or chimeric system, the modification of gene expression, through 
gene transfer technologies, has the potential to improve outcomes following cell, 
tissue, and/or solid organ allotransplantation. Additionally, since the allograft is 
transferred from one person to another, there is a unique opportunity in transplanta-
tion, where therapies could be applied to either donor, recipient, or chimeric sys-
tems. In fact, gene therapies need not be restricted to only in vivo use; rather, there 
is a tremendous prospect for ex vivo gene modification of cells and/or organs during 
recovery [4–6].

Since the discovery and clinical application of potent immunosuppressive agents, 
such as calcineurin inhibitors, nucleic acid synthesis blockers, and monoclonal an-
tibodies,	directed	at	T	cells	or	IL-2	receptor	α	(IL-2Rα),	the	transplant	community	
has seen a significant reduction in the incidence of acute rejection with a subsequent 
improvement in 1-year allograft survival rates from about 60 %, in the early 1980s, 
to the current levels of 80–95 % [4, 6]. However, patient noncompliance with trans-
plant medication poses a serious challenge, as it accounts for a significant number 
of acute rejection episodes as well as for graft loss. Furthermore, allografts do not 
always exhibit optimal function. Nonimmune mechanisms, such as ischemia/re-
perfusion injury, drug toxicity, and immune mechanisms, such as chronic allograft 
rejection, all contribute to the loss of allografts [4, 6, 60].

Rejection and Alloantigens

Alloantigen recognition occurs primarily through a cell-to-cell interaction that takes 
place between circulating T cells and tissue-based antigen-presenting cells (APC), 
which will acquire and present these nonself-antigens via extracellular MHC struc-
tures. These antigens can elicit a range of immune response; however for simplicity, 
these responses have been categorized at the most basic levels as either major or mi-
nor with regard to response intensity and length [4, 6]. Alloantigen presentation can 
occur through both MHC class I and MHC class II structures. MHC class I antigens 
are present on all nucleated cells while MHC class II antigens are typically limited 
to APCs (monocytes, macrophages, Langerhans cells, DCs), lymphocytes (B lym-
phocytes, activated T cells), as well as a variety of endothelial and epithelial cell 
lineages [4, 6, 11]. CD4+ T cell/MHCII and CD8+ T cell/MHCI interactions leading 
to alloantigen recognition can occur through essentially two basic pathways:

1. The direct pathway: Recognition of donor alloantigen involves recognition of 
the donor’s MHC class I or MHC class II antigenic peptides, by recipient’s T 
cells, when expressed on the donor APC.
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2. The indirect pathways: Recognition of donor alloantigen by the recipient immune 
system occurs through recipient APC capture, processing, and presentation of 
donor-derived MHC class I or MHC class II peptide fragments to recipient T 
cells.

It is through the recognition of donor MHC class I or MHC class II peptides by re-
cipient immune cells, the recipient immune system will initiate a “major” immune 
response in an effort to prevent donor immune cells from commencing an immune 
response against native recipient tissues, commonly seen in graft-versus-host dis-
ease (GVHD) [4, 6, 61, 62].

Understanding how immune response element kinetics command and propagate 
a variety of reactions to the presence of alloantigen within the system and how 
certain successive on/off rejection pathway switches coordinate either rejection or 
tolerance provides those advocating for gene therapy with initial targets of inter-
est. For example, the induction of mixed lymphohematopoietic chimerism through 
allogenic bone marrow transplantation is one of the most stable and predictable 
methods in establishing transplant tolerance [4, 42–44]. Appreciative of the limits 
seen with bone marrow transplantation (toxicity of conditioning regimens, failure 
to engraft, or risk of GVHD), gene therapy may provide an attractive complemen-
tary strategy of circumventing some of these shortfalls of establishing chimerism 
in patients.

Murine transduction studies involving retroviral vectors delivering forms of 
MHC class I antigens to autologous bone marrow cells were able to produce a 
permanent state of MHC molecular chimerism within recipients, resulting in al-
lografted skin to undergo long-term acceptance [45]. The success of models utiliz-
ing MHC-based bone marrow genetic modification platforms to induce tolerance 
between a transgene MHC and T cell interface appears to correlate with not only 
the level of gene expression but also transfection efficiency, which validates the 
need to optimize specific vectors for gene delivery [46–48]. Genetic engineering 
that results in reduced MHC expression leads to the development of T cell hypore-
sponsiveness without tolerance induction, demonstrating the importance of the dose 
effect [63–70].

Gene transfer of MHC complex may permit a form of allograft acceptance with-
out having to induce mixed chimerism through a donor bone marrow transplant. The 
suggested mechanism of MHC class I gene transfer promotes tolerance induction 
through negative thymic selection of those CD8+ T cells which recognize the MHC 
encoded by the transgene [69, 70]. Relative expression levels of the MHC molecules 
also appear to play a role in the success of the allograft. In fact, when hyper-expres-
sion of MHC class I transgene occurs, subsequent recipient immune suppression 
results in an elevated and maintained level of donor-specific MHC [71, 72].

The MHC molecule found on nucleated cells can also be present within a system 
as a separate soluble form. Such forms of the MHC complex has been used to pro-
tect liver, skin, heart, and renal allotransplant tissues from scenarios of hyperacute 
rejection seen in patients who have previously been sensitized and therefore have 
preformed antibodies to alloantigenic components of MHC molecules [71–74].
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Rejection and Antigen-Presenting Cells

Naïve recipient T cells are poised to determine initial immune response elements 
following of nonself minor or major alloantigens through interactions with APCs 
and nonimmune nucleated cells. From this initiating immune response element, the 
native immune system will act to tolerate or reject tissues based off of the peptides 
a target expression. The initial interaction in a solid organ transplant or VCA oc-
curs between immature DCs, which are primed for antigen capture, processing, 
and presentation (following maturation) through augmented genes affecting MHC 
affinity and quantity of complexes produced [75–77]. During maturation of the DC, 
costimulatory molecules CD80, CD86, and CD40 are upregulated [4–6]. Upon the 
formation of the cell-to-cell interface, between the matured DC and naïve T cell, 
two signals are required for T cell activation against the alloantigen being presented. 
The initial signal event employs the T cell receptor (TCR) or CD3 engaging the an-
tigen containing MHC molecule, which defines these cells as “capable” of binding 
that specific peptide [4, 6]. The second signal event involves the complexed cells to 
make a “decision” on whether to see the peptide as self, tolerate the peptides pres-
ence, or determine it foreign and therefore promote elimination of the threat. This 
second signal is dependent on costimulatory signaling through CD28 and CD80/
CD86 interaction [4, 6, 78, 79].

The interface that occurs between the peptide containing APC and T cell is per-
haps the most pinnacle cell-to-cell interaction which occurs through induced adap-
tive immunity. Positive signaling events between MHC/TCR and CD80 and CD86/
CD28 result in an exponential increase in downstream cellular proliferative and 
synthesis effects. Such alterations augment and activate (1) the transcription factor 
NFκB,	(2)	the	T	cell	stimulatory	IL-2,	(3)	the	inhibition	of	T	cell	apoptosis,	and	(4)	
the initiation of T cell clonal expansion.

When binding between the APC and TCR occurs without the additional co-
stimulatory signal, the T cell will undergo anergy induction and either develop a 
general hyporesponsiveness or proceed with apoptosis. Additionally, whether there 
is a void or direct blockade of the costimulation signal, the APC will evolve an en-
hanced ability to perform ligand-induced T cell apoptosis, resulting in termination 
of the antigen-binding capable T cell. Researchers, through advanced studies of this 
APC/T cell initiating interface, have been able to apply their knowledge and use 
cytotoxic T lymphocyte antigen 4 CTLA-4 (CD 152) to manipulate the abrogation 
of MHC-/antigen-directed T cell activation. CTLA-4, a molecule classically found 
on T cells, can bind costimulatory complex members CD80, and CD86 (displayed 
on the involved APC) can abrogate T cell activation [4, 6, 78, 79].

Methods for developing forms of blockade against inciting antigen recognition 
events and downstream effector pathways which can provide immune tolerance and 
T cell blockade is critical to the prevention of allograft rejection with any transplant 
system. Researchers in transplant immunology have put forth tremendous effort in 
search for technologies to assist in the genetic modification of either the allograft, 
the APC (primarily DCs), and/or T cell lymphocytes in order to prevent the  interface 
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and engagement of the costimulatory complex from forming or activating. By alter-
ing the orientation, molecular interactions, active sites, or, potentially, production of 
costimulatory complex molecules, the need for pharmaceutical immunosuppressive 
therapy could theoretically be eliminated. Through the prevention of T cell activa-
tion, gene therapy targeting the costimulatory protein complex interface could result 
in the promotion of donor-specific hyporesponsiveness [4, 6, 78, 79].

Applied modeling technologies which focus on the targeting of the costimula-
tion protein complex and the interface occurring between the APC and T cell lym-
phocyte has been an area of promising research in both solid organ transplant and 
VCA. Some methods of antibody-mediated costimulatory blockade against CD28, 
CD80, CD154, and CD40 have been used in both animal and human studies to pre-
vent graft rejection. Depending on the target and method and timing of application, 
antibody-mediated blockade has led to varying degrees of donor-specific hypore-
sponsiveness [80–83].

Utilization of monoclonal anti-CD154 antibodies in combination with lym-
phocyte or splenocyte infusions has led to prolonged murine islet and cardiac al-
lograft survival, suggesting proficiency in both the tolerance of cells and tissue 
allograft constructs [84, 85]. Studies employing antibody-directed costimulatory 
blockade against multiple cell surface proteins augments the efficacy of therapy 
and subsequently allograft survival when compared to single antibody therapy [85]. 
Published studies have shown that simultaneous CD40/CD154 and CD80/CD28 
antibody blockade can provide recipients with graft acceptance in cardiac and cuta-
neous allotransplant murine models. Moreover, the addition of CTLA4-Ig to multi-
target costimulatory blockade promotes synergism among therapies. Gene therapy 
could be applied to targeted costimulatory blockade in a similar manner as direct 
antibody administration while circumventing the need to treat patients with multiple 
doses of antibody therapy, which over time degrades, while genes would sustain 
antibody production [4, 6, 67].

One way to implement gene production of antibodies against costimulatory 
complex targets is to have the gene transduced within donor allograft, rather than 
within the recipient system. Studies which involved anti-CD40 transgene expres-
sion showed that murine liver allografts could be maintained indefinitely. In ad-
dition, long-term survivors were able to receive donor-specific skin grafts, while 
rejecting third-party grafts [66]. Bone marrow-derived DCs modified to express 
CTLA4-Ig are found to have impaired allogenic T cell proliferation and induce 
alloantigen-specific hyporesponsiveness [67]. Ex vivo treatment of donor corneas 
with adCTLA4-Ig as well as in vivo pretreatment of the recipient has been reported 
to prolong corneal graft survival. In the murine liver transplantation model, ex vivo 
transduction of liver allografts with adCTLA4-Ig has also been shown to lead to 
indefinite graft survival [68]. Ex vivo treatment of rat islets with adCTLA4-Ig pro-
tected the islets not only from autoimmune destruction but also from alloimmune 
destruction in the spontaneously diabetic biobreeding (BB) rats [69].

Another potential strategy to inhibit T cell activation is to prevent DC maturation 
and maturity-associated upregulation of CD80 and CD86. Immature DCs are poor 
stimulators of naïve T cells and induce alloantigen-specific hyporesponsiveness 
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[70–72]. Pretreatment of mice with immature donor-derived DCs has been found to 
prolong cardiac allograft survival [73]. Among known inhibitors of DC maturation 
are IL-10, vitamin D, propagation in low-dose granulocyte–macrophage colony-
stimulating	factor	(GM-CSF),	and	transforming	growth	factor	(TGF)-β1	[71, 74]. 
DCs,	 cultured	 in	 low-dose	GM-CSF	 and	TGF-β1,	 have	 decreased	 expression	 of	
costimulatory molecules CD80, CD86, and CD40 and low T cell allostimulatory 
activity [75].
Genetic	 engineering	 that	 leads	 to	 increased	 TGF-β1	 expression	 can	 promote	

maintenance of DCs in an immature state. Gene expression can be targeted for 
localized delivery via either genetic modification of DCs or the transplant organ 
or utilized for systemic delivery by treating the recipient. Independent of its ef-
fect	on	DC	maturation,	TGF-β1	is	an	immunosuppressive	cytokine	for	B	cells,	T	
cells, and natural killer (NK) cells [76]. The potent immunosuppressive effects of 
TGF-β1	are	best	demonstrated	by	the	data	that	mice	deficient	in	TGF-β1	die	within	
few weeks of birth from multifocal inflammatory disease. Transduction of rhesus 
monkey	monocyte-derived	DCs	with	active	rhesus	TGF-β1	led	to	inhibition	in vitro 
of CD4+ and CD8+ cellular proliferation [77]. Modification of donor-derived DCs 
with	adenovirus	TGF-β1	(adTGF-β1)	has	been	reported	to	prolong	cardiac	allograft	
survival [78].	The	successful	use	of	TGF-β1	in	mice	and	nonhuman	primate	models	
shows promise as a potential strategy to prevent allograft rejection in the clinic.

Cytokine Activity

CD4+ T cells can be classified into subsets based on their cytokine signature. Naïve 
T helper cells (Th0) produce primarily IL-2. Th1 T cells express high levels of 
interferon-γ	(IFN-γ),	IL-2,	and	tumor	necrosis	factor	(TNF)-α,	and	Th1	cytokine	re-
lease results in the activation of cytotoxic CD8+ T cells and antibody production by 
B cells [79]. Th2 cells secrete primarily IL-4, IL-5, IL-9, IL-10, and IL-13, and they 
are involved in eosinophil activation and humoral activation that may lead to graft 
destruction. Th3 or Tr1 T cells are regulatory cells believed to be involved in sup-
pression	of	the	immune	response	through	IL-10	and	TGF-β1	production	[79, 80].

Cytokines play a central role in T cell differentiation. Production of IL-12 and 
IFN-γ	by	DCs	leads	to	Th1	T	cell	differentiation	and	expansion.	IL-12	propagates	
the	differentiation	of	Th1	cells	by	stimulating	IFN-γ	and	inhibiting	the	production	
of IL-4 [81].	 IFN-γ	 has	 direct	 antiproliferative	 effects	 on	Th2	T	 cells,	 and	 IL-4	
serves	as	a	negative	inhibitor	by	blocking	further	IFN-γ	production.

Genetic engineering to downregulate expression or signaling of inflammatory 
cytokines can lead to inhibition of the alloimmune response. This strategy would 
require targeting of multiple cell types, including APCs, NK cells, and T cells. Gene 
therapy-mediated inhibition of the cytokine inflammatory response can also be 
achieved by the use of soluble receptors that prevent cytokine signal transduction 
and cellular activation. Candidate genes for receptor-mediated cytokine blockade 
include	TNF-α,	 IL-4,	 and	 IL-2.	TNF-α	 is	 a	 potent	mediator	 of	 innate	 immunity	
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primarily by neutrophil activation and mononuclear cell cytokine production [80]. 
Mice	deficient	in	TNF-α	receptor-1	(TNFR-1)	have	prolonged	cardiac	allograft	sur-
vival compared to wild-type mice [81]. T cells lacking TNFR-1 have also been 
found to exhibit diminished responses in vitro to alloantigens, as characterized by 
reduced proliferation and decreased type I cytokine production and cytolytic func-
tion [82].	Drugs	that	inhibit	TNF-α	prolong	murine	cardiac	allograft	survival	and	
in combination with rapamycin lead to indefinite allograft survival. Gene therapy 
modification	leading	to	localized	delivery	and	inhibition	of	TNF-α	to	prevent	al-
lograft dysfunction need to be further explored, as it would eliminate the need for 
systemic immunosuppression and its associated side effects.

Another gene therapy approach is to increase circulating levels of immunosup-
pressive	cytokines,	 such	as	TGF-β1	and	 IL-10,	 leading	 to	T	cell	polarization	 to-
wards	a	Th2	T	cell	response.	TGF-β1	is	an	antiproliferative	agent	that	inhibits	acti-
vation of both B and T cells [80]. This immunosuppressive cytokine is also involved 
in wound healing, collagen formation, and fibrosis. Intramuscular administration of 
adenoviral	TGF-β1	in	rat	lung	recipients	led	to	increased	serum	protein	levels	with	
significant improvement of lung oxygenation [82, 83]. Perfusion of murine donor 
hearts	with	liposomal	DNA	complexes	containing	active	human	TGF-β1	was	found	
to result in prolonged allograft survival, an effect amplified by CD8+ T cell deple-
tion [84].	Interestingly,	perfusion	of	donor	hearts	with	adenoviral	TGF-β1	did	not	
show similar graft prolongation, illustrating the importance of mode of administra-
tion and vector use in maximizing transplant outcome. Genetic engineering targeted 
at producing an anti-inflammatory cytokine environment is well suited for ex vivo 
modification strategies such as transduction of DCs or donor organs with localized 
and limited delivery of the transgene of interest.

Chemokine Activity

Chemokines are members of a superfamily of small proteins involved in the recruit-
ment and trafficking of hematopoietic cells to sites of inflammation. Besides their 
role of initiating chemotaxis in a variety of cells, these proteins also function as 
signaling mediators for tissue homeostasis. Chemokines are divided into four sub-
families (C, CC, CXC, and CX3C) based on the presence and positioning of their 
conserved cysteine residues. Cell surface expression of chemokine receptors varies 
from cell to cell, and any given cell may express multiple chemokine receptors. 
Many of these receptors have the ability to bind more than one ligand, illustrating 
the redundancy that exists within the system. In transplantation, the initiation of 
chemokine production is mostly derived from inflammation of the transplanted or-
gan. In the early posttransplant period, chemokine production is triggered by tissue 
injury sustained during the surgical procedure such as trauma and ischemia–reper-
fusion. This initial activation cascade leads to recruitment of primarily macrophages 
and neutrophils, which is shortly followed by increased levels of chemokines di-
rected at increasing trafficking of alloantigen-activated T cells into the graft. The 
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cellular source of chemokine production plays an important role in initiating the 
alloimmune response. Transplantation of donor hearts derived from IFN-inducing 
protein-10 (IP-10) knockout mice results in prolongation of allograft survival [85, 
86]. In contrast, IP-10-deficient recipient mice have rejection rates equal to that of 
wild-type mice. Targeted deletions of chemokine receptors have also been shown to 
be beneficial in preventing allograft rejection. Recipient deletion of the chemokine 
receptor	CCR1	which	has	as	its	ligand	macrophage	inflammatory	protein	(MIP)-1α,	
MIP-1β,	 and	RANTES	 (regulated	upon	 activation,	 normal	T	 cell	 expressed,	 and	
presumably secreted) has been shown to double allograft survival, and CCR1 dele-
tion in combination with low-dose cyclosporine results in indefinite survival [86].

The redundancy that exists within the chemokine signaling system makes the 
development of an inhibitory anti-chemokine rejection strategy challenging. Ide-
ally, molecules that are capable of binding and antagonizing multiple chemokine 
receptors would be the most effective candidates for successful antirejection gene 
therapy. In transplantation, the use of gene therapy to alter the chemokine-signaling 
response is quite limited. Recently, two viral proteins that have antagonistic proper-
ties against different CC and CXC chemokine receptors, designated vMIP-II and 
MC148, were used to prevent acute allograft rejection. The protein vMIP-II is a 
human herpesvirus product that blocks the calcium signaling associated with che-
mokine receptor activation [87]. Similarly, MC148 is derived from Molluscum con-
tagiosum and functions as a chemotaxis inhibitor [88]. Cardiac allografts injected 
with pDNA encoding for these viral proteins demonstrated prolonged graft survival 
compared to untreated grafts [89]. In this model, coadministration of the vector with 
viral IL-10 led to further prolongation of graft survival demonstrating that localized 
chemokine blockade is of benefit. The transient nature of the transfection method 
may account for the lack of indefinite graft survival or tolerance observed in the 
study. Gene transfer of chemokine antagonists and soluble chemokine receptors to 
prevent transplant rejection should be further explored.

Antibodies

The presence of preformed antibodies against donor MHC class I or II antigens 
can lead to rapid and acute rejection of the transplanted allograft. Humoral rejec-
tion accounts for 20–30 % of acute rejection cases [90]. Formation of alloantibod-
ies most frequently occurs in patients sensitized by prior transplants, transfusions, 
or pregnancies but can also develop in the nonsensitized transplant recipient by 
mechanisms not yet well understood.

In patients with prior sensitization, the initial exposure to alloantigen leads to 
the development of alloreactive B cells that present donor-specific allopeptides on 
their MHC II complexes. Upon subsequent antigen reexposure, activated T cells 
provide the additional signals necessary to induce B cell replication and antibody 
formation [91]. Antibody coating of the transplanted graft initiates destruction of 
the cells through complement, NK, and cell infiltrate-mediated pathways. In severe 
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cases, hyperacute rejection with thrombosis of the large vessels leads to necrosis of 
the allograft.

Alloantibodies initiate complement-mediated destruction of the graft. Donor-
specific antibodies trigger polymerization of C5–C9 complement molecules with 
formation of the cell membrane attack complex (MAC). The complex creates a pore 
in the membrane that ultimately results in cell death and allograft dysfunction. The 
importance of complement activation in allograft rejection has been demonstrated 
in C6-deficient mice [92]. Cardiac allograft survival has been shown to be signifi-
cantly prolonged in mice lacking C6 complement compared to their counterparts 
with normal complement systems. In addition, pre-sensitized kidney transplant re-
cipients with severe allograft rejection have been found to have C4d deposition 
in their biopsies. C4d is an inactive fragment of complement, and its presence in 
allograft biopsies correlates with increased graft loss and refractoriness to conven-
tional T-cell-targeted immunosuppressive therapy [93].

