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Abstract

Since the first kidney transplant was performed in 1954 immense progress has
been made in the world of transplantation. Modern immunosuppressive re-
gimens have led to increasing graft and patient survival after solid organ
transplantation. Furthermore, these advances have opened the door to new
fields of transplantation such as composite tissue allotransplantation. These
developments have made possible numerous types of transplantation includ-
ing, but not limited to face, penile, and uterine transplantation. Moreover,
innovations in genetic engineering and stem cell technology have contributed
to rapid developments in the fields of xenotransplantation and the engineer-
ing of functional organs from induced pluripotent stem cells. As the preva-
lence of chronic diseases rises, so too will the necessity for organ transplanta-
tion. Thus, the transplant innovations of the modern era need to be expanded
upon so as to continue to discover new ways to address organ shortages and
the complications of transplantation.
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1. Introduction

On December 23, 1954, Dr. Joseph Murray performed the first successful human
kidney transplant. Through the use of a patient’s identical twin, he overcame the
problem of rejection and ushered in a new era of enthusiasm for transplantation
[1]. Subsequently, it was discovered that fraternal twin transplants could be
made successful through the use of radiation to weaken the immune system [2].
During the 1960s, the work of Roy Calne and others indicated that immunosup-
pression could be achieved chemically using compounds like 6-mercaptopurine
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and azathioprine [3]. Despite these advances, patient survival was quite low with
most patients living only 3 - 6 months after transplantation [4]. However, in
1963, Tom Starzl showed that, by using a combination of azathioprine and
prednisone, 1-year patient survival rates could exceed 70% [5]. Starzl’s immu-
nosuppressive protocol became a standard for almost 20 years after, paving the
way for new advances in transplantation. Starzl again altered the course of
transplantation in the 1980s by pioneering the use of cyclosporine combined
with prednisone [6]. Not only did this combination improve outcomes in kidney
transplantation, but also it led to new successes in the transplantation of other
organs in the years to come.

In the modern era, continued advancements in immunosuppressive drugs
further the progress made in decades past. The use of mono- and poly-clonal an-
tibodies such as antithymocyte globulin, basiliximab, and alemtuzumab has led
to improvements in transplantation outcomes [7]. Other immunosuppressants
such as sirolimus have followed suit. Immunosuppression has become more so-
phisticated and quite effective, the early years of hyperacute rejection has been
eliminated, and long term maintenance immunosuppression is well tolerated.
These developments have paved the way for new frontiers in transplantation, as
the evolution of the history of transplantation continues relentlessly (Figure 1)
[8].

One such development is composite tissue allotransplantation (CTA) which
allows a graft consisting of heterogeneous antigenic tissues to be transplanted
amongst a genetic mismatch [9]. As opposed to solid organ transplantation
which typically consists of a more homogenous structure. The first attempt at
CTA occurred in 1964 when an Ecuadorian team performed a hand transplant.
Unfortunately, the transplant rejected after less than a month. However, since
that time continuous advancements have been made [10]. In the late 1990s, the
first successful hand transplants were performed in France and the United States
[11]. Knee, femur, abdominal wall, and face transplants have since followed.
Now, CTA has made possible a variety of transplant procedures including, but
not limited to face, penis, uterus and hand.

CTA has opened new doors in the field of transplantation. Technical ad-
vancements and developments in immunosuppressive regimens have increased
the feasibility for long-term success. The objective of this review is to provide in-
sight into this progression along with outlining other innovations in transplan-
tation such as stem cell technology and xenotransplantation. This report is novel

given that it provides a historical perspective on the advancements that have
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Figure 1. Landmark advances in transplantation.
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shaped the current status of transplantation and CTA while also providing in-

sight on the possible future directions of the field.

