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Introduction
The need for organ transplants is increasing worldwide. The ongoing 

lack of available organs has resulted in an increase in the number of 
patients on waiting lists. In 2012, 120,000 people in the United States 

Japan were waiting for organ donations [1-3]. Each day, on average, 
18 people in the US and 12 people in the EU die while waiting for a 
transplant [1,2]. 

Sculptures and images of creatures possessing elements from 
multiple beings, such as that seen in the “The Chimaera of Arezzo” 
which depicted as a lion, with the head of a goat arising from its back, 
and a tail that ended in a snake’s head, are found in countries all over the 
world. This suggests that organ transplantation has been a dream of the 
human race since ancient times and the chimera became the starting 
point of the idea for an organ transplantation study. The men whose 
research would eventually lead to the realization of that dream were 
Emerich Ullmann of Austria and Alexis Carrel of France.

Early Transplantation Medicine: The Barrier of 
Immunity

Ullmann performed the first successful renal transplant in a dog 
in 1902 [4]. Carrel researched methods of vascular anastomosis, 
devising the triangular method still used widely today. In 1906, Carrel 
performed a renal transplant on a dog using the patching method; the 
procedure was successful to the extent that urine appeared 30 minutes 
after surgery and the animal survived for 8 days [5]. Subsequently, he 
continued his experiments on animals, at one time saying, “From a 
surgical standpoint the problem of the graft of organs can be considered 
as having been solved. But, from a biological standpoint, no conclusion 
has thus far been reached because the interactions of the host and of its 
new organ are still practically unknown” [6]. This was the beginning 
of the battle with immunity. The world’s first human-to-human organ 
transplant was performed on April 3, 1933. The Ukrainian surgeon 
Yu Yu Voronoy took a kidney from a dead person and transplanted it 
into the thigh of a patient with acute renal failure; the patient died 36 
hours later [7]. Although the reason was unclear at the time, Lexer of 
the University of Jena and Williamson of the Mayo Clinic speculated 
that some kind of immunological factor was preventing allotransplants 
from succeeding [8,9].
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Hindered by the barrier posed by immunity, other methods were 
sought to achieve successful allotransplants, and artificial methods of 
inducing tolerance were attempted. Peter Medawar, a zoology professor 
at the University of London, discovered “acquired tolerance” [10], and 
was awarded the 1960 Nobel Prize in Physiology or Medicine for his 
efforts.

After it was shown that grafts could survive under particular 
conditions, it was thought that renal transplantation might be possible 
between monozygotic twins with the same antigens. Joseph Murray, 
who was awarded the 1990 Nobel Prize in Physiology or Medicine, and 
his team at Peter Bent Brigham Hospital in Boston in the US performed 
the world’s first renal transplant in identical twins on December 23, 
1954. The graft was not rejected, and the recipient survived for 8 years 
after the operation, becoming the world’s first successful case [11].

 This success inspired the idea that organs may survive if lymph 
node function could be suppressed. In 1959 and 1960, a team led by 
Hamburger of France devised a method by which recipients received 
full-body X-ray irradiation to reduce the number of leukocytes [12]. 
However, this technique was never put into practice because of the 
serious complications it caused. The next round of ideas focused on 
using pharmacological agents.

 Starting at around 1955, David Hume of Murray’s team 
began using cortisone in renal transplants recipients [13], but in 
1958, it was discovered that 6-mercaptopurine possesses strong 
immunosuppressant action [14]. This drug caused severe side effects, 
but its derivative “azathioprine” caused relatively minor side effects and 
was shown to be effective as an immunosuppressant agent.
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confirmed azathioprine’s effectiveness in renal transplants in dogs in 
1961 [15], and Murray applied it to human renal transplants in 1962 
[16]. Four of the first 5 patients survived. In the first case, a 24-year-old 
man who received a kidney from a deceased donor, the organ survived 
for more than 1 year, showing allotransplants to be possible when 
immunity is suppressed with pharmacological agents.

Azathioprine began to be used during transplantation of other 
organs in humans around the same time. Thomas Starzl of the 
University of Colorado performed the world’s first liver transplant on 
March 1, 1963 [17]. The patient was a 3-year-old child with biliary 
atresia. Although the child died immediately after the transplant, Starzl 
continued performing liver transplants, and in 1967 one of his patients 
survived for 400 days. Calne performed the first liver transplant in 
Europe at Addenbrooke’s Hospital in the UK in 1968 [18]. Through the 
efforts and passion of these 2 surgeons, by the end of the 1970s liver 
transplant surgery, which required highly complex techniques, had 
nearly been established.