Antibody-mediated cell toxicity can also occur by Fc receptor signaling of NK 
cells. Cross-linking of NK cell receptors leads to granzyme B and perforin release, 
followed by target cell apoptosis. NK cells possess receptors for the complement 
component C3b, and in the presence of complement activation, there is further ac-
tivation of NK cells [94].

Preformed antibodies and complement activation also play a role in the rejection 
of xenotransplants. There is significant interest in inhibiting xenogeneic immune 
responses, as xenotransplantation can address the severe shortage in human organs 
that currently exists. Complement activation is the primary component of hyper-
acute rejection of xenogeneic organ transplants.

In xenogeneic transplants, activation of the complement system occurs via both 
classical and alternative pathways, providing a potent defense against the accep-
tance of xenografts. Activation of the alternative complement pathway via factor 
H is a significant barrier to xenotransplantation. In autologous cells, complement 
regulatory proteins are responsible for inhibition of complement activation and 
MAC formation. These membrane-bound proteins are involved in self–nonself rec-
ognition. The absence of cell surface expression of complement regulatory proteins 
CD55, CD46, and CD59 might account for the increased susceptibility of xeno-
grafts to complement-mediated lysis [95]. Xenografts from swine transgenic for 
complement regulatory proteins were found to be less susceptible to complement-
mediated injury in a swine-to-primate cardiac xenograft model [96]. In addition to 
membrane-bound complement inhibitors, there are also soluble proteins, such as C1 
inhibitor and clusterin, that are responsible for inhibiting complement activation in 
body fluids.

The presence of natural xenoreactive antibodies is responsible for initiating 
the classical pathway of complement activation. These xenogeneic antibodies are 
designated as “natural,” as all immunocompetent mammals have them in circula-
tion without any prior exposure to the foreign antigen. There are at least two types 
of natural xenogeneic antibodies with monoreactive anti-carbohydrate antibod-
ies	playing	a	significant	role	in	xenogeneic	graft	rejection.	The	anti-Gal	α1,3	Gal	
monoreactive anti-carbohydrate antibody is thought to play a major role in human 
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xenograft rejection. These carbohydrates are present in the cells of lower mammals, 
and	binding	of	anti-Gal	α1,3	Gal	antibodies	leads	complement	activation.

The development of gene therapy strategies that inhibit complement activation 
and B cell antibody production could reduce acute allorejection in sensitized pa-
tients as well as block xenograft rejection. Soluble inhibitory complement recep-
tors, such as sCR1 (a potent regulator of C3 and C5 activation), provide a strategy 
for reducing complement-mediated rejection. The use of a soluble CR1 has been 
shown to be beneficial in pig lung allotransplantation [97]. Administration of sCR1 
via retroviral and naked DNA gene therapy prevents the progression of collagen-
induced arthritis [98].

Engineering of xenografts to express human membrane-associated proteins can 
also prevent complement-mediated rejection. Transfection of porcine endothelial 
cells with human CD59 was able to protect the cells from complement-mediated 
destruction [99]. Baboons transplanted with hearts, derived from CD55 transgenic 
pigs, were protected from hyperacute rejection [100]. Gene therapy strategies that 
modify cell surface expression of the transplanted graft to reduce complement-me-
diated rejection need to be further explored.

Ischemia–Reperfusion Injury, Graft Dysfunction, and Graft 
Failure

Ischemia–reperfusion injury is a common source of morbidity, graft loss, and mor-
tality in patients undergoing allotransplantation. Gene therapy directed at inhibitors 
of receptors and/or chemokines which allow acute reactive leukocytes (neutrophils, 
macrophages, and NKs) as well the augmentation of free radial scavengers and 
certain toll-like receptors (TLR-1 and TLR-4) could reduce the stress of ischemic–
reperfusion injury on allotransplant organs [100, 101].

Ischemia/reperfusion injury adversely affects graft function and survival. Thera-
pies aimed at reducing cellular ischemia/reperfusion injury would expand the avail-
able donor pool to include non-heart-beating donors, thereby increasing the number 
of organs available for transplantation. Ex vivo genetic modification approaches as 
well as transient gene expression are ideal for maximizing clinical outcome.

In both cellular and organ transplantation, ischemia/reperfusion is an important 
cause of early nonimmune graft dysfunction and failure. In organ transplantation, 
the ischemic period begins with the in situ normothermic perfusion at the time of 
organ harvest, followed by hypothermic cold preservation, and ending with the 
process of vascular reanastomosis and reperfusion in the transplant recipient. The 
process of reperfusion through ischemic tissues triggers an inflammatory process 
characterized by complement deposition, cytokine release, and infiltration of in-
flammatory cells [101, 102]. The lack of available adenosine triphosphate (ATP) 
energy sources within the graft generates ionic and membrane potential differences 
that cause cell swelling and damage. The degree of tissue injury is dependent on the 
duration of the ischemic event, and endothelial cells play a major role in the inflam-
matory process [102].
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Ischemic endothelial cell production of oxygen-free radicals initiates intracellu-
lar signaling that can cause apoptotic cell death. This increased oxygen-free radical 
production enhances the recruitment of leukocytes into the graft by reducing the 
availability of the anti-adhesive and vasodilatory protein nitric oxide [103]. During 
reperfusion, reduced levels of nitric oxide as well as the increased tissue swelling 
lead to impaired blood flow with enhanced leukocyte adhesion and activation [102]. 
This process of enhanced leukocyte adhesion occurs within minutes of reperfusion 
and persists for several hours [104]. This process is further perpetuated by increased 
endothelial	cell	cytokine	expression	of	TNF-α,	 ILs,	as	well	as	platelet-activating	
factor (PAF) and leukotrienes.

The observation that well-matched cadaver donors have a poorer outcome than 
nonmatched living donors has raised interest in the role ischemia/reperfusion plays 
in stimulating the innate immune response [94, 101]. Complement activation has 
been shown to play an important role in the inflammatory response to ischemic 
injury. Inhibition of complement activation during ischemia/reperfusion via genetic 
deletion of C3 or C4 complement components causes a significant reduction in 
skeletal muscle injury [101]. Immunoglobulin knockout mice had their suscepti-
bility to ischemia/reperfusion restored after administration of normal mice serum, 
suggesting the involvement of natural antibodies in ischemia/reperfusion injury 
[101]. Complement activation via increased C-reactive protein as well as mannose-
binding lectin has been implicated as potential mediators of ischemia/reperfusion 
injury [94].

Overexpression of anti-apoptotic genes as well as free radical scavengers can 
protect the graft from ischemia/reperfusion injury. Pretreatment of liver grafts with 
anti-apoptotic Bcl-2 adenoviral vectors has been shown to significantly decrease 
organ injury and apoptosis [105]. Endothelial cells genetically modified to express 
caspase-resistant Bcl-2 demonstrate increased resistance to apoptosis and cytotoxic 
T-cell-mediated lysis [106]. In addition, expression of the anti-apoptotic proteins 
Bcl-xL and A20 prevents antibody-induced transplant atherosclerosis in a cardiac 
allograft model [107].

Free radical production blockade via genetic transfer of superoxide dismutase 
and heme oxygenase-1 has also been beneficial in several ischemia/reperfusion ex-
perimental models. Overexpression of heme oxygenase-1 protects rat livers from 
ischemia/reperfusion-induced necrosis and apoptosis [108]. Adenoviral-mediated 
expression of copper–zinc superoxide dismutase has also been shown to protect 
liver from ischemia/reperfusion injury [109]. In a similar fashion, increased manga-
nese superoxide dismutase production via ex vivo adenoviral transfection has been 
shown to protect cardiac allografts from ischemia/reperfusion injury [110].

The implementation of anti-leukocyte adhesion genetic engineering strate-
gies has also been shown to be beneficial in reducing ischemia/reperfusion injury. 
Blockade of intercellular adhesion molecule (ICAM)-1, with the use of antisense 
oligonucleotides, leads to a reduction in rat cardiac allograft reperfusion injury 
[111, 112]. Increased gene expression of the anti-inflammatory cytokines has also 
been shown to ameliorate the effects of ischemic–reperfusion injury. Intratracheal 
adenoviral administration of IL-10 reduces lung ischemia–reperfusion injury [113]. 
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In a cold ischemia model, IL-13 adenoviral gene expression resulted in an increase 
in liver graft survival rates from 50 to 100 % [114]. As mentioned earlier, intramus-
cular	delivery	of	TGF-β1	via	adenoviral	vector	results	in	enhanced	oxygenation	and	
improved functioning of lung allografts [115].

Gene Therapy in VCA

The field of VCA owes much to findings from the larger field of transplantation, 
and all of the studies outlined above from solid organ transplantation have findings 
directly applicable to VCA transplants as well. The data and experience learned 
from these studies will directly inform the next generation of trials in composite al-
lotransplantation. In addition to the much larger volume of work in the solid organ 
transplant field, there have been a small number of important studies in VCA mod-
els directly examining the use of gene therapy in these transplants to date.

The first set of important experiments in this field was work performed not on 
“true” allografts but on free flaps instead. The importance to the field of VCA is 
apparent when one considers that a free flap is a vascularized composite autotrans-
plant which shares many of the physiological properties of a VCA without the al-
lotype mismatch. Using ex vivo perfusion of the vascular bed of the free flap with 
adenovirus viral vector system, Dr. Gurtner and his group have published a series 
of studies in which they express first a marker gene (LacZ) and then several physi-
ologically active substances, including the angiogenesis inhibitor endostatin, the 
human cathelicidin antimicrobial peptide-LL37, and IL-12 [116–118]. This group 
coined the term “biologic brachytherapy” to describe the localized delivery of a bio-
logically active molecule using gene transduction of a graft. They were able to dem-
onstrate the ability of the antimicrobial peptide to decrease bacterial loads, and even 
more exciting from the transplant perspective, they were able to decrease breast 
cancer growth rates by expressing IL-12 and increasing the inflammatory environ-
ment [61]. Presumably, if gene therapy can be used to express pro-inflammatory 
cytokines, it should be possible to do the reverse by expressing inhibitory cytokines.

This technique was then extended into a true VCA model by a series of experi-
ments by the senior author of this chapter. By utilizing the rat hind limb model, a 
series of experiments was performed comparing various methods of gene delivery 
into the hind limb allograft during ex vivo isolated graft perfusion. The methods 
tested included using naked DNA, cationic polymer/DNA complex transfection, 
and adenoviral vector transduction to express a marker gene (luciferase).

Although all methods could produce detectible expression, the adenoviral trans-
duction was far superior in expression level and different tissue types expressing 
the marker gene [44]. The graft was transduced with ex vivo perfusion and the vec-
tor was washed out of the graft before transplantation. This resulted in expression 
located only in the grafted limb itself (Fig. 18.1). Controls infusing intact animals 
or transplants after completion of the surgery showed high levels of expression in 
other tissues, including lung, liver, and spleen. Importantly, there was no effect on 
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the rejection of the graft from the presence of the virus. Although expression levels 
were relatively high and the expression was detectible quite rapidly, the expression 
was stable for only 14 days. This was to be expected due to the episomal (extrachro-
mosomal) location of DNA introduced by the adenoviral system. Clearly, this limits 
the effectiveness of this method of gene delivery as discussed above. Further work 
as used retroviral systems such as lentivirus to extend the duration of expression. 
Leto-Barone et al. [2] used transdermal injection of luc-eGFP containing lentiviral 
vector and were able to support marker gene expression > 150 days in a face and 
hand transplant rat model. Interestingly, this group found no expression when this 
vector was infused intra-arterially in contrast to the findings of the adenoviral stud-
ies. This work showed that by using retrovirus, sustained expression in skin and 
composite tissue is possible using retroviral vectors capable of genetic integration. 
The collective work of these groups has been shown that gene therapy can be ef-
fective in composite grafts both through intradermal and ex vivo perfusion of viral 
vectors. This can be safely done in the transplant setting and limits the expression 
of the transgene to the area of the graft itself. Thus, the stage is set to attack the 
potential molecular targets that we have discussed in the section above, but now in 
the setting of a VCA transplant.

Utilizing these tools, a small number of groups have attempted to improve graft 
survival or decrease immunosuppression using gene therapy. One approach is to 
regulate the expression of pro-tolerogenic cytokines. This has been used with some 
success	in	solid	organ	models,	and	the	combination	of	IL-10	and	TGF-β	can	cause	
the formation of Treg cells in the presence of allogenic stimulation in vitro [62]. The 
rat hind limb transplant model was used to test the ability of the adenoviral expres-
sion system driving the overexpression of these two cytokines to prolong graft sur-
vival. Unfortunately, this combination did not result in more than a few days of pro-
longation before the grafts were rejected [44]. More work is necessary to determine 
why this was not sufficient to prolong survival. It may be that adenoviral expression 

Fig. 18.1  Orthotopic	rat	hind	limb	transplant	showing	luciferase	transgene	expression	( false color 
scale) isolated to transplanted graft only
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(14 days) was too transitory to establish a robust Tregs population. Alternatively, 
the activity of these cytokines in vitro and in solid organ/cell transplant differs from 
the situation in the hind limb VCA model. An alternative approach was used in 
work by a group under the direction of Dr. Shuzhong Guo. They have attempted 
to use gene therapy for the local administration of biological immunosuppressive 
molecules. Utilizing a nonbone containing VCA model in rats, this group has used 
adenoviral vectors to overexpress both the costimulatory blocking agents CTLA4-
Ig and OX40-Ig [82] in separate experiments. Both agents were able to cause small 
but statistically significant increases in graft survival when combined with a short 
course of rapamycin (survival was extended 5 days for OX40-IG expression and 
35 days for CTLA4-Ig expression). Although modest, these prolongations in graft 
survival are proof of the concept that upregulating anti-inflammatory or immuno-
suppressive molecules using gene therapy in VCA can be effective. An alternative 
approach taken by Dr. Ceradini has been to attempt to downregulate the expression 
of the allogenic MHC molecules that are the target of the T cell direct antigen rec-
ognition pathway. To accomplish this goal, their group has utilized the transfection 
of small interfering mRNA to the MHC-1 molecule (siMHC1). By transfecting the 
vascular endothelium with siMHC1 during ex vivo perfusion, they were able to 
decrease MHC expression by 87 % [119]. Further studies are necessary to see the 
effect this will have on the ability of the immune system to recognize these grafts.

In summary, gene therapy has been shown to offer great potential in the field of 
VCA. Multiple approaches and vectors have been used to express genes and limit 
the expression of these genes to the graft. This should make gene therapy relatively 
safe in these transplants and open the way for therapies that attack of many thera-
peutic targets. Cytokines and immunosuppressive molecules have been upregulated 
in VCAs but have shown only modest effects. This may be due to the increased 
hurdle of achieving tolerance in skin containing graphs. However, it is very early 
in these studies and perhaps we have simply not targeted the ideal pathway yet. 
Alternative approaches using small interfering mRNAs are becoming increasingly 
popular in solid organ transplant and have been shown to be a possible target VCA 
as well. Although there are no current clinical trials in VCA using gene therapy, it 
may not be long before we are able to “reprogram” the graft and recipient to live 
together without the need for immunosuppression.
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Chapter 19
Experimental Models and Clinical Tools 
to Assess Nerve Regeneration and Functional 
Outcomes

Sami H. Tuffaha, Justin M. Broyles and Jaimie T. Shores

Introduction

Vascularized composite tissue allotransplantation (VCA) is different from visceral 
transplantation in that graft function is dependent on adequate peripheral nerve re-
generation. Following transplantation, the recipient’s peripheral nerve axons must 
regenerate into the graft so as to innervate the transplanted muscle and skin. This 
process allows the recipient to establish motor control and receive sensory input 
from the graft. Without adequate innervation, a graft remains inanimate and insen-
sate and provides little if any benefit to the recipient. Over time, lack of innervation 
will result in progressive, permanent atrophy within the graft. The importance of 
adequate graft innervation applies to all types of VCA; in upper extremity trans-
plantation, meaningful hand function is dependent on the recipient’s axons reaching 
the intrinsic muscles and skin of the transplanted hand; in facial transplantation, 
graft innervation is necessary for everything from facial expression to preventing 
drooling.

Because so much of the benefit derived from VCA is derived from peripheral 
nerve regeneration, systematically monitoring this process clinically is of utmost 
importance, particularly with regards to determining prognosis. Furthermore, greater 
attention must be placed on establishing new experimental treatment modalities that 
can be used to enhance the process of nerve regeneration and graft innervation so as 
to maximize the benefit and viability of VCA.
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Experimental Models to Assess Nerve Regeneration 
in VCA

Available strategies to improve peripheral nerve regeneration in the setting of VCA 
are limited. Although the commonly used immunosuppressive drug tacrolimus is 
known to have secondary positive effects on axonal regeneration [1–4], therapeutic 
strategies aimed specifically at enhancing peripheral nerve regeneration and func-
tional outcomes are lacking. Functional outcomes following hand transplantation 
have been encouraging [5, 6] and superior to those achievable with currently avail-
able prostheses [7], but there is still much room for improvement. As such, more 
attention must be placed on developing new strategies to enhance peripheral nerve 
regeneration and graft innervation. To achieve this goal, a number of experimental 
models and assessment tools are available to develop and test new therapeutic op-
tions prior to clinical translation

The most widely used animal model to assess peripheral nerve regeneration and 
functional outcomes in the setting of VCA is the rat orthotopic hind-limb transplant 
model [8, 9]. The model involves vascularized transplantation of the hind limb at 
the level of the mid-femur. After fixating the femur with an intramedullary rod, the 
femoral artery and vein of the graft are microsurgically anastomosed to the recipi-
ent’s femoral vessels to perfuse the graft. The utility of the model as a tool for as-
sessing peripheral nerve regeneration and graft innervation comes from the ability 
to neurotize the transplanted limb. This is normally achieved by approximating the 
recipient and donor sciatic nerve stumps primarily with an epineurial suture. The 
femoral nerve can be utilized as well, but is typically left in discontinuity. The loca-
tion of sciatic nerve approximation is typically 1–2 cm proximal to the trifurcation 
of the sciatic nerve into the tibial, peroneal, and sural nerves (Fig. 19.1). This repair 
site allows for reinnervation of all muscles distal to the knee, including those re-
sponsible for ankle plantar flexion and dorsiflexion, as well as the intrinsic muscles 
of the foot.

Fig. 19.1  Rat orthotopic 
hind-limb transplant model 
for peripheral nerve regen-
eration. The sciatic nerve is 
repaired with 10–0 epineurial 
suture 1 cm proximal to the 
trifurcation into the tibial, 
peroneal, and sural nerves
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The rat orthotopic hind-limb transplant model with sciatic nerve approximation 
provides the opportunity to utilize a number of assessment tools for the measure-
ment of peripheral nerve regeneration, muscle innervation, and functional out-
comes. Nerve histomorphometry allows for direct measurement of axonal regenera-
tion beyond the repair site [10]. At the time of sacrifice, the sciatic nerve harvested 
and fixed, typically in glutaraldehyde. Ultrafine cross sections taken distal to the 
approximation site are then stained for myelin, allowing for visualization and quan-
tification of myelinated axons. Measurement parameters include total axon number, 
width, and density, among others. Results from nerve histomorphometry taken in 
isolation can be misleading, as it is impossible to differentiate meaningful axonal 
regeneration resulting in end-organ innervation from axonal sprouting which is of 
little benefit [11]. For this reason, nerve histomorphometric results should be con-
sidered in the context of other data related to end-organ reinnervation and functional 
outcomes (Fig. 19.2).

Retrograde labeling techniques allow for measurement of the number of cell 
bodies within the recipient’s spinal cord that are contributing to axonal regeneration 
into the graft [12, 13]. This technique involves severing the sciatic nerve distal to 
the approximation site and applying fluorescent tracer to the proximal nerve end. 
Over the course of the next 2–3 days, any viable axons that have regenerated into 
the graft will transport the tracer in a retrograde fashion into their cell bodies within 
the spinal cord ventral horn or dorsal root, for motor or sensory axons, respectively. 
At the time of sacrifice, the fixed spinal cord can then be sectioned and imaged for 
quantification of the number of fluorescing cell bodies (Fig. 19.3).

Direct visualization and quantification of neuromuscular junctions can also be 
performed as a measure of muscle reinnervation [14]. To do this, motor end plates 
are	stained	with	α-bungarotoxin	and	axonal	neurofilaments	stained	with	synapto-
physin. Alternatively, transgenic rats that express axonal green fluorescent protein 
(GFP) can be used for this purpose. Following staining, the number of neuromus-
cular junctions, indicated by overlapping staining of neurofilament and motor end 
plate, can be counted (Fig. 19.4).

Fig. 19.2  Nerve cross-
sectional histomorphometry 
demonstrating concentration 
of myelinated axons allowing 
for objective quantification
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Perhaps the most important outcome measures related to peripheral nerve re-
generation are those that measure the ultimate functional outcomes resulting from 
the end-organ reinnervation. A number of functional assessments are behavioral in 
nature, in that they require rats to perform a specific activity. The sciatic functional 
index (SFI) is a measure of distal muscle innervation [15, 16]. It is based on the 
premise that the progressive reinnervation of ankle plantar flexors and the intrin-
sic muscles of the foot will gradually affect the footprint left during walking in a 
predictable manner. Specifically, the footprint length should progressively shorten 

Fig. 19.4  Neuromuscular 
junction staining demonstrat-
ing reinnervation at the motor 
end plate (stained in red with 
alpha-bungaratoxin) by ter-
minal axons (stained in green 
with synaptophysin)

 

Fig. 19.3  Example of 
retrograde labeling technique 
demonstrating cell bodies in 
the ventral root of the spinal 
cord which exhibit fluores-
cently radiolabeled substrate 
administered at the site of 
repair
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with improved plantar flexion, and toe spread should increase with reinnervation of 
the intrinsic muscles of the foot. These measurements are used to calculate the SFI, 
which is reported as a ratio of the operated to the unoperated side. This technique 
is limited by a number of potential complicating factors. Relying or a rat to walk in 
a consistent manner without dragging the injured leg can be difficult. Furthermore, 
foot contractures occur frequently as the extrinsic muscles of the foot become rein-
nervated, and these contractures preclude the use of the SFI because the toes remain 
fully flexed, obscuring the toe spread that would otherwise be observed with distal 
reinnervation [17]. Lastly, this technique typically involves applying paint, or an-
other type of dye, to the feet of the rat and can therefore be complicated by smudg-
ing and smearing of the paint.