2. Face Transplantation

Since the first successful face transplant (FT) in November 2005 at Amiens,
France, numerous clinical cases have demonstrated this procedure as a valuable
reconstructive option. According to Siemionow, there are currently 36 patients
worldwide who have received face transplants [12]. The variety of face transplant
procedures caries widely from partial to total, and cases that include all compo-
nents including skin, muscle, bone and functional parts of eyelids, lips, and nos-
es versus those that are limited to soft tissue alone [13]. Outcomes have been sa-
tisfactory with 89% patient survival, sensory recovery after 3 to 8 months, and
motor recovery after 6 to 18 months [14] [15]. Aesthetically, post-transplant
outcomes are generally an improvement over pre-transplant. However, in many
cases patients still have some irregularity. A major issue of facial transplantation,
as with solid organ transplantation, is that patients need to remain under
life-long immunosuppressive treatment putting them at risk of infections, me-
tabolic complications, nephrotoxicity, hypertension and tumors [16]. Addition-
ally, there can be psycho-social ramifications from face transplantation. Howev-
er, most patients seem to regain self-confidence and have increased levels of
happiness after transplantation [17] [18]. Finally, there are controversies about
the cost of face transplantation. The estimated cost is between $250,000 and
$350,000 not including the extensive cost of a lifelong immunosuppressive regi-
men [19]. Given these high costs, and the fact that many insurance companies
do not cover the procedure, it is unclear if the benefits outweigh the costs. Over-
all, face transplantation has demonstrated its ability to offer functional, social
and aesthetic rehabilitation for patients. However, there are many unresolved
issues that make it an experimental procedure requiring a multidisciplinary ap-
proach from research and clinical teams. Further research into this topic is

needed to improve outcomes and decreases costs.

3. Penile Transplantation

The first penile allotransplantation in the United States, which occurred in May
2016, was shown to restore external genital appearance, urinary function and
sexual function. The genitourinary vascularized composite allotransplantation
(GUVCA) occurred at Massachusetts General Hospital with a multidisciplinary
team of plastic surgeons, urologists, radiologists, pathologists, psychiatrists,
transplant coordinators, nurses, social workers, dietitians and financial coordi-
nators [19]. The procedure began with allograft procurement concurrent with
recipient preparation, including the dissection of the right groin and penile
stump. After all critical nerves and vessels paralleling the allograft were exposed,
revascularization began with anastomoses of the urethra, corpora, cavernosal

and dorsal arteries [20]. Flow to these vessels and skin was established using a
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vein graft that did not require multiple arterial anastomoses, which was pre-
viously expected due to the estimation of the robust collateral circulation of the
penis. The allograft had strong capillary refill, Doppler signals, and no anasto-
motic leaks, indicating successful perfusion. An acute rejection episode required
the use of additional T-cell depletion therapy showing positive recovery. At
about 7 months the patient reported sensation of penile shaft and spontaneous
penile tumescence [21]. A drawback of this procedure is that maintenance im-
munosuppression will be lifelong, exposing the patient to potential systemic
complications. By managing chronic rejection, GUVCA has shown to success-
fully restore anatomic appearance and genitourinary function after severe geni-

tourinary tissue loss [22].

4. Uterine Transplantation

Uterine factor infertility affects approximately 1 in 500 women worldwide [20].
This specific type of infertility is outside the realm of successes seen in in vitro
fertilization and intracytoplasmic sperm injection therapies. The field of uterine
transplantation has developed as a result. According to Castellon et al, a total of
25 successful uterine transplants have been performed. The first live birth after
uterine transplant occurred in 2014, and five more have followed since [21].
Uterine transplantation can involve either a living or deceased donor. While
there are surgical risks and psychological consideration involved in living donor
transplantation, the outcomes in solid organ transplantation are generally supe-
rior to those of deceased donors. The major concerns regarding uterine trans-
plantation involve the viability of the graft for future pregnancy and the effects
of immunosuppression on fertility and pregnancy outcomes [23]. Rejection epi-
sodes have occurred in the majority of pregnancies after uterine transplantation,
however, these episodes were reversed with IV corticosteroids and the children
were born healthy [24]. The use of an immunosuppressive regimen that is
FDA-approved for use in pregnancy results in a risk of congenital abnormalities
that is comparable to normal pregnancy. Overall, uterine transplantation has
demonstrated the potential to be an effective treatment for uterine factor infer-
tility. With the advent of newer immunosuppression regimens, the number and

success rate of these procedures will likely increase.