James Hardy at University of Mississippi performed the world’s 
first lung transplant on June 11, 1963. Although the graft functioned 
immediately after the operation, the patient died 18 days later from 
renal failure and general debility resulting from an extensive left-lung 
and thoracic-wall malignancy [19]. Norman Shum way of Stanford 
University had been performing heart transplants in dogs since the 
early 1960s, and was researching methods of immunosuppression to 
achieve the succsess in humans. However, it was Christiaan Barnard 
who shocked the world when he performed the world’s first heart 
transplant in a human on December 3, 1967, at the Groote Schuur 
Hospital in Cape Town. The recipient was a 54-year-old man who had 
experienced repeated myocardial infarctions. He died 18 days after 
surgery, from pneumonia [20]. In 1968, Barnard attempted a second 
heart transplant, and this time the patient survived for 9 months [21]. 
This success ushered in a heart-transplant boom, with about 100 such 
procedures being performed around the world in 1968. However, 
ultimately, the patients all died due to organ rejection. Many surgeons 
had thought transplants would succeed if their surgical skills were 
good enough, but they soon came to understand the formidable barrier 
posed by immunity-induced graft rejection. 

Dawn of a New Era: The Arrival of “Cyclosporine”
In 1969, H.P. Frey, a researcher at the Swiss pharmaceutical 

company Sandoz (now called Novartis) brought back a sample of soil 
from his holiday at Hardanger Vidda in Norway [22]. This soil would, 
more than 10 years later, lead to an astounding development in the field 
of medicine. 

Cyclosporine, the metabolite of soil fungi Cylindrocarpon lucidum 
Booth and Tolypocladium inflatum Gams, is a hydrophobic cyclic 
polypeptide composed of 11 amino acids with a molecular weight of 
1203 [22]. It was purified at Sandoz in 1973 and its structure elucidated 
after chemical degradation, together with X-ray crystallographic 
analysis of an iododerivative [23]. It first underwent antibiotic screening 
at Sandoz, but was abandoned when it failed to show any antifungal 
activity. However, Jean Borel, a young scientist who had joined Sandoz 
3 years earlier, quickly discovered that one of the metabolites isolated 
from the extract was markedly immunosuppressive. Additionally, 
the influence of this factor, cyclosporin A (CyA), on both cellular 
and humoral immune activity had been established in cultured cells. 
The ED50 was found at about 15ng/ml, a concentration which is also 
effective in inhibititing proliferation of mitogen stimulated spleen cells 
[24]. Borel pushed his research ahead with enthusiasm, despite some 

opposition within the company. He found that the new agent reversibly 
inhibited the function of T lymphocytes and was nontoxic to several 
types of cell proliferation in a variety of animal species, such as mice 
(50-300 mg/kg of CyA per oral) [25,26], guinea-pigs (10-100 mg/kg 
of CyA intraperitoneally) [26], and rhesus monkey (50-250 mg/kg of 
CyA intramuscularly) [27].

In 1976, Borel presented his findings at a British Immunology 
Association meeting [25], which was attended by David White, who 
worked at Calne’s laboratory. Inspired by the presentation, White 
acquired some CyA and conducted repeated experiments at Calne’s 
laboratory. They demonstrated that CyA prolonged allograft survival of 
heart transplants in rats [28], renal transplants in dogs [29], and heart 
transplants in pigs (15 or 25 mg/kg of CyA intramuscularly) [30].

In 1978, Calne performed the first deceased renal transplant 
using CyA, and presented his results to the Transplantation Society 
Congress in Rome [31]. The auditorium was filled to capacity, and his 
presentation had a huge impact. The following year, he used CyA in 
a liver transplant patient. Calne mainly used CyA alone, but in 1980, 
Starzl obtained good results in liver transplants with a combination of 
CyA and steroids [32]. An analysis of 1,000 liver transplants performed 
by Starzl showed a 1-year survival rate for liver transplants of 30% when 
using azathioprine. This rate soared to 74% with CyA [33]. In human 
heart transplantation, CyA was first introduced in December, 1980, and 
the use of it also resulted in a 1-year survival rate of over 80% in heart 
transplants [34].

CyA was approved in Switzerland (as Sandimmun®) in 1983, and 
soon came to be used around the globe. As the outcomes of transplants 
improved, the number of procedures being performed rose steadily, 
with particularly rapid growth in heart and liver transplants. In 
response, a National Institutes of Health consensus meeting in June 
1983 concluded that the experimental stage for liver transplants was 
over, and the procedure was a mainstream treatment that should be 
covered by health insurance.

Currently, several immunosuppressive agents are used in patients 
undergoing organ transplantation such as steroids, azathioprine, 
mizoribine, tacrolimus, mycophenolate mofetil, sirolimus, everolimus, 
basiliximab, daclizumab, muromonab-CD3, and CyA. These agents 
have been used as combination therapy and have improved patient 
quality of life. The discovery of CyA broke through the formidable 
barrier posed by immunity, and led to a dramatic rise in both patient 
and graft survival rates, establishing transplantation medicine as an 
everyday form of medical care. CyA was an epoch-making discovery in 
the field of transplantation medicine, ushering in what has been called 
the “cyclosporine era”.