More recently, a number of dynamic gait-analysis techniques have been devel-
oped that allow for measurement of a number of gait-related parameters. Some of 
these methods involve video recording the rat’s gait with sensors in place on each 
hind-limb joint. The location of each sensor can then be measured in relation to the 
other sensors over time. From these measurements, a number of derivative calcu-
lations can be made regarding angular velocity and displacement at each joint at 
different phases of the gait cycle [18]. Calculation of the time the foot is in contact 
with floor throughout the gait cycle has also been shown to correlate well with re-
innervation [19, 20]. The application of this technology can be difficult due to the 
behavioral variables involved. Variability in gait can occur for a number of reasons 
unrelated to nerve regeneration and achieving consistent and reliable results from 
gait analysis is challenging, often requiring behavioral training. However, some 
have been able to achieve reliable and consistent data using these techniques [21].

Electrophysiologic neuromuscular testing provides another useful option for as-
sessing functional outcomes in animal models [22, 23]. As opposed to other modali-
ties used to assess a function, electrophysiologic studies do not rely on behavioral 
input from the animal and benefit from the lack of behavioral variability. Nerve 
conduction studies (NCS) can be used to measure compound nerve action potentials 
(CNAPs) [24]. CNAP latency is a measure of the conduction velocity generated 
by the fasted conducting fibers, and CNAP amplitude is a measure of the number 
of conducting axons. Electromyographic measurement of compound muscle action 
potentials (CMAPs) can also be obtained to assess the relative number of functional 
neuromuscular junctions that have been formed. The results, however, must be in-
terpreted with caution as motor unit size can increase following injury resulting in 
larger CMAP readings. This phenomenon only masks differences in the number of 
reinnervated motor units up to ~ 25 % [25, 26]. Muscle contractile force can also 
be performed to assess the number of functional neuromuscular units present. This 
can be done by dis-inserting the gastrocnemius muscle and attaching it to a force 
transducer. The tibial nerve is then stimulated and the generated twitch and tetanic 
force are recorded [27].

Assessment of sensory recovery resulting from reinnervation of cutaneous sen-
sory organs is performed by measuring the behavioral response to mechanical and 
thermal cutaneous stimuli [28, 29]. Following sensory reinnervation, rats dem-
onstrate an involuntary withdrawal response to noxious stimuli. The withdrawal 
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response can be recorded in a binary fashion to set stimuli, or alternatively, the 
threshold of stimulus required to elicit withdrawal can be measured. In the setting of 
VCA, complete sensory integration of the graft relies not only on peripheral inner-
vation of target sensory organs but also on cortical plasticity. The process of cortical 
sensory reintegration can be measured utilizing a rat hemifacial transplant model 
[30]. This involves stimulating individual whiskers following transplantation and 
assessing for neural signals in the corresponding areas of the somatosensory cortex.

The effects of the acute rejection on peripheral nerve regeneration are still poorly 
understood in the setting of VCA. Utilizing a full major histocompatibility complex 
(MHC) mismatch between donor and recipient rats (i.e., Brown Norway to Lewis) 
provides an opportunity to assess the alloimmune response seen clinically in VCA. 
With withdrawal and reintroduction of immunosuppression, rejection episodes can 
be introduced in a controlled manner and the resulting effects on peripheral nerve 
regeneration and functional outcomes can be assessed [31].

Clinical Evaluation of Nerve Regeneration in VCA

Peripheral nerve regeneration continues to be one of the most difficult problems 
faced in the regenerative medicine today [32, 33]. Traditional axioms have set the 
bar low for functional expectations after severe nerve injuries and/or reconstruc-
tions, though more recent clinical experience and newer techniques may begin to 
challenge this notion.

Clinical evaluation of nerve regeneration is not as straightforward as one may 
think due to the multiple problems that nonfunctioning nerves may cause. A non-
functional nerve does not only cause problems from its absence of function but 
may impart its own impairment from pain, sympathetic, and/or sudomotor dysfunc-
tion. The clinical evaluation of nerve regeneration should combine functional test-
ing, patient outcome reported testing, and more objective neurophysiologic and/or 
imaging-based testing (Table 19.1). Additional information that is helpful in under-
standing and predicting clinical outcomes in nerve regeneration are the underlying 
principles of the speed of nerve regeneration, expected time course for possible 
motor reinnervation, and expected time course for possible sensory reinnervation.

On a fundamental level, we estimate the speed of nerve regeneration to occur at 
approximately 1 mm/day in healthy young adults [34, 35]. This rate has not been 
objectively or prospectively studied and can vary greatly. Nature of the injury, loca-
tion, wound bed, age of the patient, and technique used for repair or reconstruction 
have all been demonstrated to affect velocity or nerve regeneration [36, 37]. This 
process does not begin until several weeks after nerve injury, when inflammatory 
and axonal regenerative processes occur to result in endoneural tube formation that 
allows neurite growth cone progression. This process may take 3–6 weeks to occur.

Clinical evaluation of nerve regeneration begins with thorough history, physical 
examination, and evaluation of all studies already performed to understand or diag-
nose the nerve injury in question and interpret the findings within the context of and 
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the time course from injury. In general, motor nerve fibers must reinnervate motor 
end plates within 12–18 months before an irreversible loss of the motor end plate 
occurs preventing further muscle fiber reinnervation [26, 38]. Sensory reinnerva-
tion was long though to not involve a time-dependent mechanism, but has now been 
recognized to have diminishing ability for sensory mechanoreceptor reinnervation 
after approximately 5 years. Other factors that help establish the “context” of the 
injury include the suitability of the wound bed, history of radiation, infection, the 
suitability of distal reinnervation targets, patient age, comorbidities, and the mecha-
nism of injury to the nerve.

Analysis of the ongoing regeneration process typically consists of observation 
or return of function with application of the measures listed in Table 19.1. In addi-
tion, utilization of the advancing “Tinel’s” sign has long been considered a standard 
measure of nerve regeneration progression [39–41]. The “Tinel” sign is simply tap-
ping over the regenerating nerve and the point at which maximal paresthesias can 
be elicited into the distribution of the nerve being tested is considered that length to 
which axons have regenerated (Fig. 19.5). However, focal pain is frequently mis-
interpreted for paresthesias, and many patients exhibit paresthesias over a long dis-
tance, not just a focal location which can lead to an erroneous misinterpretation of 
regeneration.

Sensory recovery measurement can be superficially tested by simply ascertain-
ing the presence of sensation to a light touch or sharp, painful stimulation. How-
ever, more standardized or objective measurements serve to give more meaningful 
and reproducible data. Objective sensory testing can evaluate sensory threshold or 
sensory density. Threshold testing typically utilizes measures such as the Semmes–

Table 19.1  Clinical evaluation of nerve regeneration
Category Test
Functional testing Sensory: Semmes–Weinstein monofilaments, static and moving two-point 

discrimination, vibration, temperature, British MRC score of sensory 
recovery, sharp/dull discrimination, texture and shape discrimination, etc
Motor: British MRC score of motor recovery, specific strength measure-
ments per body part affected (e.g.,. pinch and grip strength for forearm/
hand)
Sudomotor: quantitative sudomotor axon reflex test (QSART), thermo-
regulatory sweat test

Pain Visual analogue scale (VAS), numerical rating for pain, McGill pain Ques-
tionnaire, cold intolerance questionnaires

Patient reported/
outcomes testing

Self-reported disability and pain measures (e.g., disabilities of the hand, 
arm, and shoulder (DASH) for upper extremity nerve injuries, Michigan 
Hand Outcomes Questionnaire, etc)

Objective testing Neurophysiologic: Nerve conduction studies (NCS), electromyography 
(EMG)
Imaging: Myelography, magnetic resonance neurography (MRN) with 
and without diffusion tension imaging (DTI), high-resolution ultrasound 
(HRUS)

MRC Medical Research Council
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Weinstein monofilaments which measure the threshold of perceptible pressure ex-
erted against the skin of an innervated area. Standard limits for what is considered 
normal perception of light touch, diminished normal perception but protective sen-
sation, diminished protective sensation, loss of protective sensation, and presence/
absence of deep-pressure perception have already been established [42].

Sensory density discrimination can be performed with static and moving two-
point discrimination. Two-point discrimination is the measurement of the minimal 
distance at which two points can be discriminated as separate sites simultaneously. 
This can be done gently pushing the measurement device (such as calipers) onto the 
skin until the skin blanches (static two-point discrimination, S2PD) or by moving 
the calipers of the skin surface at a set distance (moving two-point discrimination 
M2PD). The British Medical Research Council (MRC) has further defined overall 
“functional” grades of sensory recovery that have been since modified by Mackin-
non and Dellon [43–45] (Table 19.2).

Further, less frequently used sensory testing modalities that can be employed 
to test vibration perception, thickness, texture, shape recognition; sharp and dull 
discrimination; and temperature perception (warm and cold objects), which in the 
authors’ clinical experience, may be the first noticeable sign sensory recovery. Pa-
tients frequently report noticing the cold temperature of an object they are holding 
or touching as their first conscious return of sensory perception.

Recovery of motor function has also been defined by the British MRC into a 
graded and reproducibly testable classification. This system uses both the examin-
ers observation of muscle contraction as well as defined movements in and out of 

Fig. 19.5  Advancing Tinel’s sign of regenerating axons 12 months after a nerve graft repair of a 
proximal	ulnar	and	median	nerve	injury.	( Above, Left) Repair of proximal median and ulnar nerve 
with nerve allografts after resection of neuroma-in-continuity approximately 12 months after a 
traumatic	 laceration.	 ( Above, Right) Advancing Tinel’s sign marked in proximal palm demon-
strating	reinnervation	of	median	and	ulnar	nerves.	( Below) Functional return of median and ulnar 
nerves demonstrating ability to form composite fist
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the plane of gravity and against resistance of stratify motor recovery. It has been 
further modified to incorporate both the visible range of motion of the muscle group 
as well as the strength or resistance demonstrated (i.e., motion without resistance 
such as out of plan of gravity, against reduced resistance such as gravity or light 
external resistance, or against full examiner external resistance such as seen with a 
normal muscle group; 46; Table 19.3).

More objective testing may be performed using electrophysiologic testing utiliz-
ing NCS and electromyography. During these tests, the examiner uses analysis of 
electrical signals applied between two points of a known distance on a peripheral 
nerve. The conduction velocity, amplitude, and analysis of its waveform can dem-
onstrate important findings along both sensory and motor pathways. Electromyog-
raphy further helps clarify the electrophysiologic analysis of the nerve by testing 

Table 19.2  British medical research council grades of functional sensory recovery
Grade Sensation present
S0 Absence of sensibility in the isolated nerve region of sensation
S1 Recovery of deep cutaneous pain and tactile sensibility
S1 + Recovery of superficial pain sensibility
S2 Recovery of some degree of superficial cutaneous pain and tactile sensibility
S2 + Recovery of some degree of superficial cutaneous pain and tactile sensibility, but with 

over response
S3 Return of pain and tactile sensibility with disappearance of over response; S2PD 

> 15 mm, M2PD > 7 mm
S3 + Return of sensibility as in S3 with some recovery of two-point discrimination; S2PD: 

7–15 mm, M2PD: 4–7 mm
S4 Complete recovery; S2PD: 2–6 mm, M2PD: 2–3 mm

Table 19.3  Modified medical research council muscle strength scale
Grade British MRC measurement Modified British 

MRC measurement
–

– – Range of motion Resistance
M0 No contraction perceptible by examiner None No palpable 

contraction
M1 Flicker or trace perceptible contraction None Perceptible 

contraction 
by examiner

M2 Full active range of motion out-of-the plane of 
gravity (gravity eliminated)

Reduced None

M3 Active motion against gravity present Normal None
M4 Active movement against additional resistance, 

but not full strength
Normal Reduced

M5 Normal strength Normal Normal
MRC Medical Research Council
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its motor end organ for effect. A denervated muscle will demonstrate characteristic 
fibrillations and/or spontaneous activity, depending upon the length of time since 
denervation [47]. In addition, the ability for motor unit potential recruitment either 
actively by the patient or passively via electrical stimulation, as well as the magni-
tude and organization of the response, are also very telling. As objective as these 
findings may seem, there can be great interobserver variability and even factors 
such as skin surface temperature may alter some results [48]. It is therefore impor-
tant to conduct testing in a uniform manner every time. Additionally, the largest and 
most well-myelinated axons will be preferentially tested during NCS testing as the 
electrical current will follow the path of least resistance. These many reasons may 
be why carpal tunnel syndrome, which is one of the most common uses of NCS test-
ing, still has a false negative rate approximating 12 % in some studies [49].

More recent objective testing using newer imaging modalities incorporate high-
frequency ultrasound and magnetic resonance (MR) neurography. High-frequency 
ultrasound is a noninvasive modality that can provide dynamic imaging. That is, 
assessment of a nerve in motion, which may be a better indicator of nerve pathology 
than a static nerve which is not in motion [50–52]. MR neurography on high-field-
strength scanners (3 T or greater) has the advantage of demonstrating peripheral 
nerve tracts easily but also evaluates the surrounding structures which can influence 
the diagnosis and treatment of some nerve disorders [53].

The nerve components of a transplanted VCA are similar to nerve allografts as 
they provide an intact nerve architecture. Therefore, clinical testing of regenerative 
capacity should follow similar guidelines to those of any other nerve repair. How-
ever, there are several unique features of nerve regeneration in VCA when com-
pared with primary neural and/or allograft repair. In a VCA, there is no distal nerve 
stump and no source of host Schwann cells initially in the allograft. Therefore, if 
the allograft is to regenerate and maintain structure, it will rely on either host cell 
Schwann cell migration or complete donor Schwann cell survival. The ability for 
donor Schwann cell survival is dependent on myriad of immunologic factors and 
immunosuppression must be adequate as to not produce rejection episodes which 
would significantly impair the Schwann cell population [54]. Therefore, the loss 
of donor Schwann cells due to multiple, subclinical episodes of allograft rejection 
poses a significant barrier to long-term functional recovery and every effort must 
be made to prevent acute rejection episodes. Future strategies to enhance nerve 
regeneration in VCA should account for the delicate relationships between donor 
and host Schwann cells and promote strategies to maintain the donor cell population 
until host cell lines can arrive.

There is a tremendous amount of research being performed on how to minimize 
immunosuppression in a VCA to mitigate the deleterious side effects of a chronic, 
long-term immunosuppressive drug regimen. As progress is ongoing with the de-
velopment of therapeutic tolerance, it should be noted that different drug regimens 
may differentially affect Tacrolimus’s ability to enhance nerve regeneration. Animal 
studies using therapeutic levels of Tacrolimus with anti-CD40 ligand costimulatory 
blockade demonstrate that Tacrolimus’s ability to stimulate nerve regeneration was 
eliminated by this combination of drugs. However, the combination of anti-CD40 
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ligand costimulatory blockade and subtheraputic doses of Tacrolimus maintained 
the drug’s enhancing effects on nerve regeneration [55]. Therefore, the specific 
drugs and dosages in each immunosuppressive regimen should be taken into ac-
count when evaluating the transplanted extremity as they may have differential im-
pacts on nerve regeneration.

Thus, the clinical assessment of nerve regeneration in VCA involves multiple 
modalities, of which the most important is an in-depth history and physical ex-
amination. While objective findings may aid in diagnosis, the physician must fre-
quently rely upon the complaints and physical findings of patients to provide an 
accurate diagnosis. Furthermore, accurate documentation and communication of 
these findings are of utmost importance as nerve regeneration is a dynamic, time-
dependent process. If detailed, reproducible documentation is not made, one has no 
way of determining whether or not regeneration is actually occurring.

Conclusions

As we endeavor to treat peripheral nerve injuries and enter an era where VCA is be-
coming increasingly more common, we are reminded that the ultimate functionality 
of any limb is completely dependent upon its motor and sensory innervation for 
its many functions. While clinical assessments are based in traditional history and 
physical examination with supplementation by more advanced digital testing, we 
are constantly reminded of our clinical short-comings in regard to both diagnosis 
and treatment. Greater attention must be placed on establishing new experimental 
treatment modalities that can be used to enhance the process of nerve regeneration 
and graft innervation so as to maximize the benefit and viability of VCA.
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Introduction

After peripheral nerve injury (PNI) motor, sensory as well as autonomic function-
ality of the respective nerve are impaired or lost. The incidence of PNI is given 
with 3–5 % in the population [1, 2] and is mainly a consequence of motor vehicle 
accidents, sharp lacerations, as well as other traumas and gunshot wounds. The 
consequences of PNI are important, being related to high treatment costs, loss of 
function, associated morbidities and having a serious impact on both quality of life 
and employment status [1].

After injury, the distal axon degenerates and an inflammation cascade is activated, 
known as Wallerian degeneration [3, 4]. Schwann cells (SC) located distal from the 
injury site and thus denervated are activated to secrete neurotropic and neurotrophic 
growth factors, creating a microenvironment that eventually promotes peripheral 
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nerve regeneration (PNR). Together with inflammatory cells like macrophages, SC 
phagocytize debris, e.g. remaining myelin and degenerating axon, which are not 
useful anymore and may obstruct new axonal growth [4]. In this phase, SC clear 
the path, allowing the damaged axon to regrow from the proximal end to the distal 
one. If working properly, the Wallerian cascade is a prerequisite which finally may 
lead to nerve recovery. However, if this process is disturbed, the nerve will prob-
ably fail to regenerate. Moreover, unfortunately, SC often are not able to sustain the 
positive neurotrophic milieu long enough if the nerve gap exceeds a certain critical 
length, resulting in decreased or absent functional recovery as frequently observed 
in humans [4].

One of the most important factors predicting the functional recovery after PNI is 
the time for the axon to regrow from the injury site to the target organ (e.g. muscle), 
and in humans, that is one of the main reasons for the poor functional outcomes 
even though the peripheral nerve system has the ability to regenerate [5]. When 
denervated and not functional anymore, the target muscles rapidly begin to atrophy; 
thus, even after successful nerve regeneration, there is still an important functional 
impairment if the nerve is not recovering timely.

Novel therapeutic options are needed to improve nerve regeneration and accel-
erate the functional recovery. This is of great interest because it would enable the 
patients to regain quality of life and restore their employable status [1]. Successful 
treatment for such repair should combine strategies of neuro-protection (SC creat-
ing a protective and pro-regenerative microenvironment), be able to yield axonal 
regeneration (eliminating inhibitory factors and reducing scar formation) and even-
tually increase the final neuro-rehabilitation and functional recovery [6, 7].

Although the peripheral nervous system has the ability to regenerate, often after 
PNI a nerve gap remains, which hinders the axon proximal to the injury site from 
regrowing towards the distal nerve stump and find the previous motoric and sensory 
innervation site. The state-of-the-art therapy after PNI with a remaining defect is 
still the implantation of autologous nerve grafts for bridging the gap, which in-
volves harvesting of a graft on some other location on the patient’s body and corre-
lates to morbidity and loss of function at the specific harvest site and has contrasting 
outcomes. To avoid these drawbacks in the last decades, many studies have been 
searching for alternatives using different kinds of artificial or biological grafts and 
conduits coupled to growth factors and/or cell-based therapeutic strategies, includ-
ing embedding of SC and multipotent mesenchymal stromal cells (MSC) of various 
types [8–20] (Fig. 20.1).

However, the use of autologous cultured SC for the treatment of acute injuries 
may be impractical, owing to the technical difficulties, and time required, in har-
vesting and expanding such cells. In this scenario, the ideal ‘transplantable cells’ 
should be easily accessible, capable of rapid expansion in culture, immunologically 
inert, capable of long-term survival and integration in the host tissue and amenable 
to stable transfection and expression of exogenous genes [24]. In a search for such 
cells, attention has been drawn to the possible use of stem cells. Stem cells are 
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distinguished from other cell types by two important characteristics. First, they are 
unspecialized cells capable of renewing themselves through cell division, some-
times after long periods of inactivity. Second, under certain physiologic or experi-
mental conditions, they can be induced to become tissue- or organ-specific cells 
with special functions.

In this context, MSC seem to be a promising option for cellular therapy, as they 
are relatively easy to harvest, higher aliquots available and grow faster if culture 
expanded. MSC have originally been harvested from bone marrow mesenchymal 
stem cells (BM-MSC), and so for many years, yet other MSC sources have been 
found such as placenta, skin, thymus, umbilical cord, amniotic fluid and Wharton’s 
jelly, including the abundant and easy accessible subcutaneous fat tissue, the so-
called adipose tissue-derived stem cells (ADSC) [25]. ADSC are of great interest 
because of recent studies showing they might have similar phenotypic, genetic and 
differentiation characteristics to BM-MSC but are obviously easier to harvest and 
more abundantly available [26]. Therefore, herein we focus on the application of 
both BM-MSC and ADSC to promote nerve regeneration after PNI.