5. Xenotransplantation

The demand for organ transplants overwhelmingly exceeds the supply. In the
United States alone there are approximately 116,000 people waiting to receive an
organ transplant [25]. Twenty of those people will die each day while waiting for
a transplant [26]. Because of these statistics, xenotransplantation, or the trans-
plantation of organs or cells from another species to humans, is an exciting clin-
ical prospect. Pig-to-human xenotransplantation seems to hold the most prom-
ise for this field. However, there are significant immunological barriers involved.

The most significant of these are human anti-pig antibodies that target galac-
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tose-a 1, 3-galactose antigens expressed on porcine organs [27]. Porcine organs
that are knockouts for the a 1, 3-galactosyltransferase gene have shown promise
in preventing early rejection, however, other antibodies and immune cells can
still induce rejection [28]. Currently, xenotransplantation of islet or neuronal
cells shows more promise than that of organ xenotransplantation. Pig islet cells
have been shown to continue to function in non-human primates for more than
a year [29] [30]. Success has also been demonstrated in xenotransplantation of
dopamine-producing cells from pigs to monkeys with a Parkinson’s-like condi-
tion [28] [29]. Furthermore, cardiac graft survival in pig-to-non-human pri-
mates has shown survival of up to 8 months [29] [30]. It is hoped that the use of
novel gene editing technologies such as CRISPR-Cas9 will help overcome some
of the remaining hurdles in xenotransplantation [31]. For now, further research

is needed to allow progression of this promising field.

6. Stem Cells and Regenerative Medicine

The demand for transplantable organs, the ever present complications associated
with allogeneic transplantation and the challenges of associated with antirejec-
tion therapy are the major pillars of modern bioengineering, regenerative medi-
cine and transplant research. The cell types used in organ bioengineering and
regenerative medicines, range from differentiated adult cells to undifferentiated
progenitor cells and stem cells [32]. In 2006, Shinya Yamanaka’s lab in Japan
demonstrated that fully differentiated adult cells could be reprogrammed into
pluripotent stem cells through the activation of four transcription factors:
Oct3/4, Sox2, c-Myc, and Klf4 [33]. These cells were called human induced plu-
ripotent stem cells (iPSCs). Yamanaka’s findings paved the way for the field of
regenerative medicine. Since that time, Takebe et al succeeded in generating
three dimensional, vascularized, and functional human liver buds from iPSCs in
vitro. Subsequently, they successfully transplanted these liver buds into mice and
demonstrated improved survival in mice with induced liver failure [34]. In
March of 2017, Mandai ef al successfully transplanted retinal pigment epithelial
cells which were differentiated from iPSCs into a patient with macular degenera-
tion. One year after transplantation, there were no reported complications. Al-
though the patient reported having better vision, objective testing revealed it had
neither improved nor worsened [35]. The use of iPSCs for generation and sub-
sequent transplantation of engineered human organs remains at an early stage.
Though there has been tremendous success in the identification, isolation of
stems cells, proliferation and expansion of these cells in vitro to clinically rele-
vant scales remains a serious challenge. The history of transplant suggests that its
goals and methodologies share a common path to success and envisioned by ex-
perts in regenerative medicine. The ability to bypass the need for immunosup-
pression, and generate limitless supply of transplantable organs is the appeal of
regenerative medicine, which is intertwined with the future of modern clinical

transplantation.
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7. Conclusion

Over half a century has passed since the first successful organ transplant. Since
then, significant progress has been made in the field ranging from whole organ
transplants (liver, kidney, heart, intestine, pancreas, uterus, lungs) CTA to iPSC
tissue engineering. The notable success of organ transplantation for the treat-
ment of end-organ diseases has resulted in overwhelming demand without a
matching supply. Thus, transplantation has been the victim of its own success.
The supply and demand discrepancies is projected to continue on an unfavora-
ble path given the massive incidence of chronic noncommunicable diseases [36].
The modern era of transplant innovations will focus on organ engineering, and
regeneration combined with expansion of immunologic tolerance, expansion of
transplant indications, donor pool and types of transplants offered. Despite these
remarkable successes, there remains a great need to address the obstacles to
transplantation and the new frontiers; rejection, long-term survival, donor
supply and costs. It is inevitable that for continued success in the “new frontiers
in transplantation and stem cell technology”, efforts should be made to eliminate
immunological barriers, create immunologic tolerance, increase supply of or-

gans and control the price tag of these advances.
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