The Contribution of Immunosuppressants in 
Elucidating T Cell Signaling

CyA greatly reduced rejection rates, but the only aspect understood 
about its mode of action was that it “specifically suppresses helper T 
cell activity in the resting phase, which suppresses the binding of 
interleukin-2 and other cytokines”. 

However, 1984 saw the discovery of the CyA binding protein 
cyclophilin (CyP), which exists in abundance in the cytoplasm by 
Handschumacher [35]. Then, in 1989, CyP was shown to be identical 
to peptidyl-prolyl cis/trans isomerase (PPIase) by Takahashi. PPIase 
participates in the formation of protein superstructures by promoting the 
cis/trans isomerization of peptide binding on proline amino terminals 
inside proteins. It was also discovered that CyA inhibits this enzyme’s 
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activity [36]. The same year, it was shown that FK binding protein 
(FKBP)—a binding protein of tacrolimus (common name FK506; 
manufactured by Fujisawa Pharmaceutical Co., now Astellas Pharma 
Inc.)—was also identical or PPIase, and that tacrolimus inhibited 
PPIase activity. PPIase activity is not thought to be directly involved 
in the immunosuppressant effect, but rather the immunosuppression is 
thought to be due to CyA-CyP complexes and FK506-FKBP complexes, 
the target of which is calcineurin [37].

Therefore, CyA inhibits the activation of the calcium calmodulin-
activated phosphatase calcineurin via complex formation with CyP. 
Thereby, it prevents the translocation of the transcription factor 
known as nuclear factor of activated T cells (NF-AT). CyA also inhibits 
activation of the transcription factor NF-κB, and T cell activation is 
suppressed by inhibition of interleukin-2 gene expression [38-40].

Research such as this into the modes of action of CyA and 
tacrolimus, which have similar clinical effects, elucidated the T cell 
signal transduction mechanism. Both drugs were renamed “calcineurin 
inhibitors” rather than “immunosuppressants”, and both contributed to 
decode the black box of the immune mechanism.

Contribution to Therapeutic Drug Monitoring
Therapeutic drug monitoring (TDM) is performed in transplant 

recipients to help to prevent rejection and avoid side effects. TDM 
requires determining the dose each patient needs on an individual 
basis. CyA exhibits its immunosuppressant effect by inhibiting 
calcineurin inside T cells. It has been shown that the inhibition 
of calcineurin activity is greatest 1–2 hours after administration, 
as expressed by maximum blood concentration [41]. Absorption 
profiles have been suggested to be particularly important in predicting 
pharmacological activity. The first formulation of CyA, Sandimmun® 
oral solution, used carrier oil as its base, which was emulsified by bile 
acid after oral administration and absorbed in the upper digestive tract 
[42]. Therefore, Sandimmun® displayed considerable inter-and intra-
patient variability, as its absorption was bile-dependent and affected by 
concomitant intake of food.

Pharmaceutical research into minimizing this variability led to the 
development of Neoral®, a microemulsion preconcentrate with a well-
balanced combination of a lipophilic solvent (glycerine fatty acid ester), 
hydrophilic solvent (propylene glycol), and surfactant (polyoxyethylene 
hydrogenated castor oil). Dissolving this in water forms an oil/water 
emulsion, and since its solubility and properties are maintained, it is 
easily absorbed in the upper digestive tract [40]. As such, it is not greatly 
affected by food or bile acid, which allows for stable absorption [43].

This stabilized pharmacokinetic profile contributed to an 
improvement in clinical results and the development of new TDM 
procedures. Regarding clinical results, a meta-analysis of 5,567 
transplant patients drawn from 46 reports showed significantly fewer 
acute rejections and adverse events with Neoral® than with Sandimmun® 
[44]. Since absorption of Sandimmun® is not stable, its trough level 
(C0) was measured. For Neoral®, Mahalati et al. first tried measuring 
the absorption profile (AUC0-4), which is important in predicting 
pharmacological activity. They showed that TDM could optimize 
the effectiveness and safety of the drug [45,46]. Moreover, to further 
simplify TDM, it was proposed that the concentration 2 hours after 
administration (C2) be used, because it has the strongest correlation 
with AUC0-4 [47]. Called C2 monitoring, its clinical usefulness was 
verified in prospective multicenter studies in renal [48], liver [49], and 
heart transplant patients [50]. In this way, the pharmacological agents 

used in transplantation medicine—namely calcineurin inhibitors-
promoted the evolution of TDM and helped to realize the concept of 
individualized therapy.

Conclusion
Immunosuppressants have been essential to breaking through 

the barrier posed by immunity in the development of transplantation 
medicine. They have not only improved clinical results, but also 
contributed greatly to elucidating the T cell signal transduction 
mechanism and achieving advancements in TDM. It would not be 
an overstatement to say that transplant pharmaceutical therapy has 
made wide-ranging contributions to the development of medicine. We 
believe that examining histories, such as in this case, can show us the 
wisdom, enthusiasm, pioneer spirit, and innovative thinking of our 
predecessors, and motivate us to tackle as-yet unmet medical needs.
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