Fig. 20.1  Preparation of fibrin conduits. a The fibrin conduit (Tisseel) with stainless steel wire 
inserted in the lumen as a spacer while the conduit is store before implantation. b The fibrin con-
duit shows an intact lumen after removal of the stainless steel wire. c The fibrin conduits are stored 
in DMEM medium before being seeded with regenerative cells. d A fibrin conduit implanted 
in vivo to repair a rat sciatic nerve injury. DMEM Dulbecco modified Eagle’s medium

 



332 R. Schweizer et al.

Cellular Therapy for PNR

Basic Biology of Stem Cells

The definition of a stem cell describes it as a clonogenic cell capable of self-renewal 
and multilineage differentiation [27]. A number of criteria have been proposed to 
help identify a stem cell. These dictate that the cell must be (i) undifferentiated 
(i.e. lacking a tissue-specific differentiation marker), (ii) capable of proliferation, 
(iii) self-renewable, (iv) able to produce a large number of differentiated functional 
progeny and (v) able to regenerate tissue after injury [28]. The proportion and activ-
ity of stem cells within adult tissue depends on tissue type, i.e. depending on wheth-
er the tissue is renewing, e.g. intestinal epithelium, or static, e.g. the central nervous 
system [29]. With such diversity in stem cell activity within different tissues, it is 
obviously important to understand the regulatory mechanisms which control the 
two key properties of stem cells, i.e. self-renewal and differentiation which is the 
most fundamental property of stem cells. Briefly, under steady-state conditions, the 
stem cell pool remains constant, but following injury or during disease, it can ex-
pand rapidly. The haematopoietic system displays regenerative capacity more dra-
matically than any other tissue, as huge numbers of cells are continuously produced 
throughout life, a property which would be impossible if there was a fixed, and 
hence depletable, number of progenitors of any particular haematopoietic subset. 
Cells mobilized from bone marrow, peripheral blood and cord blood are capable of 
re-establishing the entire haematopoietic compartment following complete ablation, 
as is seen following cytotoxic therapy for haematological malignancies; indeed, it 
is this property which has been exploited to successfully treat such conditions [30]. 
Embryonic stem cells can be propagated in culture [31]; however, obtaining such 
cells presents practical, ethical and legislative difficulties [32, 33]. The identifica-
tion, isolation and expansion of truly multipotent adult-derived stem cells remain 
problematic. Toma et al. [34] fairly recently described the isolation and expansion 
of multipotent stem cells from skin; however, it was not possible to determine the 
origin of the cells with absolute certainty. The problem of isolating clonal stem cells 
from adult tissues is probably the greatest obstacle faced in this field [35, 36].

There are a number of paradigms to describe regulatory mechanisms in stem 
cell division and self-renewal. The mechanistic of stem cell expansion and division 
have been described as either ‘asymmetric’ or ‘symmetric’. In asymmetric division, 
each stem cell divides into a daughter stem cell and a differentiated cell, and thus, 
there is no change in the total number of stem cells in the stem cell pool. A number 
of genes have been implicated in the control of asymmetric cell kinetics, such as 
the p53 tumour-suppressor gene [37] and the p21 cyclin-dependent kinase inhibi-
tor gene [38]. In symmetric division, half the time stem cells divide into either two 
daughter stem cells or two daughter differentiated progeny, leaving the steady-state 
number of stem cells constant, similar to the situation in asymmetric division [39]. 
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A third model involves the role of the microenvironment. Depending on environ-
mental cues, such as injury, a stem cell may produce two daughter cells, which will 
either remain as stem cells or differentiate, depending on the environment.

The control of self-renewal and differentiation is most probably influenced by 
extrinsic factors, i.e. the environment or niche, and intrinsic cellular factors. The 
environment influences the biochemical and morphological properties of stem cells. 
Stem cells adjust their properties according to their surroundings and select specific 
lineages according to the cues they receive from their niche [40]. Extrinsic factors 
can be divided into cell–cell interactions, locally secreted factors and the extracellu-
lar matrix. Cell–cell interactions mediated by integral membrane proteins have been 
shown to influence the maintenance of self-renewing potential and differentiation. 
For example, Notch-related receptors activated by ligands only found on neigh-
bouring cells maintain stem cells in an undifferentiated and self-renewing state, and 
upon removal of the ligand, cells begin to differentiate [41, 42]. Locally secreted 
factors or growth factors play an important role in regulating stem cell proliferation 
within the niche. Growth factors, such as epidermal growth factor and basic fibro-
blast growth factor, stimulate stem cell proliferation [43, 44]. They may act selec-
tively on specific progenitors after stem cell division or instructively by stimulating 
a specific group of stem cells to differentiate into a specific progeny [45, 46]. Within 
the extracellular matrix, cell adhesion is mediated by cellular integrin expression. 
The extracellular matrix can modulate the local concentration of growth factors and 
hence indirectly influence stem cell proliferation and differentiation within the stem 
cell niche [47]. Extracellular matrix proteins influence the expression of integrins, 
alterations of which can lead to departure of a cell from the stem cell niche towards 
differentiation [48].

Intrinsic factors determining self-renewal and division exist. Under similar con-
ditions, it has been observed that sub-populations of haematopoietic stem cells 
have different capacities for self-renewal depending on telomerase activity, with 
increased telomerase expression correlating with an increased capacity for self-
renewal [49]. Maintenance of the undifferentiated state may be determined by the 
asymmetric inheritance of certain proteins which influence gene expression; for ex-
ample, the nuclear protein pharynx and intestine in excess-1 (PIE-1) inhibits embry-
onic genes which are responsible for somatic lineage differentiation [50]. The role 
in vivo of asymmetric kinetic genes may be of fundamental importance as intrinsic 
factors controlling self-renewal; however, it is believed the predominant form of 
self-renewal in mammals detectable so far is symmetric division [51]. Manipulation 
of asymmetric genes in vitro may enable great advancement in stem cell expan-
sion [52]. The role of systemic cytokines and growth factors in stem cell regulation 
is less clear. Although a large number of growth factors have been identified that 
are mitogenic for haematopoietic stem cells such as granulocyte colony-stimulating 
factor [53], interleukin-1 (IL-1), IL-3 and IL-6 [54], leukaemia inhibitory factor 
[55] and basic fibroblast growth factor [56], long-range regulatory mechanisms 
for tissue-specific stem cells are unclear, as these cells are thought to be primarily 
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responsive to local changes in the stem cell niche as their regenerative capacity is 
usually called upon in circumstances of local tissue damage. However, the control 
of differentiation is a complex event requiring exit of the cell from the undifferen-
tiated state and entry into a determined developmental pathway. At present, cell 
determination is seen as a stochastic event initiated by intrinsic factors with an 
outcome biased by extrinsic factors. The challenge at present is to identify further 
intrinsic and extrinsic regulatory mechanisms which determine stem cell fate and 
to define the relationship between these systems. Developmentally, the components 
of the peripheral nervous system originate from the neural crest. In looking for 
alternatives to SC transplantation in bioengineered conduits, it is useful to focus on 
utilizing neural progenitor cells in PNR.

Sources of Stem Cells for PNR

Emphasis has been placed on exploring stem or progenitor cells that are easily ac-
cessible, rapidly expandable in culture, capable of survival and integration within 
the host tissue and amenable to stable transfection and expression of exogenous 
genes. Table 20.1 summarizes some of the studies conducted on nerve repair mech-
anisms to date. Embryonic neural stem cells have been used to repair nerve injuries 
with demonstration of regenerative success [57, 58, 59] but suffer the drawback of 
being somewhat difficult to obtain. On the other hand, adult stem cells (ASC) have 
the advantage of being available from relatively non-invasive, autologous harvest 
methods, and are likely the most promising choice for the majority of clinical nerve 
injuries. Bone marrow stromal cells have attracted the attention of several groups 
interested in cellular strategies to supplement nerve repair [60–63]. The mesenchy-
mal stem cells are harvested from the long bones, and when placed in culture me-
dium containing the appropriate cytokine cocktail, transdifferentiate into an adher-
ent SC-like phenotype expressing S100 protein, glial fibrillary acid protein (GFAP) 
and p75. Several studies have been used with artificial conduits and cellular grafts, 
where they have contributed to improved electrophysiological, morphometric, and/
or behavioural recovery outcomes versus vehicle controls. Although their potential 
to produce functional myelin in vivo has been questioned,[64] others have shown 
that the BM-MSC-derived SC are at very least capable of myelinating cultured 
PC12 cells in vitro further highlighting their therapeutic potential.

Neural Progenitor Cells

The transplantation of primary SC has been shown to improve nerve regeneration 
through bioengineered conduits. However, this approach has a number of prag-
matic difficulties if it is to be applied to the clinical setting, the greatest of which 
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is accessing a source of primary SC. Such cells would have to be autologous to 
prevent graft-versus-host reactions, as the use of immunosuppressants is not con-
sidered ethically acceptable in the case of nerve injury, on account of their systemic 
side effects. Hence, transplantable cells would have to be donor derived, being har-
vested and expanded from the individual with nerve injury prior to transplantation 
of the conduit. Primary human SC are technically difficult to purify, culture and 
expand to the numbers’ required optimal regeneration inferred from experimental 
studies in a rat model. The time frame of culture to appropriate numbers can be up 
to 10 weeks. Such a delay in performing a primary nerve repair following injury 
would be deleterious to clinical outcome. Indeed, it has been shown that the longer 
the time lag between injury and repair, the greater the neuronal cell death in the dor-
sal root ganglia and therefore a reduced potential for recovery [65]. To circumvent 
these practical problems of SC transplantation, attention has been turned towards 
stem and progenitor cell transplantation. Possible candidates for peripheral nerve 
transplantation are neural progenitor cells, olfactory ensheathing cells (OECs) and 
MSC-derived cells. There are a limited number of reports describing the use of stem 
and progenitor cells in peripheral nerve transplantation. SC are derived from the 
neural crest of the neuroectoderm and differentiate and migrate into the peripheral 
nervous system with development [66]. The use of neurally derived progenitors 
from the fetal rat hippocampus to seed a conduit spanning a 15-mm gap in the rat 
sciatic nerve has been described. Significant morphological and functional evidence 
of regeneration, with integration and differentiation of transplanted neural progeni-
tors into SC-like cells, was reported [67]. Neural stem cells have been identified 
in the adult central nervous system [68]. Such adult-derived stem cells and those 
isolated from fetal tissues have been successfully propagated and differentiated in 
vitro into all major cell types of the nervous system [69]. The use of fetal or adult-
derived neural progenitors fails to avoid the problems encountered with SC, i.e. the 
source of donor tissue and the time taken to expand such cells.

Bone Marrow Stromal Cells

Until recently, dogma dictated that organ-specific stem cells were restricted to dif-
ferentiate only into cell types from the tissue from which they originate. Unlike 
embryonic cells, organ-specific stem cells were believed to have lost their capacity 
to generate other somatic lineages. However, recent reports have suggested that 
stem cells from one tissue can cross lineage boundaries to differentiate into cells of 
other lineages either in vitro or in vivo after transplantation. This plasticity, or ability 
for cells to transdifferentiate, has aroused great interest for its therapeutic potential 
in tissue engineering. A promising candidate to display such plasticity is the bone 
marrow stromal cell.

Bone marrow contains two distinct populations of progenitor cells: haematopoi-
etic progenitors and bone marrow stromal progenitors. Bone marrow stroma has 
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been identified as the site of origin for mesenchymal progenitors for bone, cartilage, 
tendon, adipose tissue and muscle [70]. In addition, the stroma has been identified 
as a supportive tissue for the haematopoietic system, enhancing cytokine-induced 
proliferation of haematopoietic precursors [71]. A semantic issue confuses the de-
scription of the progenitor cells of the stroma, as they have been defined historically 
as colony-forming unit fibroblasts, marrow stromal fibroblasts, marrow stromal 
cells (MSCs), mesenchymal stem cells and mesenchymal progenitor cells. Unless 
such cells can be shown to be clonogenic and undifferentiated prior to their use in 
experimental studies, the putative use of the term ‘stem cell’ should be avoided. 
MSCs are easily accessible through the aspiration of the bone marrow cavity. They 
readily adhere in tissue culture in comparison with their non-adherent haematopoi-
etic counterparts [72]. A number of mitogenic factors have been identified which 
stimulate colony formation and proliferation such as platelet-derived growth factor, 
epidermal growth factor, basic fibroblast growth factor, transforming growth fac-
tor b and insulin-like growth factor-I (IGF1) [73]. Bone marrow stromal cells have 
been shown to be inherently heterogeneous in terms of growth kinetics, morphol-
ogy and phenotype. This may in part be due to the fact that the actual number of 
true stem cells is small, being estimated at 2–5 per 106 mononuclear cells, with the 
majority of cell growth arising from expanding differentiated colonies under mito-
genic influence. With the development of specific antibodies such as STRO-1 [74] 
and characterization (CD45-ve, CD34-ve, CD105 + ve, CD73 + ve) [75] for human 
mesenchymal stem cells, their expansion and properties can be studied and defined 
with more certainty.

Interestingly, MSCs differentiate according to a hierarchical paradigm into os-
teoblastic, chondroblastic and adipocytic progenitors [76]. Orthodox plasticity be-
tween these lineages has been reported from adipocytic and chondrocytic lineages 
to osteogenic differentiation [77, 78]. Recent reports have described unorthodox 
plasticity of haematopoietic progenitors [79, 80] and bone marrow stromal cells 
in that they have been shown to cross oligolineage boundaries which were previ-
ously thought to be uncrossable. The potential of MSCs to transdifferentiate from 
mesenchymal lineages has aroused great interest. An early report by Ferrari et al. 
[81] described the migration of labelled MSCs to areas of damaged skeletal muscle. 
Transdifferentiation was detected, owing to the stromal cell expression of myogenic 
markers and their participation in the regeneration of damaged muscle fibres. Gojo 
et al. [82] demonstrated mesenchymal differentiation into cardiomyocytes, endo-
thelial cells and smooth muscle cells following direct injection into adult heart; 
it has also been shown that these cells will migrate to zones of myocardial injury 
following systemic delivery [83], although neither group of authors described any 
functional improvement. Jiang et al. [84] identified marrow-derived cells in all so-
matic lineages in chimeric mice following injection of labelled cells into 3–5-day-
old blastocysts and engraftment into many adult tissues following systemic in-
fusion. There is evidence that MSCs are capable of neuronal antigen expression 
in vitro [85–87] and in vivo [88, 89]. They have been shown to differentiate into 
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astrocytes following direct transplantation into the rodent brain [88]. Studies have 
also reported the ability of such cells to transdifferentiate into cells displaying a 
characterization similar to that of neuroectodermal cells [88, 89]. Akiyama et al. 
[90] described re-myelination of spinal cord lesions following intravenous delivery 
of MSCs, and Hofstetter et al. [91] showed that local delivery of MSCs at the site 
of spinal cord injury was associated with the formation of neurofilament bundles at 
the interface between scar tissue and graft.

Similarities and Differences of BM-MSC and ADSC

MSC from different sources seem to have overlapping characteristics but also dif-
ferences in their phenotype (e.g. cytokine secretion properties and receptor profiles) 
as well as differentiation and expansion potential [92–95]. BM-MSC have been 
studied for many decades now and are the best-known and characterized type of 
MSC [96–98]. In animal studies as well as clinical trials, BM-MSC have shown 
beneficial outcomes in a variety of diseases ranging from ischemic and inflamma-
tory disorders [99–101], through wound healing [102] and lung diseases, to tissue 
engineering and regenerative medicine, including nerve regeneration [103]. BM-
MSC are easily aspirated from bone marrow, but associated with discomfort (pain) 
and potential morbidities after bone marrow punction.

ADSC bear some appealing characteristics in respect to BM-MSC and are thus 
rapidly gaining the interest of researchers. The main advantages are the ease of har-
vesting, higher availability of subcutaneous tissue, higher cell aliquots [104, 105], 
less harvest-site morbidity and the apparently higher expansion potential [106, 
107], suggesting them as an ideal candidate for clinical application in the typical 
scenario of PNI.

There is plenty of subcutaneous fat tissue in humans which can deliver already 
high cell numbers after harvesting, shortening the culture time span required to 
achieve the desired cell aliquots [108]. In fact, since during culture MSC lose cyto-
kines and receptors with increasing passage number, influencing their differentia-
tion and homing capabilities (due to increasing cell size and change in receptor and 
chemokine profile), shorter culture times seem to be beneficial for clinical applica-
tion [109, 110]. However, the beneficial effect of ADSC, compared to BM-MSC, 
has to be further investigated.

BM-MSC have been shown to decrease their expansion capabilities after pas-
sage 3–4 [111], showing signs of senescence, whereas ADSC do not, which together 
with the fact that bone marrow contains fewer MSC highlights the superiority of 
ADSC for achieving high cell yields shortly.

Some authors suggested that MSC from different sources may have different 
potential of differentiation towards the mesenchymal lineages [112], which could 
also be true for non-mesenchymal lineages as for neural tissues, whereas other 
groups found no significant differences between their differentiation potential 



34120 Mesenchymal and Adipose Stem Cell Strategies …

[113]. Furthermore, it has been shown that BM-MSC and ADSC might differ in 
their homing capability [114].

Mesenchymal Stem Cells in the Peripheral Nervous System

Two recent reports have described the use of MSC transplantation in models of 
PNI. Dezawa et al. [115] described the in vitro expression of the glial cell markers 
p75 and S100 by rat MSC following exposure to a cocktail of growth factors, and 
integration of such cells in the regenerating growth cone upon transplantation into 
a blind-ending tube grafted to the proximal stump of the rat sciatic nerve. Cuevas 
et al. [116] described the migration and differentiation of MSCs following the in-
jection of cultured undifferentiated cells into the site of a sciatic nerve axotomy 
repair. In our laboratory, we have studied rat marrow stromal cell differentiation in 
vitro and in vivo following transplantation into a model of PNI. Following in vitro 
exposure of MSCs to glial growth factor, a powerful SC mitogen [117] which has 
also been shown to stimulate neural crest stem cells to differentiate into SC, MSCs 
were found to exhibit glial cell immunoreactivity to markers, including GFAP and 
S100. In addition, a small percentage of cells were also found to exhibit some mor-
phological characteristics of SC. We have studied the effect of transplanting such 
glial-differentiated MSCs into a rat model of PNI and have found that they can con-
fer a beneficial effect on SC growth within regenerating nerves, indicating either a 
stimulatory or a supportive role.

Immunotolerance to Allogeneic Stem Cells

An important problem which faces all studies of transplantation is that of host re-
jection of transplanted tissue. In the clinical setting of organ transplantation, this 
problem is overcome with the use of immunosuppressants, with the benefits of a 
functioning heart, lung, liver or kidney outweighing the potentially serious systemic 
side effects of immunosuppression, such as susceptibility to opportunistic infec-
tion and skin cancer. A number of experimental reports have shown that there is 
an unexpected and fortuitous level of immune tolerance to transplanted stem and 
progenitor cells. MSCs have been shown to block the proliferation of allogeneic T 
cells in vitro and prolong skin graft survival in vivo [118]. Saito et al. [119] demon-
strated immune tolerance to xenogeneic cells following transplantation in addition 
to retaining their ability to engraft and differentiate. The ability of MSCs to induce 
tolerance may be due to cytokine (such as transforming growth factor b) secre-
tion or due to their phenotypical immaturity, as they lack major histocompatibility 
complex (MHC) class II and other T cell stimulatory surface proteins [120, 121]. 
With respect to studies in the nervous system, Hori et al. [122] have shown that 
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central nervous system progenitor cells may not express MHC class I and II in vitro 
and that no short-term evidence of rejection is seen after allogeneic transplantation 
within the central nervous system. These observations are seemingly a local effect 
of stem cell transplantation and are distinct from the recognized phenomenon that 
infusion of bone marrow donor cells can improve allograft survival and reduce 
the need for short-term immunosuppression. Such macrochimeric models require 
significant host conditioning, such as central and peripheral T cell depletion [123, 
124], prior to transplantation.

One problem which may be faced when considering host tolerance to progenitor 
cell allografts is the consequence of the up-regulation of immunoreactive surface 
markers following in vitro or in vivo differentiation due to the effects of growth 
factors or cytokines. Such effects may offset the benefits of immune tolerance to 
immature cells. MSCs might be used as primary engrafting cells for differentiation 
into cells of a de novo tissue, and they might also be used as cellular platforms for 
transgene expression for the production growth factors or cytokines which could 
ameliorate the immune response to more differentiated and functionally mature al-
logeneic cells [125, 126].

In Vitro Studies

Isolation of Stem Cells

Bone marrow-derived mesenchymal stem cells can be harvested from femoral bones 
[34] and cultured in mesenchymal cell growth medium (modified Eagle’s medium, 
MEM) supplemented with 10 % fetal bovine serum (FBS; v/v and 1 % penicillin 
streptomycin). Briefly, a 21-guage needle can be used to run the medium in and 
out of bone to get the cell suspension. The resulting cell suspension is triturated, 
filtered through a 70-mm Falcon filter and centrifuged for 10 min at 600 g. The 
supernatant is aspirated, the cell bolus re-suspended in mesenchymal cell growth 
medium and the cells plated in 75-cm2 tissue culture flasks and incubated in 5 % 
CO2 at 37 °C. Haematopoietic cells are eliminated by washing daily with Dulbecco 
modified Eagle’s medium (DMEM) until all the non-adherent cells were removed. 
The cells were then allowed to grow to confluence.

ADSC can be harvested from fat tissue by enzymatically digested for 2 h at 
37 °C using 0.15 % (w/v) collagenase type I. Briefly, the digested solution is passed 
through a 70-mm filter to remove undissociated tissue, neutralised by adding modi-
fied Eagle’s medium (a-MEM) containing 10 % (v/v) FBS and centrifuged at 800 × g 
for 10 min. The stromal cell pellet is re-suspended in MEM containing 10 % (v/v) 
FBS and 1 % (v/v) penicillin/streptomycin solution. The cultures are maintained at 
sub-confluent levels in a 37 °C incubator with 5 % CO2 and passaged with trypsin/
ethylene diamine tetra acetic acid (EDTA)-mediated subculturing methods.
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Microsphere Technology: Implication for Nerve Repair

Several studies have focused on alternate methods to administer neurotrophic and 
growth factors for their sustained release in peripheral nerve repair applications in 
the past. Currently, implantation of a slow release pump device or biodegradable 
system is of great interest to deliver or induce neurotrophic factors for longer time 
points in order to achieve success nerve repair. In that context, biodegradable micro-
sphere technology, derived from utilization of poly-dl-lactide-coglycolide (PLGA), 
the frequent material that has been tested in studies and showed sustained release 
of fabricated factors for long-term. Kokai et al. showed that implantation of nerve 
guides generated based on microsphere technology across a 1.5-cm defect in a rat 
sciatic nerve gap resulted in an increase in tissue integration in both the proximal 
and distal segments of the lumen of the nerve guide after 6 weeks [127]. Marra 
et al. have pioneered in this technology and showed improved tissue integration 
within neurotrophic and/or growth factor releasing nerve guides when compared 
to negative controls and also showed the presence of nerve fibres across the entire 
length of nerve guides [128]. For instance, the glial-derived neurotrophic factor 
(GDNF) sustained release systems have also been tested in models of glaucoma. 
Multiple injections of GDNF slow release PLGA microspheres showed up to 3.5 
times greater retinal ganglion cell (RGC) density than untreated mice at 15 months’ 
survival [129]. Moreover, intravitreal injection of GDNF/Vit E PLGA microspheres 
exhibited significant improvement of RGC axon and soma survival 8 weeks after 
intraocular pressure (IOP) elevation [130]. It is clearly evident that microsphere 
technology is superior in terms of its reproducibility, easy fabrication, quality con-
trol and cost effective. However, there is a minimum challenge in terms of repeated 
administration of fabricated material into nerve guide. Hence the recent studies are 
focused on achieving sustained release of proteins/drugs for several months to by-
pass re-administration.

Viral Vector-mediated Gene Delivery System

Adenoviral (AdV) vector system was first demonstrated as a vehicle to deliver 
genes that express neurotrophic factors in nerve repair [131]. In general, AdV vec-
tor encode genes of interest from a strong viral promoter (cytomegalovirus); Stud-
ies showed that the over expression of recombinant protein could trigger cellular 
toxicity and in turn lead to immune reaction, and early AdV system was reported to 
show strong cytotoxicity. Hence, studies have focused on alternative vector systems 
like adeno-associated virus (AAV) to deliver genes expressing neurotrophic factors 
like GDNF. AAV mediated gene delivery to retinal cells demonstrated statistically 
fewer apoptotic cells in the RGC layer [132]. Currently, AAV is the approved viral 
vector system for clinical gene therapy, which was confirmed harmless to human 
body and seems promising for peripheral nerve repair (PNR) applications in clinical 
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set up. Another widely used viral vector is lentivirus (LV) system, for basic science 
research but not for translational research due to Food and Drug Administration 
(FDA) regulations on safety concerns. However, it is a very powerful tool to en-
gineer difficult cells like MSCs for the expression and evaluation of the effects of 
neurotrophic and/or growth factors for PNR applications.

Lentiviral Vectors as a Gene Delivery System

LV (a slow virus) belongs to the Retroviridae family of viruses, characterized by 
their long incubation Period (latency). Unlike other retroviruses, LV can be engi-
neered into gene therapy vehicle by deleting pathogenic genes from its genome 
and to make it avirulent. The resulted recombinant LV could be used as the most 
efficient gene delivery system which contains the necessary cellular and molecu-
lar components required for viral packaging and stable expression of transgene in 
transduced cells. Human Immunodeficiency Virus (HIV) is the best example of LV 
that is generally engineered to produce recombinant LV to transduce difficult cell 
types like nerve cells, stem cells, macrophages and different cell lines. Around a 
decade and half ago, research studies on evaluation of LV vector system in PNR had 
begun [133] and studies showed that LV is characteristic by less immune response 
with larger cloning capacity when compared to AdV and AAV [134] and more sta-
ble expression [135] in neuronal cells. However, despite major advances in excel-
lent cellular transduction, biosafety of LV vectors still remains a major concern 
and limitation in clinical translation due to potential genetic manipulation, recom-
bination, genome integration, oncogenic potential etc., More studies are certainly 
needed to overcome the barrier for clinical application in PNR. Fig. 20.2 depicts the 
example of transgene cloning and expression in engineered cells. (Original figure 
on Lentiviral vector production was published by Frank Park in Physiological ge-
nomics, 2007)

SC-Like Differentiation of MSC

Both BM-MSC and ADSC have been shown to be able to differentiate to SC-like 
cells in vitro if appropriately induced during culture [136]. Caddick et al. induced 
BM-MSC in culture to differentiate along a SC-like phenotype. After differen-
tiation, the cultured cells were expressing high levels of S100, P-75 and GFAP 
[137]. In similar experiments, Kingham et al. differentiated ADSC to SC-like 
cells also expressing typical SC markers such as S-100 and P-75. Others have 
successfully differentiated BM-MSC to glial cell-like cells secreting neurotropic 
factors [138]. Wei et al. could elegantly show how SC can induce ADSC to get 
a SC-like phenotype with typical marker expression through indirect co-culture 
techniques [139]. Liu et al. successfully differentiated ADSC (positive S100 and 
P-75 expression) in vitro using culture media preconditioned for 2 days by a rat 
sciatic nerve.
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Neurotropic Effects of MSC

The positive effects of MSC on nerve regeneration have already been investigated 
in vitro by many groups, and there is common agreement that this is achieved in a 
paracrine fashion, often after differentiation to SC-like cells [140–142].

MSC were found to improve neurite growth in vitro and express SC markers 
as well as showing their phenotype characteristics. Kingham et al. found SC-like 
differentiated ADSC-promoting neurite growth in vitro. A study of Kalbermatten 
et al. showed that human ADSC secrete many neurotrophic factors as nerve growth 
factor, brain-derived neurotrophic factor and GDNF (real-time polymerase chain 
reaction, rt-PCR, and enzyme-linked immunosorbent assay, ELISA) [143]. More-
over, ADSC were able to significantly promote neurite outgrowth in vitro. Interest-
ingly, cells harvested from superficial abdominal adipose layers performed better in 
terms of cell proliferation as well as nerve growth enhancement. Kaewkhaw et al. 
found that the source of ADSC seem to be determinant in the SC marker expres-
sion, differentiation potential and final neurite growth improvement in vitro us-
ing three different fat sources on rats (subcutaneous, perinephric and epididymal). 

Fig. 20.2  Schematic representation of lentiviral vector construction and virus production. In gen-
eral, 2nd generation system contains three plasmids (transgene, packaging and envelope plasmids) 
to generate recombinant lentiviruses to transduce primary stem cells to utilize the dual activities 
and functionalities of stem cells and transgene. The system usually contains a downstream GFP 
reporter for flow cytometry selection of transgene positive cells and for in vivo tracking. (GFP 
green fluorescent protein). (Original picture by Frank Park, Physiological genomics, 2007)
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Subcutaneous and perinephric ADSC showed superior neurotrophic potential [144]. 
However, other groups found no different neurotrophic potential of ADSC from dif-
ferent donor region as well as different ages [145].

In Vivo Studies

Route and Time of Administration

Almost all studies reviewed have used MSC delivered locally using grafts (e.g. 
vein, artery, muscle or acellular nerve grafts) or different kinds of conduits (e.g. 
chitosan, collagen or silicon), as well as direct cell depots. There is only one study 
which used intravenously injected ADSC (Fig. 20.3), 1 week after sciatic nerve 
crush injury [143]. Several groups have shown that MSC are able to home to sites 
of tissue injury and/or inflammation [144–147], suggesting the cells are attracted 
by different chemo- and cytokines and thus will find the location where they are 

Fig. 20.3  Schematic representation of ASCs isolation from whole fat: Stem cells are isolated 
as per laboratory developed and optimized standard protocol by collagenase digestion and cen-
trifugation methods. The final yield of cells is called as stromal vascular fraction (SVF) that is 
heterogeneous and contains sub-populations. The primary sub-population found in SVF is pre-
adipocytes	that	are	CD34	+	,	CD31−	and	highly	proliferative.	These	are	considered	to	be	stem	cells	
and could be differentiated to different cell types. ASC adult stem cells
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needed when applied systemically. However, using this route of administration has 
been shown to bear some potential drawbacks, though, as the injected cells have to 
trespass the capillaries of organs like lungs, spleen and liver and may get entrapped 
reducing considerably the final amount of cells reaching the tissue of interest. Egg-
enhofer et al. recently showed that most of the intravenously infused MSC were 
retained in the lung and liver capillaries [148] and had shortened survival. During 
culture, MSC have been shown to increase their size, which can explain differences 
in homing abilities [149]. Nevertheless, there is a group which found MSC to be 
able to exert beneficial effects also ‘remotely’ on the humoral way [150]. This may 
be true for inflammatory and ischemic diseases, but could not be enough for nerve 
regeneration after PNI as the sprouting axons need a local, precise patterning of 
cytokines and growth factors to guide them to the distal target tissues [151].

Furthermore, even if MSC home to the regenerating tissue and are able to be lo-
cally active, using a sole systemical MSC application in case of a nerve gap could 
be still problematic because even if promoted, no ‘guide’ will lead the regrowing 
nerve to the target muscle insertion if the distal nerve degenerates. To the best of our 
knowledge, there is no work assessing the effect of systemic MSC combined to the 
aid of nerve grafts or conduits.

Methods for Tracking Fate of Transplanted Stem Cells

Given the evidence presented above, it is apparent that studies exploring stem cell 
transplantation for PNR should give careful thought on strategies to track the fate of 
transplanted cells over time. There is often little importance placed on pre-labelling 
cells prior to delivery into the injured nerve, and as such authors cannot comment 
on the mechanism of any advantage conferred by cell therapy. Others have used 
labelling techniques that are not sufficiently robust or long-lasting to be detected 
at the study end points. Chemical markers such as bisbenzimide and PKH26 have 
been used to label SC delivered to peripheral nerve injuries, but their usefulness 
is limited to the short term and may in fact affect the viability and phenotype of 
transplanted cells. Genetic labelling with either lacZ or fluorescent proteins such 
as green fluorescent protein (GFP) is increasingly popular and appears to be a rela-
tively long-lasting method that is not deleterious to transduced cells. The use of 
lipophilic carbocyanine derivative CellTracker CM-DiI (Molecular Probes) is sig-
nificantly reliable to label stem cells within a variety of nerve injury models with 
no	dilution	or	loss	of	signal	for	≥	10	weeks	following	transplantation.	These	dyes	
have the advantage of being technically simple to use, rapid and resistant to leak-
age to nearby cells. Emerging technologies such as quantum dots offer an exciting 
alternative to traditional cell labelling methods. These nanoparticles are available in 
a wide range of photostable colours and are resistant to chemical and metabolic deg-
radation, making them ideal for use in long-term fate tracking of transplanted stem 
cells. The use of PKH26 (red fluorescence) and LV-mediated GFP (green) labelling 
is also widely used for successful in vivo tracking of transplanted cells.
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Dosage

The cell yields transplanted in rodent small-animal models of PNI generally ranged 
from 1 × 105 to 2 × 107 cells per conduit or graft with some exceptions, where higher 
[151] and lower amounts were used [152]. One has to differentiate if undifferenti-
ated MSC are used instead of SC-like differentiated MSC, since it is likely that only 
a part of applied undifferentiated cells will differentiate in vivo.

Some authors proposed that when applied locally, too high MSC counts would 
kill parts of the cells because there would be not enough nutrients for them to sur-
vive and too few cells would not have the desired effect. Using the above-men-
tioned range of MSC for local delivery, many groups found the cells survive for 
many months [153–157] and had improved PNR, although others could not find any 
transplanted MSC alive after 14 days.

Safety of MSC Application

There are several groups following up the animals for several months, up to 6 or 
even 12 months [158–164], especially using large animals, and so far there is no re-
port on adverse effects of local MSC delivery or any incidence of neoplasm, at least 
locally, during histological examination. In a recent study, Hu et al. went deeper 
and evaluated the safety of local MSC therapy for PNR during 12 months, inves-
tigating blood samples (with heart, liver, metabolic, lipid, blood count and tumour 
marker panels) every 3 months and tissue specimens of heart, liver, spleen, lymph 
nodes, kidney and lung [165]. Furthermore, since MSC have also immunomodula-
tory properties, the authors observed the systemical effects on the blood immuno-
globulin E profile and did not find any abnormal change.

When applied systemically, MSC potentially bear some safety problems as the 
risk of embolization (lung, liver, spleen) [166] or systemical adverse effects (e.g. 
allergic/anaphylactic reactions). This depends on the animal species used as a PNI 
model as well as characteristics, especially the size, of the injected cells. Generally, 
there are many animal and clinical studies using systemical MSC injection without 
any acute adverse effect [167–170].

Outcomes

The improvements on nerve growth and regeneration on histological level are main-
ly investigated through qualitative and quantitative analysis of nerve fibres and their 
myelination using imaging tools like electron [168, 170], confocal [171], light and 
fluorescence microscopy (FM). Myelin sheath thickness, number of myelinated fi-
bres, number of new fibres and growth distance of proximal nerve stump are a few 
examples of values that can be assessed and give a picture of the nerve regeneration 
process [172–177].



34920 Mesenchymal and Adipose Stem Cell Strategies …

Using immunohistochemistry (IHC) and FM, survival of previously labelled 
MSC can be monitored, as well as their transdifferentiation to other cell types and 
their localization in the tissue [178]. Common target factors for recognition of SC-
like transdifferentiation through IHC and FM are GFAP, S-100 and nerve growth 
factor receptor (NGFR) P-75 [179]. Some groups investigated growth factor ex-
pression by MSC in nerve tissue specimens using Western blots [180].

For indirect assessment of nerve innervation, ratios have been used for the as-
sessment of target muscle atrophy during PNR [ 178, 179, 181–183]. Other groups 
measured muscle tension after harvesting [184].

Besides, there are functional test to investigate the overall nerve recovery us-
ing tools like electrophysiology and behavioural tests. Electrophysiological exams 
include measurement of latency of the electric signal and their amplitude using 
compound muscle action potentials (CMAP) and nerve conduction velocity (NCV), 
all giving a clue about the myelination of nerve fibres and their number [185, 186].

Behavioural examination for example comprise ladder-climbing and walking 
track analysis, especially for rodent PNR model, measuring different parameters 
(e.g. toe spread and foot length) out of which indexes (e.g. the sciatic function 
index, SFI) can be calculated [186, 187]. Furthermore, pinch test, thermo-sensitive-
ness, whisking, as well as grasping and finger opposition/motion abilities in non-
human primates have been assessed [187, 188].

Small-Animal Models

The sciatic nerve gap model has been mostly used and is a standard for the study 
of PNR in the last decade. All studies on small animals have been performed on 
rodents, merely on rats, with a few exceptions using murine models [174–176, 189].

In one of the first studies on the topic, Dezeawa et al. found BM-MSC to trans-
differentiate to SC-like cells and increase nerve fibre growth as well as myelination 
in a rodent sciatic gap model. Mimura et al. and many other groups had similar find-
ings later [190]. McGrath et al. used human BM-MSC in rat sciatic gap model and 
after 3 weeks found only enhanced nerve regeneration if combined with cyclosporin 
A. Their assumption was that through immunosuppression the transplanted human 
cells are protected and otherwise the host would kill them.

Some experimental protocols have compared undifferentiated MSC to SC-like 
differentiated MSC [184, 185] and/or cultivated SC [190]. Keilhoff et al. 6 weeks 
after BM-MSC transplantation in a sciatic gap injury model found a significant 
enhanced functional outcome (toe spreading and thermo-sensitiveness) and an in-
creased myelination of nerve fibres in animals receiving SC-like differentiated BM-
MSC and SC, compared to undifferentiated BM-MSC [8]. Other groups had similar 
findings [184], whereas Costa et al. found BM-MSC therapy to be inferior to SC 
application in a rat facial gap model [185]. One group found no outcome differences 
using differentiated BM-MSC rather than differentiated ADSC [184], but still sig-
nificant improvements were found compared to acellular controls, which is in line 
with findings of Di Summa et al. [10].
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Due to increased interest in ADSC-based therapy, in the last years many groups 
further addressed the question if these cells are promising candidates for PNR. 
Generally, similar to BM-MSC therapy, ADSC are able to promote PNR in rodent 
models at a histological level as well as on functional recovery [10, 11, 181, 182, 
187, 191]. Orbay et al. found undifferentiated ADSC to improve functional outcome 
measured with SFI and electrophysiological test as good as differentiated ADSC.

Using intravenous MSC infusion on PNR, Marconi et al. found the cells home to 
site of PNI and accelerate the nerve fibre as well as functional recovery. Additional-
ly, they found MSC having an immunomodulatory effect with decreased infiltration 
of inflammatory cells into the injured nerve and surviving until end point (5 weeks), 
similar to the findings of Pereira et al. in a murine model [171]. The proposed mech-
anism is both immunomodulation and paracrine mechanism (neurotropic, stimula-
tion of SC to secrete GDNF) in addition to some extend of transdifferentiation. 
Also Carriel et al. propose an increased stimulation of resident SC through ADSC; 
moreover, they found also an improved angiogenesis in site of PNR [154].

As putative mechanisms of the beneficial effects of MSC, there is a general 
agreement on the paracrine function of MSC in PNR enabling a pro-regenerative 
and neurotrophic microenvironment and modulating other cells like SC (lit) to im-
prove nerve recovery. However, some authors found MSC not only to act as a local 
mediator, but also differentiate in vivo to SC-like cells as suggested by S100 and 
Hoechst dyes on nerve tissue samples [14, 154, 156, 192], whereas others failed to 
observe such transdifferentiation [154, 156].

Large-animal Models

There are not many large-animal studies on PNR so far; the most experiments have 
been using peripheral nerve gap models on non-human primates and dogs and had 
follow-ups of up to 12 months [161, 162–165, 188, 192, 193]. In non-human pri-
mates, for the assessment of functional recovery after nerve regeneration, models 
using forearm nerves have been preferred because behaviours like thumb-finger op-
position and grasping are ideal tools to that purpose and the recovery of the specific 
nerves can be assessed more precisely [188]. Most of the large-animal studies after 
MSC application found an increased nerve regeneration (IHC and histomorphom-
etry) compared to control [192, 194] with no significant difference compared to 
autograft transplantation or SC use, suggesting BM-MSC and ADSC as potential 
alternative to difficult-to-cultivate SC in PNR.

Almost all reviewed large-animal studies used undifferentiated BM-MSC in-
jected in biological or artificial conduits [193–194] or embedded in acellular nerve 
grafts [192]. Wang et al. compared undifferentiated BM-MSC to SC-like differenti-
ated BM-MSC in a rabbit facial nerve gap model and found the latter to increase 
functional outcome as well as enhancing histomorphometric findings indicating 
a significant enhanced nerve regeneration [195]. Only one group applied undif-
ferentiated ADSC in a large-animal model injected in a conduit bridging a facial 
nerve gap on dogs [193]. Interestingly enough, after 3 months, the authors found no 
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significant promoted nerve regeneration looking at histomorphometry and histolog-
ical samples; only the electrophysiological findings were improved. This is surpris-
ing since in small-animal models, ADSC were generally as beneficial as BM-MSC.

To our knowledge, a large-animal study evaluating the effects of systemical 
MSC application on PNR is missing so far.

Conclusions

With growing evidence to support the presence of stem cells within adult tissues and 
the apparent plasticity of tissue-specific stem cells, it seems likely that the MSCs/
ADSC can become important components of bioengineered systems in the future. 
MSCs, in particular, have received much attention because of their accessibility, 
abundance and ease of culture in vitro. There is no doubt that such cells can express 
neuronal cell immunoreactivity under specific mitogenic influences both in vitro 
and in vivo. To explain such phenomena, we may have to look at the molecular char-
acterization of such transdifferentiated MSCs prior to and following differentiation. 
Microarray analysis has revealed over 2000 genes expressed by MSCs, many of 
these genes being unrelated to mesenchymal lineages. It is important to examine 
the effects of cellular microenvironments on cell differentiation, as in vitro experi-
ments have identified a mitogenic effect of a large number of unrelated cytokines 
and growth factors on MSCs. It is also necessary to identify the factors influencing 
differentiation, such as intrinsic and extrinsic mechanisms, and the interaction be-
tween the two. Notwithstanding these challenges, stem cell therapies are becoming 
an exciting development in the field of peripheral nerve tissue engineering.

Animal studies have demonstrated that transplantation of stem and precursor 
cells has the potential to serve as an adjunct therapy to common practices of surgical 
nerve repair. Although the application of cell-based strategies in a clinical setting 
is promising, optimization of cell delivery and careful investigation of the fate of 
transplanted cells are required to guarantee the safety and maximum efficacy of 
these therapies. As discussed in this chapter, it will be important to determine the 
ideal number and method of cell delivery, and elucidate the extent of transplant cell 
survival and differentiation that is required to elicit a therapeutic effect. Future stud-
ies should place emphasis on using reliable labelling methods to track the long-term 
fate of transplanted cell. Finally, while many cell types have been investigated for 
their potential use in cell replacement therapy, few studies have directly compared 
the utility of different stem cells in augmenting PNR. It is believed that cells that 
are easily isolated from autologous sources such as fat (adipose tissue) and that can 
survive and differentiate to a glial phenotype within the milieu of the injured nerve 
provide the most promise.

To date, BM-MSC and ADSC both share similar beneficial effects in vitro as 
well as in animal studies of PNR. There is a trend showing better results after im-
plantation of previously in vitro SC-like differentiated MSC, with findings similar 
to SC application or even autograft transplantation. Being ADSC easier to harvest 
and culture to high cell numbers, they seem promising candidates to future clinical 
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applications. Possible mechanisms include in vivo transdifferentiation of undiffer-
entiated MSC and paracrine mechanisms in terms of SC modulation, local immu-
nomodulation and direct neurotropic and neurotrophic effects on growing nerve 
fibres, as well as local angiogenesis. Clinical studies on PNR are needed to further 
investigate the real potential of MSC for treatment of peripheral nerve injuries.
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Introduction

As a neuroscientist, my first reaction when learning that chronic amputees were 
receiving hand transplants was concern: Having undergone extensive reorganiza-
tional changes following years or even decades of hand absence, was there really 
any chance that a fully mature brain could readapt to support dexterous hand control 
and weave coherent perceptual experiences from sensory signals arriving over long-
disused sensory pathways? The subsequent years working with several of these 
remarkable individuals have profoundly altered my view on the potential to reverse 
amputation, and have forced me to reconsider some accepted tenets regarding the 
effects of experience (or lack thereof) on the mature brain. The emerging picture is 
one in which consequences of limb amputation on the human brain may be far more 
reversible than could ever have been imagined; a possibility that elevates hope of 
recovery not only for amputees but also a wide range of patients who have experi-
enced injuries to the body, spinal cord, or brain.

Why the Brain?

To understand the role of the brain in recovery from peripheral nerve injury more 
generally, consider first the repair of a transected median nerve in the forearm. While 
it is often possible to unite the severed fascicles surgically, function depends on re-
generating axons on the proximal side forming neuromuscular junctions and reaching 
sensory organelles on the distal end. To exploit a tree metaphor, in expert hands the 
repair can ensure that the proper axons are directed along the correct limbs. However, 
growth along the smaller branches and twigs is not under the surgeon’s control, and 
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therefore some reinnervation errors are going to occur, i.e., axons from the regener-
ating side are unlikely to find their original targets. As detailed in what follows, the 
brain is capable of reorganizing in response to changes in stimulation, and it is this 
capacity for experience-dependent plasticity that provides the potential to compensate 
for these reinnervation errors by acquiring new central representations for motor and 
sensory functions. The need for central adaptations in functional recovery would seem 
to be even greater in cases where long-standing amputations are reversed through al-
logeneic hand transplants. Determining how best to exploit this remarkable capacity is 
absolutely essential to optimizing recovery of function and is therefore vital to the suc-
cess of composite tissue allotransplant efforts. In what follows, I review some of what 
is presently understood about the effect of upper extremity amputation on brain or-
ganization and the central response to its reversal through allogeneic transplantation.

Amputation and the Brain

Changes in the sensory and especially motor nerves of the residual limb of ampu-
tees are widely recognized. Perhaps less known is that injuries that disrupt the flow 
of afferent and/or efferent signals between brain and body (including limb amputa-
tion) precipitate significant reorganization of function at all levels of the central 
nervous system, including the spinal cord, brain stem, thalamus, and the primary 
sensory (S1) and motor (M1) cortices. While the majority of research has focused 
on the cortex, it is important to recognize that changes here could reflect an ampli-
fication of reorganization occurring at any, or all, of these levels [1–5]. Far from 
subtle, these experience-dependent changes in the functional organization of the 
cortical representations have been dubbed “massive” [6, 7], and their discovery in 
the early 1980s [4, 8–10] was pivotal in reversing the prevailing view of the mature 
brain as lacking the capacity for plasticity [11].

Experience-Dependent Cortical Organization

Primary sensory and motor cortices contain somatotopically organized maps of the 
body with the representation of the hand flanked laterally by the face and medially by 
the upper arm [12]. These representations play a critical role in sensation and motor 
control, and their organization is maintained through competitive interactions that de-
pend on afferent and efferent activity [3, 13]. Studies in nonhuman primates using cor-
tical sensory unit recording or motor microstimulation techniques reveal that injuries 
(e.g., limb amputation, brachial plexus lesion, or spinal cord injury) that disrupt the 
flow of signals between brain and body therefore cause pronounced cortical reorgani-
zation [14]. Specifically, there is an expansion of adjacent maps into the cortical ter-
ritory formerly devoted to the affected body part [15, 16]. In S1, these changes begin 
almost immediately following hand amputation, continue for months or longer, and 
culminate in substantial changes in neurons’ receptive fields [6, 17]. More precisely, 



36321 Why Brain Science is Essential to the Success of Hand Allotransplantation?

some S1 neurons—located within the hemisphere contralateral to the amputation—
that were formerly responsive to stimulation of the amputated hand, can be activated 
by stimulation of the somatotopically adjacent face and/or residual forearm [2, 18].

Similar changes occur in M1 contralateral to the amputated hand. Years after 
amputation, microstimulation of neurons in areas that formerly targeted amputated 
hand muscles can evoke neuromuscular activity in the residual limb or shoulder 
[19]. Multiple mechanisms appear to contribute to both S1 and M1 changes over 
different time scales including dynamic functional rebalancing of inhibitory and 
excitatory synapses [14], as well as longer term growth of intracortical (but not 
thalamocortical) connections [20].

The advent of noninvasive functional brain mapping techniques makes it possible 
to entertain whether similar intrahemispheric changes occur in the human brain fol-
lowing limb amputation. Though lacking the resolution of the invasive techniques dis-
cussed above, studies of human upper extremity amputees provide consistent evidence 
for reorganizational changes in the gross somatotopic organization (on the scale of 
multiple millimeters) of both S1 and M1contralateral to the amputated hand. These in-
clude an expanded representation of muscles of the residual limb [21, 22], and in some 
cases a shift in the representation of muscles of the face into the former hand territory 
[23]. Likewise, the sensory representation of axial body surfaces [24] and/or the face 
[25–27] may intrude into the former S1 hand territory. Consistent with animal models 
[3], transcranial magnetic stimulation (TMS) studies suggest that reduced levels of 
intrahemispheric inhibition post-injury may play a key role in M1 reorganization [28, 
29]. To date, there is no evidence for macroscopic changes in cortical gray matter fol-
lowing amputation [30, 31], although thalamus volume may be decreased [30].

In addition to these changes occurring within the hemisphere contralateral to the 
amputation, studies involving animal models [32, 33] and human amputees [34] 
provide evidence for interhemispheric changes following unilateral deafferenta-
tion. Specifically, movements of the intact hand by amputees are associated with 
increased activity within the sensorimotor cortex ipsilateral to the amputation [35] 
and more precisely within the former M1/S1 hand territory [34]. These changes 
appear to be attributable, at least in part, to a reduction in the normal levels of 
interhemispheric inhibition that exists between cortical hand representations [21], 
and this is likely the mechanism responsible for the fact that rodents with unilateral 
deafferentation reveal increased functional connectivity between forepaw represen-
tations in the left and right cerebral hemispheres when at rest [33]. Recent work 
in our group also suggests that increased activity within the former hand territory 
during use of the intact hand may play a functional role in precision control [36].

Adaptive, Maladaptive, or Functionally Irrelevant?

From a clinical standpoint, the key question is whether intra and/or interhemi-
spheric changes in functional organization following limb amputation impact 
quality of life. The common assumption is that these reorganizational changes 
must be functionally relevant. This issue is, however, far from settled. Some 
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investigations contend that decrease-related reorganizational changes have mal-
adaptive relevance; i.e., they contribute to the neuropathic pain experienced fol-
lowing limb amputation [26], spinal cord injury [37], or by those who develop 
complex regional pain syndrome [38, 39]. This hypothesis has motivated a variety 
of behavioral, neurostimulatory, and pharmacological interventions targeting the 
reversal of these reorganizational changes [40]. However, not all evidence from 
amputees supports this hypothesis [29, 41]. A recent report presents data that pain 
is actually associated with preservation of function and structure within the for-
mer sensorimotor hand territory following amputation [31]; a result that questions 
the idea that cortical reorganization is maladaptive (cf. [42]). A possible limita-
tion of this work is that it did not differentiate between pain in the residual limb 
versus neuropathic pain in the phantom, which may have different underlying 
mechanisms. It is also worth noting that nearly all neuroscientific investigations 
of human amputees suffer from small sample sizes and that may contribute to type 
I and II statistical errors [43]

Another candidate for maladaptive plasticity is the persistent reorganization in 
S1 observed in mature monkeys following experimental nerve section and repair 
[44, 45]. Although direct tests of the relationship between cortical map reorganiza-
tion and sensory functions are lacking, similar changes may underlie poor func-
tional outcomes in human adults following surgical repairs of peripheral nerves in 
the hand or forearm. I will return to this issue shortly.

Conversely, an argument can be made that expansions of adjacent cortical maps 
into the former hand territory should have adaptive relevance. The reason is that 
neurons formerly devoted to the now absent body part are functionally “reassigned” 
to intact regions of the body thereby increasing its cortical representation. Indeed 
some older studies do report behavioral improvements in sensory functions of am-
putees’ residual limbs [46–48]. However, more recent studies do not support this 
view [49, 50]. In a recent unpublished investigation of unilateral upper extremity 
amputees, we found significant expansion of the face representations into the for-
mer hand territory contralateral to the amputated limb using functional magnetic 
resonance imaging (fMRI). However, we too were unsuccessful in obtaining any 
evidence for changes in sensory thresholds or discrimination when comparing the 
ipsilateral and contralateral sides of the face (Fig. 21.1). Furthermore, despite reor-
ganization of primary sensorimotor regions, we find that chronic unilateral ampu-
tees retain the ability to plan actions of the missing hand with a level of accuracy 
comparable to the unaffected side and to controls [51]. This suggests retention of 
an internal model of the affected limb’s biomechanical properties despite long-term 
absence of sensory feedback.

On the basis of these data, one might be tempted to conclude that reorganization-
al changes in cortical maps due to decreases in activity are functionally irrelevant. 
Consistent with this perspective, neurophysiological recordings and microstimu-
lation in residual limb peripheral nerves suggest that even chronic amputees re-
tain functional sensory [49, 52] and motor [53–56] representations of their missing 
hands.
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Another perspective on the functional relevance of amputation-related cortical 
reorganization comes from attempts to determine whether it can be reversed, and to 
identify associated behavioral consequences.

Can Amputation-Related Cortical Reorganization Be 
Reversed?

This question will remain unanswerable in humans. Rightfully, we never will have 
the opportunity to map the brain of healthy individuals prior to their traumatic am-
putations. Further, there is considerable intra and interindividual variation in brain 
structural and functional organization. As illustrated below, this places limitations 
on the precision of comparing cortical representations of the affected versus unaf-
fected hand, and between patients and healthy controls. We can, however, hope to 
answer a number of other important questions: Is the representation of the trans-
planted hand located where we would expect it to be based on normative data from 
carefully matched controls? Do stimulation and/or use of the hand recruit other 
brain regions more heavily? Is there any persistent evidence for intrusion of repre-
sentations of other body parts into the normatively defined former hand territory? 
And, perhaps of greatest clinical importance, do any of the changes that we observe 
at the central level correlate with current or future recovery of function?
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Fig. 21.1  Performance of 16 unilateral upper extremity amputees across three tests of sensory 
function. In each test, stimuli were applied to the perioral regions located contra- or ipsilateral to 
the amputation. We failed to detect any significant differences between sides in the SemmesWein-
stein test of sensory thresholds, grating orientation test, or static 2-point discrimination
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Nerve Repair and Cortical Reorganization

What little we know about the reversibility of reorganizational changes in the cortex 
comes from classic experiments of sensory nerve injury and repair in monkeys. Fol-
lowing axotomy and surgical repair of the fascicles, there is an initial silencing of S1 
cortical neurons whose receptive fields lie below the lesion. As the nerve regenerates 
at approximately 2–3 mm per day [57], the S1 neurons whose receptive fields were 
formerly devoted to the deafferented region gradually redevelop a map. However, 
in adult monkeys, map topology remains disorganized and includes islands of re-
sponsive regions amongst areas of unresponsive neurons [45]. Fetal monkeys expe-
riencing the nerve injury and repair recover what appears to be a typically organized 
S1 map [58], which is likely attributable to the increased capacity for experience-
dependent plasticity during the period of rapid cortical development. Importantly, if 
the nerve is crushed rather than severed, the S1 map in adult monkeys also recovers 
its normal topography [10]. Similarly, adult whisker amputation alters the receptive 
field properties of barrel cells of the rodent sensory cortex, but appears to leave the 
architecture of the cortical map intact and thus recoverable once the whisker regen-
erates, reinstating afferent signals [59, 60]. This indicates that it is not the period of 
deafferentation that is problematic for sensory map recovery, but rather the reinner-
vation errors that occur through nerve regeneration [3]. As noted above, these errors 
and the resulting changes in cortical maps may account for the persistent sensory 
difficulties experienced by patients following adulthood nerve repairs [44, 45].

Recipients of hand replants provide an opportunity to investigate the reversibil-
ity of reorganizational changes in the human cortex, a complete loss of afferent and 
efferent traffic between the brain and regions distal to the injury. Although hand 
replantation is done within 24 h of amputation, the brains of these patients also un-
dergo an extended period of time during which activity between the hand and brain 
is first absent and then diminished due to the pace of nerve regeneration. Compared 
with hand transplants, there may be greater potential for reinnervation errors due 
to the fact that the surgery involves a traumatically amputated limb. Nevertheless, 
the few fMRI investigations of hand replant recipients conducted indicate increased 
activity within M1–S1 during hand movement [61–63]. Interactions between these 
primary areas and higher-level motor regions may evolve along with hand function. 
Functional connectivity analyses of these fMRI data reveal increased contributions 
of premotor cortex and increased inhibition from ipsilateral M1 during movements 
of the affected hand, which may be compensatory and related to the increased dif-
ficulty in sensorimotor control [63].

Chronic Deafferentation and Cortical Reorganization

In comparison to replant patients, transplant recipients have typically been without 
their hand(s) for years, or even decades, before transplanted. Despite substantial 
variation among cases and the small number of published functional neuroimaging 
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studies, it appears that volitional movement can elicit increased activity in the con-
tralateral primary sensorimotor cortex of allogeneic transplant recipients [64–66]. 
It is important, however, to recognize that in most (if not all) cases, these tasks 
involved use of forearm flexors and extensors, which were not transplanted. This 
fact constrains what should be concluded from these data with regard to the rever-
sal of amputation-related cortical reorganization. It does seem reasonable to expect 
that forearm muscles would be considerably less active following distal hand loss, 
and this could certainly contribute to changes in activity-dependent representations. 
However, it would be a mistake to treat these changes as reflecting the emergence 
of cortical representations of transplanted muscles.

To address the cortical representation of transplanted muscles one would need a 
task that isolates movements of intrinsic hand muscles (e.g., finger abduction–ad-
duction). In practice, however, this is challenging because few patients appear to 
develop volitional control of muscles intrinsic to the transplanted hand. When this 
does develop, it appears to occur late in the recovery process [67]. An alternative is 
to determine whether TMS of M1 can elicit motor-evoked potentials (MEPs) from 
transplanted muscles. This approach was applied successfully to two double-hand 
transplant recipients and demonstrated substantial interindividual variation, as well 
as significant differences within individuals between the time to re-establish M1 
muscle representations on the left and right sides [68]. Because TMS is a means of 
artificially stimulating M1, the question remains as to when (or if) these representa-
tions will become relevant to hand control.

Whether or not cortical responses arise from transplanted tissue is a persistent 
issue that plagues motor (really “sensorimotor” due to the afferent feedback that 
accompanies movement) studies of transplants. This challenge would seem to be 
overcome in studies employing localized sensory stimuli. In the first such published 
investigation, brushing of the transplanted insensate palm with a coarse sponge in-
creased activity within the contralateral postcentral (putative S1) and precentral 
(putative M1) gyri a mere 4 days postsurgery [69]. As appreciated by the authors, 
there is no known physiological mechanism that can account for such rapid recov-
ery. What could produce these data? My suspicion is that this seemingly impossible 
result most likely arises from the inadvertent induction of neuromuscular activity 
in the flexors and extensors of the residual forelimb during application of the tactile 
stimulus. A similar criticism can be levied against our earlier work on sensory re-
covery 4 months posttransplant in a right hand recipient. In this case, however, the 
patient had regained sensitivity in the thenar eminence and wrist [70]. It is clear that 
more well-controlled systems for the delivery of sensory stimuli during fMRI are 
required. Along these lines, we have developed a computer-controlled, pneumatic 
system to deliver cutaneous sensory stimuli to any location of the body including 
the individual fingers and the face [71]. Some preliminary findings from this tech-
nique are presented below.
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Recruitment of the Normatively Defined Former Hand 
Territory

While it may be impossible to ever determine whether amputation-related reorga-
nizational changes can be fully reversed, progress is being made on answering a 
number of other important, clinically relevant questions. Is the representation of 
the transplanted hand located in the location we would expect based on normative 
data from carefully matched controls? Do stimulation and/or use of the hand recruit 
other brain regions more heavily? Is there any persisting evidence for intrusion of 
representations of other body parts into the normatively defined former hand terri-
tory? And, perhaps of greatest clinical importance, do any of the changes that we 
observe at the central level correlate with current or future recovery of function?

Along with our collaborators at the Christine M. Kleinert Institute, we have de-
veloped a strategy to address what happens to the former hand territory after am-
putation and after transplantation. A distinguishing feature of our approach is that 
fMRI data from a control group matched to patients on the basis of age, sex, and 
hand-dominance is used to functionally define the regions of cortex responsive to 
sensory and/or motor stimulation of the hands (i.e, the normative hand representa-
tions) in a standardized space (Fig. 21.2 [72]). Then, using nonlinear techniques, 
we can warp the coregistered structural and functional brain images of our patients 
into this template space and undertake quantitative comparisons of activity within 
the probabilistically defined former hand territory during various manipulations. 
By way of illustration, consider DS, who was a unilateral right hand amputee for 
35 years before receiving his transplant 4 months prior to our testing. His level of 
hand functional recovery at this early stage was limited (Carroll score = 57, disabili-
ties of the arm, shoulder, and hand (DASH) score = 12.5). Sensory threshold testing 
revealed a localized patch of low normal sensitivity on the thenar eminence, while 
the rest of the hand remained insensitive at this early stage. Because we did not test 
this individual prior to his transplant, the amputated state was estimated based on 
data from a cohort of unilateral, below elbow, pretransplant amputees (details can 
be found in [70]).

Together with the research introduced earlier, these findings are consistent with 
two working hypotheses. First, areas of the sensory and motor cortex devoted to 

Fig. 21.2  Functionally defined normative sensorimotor representations based on fMRI data from 
17 healthy, right-handed adults. Blue = right hand, yellow = left hand, green = right foot, red = left 
foot, violet = lips
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representing the hand prior to amputation come to represent the transplanted hand. 
Volitional finger extension–flexion movements of the transplanted hand increased 
activity within the contralateral primary sensorimotor areas and specifically within 
the normatively defined former sensorimotor hand territory (Fig. 21.3).

Second, changes in cortical organization associated with unilateral hand amputa-
tion may not be fully reversed. Like the pretransplant amputees, DS shows some 
evidence for persistent intrahemispheric reorganization. Movements of the face are 
associated with increased activity within the former sensorimotor hand territory 
(Fig. 21.3). This is likely due to an expansion of the somatotopically adjacent face 
representation into the former hand territory following limb loss. The critical ques-
tion is whether these effects relate to the recovery of hand function, and if so how. 
One possibility is that complete dissipation of responses within the hand territory 
to facial movements will require experience-dependent changes driven by extended 
increased use of the hand; an idea to which I return in the final section.

As alluded to earlier, we have also been developing techniques that use high-
resolution fMRI and a novel, computer-controlled, sensory stimulation system to 
assess details of the S1 hand representation in healthy adults, as well as hand replant 
and transplant recipients (Fig. 21.4; see details in [71]). This system makes use of a 
bank of computer-controlled switches to deliver trains of pulsed, compressed air to 
specific targets on the body. I have illustrated one system for delivery of cutaneous 
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Fig. 21.3  Percent change in the fMRI signal relative to rest within the normatively defined for-
mer hand sensorimotor hand territory. Finger flexion–extension of DS’s transplanted right hand 4 
months postsurgery are associated with increased activation within the former hand territory, albeit 
below what is detected on an average in the group of matched controls. Like the below-elbow (BE) 
amputee group mean, DS shows a tendency for increased activity within the former hand territory 
during movements of the face, which is not detected in healthy controls. Error bars represent 95 % 
confidence intervals around group means [70]

 



370 S. H. Frey

Fig. 21.4  High-resolution mapping of digit representations in S1 area 3b. a MRI-compatible 
pneumatic stimulators that deliver air pulses to the individual digit tips. b Positioning of MRI 
slices based on use of a sensorimotor localizer. Fifteen slices are positioned to allow coverage of 
primary and secondary somatosensory cortices defined functionally for each individual [71]. MRI 
magnetic resonance imaging
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stimulation to the digit tips (Panel A). A short fMRI localizer is first acquired to 
identify regions that show increased activity during simple movements of the hands 
and face. This data is then used to strategically position 15 (1.5 mm in-plane resolu-
tion) slices for optimal coverage of the primary and secondary somatosensory corti-
ces (Panel B). This allows us to identify peak responses to individual digit stimula-
tion located within the putative area 3b along the rostral bank of the central sulcus, 
defined based on probabilistic atlas derived from postmortem analyses of human 
brain micro-architecture [73]. At this level of resolution, there is considerable indi-
vidual variation in the structural and functional organizational details of the cortex. 
For this reason, while it is feasible to determine whether responses fall within the 
likely former hand territory of area 3b, defining the precise locations of normative 
digit representations through current noninvasive imaging techniques is impossible. 
Details of findings from patients will appear in an upcoming publication.

To date, these neuroimaging investigations of hand transplant recipients have 
focused exclusively on simple repetitive movements or passive sensory stimula-
tion. If the goal is to understand clinical relevance, however, then we need to move 
toward evaluations that address mechanisms underlying functional use of the hand. 
Doing so during fMRI is challenging for many reasons including the small space, 
limtations of magnetic resonance (MR)-compatible hardware for stimulus delivery, 
and the considerable potential to induce artifacts through movements of the head. 
Nevertheless, it is possible to study mechanisms involved in goal-directed actions 
such as manual reaching and grasping that involve not only primary sensorimotor 
regions but also parietal, premotor, and a number of subcortical structures [74–76]. 
This provides an opportunity to understand how these structures respond to changes 
in afferent and efferent activity, and determine any compensatory roles that may 
play in recovery of function. Our team is presently engaged in a project designed to 
address these very issues in both hand transplant and replant recipients.

Reconciling Reorganization, and Recovery: A Working 
Model

On the one hand, I have reviewed some of the large body of evidence that loss of 
a limb perpetuates experience-dependent changes in the organization of the central 
nervous system, and that these effects are especially pronounced in the activity-
dependent maps of the cerebral cortex. These changes appear to involve multiple 
mechanisms operating over time scales ranging from hours to years. On the other 
hand, I drew on the available, albeit limited, data that showing that a hand trans-
planted years after amputation comes to be represented within the former S1 and 
M1 hand territories. Do these findings suggest that the changes seen postamputa-
tion are functionally irrelevant and epiphenomenal? I believe that the answer is no, 
and that these results instead suggest the existence of two stages of recovery with 
distinct mechanisms and time courses.
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A key mechanism underlying the changes in cortical maps that occur following 
amputation is the dynamic functional rebalancing of inhibitory and excitatory syn-
apses after deafferentation [14]. It has been suggested that these functional changes 
occur while leaving the original pattern of cortical connectivity structurally intact 
[52, 77]. If this is correct, then one might expect that re-establishing afferent and 
efferent activity between the brain and hand may reverse these changes, returning 
the cortex to a state of functional organization similar to what was in place prior to 
the injury [70]. A parallel might be drawn here with the evidence mentioned earlier 
showing that the S1 hand map returns to its original state of organization as mon-
keys recover from a crushed nerve [10]. Put differently, the cortex may maintain 
a coarse-level, latent somatotopy even years after limb loss that may account for 
gross recovery of the cortical somatotopy (e.g., responses within the former hand 
territory during sensory stimulation or active use of the transplanted hand). These 
changes should emerge in synchrony with peripheral nerve regeneration and be 
fully completed within the same time frame.

This initial stage may explain the recovery of gross sensory and motor functions 
in a transplanted hand. However, recovery of more refined sensory and motor func-
tions requires experience-dependent, cortical-level adaptations to compensate for 
the inevitable peripheral nerve reinnervation errors, as well as reorganization at the 
spinal and brain stem levels. Recovery of intrinsic S1 hand territory (critical for sen-
sory localization), and the development of representations within the M1 (necessary 
for nonsynergistic control of intrinsic hand musculature), depend on experience-
driven changes, i.e., learning. This is a more long-term process that accounts for 
the fact that these functions appear to continue to improve many years after hand 
transplantation [67]. It is in this latter stage of recovery that rehabilitation guided by 
advances in modern neuroscience has the greatest potential for impact.

Though beyond the scope of this chapter, progress is being made on a number of 
potentially relevant fronts ranging from identification of specific single nucleotide 
polymorphisms that predispose the brains of certain carriers to have greater reor-
ganizational potential to brain stimulation and pharmacological manipulations that 
hold promise for placing the brain in a more pliable state, better able to respond 
adaptively to therapeutic interventions. Ultimately, the success of the allogeneic 
transplant program will be judged on patient outcomes, and what brain science has 
to offer with respect to this goal is growing.
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Chapter 22
Ischemia–Reperfusion Injury in Reconstructive 
Transplantation: An Undefined Conundrum

Jerzy W. Kupiec-Weglinski and Kodi Azari

Introduction

Although vascularized composite allotransplantation (VCA) provides a means to 
functionally restore unreconstructable wounds in selective groups of patients, the 
field is in its infancy. With more than 150 VCA procedures reported during the 
past 15 years, including trachea, larynx, abdominal wall, face, and upper or lower 
extremities, this type of transplantation still remains an experimental procedure 
[1]. While the feasibility of the procedure has been documented with promising 
functional outcomes and good intermediate to long-term allograft survival, there 
are several obstacles that prevent VCA from enjoying widespread clinical use. For 
instance, there are major concerns over the damaging effects of ischemia–reperfu-
sion injury (IRI) resulting from prolonged periods of ex vivo tissue cold storage, an 
unavoidable component of organ “procurement” insult from the cadaver sources 
[2]. Oxidative stress, the hallmark of IRI in any transplanted organ or tissue, triggers 
the release of pro-inflammatory cytokine programs, which create a deleterious local 
milieu promoting cell death and subsequent differentiation of rejection-mediating 
T effector cells, while hindering generation of tolerogenic regulatory T cells [3–5]. 
There is a consensus that ischemia reperfusion (IR)-induced robust local inflam-
mation response is an essential barrier to long-term survival and the acquisition of 
tolerance in solid-organ transplantation [4–6]. Indeed, minimizing IRI decreases 
the incidence of acute allograft rejection, mitigates the severity of late chronic re-
jection, and improves clinical outcomes. Thus, it is plausible that better protec-
tion against IR-oxidative stress should also diminish pro-inflammatory responses 
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in VCA’s divergent tissues and ameliorate host adaptive immune cascade that act 
in concert to facilitate VCA failure [2]. Moreover, prevention of IR-mediated VCA 
damage could extend the donor transfer time, allowing development of an human 
leukocyte antigen (HLA)–VCA national matching system. Such a system could 
potentially help to reduce the incidence of acute and chronic rejection and mini-
mize immunosuppression load in prospective VCA recipients. In addition, success-
ful prolongation of VCA preservation time should allow the expansion of the cur-
rent VCA donor pool beyond local region, and provide more time to perform these 
complex surgical procedures. Surprisingly, however, there are major gaps in our 
understanding of the very basic immune mechanisms that account for IR-mediated 
VCA damage [2, 7], and obviously there is no therapeutic modality available to 
prevent and/or treat the ischemic tissue injury in vivo. Better appreciation of com-
plex cellular immune events that trigger and sustain local inflammatory responses 
in histologically heterogeneous tissue types (e.g., skin, bone, muscle, nerves, and 
lymph nodes) is fundamental for developing much needed innovative therapeutic 
strategies for IR-stressed VCAs. Hence, both basic and translational studies dis-
secting cellular cross talk and molecular signaling pathways in the pathophysiology 
of IRI in VCAs are urgently needed. This effort should be guided by mechanistic 
insights garnered throughout the years from studies on tissue damage inflicted by 
IR in solid-organ transplantation.

As biological effects by which IR insult may affect VCAs remain largely un-
known, and little if any is known about the relevant cellular events and molecular 
networks, in this chapter, we summarize our understanding of immune mechanisms 
that trigger and sustain inflammatory cascades in IR-stressed solid organs, primar-
ily the liver. The goal is to provide a road map for future comprehensive studies 
exploring molecular immune IRI mechanisms in the emerging field of VCA. Our 
better appreciation of immune events that initiate IR-driven tissue inflammation, 
ultimately responsible for organ injury, is fundamental to developing innovative 
strategies for treating patients who have received a VCA and developed IR inflam-
mation and transplant dysfunction.

Types and Stages of IRI

The IR insult, irrespective of the transplanted organ or tissue, is a multifaceted and 
dynamic process that combines elements of “warm” and “cold” injury [4, 5, 8, 9]. 
The “warm” IRI, initiated by parenchyma cell damage, develops in situ in low-flow 
states during surgery, organ retrieval, as well as in various forms of shock or trauma. 
The “cold” IRI, initiated by the damage to tissue endothelial cells and disruption 
of the microcirculation, occurs during ex vivo preservation, and is usually coupled 
with warm IRI during the transplant surgery. Although warm and cold ischemia 
target different non-parenchymal and parenchymal cell functions, they do share a 
common mechanism in the disease etiology: local inflammatory innate immune 
activation.
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The activation of tissue macrophages, neutrophils, cytokine/chemokine produc-
tion, generation of reactive oxygen species (ROS), increased expression of adhesion 
molecules, and infiltration by circulating lymphocytes/monocytes constitute inter-
locked immunological cascades in both types of tissue IRI [4, 5, 9, 10]. Distinctive 
from alloreactive major histocompatibility complex (MHC)-disparate immune re-
sponses against organ grafts, IR-triggered tissue inflammation occurs immediately 
after reperfusion not only in situ or ex vivo but also in syngeneic grafts. It constitutes 
predominantly an innate immune-dominated response, mediated by a sentinel pat-
tern recognition receptor (PRR) system. Endogenous ligands generated from cellu-
lar damage, danger-associated molecular patterns (DAMPs), rather than exogenous 
pathogen-associated molecular patterns (PAMPs) play the key role in IR-stressed 
tissue inflammation response.

Two distinctive stages of organ IRI, with unique mechanisms of tissue damage, 
have been identified (Fig. 22.1). The ischemic injury, a localized process of cellular 
metabolic disturbances, results from glycogen consumption, lack of oxygen supply, 
and adenosine triphosphate (ATP) depletion, leading to the parenchymal cell death. 

InflammationParenchymal 
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ROS
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Cytokines
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Chemokines
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Pro-inflammatory 
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cascades lead to 
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Fig. 22.1  The distinct stages of tissue IRI. The ischemic injury, a local process of metabolic dis-
turbances, results from glycogen consumption, lack of oxygen supply, and ATP depletion. The cell 
death released DAMPs (alarmins), activation of complement, and oxygenation-triggered mito-
chondrial ROS production, all contribute to liver-immune activation after reperfusion. The process 
involves multiple types of nonparenchymal cells, including macrophages, dendritic cells, T cells, 
NK cells and neutrophils. This pro-inflammatory immune response in IR-stressed organ sustains 
itself by recruiting circulating peripheral immune cells from the circulation and is responsible for 
the ultimate reperfusion injury. DAMPS danger-aassociated molecular patterns, DC dendritic cells, 
NK natural killer cells, PMN polymorphonuclear cells, ROS reactive oxygen species, ATP adenos-
ine triphosphate, IR ischemia reperfusion, IRI ischemia–reperfusion injury
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The reperfusion injury, which immediately follows, results from both metabolic dis-
turbances and a brisk inflammatory immune cascade that involves direct and indi-
rect cytotoxic mechanisms. Indeed, this early, antigen nonspecific local inflamma-
tion is critical in IRI pathophysiology as prevention of immune activation uniformly 
ameliorates IR-mediated tissue damage. Hence, a comprehensive understanding of 
innate immune activation is key for identifying novel therapeutic targets to allevi-
ate pro-inflammatory, while sparing or augmenting anti-inflammatory mechanisms 
needed for homeostasis. Furthermore, IR-triggered innate–adaptive cross talk read-
ily converts an immunologically quiescent tissue to an inflammatory organ, even 
in a sterile environment. In direct relevance to VCA, prolonged ischemia time was 
reported to increase the severity of rejection in a skin flap [11] and musculocutane-
ous [12] rat allotransplantation models.

IR Triggers Toll-Like Receptor Signaling

Based on Dr. Polly Matzinger’s concept that the principal goal of the immune sys-
tem is to detect and protect the host from “danger” signals resulting from cell/tissue 
damage [13], Professor Walter Land introduced the “injury hypothesis” in the field 
of transplantation [14]. Accordingly, post-IRI activates an array of pro-inflamma-
tory immune responses in the transplant itself, which trigger and exacerbate host 
adaptive immunity, ultimately progressing to graft dysfunction and ultimately re-
jection. All vertebrates utilize the same sentinel innate immune receptor systems, 
PRRs, in response to tissue damage even in the absence of infections [15–19]. Four 
different classes of PRRs have been recognized: Toll-like receptors (TLRs) and C-
type lectin receptors (CLRs) are transmembrane proteins; Retinoic acid-inducible 
gene, (RIG)-I-like receptors (RLRs), and nucleotide-binding domain (NOD)-like 
receptors (NLRs) are cytoplasmic proteins. These PRRs, expressed primarily by 
activated macrophages and dendritic cells (DC), function by upregulating pro-in-
flammatory gene transcription programs [20].

TLRs were discovered in 1998, in mice displaying endotoxin resistance in paral-
lel with a high susceptibility to gram-negative bacterial infections [21]. TLRs are 
an evolutionarily conserved group of transmembrane proteins of which, to date, 11 
have been identified in humans and 13 in mice (Table 22.1; Ref. [22]). These innate 
receptors are central in promoting immunity against pathogens by virtue of their 
ability to transduce signals in response to ligation of distinctive molecular motifs, 
termed PAMPs. They are a major group of PRRs and are ubiquitous, being expressed 
on a host of both immune and nonimmune cells [23]. TLR–PAMP interactions lead 
to downstream cytokine and chemokine release and augmentation of co-stimulatory 
T cell molecule expression [24]. As TLRs are expressed on parenchyma cells, at 
least some of their functions are unrelated to immune-mediated pathogen destruc-
tion. Indeed, it is now apparent that endogenous, cell-derived ligands (DAMPs) 
from both intracellular and extracellular sources during inflammation and tissue 
damage do bind and facilitate TLR signaling [25]. During homeostasis, DAMPs are 



22 Ischemia–Reperfusion Injury in Reconstructive Transplantation 381

Ta
bl

e 
22

.1
  T

LR
s—

th
ei

r m
ic

ro
bi

al
, e

nd
og

en
ou

s l
ig

an
ds

 a
nd

 c
el

lu
la

r d
is

tri
bu

tio
n

R
ec

ep
to

r
M

ic
ro

bi
al

 li
ga

nd
(s

)
En

do
ge

no
us

 li
ga

nd
s

C
el

lu
la

r e
xp

re
ss

io
n

TL
R

1
Tr

ia
cy

l l
ip

op
ep

tid
es

–
B

 c
el

ls
, m

on
oc

yt
es

, m
ac

ro
ph

ag
es

, a
nd

 c
er

ta
in

 d
en

dr
iti

c 
ce

lls
TL

R
2

Pe
pt

od
og

ly
ca

, z
ym

os
an

, l
ip

ot
ei

ch
oi

c 
ac

id
, a

nd
 g

ly
co

lip
id

s
H

SP
60

, H
SP

70
, h

ya
lu

ro
na

n,
 

H
M

G
B

1
M

on
oc

yt
es

 a
nd

 m
ac

ro
ph

ag
es

, m
as

t c
el

ls
, a

nd
 m

ye
lo

id
 d

en
-

dr
iti

c 
ce

lls
TL

R
3

D
ou

bl
e-

st
ra

nd
ed

 R
N

A
, p

ol
y 

I:C
M

es
se

ng
er

 R
N

A
 (m

R
N

A
)

B
 c

el
ls

, d
en

dr
iti

c 
ce

lls
, a

nd
 fi

br
ob

la
st

s
TL

R
4

Li
po

po
ly

sa
cc

ha
rid

es
 (L

PS
)

Fi
br

in
og

en
, H

SP
s, 

su
rf

ac
ta

nt
 

pr
ot

en
 A

, b
-d

ef
en

si
n 

2,
 h

ya
lu

ro
na

n,
 

fib
ro

ne
ct

in
 e

xt
ra

 d
om

ai
n 

A
, h

ep
ar

in
 

su
lfa

te
, H

M
G

B
-1

M
on

oc
yt

es
 a

nd
 m

ac
ro

ph
ag

es
, m

as
t c

el
ls

, c
er

ta
in

 d
en

dr
iti

c 
ce

lls
, B

 c
el

ls
; i

nt
es

tin
al

 e
pi

th
el

iu
m

 a
nd

 h
ep

at
oc

yt
es

 (l
ow

)

TL
R

5
Fl

ag
el

lin
–

M
on

oc
yt

es
 a

nd
 m

ac
ro

ph
ag

es
, s

ub
se

t o
f d

en
dr

iti
c 

ce
lls

; 
in

te
st

in
e

TL
R

6
M

ul
tip

le
 d

ia
cy

l l
ip

op
ep

tid
es

 o
n 

m
yc

op
la

sm
a

–
B

 c
el

ls
, m

as
t c

el
ls

, a
nd

 m
ac

ro
ph

ag
es

TL
R

7
Si

ng
le

-s
tra

nd
ed

 R
N

A
 

im
id

az
oq

ui
no

lin
es

R
N

A
 a

nd
 p

ro
te

in
 c

om
pl

ex
es

Pl
as

m
ac

yt
oi

d 
de

nd
rit

ic
 c

el
ls

, m
on

oc
yt

es
a 

an
d 

m
ac

ro
ph

ag
es

; 
B

 c
el

ls
TL

R
8

Si
ng

le
-s

tra
nd

ed
 R

N
A

 im
id

az
oq

ui
no

-
lin

es
 a

nd
 sm

al
l s

yn
th

et
ic

 c
om

po
un

ds
–

M
on

oc
yt

es
 a

nd
 m

ac
ro

ph
ag

es
; s

ub
se

t o
f d

en
dr

iti
c 

ce
lls

; m
as

t 
ce

lls
TL

R
9

C
pG

 o
lig

od
eo

xy
nu

cl
eo

tid
e 

D
N

A
–

M
on

oc
yt

es
, m

ac
ro

ph
ag

es
, a

nd
 p

la
sm

ac
yt

oi
d 

de
nd

rit
ic

 c
el

ls
TL

R
10

U
nd

ef
in

ed
–

B
 c

el
ls

, m
on

oc
yt

es
, a

nd
 re

gu
la

to
ry

 T
 c

el
ls

TL
R

11
Pr

of
ili

n
–

K
id

ne
y 

an
d 

ur
in

ar
y 

bl
ad

de
r e

pi
th

el
iu

m
TL

R
12

Pr
of

ili
n

–
M

ac
ro

ph
ag

es
, n

eu
ro

ns
, a

nd
 d

en
dr

iti
c 

ce
lls

TL
R

13
C

on
se

rv
ed

 b
ac

te
ria

l 2
3S

 ri
bo

so
m

al
 

R
N

A
 (r

R
N

A
) s

eq
ue

nc
e

–
M

on
oc

ty
es

, m
ac

ro
ph

ag
es

, a
nd

 d
en

dr
iti

c 
ce

lls



J. W. Kupiec-Weglinski and K. Azari382

not expressed and remain invisible to the host immune system. However, DAMPs 
become released from cells are displayed on their surfaces following cellular injury, 
such as hypoxia. A variety of endogenous DAMPs have been described that readily 
engage TLRs (Table 22.1), such as heat-shock proteins [26], purines, heparan sul-
fate, and fibronectin degradation product, the extra domain A (EDA) domain [27].

TLR4 was the first innate immune receptor studied in organ IRI. Indeed, using 
murine partial hepatic warm ischemia models, data from three separate laboratories 
demonstrated that TLR4-deficient mice were protected from hepatic damage in liv-
er-warm ischemia model, evidenced by markedly depressed in situ IR inflammation 
in the absence of TLR4 signaling [28–30]. The functional role of TLR4-specific 
activation in triggering IRI pathology was also confirmed in a clinically relevant 
orthotopic liver transplantation model, which comprises both warm and cold IR tis-
sue damage [31] and in a steatotic liver IRI model [32]. Interestingly, donor TLR4 
deficiency alone was both necessary and sufficient to confer hepatoprotection in the 
transplant model, and TLR4 signaling on nonparenchyma rather than parenchyma 
cells seems more relevant for IRI [30], although a recent study implies a unique 
role of TLR4 on liver parenchyma cells at the late stage of the disease process [33]. 
Of note, although TLR2 signaling was dispensable in the development of liver IRI 
[28], it was found essential in both kidneys [34] and heart [35] IRI models. In the 
context of solid-organ transplantation, both donor and recipient cells have the ca-
pacity to express TLR2. Notably, selective chemical ablation of the recipient TLR2 
conferred protection against transplantation-associated ischemic damage in a mu-
rine renal isograft model [36], suggesting that leukocyte TLR2 not only functions in 
the disease pathogenesis but may also constitute a viable therapeutic target against 
renal IRI in transplant recipients.

All TLRs mediate signal transduction via the adapter molecule myeloid differ-
entiation factor 88 (MyD88), apart from TLR3, which is dependent on the adapter 
molecule	Toll/IL-1R	domain-containing	adapter-inducing	IFN-β	(TRIF)	and	TLR4	
through which signaling is dependent on both TRIF and MyD88 [22]. Indeed, 
MyD88-deficient animals not only developed hepatocellular IR-damage compara-
ble with wild-type (WT) controls, but their “signature” pro-inflammatory cytokines 
(IL-1, IL-6, type-I IFN) and chemokine (CXCL-10) were largely unaffected [28]. 
As the MyD88-independent, TRIF-dependent signaling pathway of TLR4 triggers a 
delayed	nuclear	factor	(NF)-kβ	activation,	it	seems	that	the	MyD88-mediated	early-
phase	NF-kβ	 activation	 is	 not	 necessary	 for	 pro-inflammatory	 immune	 response	
in liver IR. Indeed, this is very different from renal and heart IRI models in which 
either MyD88 and TRIF or only MyD88 were found operational [37–40]. The fact 
that severity of liver IRI peaks at 6 h of reperfusion and that of kidney and heart 
injury last for days may explain this discrepancy. Moreover, the liver is unique 
in TLR4 activation in such a way that gut-derived endotoxin may have already 
tolerized the hepatic innate immune system, which has been shown to target more 
towards the MyD88-dependent pathway [41, 42]. Both pro- and anti-inflammatory 
gene programs become readily induced by TLR4 activation in macrophages in vitro 
and in vivo. Recently, Gsk3b, a serine/threonine kinase, was shown to differentially 
regulate these two programs [43], and a chemical Gsk3 inhibitor selectively in-
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hibited pro-inflammatory, while simultaneously sparing immune-regulatory IL-10 
gene program in IR-stressed organs [44].

The high-mobility group box 1 protein (HMGB1) represents the key endogenous 
TLR4 ligand responsible for IR-mediated immune activation [45]. HMGB1, re-
leased from damaged cells, may stimulate non-parenchyma cells, including macro-
phages and DC, through TLR4 signaling (Fig. 22.2). Hypoxic cells release HMGB1 
through an active process facilitated by TLR4-dependent ROS production. In turn, 
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Fig. 22.2  A mechanistic scheme of immune activation in IR-stressed tissue. The ischemia insult 
induces necrotic cell death, which provide “danger” molecules, such as HMGB1 and DNA frag-
ments to activate innate TLR4, RAGE, and TLR9 signaling pathways on macrophages/DC and 
neutrophils. CD4 + Th1 effectors may also facilitate local innate immune activation via CD154–
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activation	progresses	via	both	positive	and	negative	regulatory	loops.	Pro-inflammatory	TNF-α,	
IL-1β, IL-6, IL-12, CXCL10, CCL2, CXCL8, and ROS milieu, further activate local and recruits 
migrating immune cells to promote cytotoxicity against parenchymal cells. Such a sustained pro-
inflammatory activation may be counter-regulated by IL-10, whereas NKT cell activation may be 
inhibited by adenosine receptor 2A. By inhibiting pro-inflammatory type I NKT cells, type II NKT 
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ROS induces HMGB1 release through a Calcium/calmodulin-dependent protein 
kinase (CaMK)-dependent mechanism, and such a positive HMGB1–TLR4 signal-
ing promotes a sustained inflammation in IR-stressed tissue [45]. In addition to 
HMGB1, other DAMPs released from damaged or necrotic cells may also activate 
innate immune cells via an array of receptors, including S100 proteins via TLR4, 
RNA via TLR3, or DNA via TLR9. TLR9 was found to function in bone marrow-
derived cells, particularly neutrophils in IR-stressed tissues to boost production 
of pro-inflammatory cytokines/chemokines. Furthermore, the inhibition of TLR9 
exerted additive protective effects with concomitant HMGB1 neutralization [46]. 
Nuclear histone proteins were recently identified as important endogenous TLR9 li-
gands [47]. Thus, liver IR insult resulted in increased levels of circulating histones, 
whereas their neutralization was cytoprotective. Extracellular histones enhanced 
DNA-mediated TLR9 activation, while their infusion exacerbated IRI via TLR9 
signaling. Recently, TLR3, which recognizes necrotic cell-derived RNA products, 
has also been shown to sustain local IR inflammation [48].

Thus, different TLR signaling pathways may function at distinct stages and in 
different cell types in IR-stressed solid organs. This is of importance for design-
ing future experiments on innate activation in histologically and immune-divergent 
VCA tissues.

Inflammasomes in IR Innate Immune Activation

The role of other PRRs in the mechanism of tissue IRI has only recently started to 
be elucidated. In addition to TLRs, the necrotic cells can be sensed by the inflamma-
some,	a	caspase-1	activation	platform,	which	regulates	the	secretion	of	L-1β,	IL-18	
pro-inflammatory mediators. One member of NLR family, NLRP3 (NLR family, 
pyrin domain containing 3) was found essential in the mechanism of polymorpho-
nuclear neutrophil (PMN) recruitment to sites of focal hepatic necrosis in a model 
of sterile in vivo inflammation [49]. Indeed, gene silencing of NACHT, LRR and 
PYD domains-containing protein 3 (NALP3) attenuated tissue damage in associa-
tion with reduced IL-1β,	IL-18,	Tumor	necrosis	factor	α	(TNF-α),	and	interleukin	
(IL)-6 levels, diminished HMGB1, and decreased local inflammatory cell infiltra-
tion [50].

Apoptosis-associated speck-like protein containing a caspase recruitment do-
main (ASC) plays a critical role in the activation of inflammasomes as an adaptor 
protein that bridges procaspase-1 and inflammasome receptors, such as NLRP3 and 
absent in melanoma 2 (AIM2) [51–53]. Indeed, ASC contributes to immune re-
sponse through the assembly of inflammasome complexes that activate downstream 
effector	cysteine	protease	caspase-1,	resulting	in	the	generation	of	active	IL-1β	and	
IL-18	from	inactive	pro-IL-1β	and	pro-IL-18	precursors	(Fig.	22.3). Although un-
der normal conditions ASC-associated inflammasomes are autorepressed, they be-
come activated by a wide range of pathogen stimuli, oxidative stress, ischemia, and 
damage signals. The molecular mechanisms of ASC/Caspase-1/IL-1β signaling to 
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program pro-inflammatory phenotype might involve activation of multiple intercel-
lular pathways. We found disruption of ASC-inhibited HMGB1/TLR4 expression, 
leading to depressed induction of inflammatory mediators, suggesting ASC/Cas-
pase-1/IL-1β	plays	an	important	role	in	triggering	local	inflammation	in	IR-stressed	
organ [54]. In fact, the adaptor ASC was initially believed to exert its effects by 
bridging the interaction between NLRs and caspase-1 in inflammasome complexes 
[55]. Activation of ASC within inflammasomes leads to the maturation of caspase-1 
and	processing	of	its	IL-1β	and	IL-18	substrates,	whereas	knockout	(KO)	of	ASC	
decreased	caspase-1	activity	and	IL-1β/IL-18	production,	implying	the	role	of	ASC	
in	 caspase-1/IL-1β-mediated	 inflammation.	 Although	 the	 ASC/caspase-1/IL-1β	
axis seems essential for the initiation of IR-inflammatory response, the molecular 
pathways involved in cross talk with HMGB1 remain unclear. Of note, treatment 
of ASC KO mice with recombinant HMGB1 increased IR tissue damage, whereas 
disruption of ASC without exogenous HMGB1 prevented local inflammatory de-
velopment.	Hence,	ASC-mediated	caspase-1/IL-1β	axis	promotes	HMGB1	to	pro-
duce TLR4-dependent inflammatory phenotype, leading to IR tissue inflammation 
and subsequent injury.

Although an array of innate PRR-targeting studies have shown promise in dif-
ferent animal models, the caveat is most of these studies focus on “correlation” be-
tween genetic deletion and cytoprotection rather than establishing the actual cause 
of the reduced tissue damage. With limited mechanistic understanding of a suc-
cessful anti-IRI therapy in VCA settings, exploring multiple PRR pathways with 
small molecules acting preferably in a synergistic manner and/or selectively target-
ing positive while simultaneously promoting negative signaling may be required, 
while keeping in mind their different cellular sources, location specificities, and 
individual transcriptional kinetics.

IL-10 in IR Innate Immune Activation

Innate immune activation in IR-stressed organ is a self-limiting reaction with active 
regulatory mechanism by which IL-4, IL-10, and IL-13 may effectively counteract 
and alleviate local pro-inflammatory phenotype [56–58]. These cytokines, readily 
expressed in all IR tissues, are often spared or their expression even heightened in 
IR-resistant animals. Although generally inhibitory to IR-induced pro-inflammato-
ry	TNF-α	and	IL-1β “signature” when administered exogenously, the endogenous 
role of IL-4, IL-10, and IL-13 may not necessarily be immune regulatory. Indeed, 
although IL-13-deficient mice suffer from exacerbated liver injury compared with 
IL-13-proficient	(WT)	counterparts,	IR-induced	TNF-α	and	CXCL8	(MIP-2)	pro-
duction in IL-13 KO and WT mice was comparable in the early post-reperfusion 
phase [56]. Although IL-13 deficiency alters PMN distribution in IR-stressed tis-
sues, the most profound effect of IL-13 seems to be the direct cytoprotection from 
ROS-induced cell death. Unlike IL-4 and IL-13, the beneficial role of IL-10 as the 
key immune regulatory cytokine in tissue IRI has been well documented. Hence, 
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IL-10 neutralization was shown both necessary and sufficient to re-create the pro-
inflammatory phenotype in IR-resistant tissues of otherwise immune-suppressed 
or deficient recipients [59, 60]. Of note, multiple innate immune cell types, in-
cluding DC, macrophages, and PMNs may all produce IL-10 and exert important 
autoimmune regulatory functions [61, 62]. The question of which non-parenchyma 
cells become IL-10 producers in response to IR insult remains to be elucidated. 
Recently, conventional DC have been shown to exert immune-regulatory functions 
by producing IL-10 via a TLR9-mediated mechanism [63]. Thus, the very same 
non-parenchyma cells responsible for initiation of the pro-inflammatory response 
against IR [64] may also terminate their own early-action function. Such a hypoth-
esis is consistent with in vitro studies in which macrophages (or DC) produced both 
pro- and anti-inflammatory mediators in response to the very same TLR ligand 
supplied to the culture.

As IR activates pro- and anti-inflammatory gene programs, the question remains 
as to the mechanisms that determine the nature of immune responses and dictate the 
outcome of tissue injury. Is it merely the difference in the kinetics of innate immune 
gene induction or tissue/cell responsiveness to the gene products, in such a way that 
the pro-inflammatory cytodestructive program precedes the anti-inflammatory cy-
toprotective pattern, resulting in self-limited tissue damage response? Alternatively, 
endogenous ligands generated at different IR stages may trigger pro- and anti-in-
flammatory response sequentially, possibly via distinct TLR pathways and/or in dif-
ferent cell types. One may also envision cell–cell interactions, such as macrophage/
DC–T cell, which may dictate the nature of local immune response by engaging 
additional activation signaling pathways. Addressing these questions in Langerhans 
cell-rich skin tissue should further our understanding of IRI mechanism in VCAs, 
and help to identify therapeutic targets to suppress pro-inflammatory without inter-
fering with immune regulatory functions.

T Cells in IR Innate Immune Responses

Although IRI develops in syngeneic grafts, in ex vivo settings, or under sterile con-
ditions, T cells, particularly of CD4 phenotype, are indispensable for the activa-
tion and regulation of pro-inflammatory immune sequelae (Fig. 22.2). The original 
observation that systemic immunosuppression CsA (Cyclosporin A); FK506 (Ta-
crolimus) attenuated peri-transplant tissue damage provided indirect evidence for 
T cell involvement in IRI development [65]. Experiments in T cell- (nude) and 
CD4-deficient mice have documented the pivotal function of CD4 + T cell in the 
mechanism of tissue damage in several IR models [66–69]. However, the question 
as to how T cells may function in innate immune-driven response and in the absence 
of exogenous antigenic stimulation remains unanswered.

The role of T cell costimulation in promoting IRI pathology in the absence of 
antigen stimulation was originally shown in a study in which CD28 blockade with 
CTLA-4-Ig-protected rat kidneys from IRI by reducing T cell and macrophage 
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infiltration [70]. Both CD28 and CD154 pathways were in fact essential for the 
development of local pro-inflammatory milieu critical to IR-mediated organ dam-
age. Indeed, livers in CD154 KO or CD28 KO mice or in WT mice treated with 
anti-CD154 or CTLA-4-Ig were all IRI resistant [68]. Moreover, T helper type 1 
(Th1)-type cells were shown to play a key role in IRI pathogenesis, as Stat4 KO 
(deficient in Th1 development), but not Stat6 KO, mice were protected from the 
injury, whereas reconstitution of “nude” mice with T cells from Stat6KO, but not 
Stat4KO, mice readily restored cardinal features of IRI [71]. Th17 cells have been 
also implicated in autoimmune inflammatory diseases, and their putative role in 
IRI has started to be unraveled. Although cellular sources of IL-17 remain to be 
defined, IL-17A KO mice suffer less severe IRI in parallel with reduced neutrophil 
infiltration. The impact of IL-17A deficiency was associated with relatively late 
stages of the disease and with acute IR-damage being unaffected [72]. Indeed, we 
consistently detect massive CD4 + T cell sequestration into post-ischemic hepatic 
tissue well before any appreciable local neutrophil sequestration. This may occur 
via released IL-17, which then acts upon macrophages to produce MIP-2, a known 
neutrophil chemoattractant.

IL-22, an inducible cytokine of the IL-10 superfamily, is produced by selected 
T	cell	subsets	(Th17,	Th22,	γ/δ,	NKT)	[73]. IL-22 is quite unique because its bio-
logical activity, unlike other cytokines, does not serve the communication between 
immune cells, but rather signals directly to the tissue. Its tissue action is through a 
heterodimer IL-10R2/IL–22R1 complex. In contrast to IL-10R2, which is ubiqui-
tously expressed and largely dispensable, the expression of IL-22R1 is restricted to 
epithelial cells including hepatocytes and skin, and has not been detected in cells of 
the hematopoietic lineage.

By increasing tissue immunity in barrier organs such as skin, lungs, and the 
gastrointestinal tract, IL-22 has been associated with a number of human diseases 
and shown to contribute to the pathogenesis of psoriasis, rheumatoid arthritis, and 
Crohn’s disease [73–76]. However, parallel studies in murine models of mucosal 
defense against pulmonary bacterial infection, inflammatory bowel disease, or 
acute/chronic liver failure indicate that IL-22 may exert immunoregulatory patho-
logic or protective functions, depending on the context in which it is expressed 
[77–82]. Thus, advancing our appreciation of the IL-22–IL-22R biology may yield 
novel therapeutic targets in multiple human diseases. Having documented that ad-
ministration of rIL-22 exerted cytoprotection via STAT3 activation [83], we favor 
the concept that IL-22 is well positioned to orchestrate innate–adaptive immune 
networks by activating cell survival genes, preventing apoptosis, and promoting cell 
regeneration in IR-stressed organs, a novel idea directly relevant to studies on skin 
IRI in the emerging VCA field.

Recently discovered T cell Immunoglobulin Mucin (TIM) cell surface proteins 
have attracted much attention as novel regulators of host immunity [84]. T cell 
stimulation amplifies TIM-1, a phosphatidylserine (PS) receptor, primarily on 
CD4 + Th2/Th1 cells, whereas TIM-4, one of the major TIM-1 ligands, is expressed 
mostly by macrophages and other APCs. Hence, TIM-1–TIM-4 interactions consti-
tute a novel molecular mechanism of T cell—macrophage regulation at the innate–
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adaptive interface, and may be a therapeutic target. Indeed, treatment with anti-
TIM-1 mAb ameliorated liver [85] and renal [86] IR damage and was accompanied 
by decreased PMN infiltration/activation, inhibition of T lymphocyte/macrophage 
sequestration and diminished homing of TIM-1 ligand expressing TIM-4 + cells in 
ischemic tissues. The mechanism by which TIM-1 mediates IR-triggered innate-
driven inflammation is shown in Fig. 22.4a. In the “direct” pathway, TIM-1 ex-
pressed on activated Th2 cells cross-links TIM-4 to directly activate macrophages. 
In	the	“indirect”	pathway,	TIM-1	on	activated	Th1	cells	triggers	interferon	(IFN)-γ	
that results in macrophage activation. Regardless of the pathway, activated macro-
phages do elaborate cytokine/chemokine programs that facilitate ultimate IR organ 
damage.

The TIM-3–Gal-9, on the other hand, constitutes a “negative” costimulation sig-
naling between Th1 and macrophages, and has been shown to promote tolerance in 
transplant recipients [84]. Interestingly, TIM-3 blockade worsened the IR damage, 
along	with	increased	IFN-γ	but	depressed	IL-10	expression	in	IR-stressed	organs	
[87]. One potential mechanism by which TIM-3–Gal-9 pathway controls IRI im-
mune cascade is depicted in Fig. 22.4b. TIM-3 blockade on activated Th1 cells 
increases their production of IFN-γ, which in turn enhances or prolongs the activa-
tion of macrophages, DC, neutrophils, and upregulates TLR4 expression. Activated 
macrophages elaborate cytokine/chemokine programs through TLR4 pathway, crit-
ical to promote organ damage that can be negatively modulated via TIM-3 signal-
ing. We favor the notion that the TIM-3 pathway may exert “protective” function 
by depressing IFN-γ production, and hence spare the IR-stressed organ in TLR4-
dependent manner. However, although the blockade of “positive” TIM-1/TIM-4 or 
enhancement of “negative” TIM-3/Gal-9 costimulation might be essential, further 
studies are needed to accurately assess their therapeutic potential, given the oppos-
ing effects of TIM-1 and TIM-3 signaling. As PD-1– PD-L1 pathway has also been 
shown to promote cytoprotection [88, 89], harnessing physiological mechanisms 
of PD-1 negative T cell costimulation should prove instrumental for organ homeo-
stasis by minimizing local damage and promoting IL-10-dependent cytoprotection.

In addition to “traditional” T cells, NK natural killer cells (NK) and natural killer 
T cells (NKT) cells may also play distinctive roles in the mechanism of IRI. Al-
though depletion of NK1.1 cells (NK/NKT) fails to affect the severity of tissue 
IRI at early stages [90], it reduces the cellular damage in the later phase [91]. IR-
triggered activation of NKT cells is mediated by CD1d and glycolipid Ags, released 
possibly by necrotic cells, to NKT cell invariant TCRs. Furthermore, NKT cell sub-
sets may play distinctive roles in vivo, with type II NKT cells shown to prevent 
IRI when activated by specific glycolipid ligand sulfatide [92]. IR-triggered NK 
cell activation is dependent on CD39 to hydrolyze adenosine diphosphate (ADP) to 
adenosine monophosphate (AMP). Indeed, CD39-deficient organs are consistently 
IR-resistant	with	concomitantly	diminished	NK-derived	IFN-γ	production,	possibly	
due to P2 receptor activation [93]. Thus, T cells, NKT cells, and NK cells are all 
involved, possibly at different stages of IR-innate activation, by providing costimu-
latory signaling via cell–cell interactions or cytokine stimulation to macrophages 
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and/or DC. This, in turn, promotes pro-inflammatory innate immune activation in 
IR-stressed tissue.

IRI in VCA: A New Research Frontier

There is general consensus that compared with solid organs, skin allografts are 
much more resistant to currently used immunosuppressive agents and tolerogenic 
in vivo strategies. Indeed, skin has been recognized as the major immunogenic com-
ponent in VCA as well as the primary trigger and target of rejection response in 
hand or face transplants. Hence, a better understanding of skin “immunology” per 
se should improve our appreciation of complex immune mechanisms leading to 
VCA rejection or survival.

The skin of an adult human contains 10–20 billion resident memory T cells ready 
to respond to a variety of environmental or internal challenges. Under steady-state 
conditions, skin epidermis Langerhans cells (LCs) may specifically induce acti-
vation/proliferation of resident regulatory T cells (CD4 + CD25 + FoxP3 + CD127-) 
able to maintain the “tolerant” state to self-antigens [94]. Upon the infectious chal-
lenge, however, the very same LCs readily trigger activation and proliferation of 
IFN-γ/IL-17	producing	effector	memory	T	cells.	It	is	plausible	that	comparable	im-
mune patterns may operate in IR-stressed VCAs. There is evidence for the existence 
of two types of LCs that populate murine skin through distinct pathways [95]. Thus, 
under inflammatory conditions, short-term LCs, which develop from monocytic LC 
precursors, become recruited from the blood to the skin. In contrast, during ontog-
eny or in the steady state, bone marrow-derived long-term LCs may readily repopu-
late skin epidermis. Other mechanisms may also control the development and func-
tion of skin LCs, and hence affect their function during IR stress. A keratinocyte-
derived IL-34, a ligand for colony-stimulating factor (CSF-1), has been identified 
as a nonredundant cytokine for LC development/homeostasis in the adult mouse 
and human steady-state skin [96]. Interestingly, although during local skin inflam-
mation (such as IR insult), repopulating LCs appear to be CSF-1 dependent, once 
the inflammation is resolved, LC survival becomes strictly IL-34 dependent. Hence, 
while IL-34 is not required for monocyte recruitment and differentiation into LCs 
in the acute skin inflammation phase, this stroma-derived cytokine becomes crucial 
for LCs maintenance in the tissue-“healing” process during the homeostatic phase.

As distinct DC subsets may trigger either tolerogenic (cytoprotective) or immu-
nogenic (cytodestructive) responses depending on the activating signal, the ques-
tion arises as to whether and how skin LCs support immunogenic functions in the 
absence of antigen presentation by other DC subsets. Indeed, LCs exposed to di-
verse stimulants were committed to tolerogenic functions, and maintained a tolero-
genic NFkB signature despite concomitant upregulation of costimulatory molecules 
CD80, CD86, and IL-12 [97]. This may explain why epithelium-containing endog-
enous TLR ligands are largely tolerated, whereas those that breach the epithelial 
basement membrane to activate dermal DCs become immune stimulators in the 
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inflamed skin. What are putative mechanisms by which epidermal LCs may protect 
skin from local inflammation? In a murine cutaneous immune tolerance model, 
epidermal DCs were shown to confer protection by a mechanism involving an-
ergy and deletion of allergen-specific CD8 + T cells, with simultaneous activation of 
ICOS + CD4 + FoxP3 + Treg cells [98]. Based on these data, one may speculate that 
in addition to obvious T cell phenotypic aberrations, LC deficiency or their deregu-
lated migration patterns may contribute to skin-specific inflammatory responses, 
such as those in VCAs.

As molecular mechanisms and dynamics of skin damage due to either innate-
mediated IR or adaptive immunity-driven rejection seem comparable with inflam-
matory skin conditions, these studies are of major interest to transplant researchers, 
especially those in the emerging field of VCA. It remains to be determined whether 
molecular aspects of LC function, as discussed here, may explain why skin grafts 
are somewhat “less antigenic” when a part of experimental VCA than skin tissue 
transplanted alone. Hence, dissecting innate–adaptive immune cross-regulation 
in clinically relevant, yet technically challenging, murine models of tissue IRI in 
VCAs is warranted. These studies are needed to better understand the intricate net-
work of highly complex functional interactions among molecular targets, which can 
be amplified, are highly regulated, and in many cases, become flexible to be either 
cell or tissue-type specific. This bench research experience should translate to the 
bedside in continuing the effort to improve VCA function, save lives, benefit patient 
outcomes, and enhance the overall success of clinical transplantation.
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